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The damping and dispersion of ion acoustic waves in a plasma with two ion species has been
studied. We have investigated the transition from collisional to collisionless regimes using the Grad
13-moment approximation. Two branches of the ion dispersion relation have been found. The fast
mode has a similar velocity as in plasmas with one ion species, but a much stronger damping rate due
to the friction force between light and heavy ions. The effect of friction disappears when both ion
species have the same charge-to-mass ratio. The heavy ions with a low degree of ionization strongly
increase the magnitude of the fast ion acoustic wave damping. The slow ion acoustic wave is also
found in the collisionless region, but this mode vanishes when its frequency approaches the ion-
ion collision frequency. The stimulated Brillouin scattering from two ion species plasmas has been
discussed in the context of recent experimental data. It is shown that stimulated Brillouin scattering
reflectivity from the laser-produced plasma is dramatically increased when both ion species have the

same charge-to-mass ratio.

PACS number(s): 52.35.Dm, 52.35.Fp, 52.25.Fi

I. INTRODUCTION

Several different studies [1-4] have recently been con-
ducted in order to describe ion acoustic waves (IAW) in
the regime of plasma parameters where their frequencies
are comparable to the ion-ion (i-7) collision frequency.
These conditions are important in various aspects of
plasma physics, including current laser-plasma interac-
tion experiments. The well known asymptotic theories of
ion response to IAW in collisional and collisionless lim-
its are not adequate in this case of intermediate colli-
sionality. We have shown [4], that the ion fluid theory
of TAW must include frequency dependent transport co-
efficients in order to properly describe transition from
a collisional to a weakly collisional regime. This the-
ory has been derived for a fully ionized single-ion-species
plasma using the generalized Grad moment expansion
method. Typical laboratory plasma, however, usually
involves more than one species of ion. Such a plasma can
be a multiple-ion-species medium due to different levels
of ionization which are generated during plasma produc-
tion processes. The laser-produced plasmas, for example,
involve multi-ion-component targets that have been used
in experiments related to inertial confinement fusion re-
search.

A standard, single-fluid approach to the description
of ion transport in plasmas, which are composed of dif-
ferent ion species, introduces an average-ion model with
mean mass M = (M;n; + Mynp)/n; and charge Z =
(Zimi+ Zxny) /n;, where n; = n;+ny, is the total ion den-
sity and subscripts ! and h stand for light and heavy ions.
The accuracy of this simple procedure has been recently
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investigated in the strongly collisional regime [5] showing
significant underestimation of ion transport coefficients.
Also, results obtained in the collisionless regime [6] have
shown several new characteristics of IAW in multiple-ion
plasmas, such as the existence of the slow ion acoustic
mode. Our present study is motivated by these theoret-
ical results and recent experiments on stimulated Bril-
louin scattering (SBS) [7]. The latter have shown values
of reflectivities which depend on the ion composition of
the laser-produced plasma.

In this paper we have developed the theory of IAW
dispersion and damping in two-ion-component plasmas
with a large temperature ratio, ZT,/T; > 1, which is
valid in a wide region of wavelengths and describes the
transition from collisional to collisionless limits. This
theory is based on the generalized Grad moment ex-
pansion method which has been successfully applied in
our investigations related to single-ion-species plasmas
[4]. It includes effects of frequency dependent ion elec-
trical conductivity, thermal conductivity, and viscosity.
In the strongly collisional regime, our model reproduces
well hydrodynamic results of Ref. [5]. It extends, how-
ever, far beyond the collisional region and decribes a new
IAW—the slow wave and dispersion characteristics of
both modes in the region of weak collisions. We have ap-
plied our model to CsH;2 and CsD;2 plasmas, which have
been investigated in recent SBS experiments [7], showing
dramatic difference in IAW damping in the weakly colli-
sional regime.

Our paper is organized in the following way. Section
II contains a physical discussion of the friction between
different types of ions. The two-ion-species fluid model is
discussed in Sec. III. This discussion includes solutions of
the linearized dispersion relation for fast and slow TAW.
An approximate model of IAW dispersion and damping,
which includes Landau damping, is constructed in Sec.
IV. Finally, Sec. V contains a summary and comparison
with experimental results.

1400 ©1995 The American Physical Society
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II. FRICTION BETWEEN DIFFERENT ION
SPECIES

Friction between ions of different kinds is a distinct
property of two-ion-species plasmas that does not occur
in a one-ion-component system. In the latter case, only
an inhomogeneous ion flow results in a dissipation of mo-
mentum and energy by viscosity. Uniform average ve-
locities of two-ion-component plasmas can be dissipated
by different-ion collisions via frictional force terms in the
momentum transport equations. The effect of friction on
light ions and IAW is very similar to the effect of high
frequency resistivity due to electron-ion collisions on elec-
trons in Langmuir waves.

To demonstrate the basic physics of this mechanism of
TAW dissipation, we first consider a simplified model of a
plasma with two ion species. The friction force between
the light and heavy ions reads

R = govinn Mi(6u; — buy) . (1)

This force contributes to the linearized version of equa-
tions of motion for the average velocities of light, du,
and heavy, duy, ions:

My 6{‘;" = —eZVé$ — OR, ()
My, 6‘;‘:" = —eZy V¢ + 6R. (3)

In the expression (1) for the friction force, v stands for
the collision frequency between different ions and a fac-
tor go has been introduced to simplify comparison with
results of more accurate theory discussed below. This
factor accounts for the frequency dependence of the fric-
tion term, including low and high frequency limits of this
force. The first term on the right hand sides of Eqgs. (2)
and (3) describes the force on ions due to the electric po-
tential d¢ which is responsible for the coupling between
electrons and ions. For linear, low frequency ion waves
the electric potential can be related to the electron den-
sity perturbation in the following way:

éne/ne = edd/T., (4)

where T, and n. are the electron temperature and den-
sity. Expression (4) is derived from the electron equation
of motion after neglecting electron inertia terms. The
relation between density perturbations of different ion
species follows from the quasineutrality condition

dne = Z16ny + Zrpény,. (5)
The continuity equations for both ion species
85n1(h)
at

complete our simple fluid model of a two-ion-species
plasma. Equations (1)—(6) are linearized with re-
spect to small perturbations of a plane wave form, i.e.,
o exp(—iwt +ik - r). They produce the following disper-
sion relation:

+ nl(h)div5ul(h) =0 (6)

2.2 2
k%ct 5 agovim [ w
1-— 2 + 'Lk Ch 3 ——2 b}
w apw k2c?

- 1) =0, (7)

where app) = Zl(h)n,(h)/(Zznl + Zhnh) and Cip)y =
,/Zl(h)Te/Ml(h) are the usual ion acoustic speeds for
light, ¢;, and heavy, cp, ions. There are also two other
natural combinations of characteristic velocities

cg = yJaic} + anci and cs =1/ 2T./M, (8)

which define the wave group velocity in the collisionless
and collisional limits, respectively.

The real frequency Rew and damping rate v; = — Im w
of the ion acoustic mode depend on the relation between
Rew and the collision frequency v;,. In the strongly col-
lisional regime, where |w| < vin, Eq. (7) yields

Rew = kcg,

This solution is very similar to the normal acoustic mode
[8], with the exception of the damping term, which does
not depend on the ion thermal velocity as the usual vis-
cous damping does. This damping, Eq. (9), is approxi-
mately ZT./T; times larger than the damping in one-ion-
component plasmas. In the regime of weak collisionality,
|w| > vin, Eq. (7) yields

_ _govin o [ 1 1
Rew = ka, Yi = Ech ('C—E" - g) . (10)

This mode has a larger group velocity, ¢y > c,, its damp-
ing is proportional to the collision frequency and does not
depend on the wave number, similarly to the one-ion-
component case [9,4]. It does not depend, however, on
the ion thermal velocity, either and, therefore, is Z7T,/T;
times larger than that in one-ion-component plasmas.
Expressions (9) and (10) derived here from a very simple
model will be confirmed in the next section, where the
more complete theory from the full set of transport equa-
tions for two-ion-component plasmas will be analyzed.
Based on the results (9) and (10) of the simple ion-fluid
model, we can summarize the physics of two-ion-species
response to IAW in the following way: (i) dispersion of
the IAW exhibits significant modification when the tran-
sition from a collisional to a collisionless regime occurs.
This is the result of differences in relative ion motion.
In the collisional regime the ion acoustic frequency is
small and both ion species move together with almost
the same velocity. In the weakly collisional regime the
heavy ions have not enough time to respond to IAW;
therefore, density perturbations are associated predomi-
nantly with the motion of light ions. Hence, the velocity
of the wave increases. (ii) The ion acoustic damping rate
related to the friction force dominates the usual viscous
term if the electron-to-ion temperature ratio is large, i.e.,
Zyh)Te/Tyn) > 1. However, the damping due to the fric-
tion force vanishes for ions with the same charge-to-mass
ratio, ¢y = ¢,. In such plasmas an electric potential
affects both ions in the same way and cannot acceler-
ate them to different velocities. In this case Eqgs. (9)
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and (10) predict zero ion acoustic damping and another
mechanisms of dissipation, such as ion viscosity, has to
be taken into account.

III. TWO-ION-FLUID MODEL
In this section we derive more accurate expressions for

the small amplitude ion response, which includes the ef-
fect of different-ion collisions together with collisional ef-

investigate IAW damping and dispersion in the interme-
diate collisional region and describe the transition be-
tween collisional and collisionless limits. We make use
of the Grad moment expansion method which has al-
ready been applied in the case of one-ion-component plas-
mas [4]. This study [4] resulted in the theory describing
ion response in the large range of collisionality, which
agrees very well with Fokker-Planck simulations [2]. In
the case of two-ion-species plasmas, the linearized Grad

fects within each ion component. Our objective is to 13-moment equations read [10,11]

déu o
Mynynu(ny 82(’1) + V(rur)0Ti(ny + Ticnydnuny) — divéyny = —eZynynin) V8 + SRyn),
06Ty
T(h) 6t( ) + 3n,(h)6Tl(h)d1v6ul(h) + dlvéq,(h) =0,
(11)

866 . )
% = ) Tyny W (6wi(ny) = Bin)Vindy(n),

o] T, T,

di(h) 5nl(h) 1(h) VT 1(h) divéyny = 6Quen),
M, h)

ot 2 Ml( h)

where 8Typ), dqu(n), and d6y(n) are the perturbations of temperature, heat flux, and viscous stress tensor of each ion
component, respectively. The following definitions have been used:

3 iq; Ou;  Ou; 2 .
=- = - - - = ii(u) = — 7 6;;divu,
6R, ‘R, Minguvyy, (Jul Suy, 5 anz) , Wij(u) oz; T B 309 iva
3
6Q; = EanlVlh(!sul —dup) — pivindqy, 0Qn = —prVhrdqn,
6 ZEny 6 13 2V2 Zlmy 4
= 1 = -, = = —.
/81 16 5 ( + Z}zlnh) ) IBh 5 Pl P = 10 5 Z,":nh Ph 5

Note the light ion heat flux contribution to the friction force §R; which was not taken into account in Eq. (1) of
the preceding section. This new term defines factor go in Eq. (1). The relative ion motion also provides a source
of thermal energy dQ; for the light ion component. Coefficients 8 and p simplify the notation and will be used in
the latter part of this paper. The light-heavy (I-h) ion and heavy-heavy (h-h) ion collision frequencies are defined as
follows:

42 ZEZEetnp A 4\/_ Zze naAnn
Vip = 3 3/2 Vhh = 3 3/2 ’
VT, VMGT?

where Ty, are the ion temperatures and Ain(nn) are the Coulomb logarithms.

Together with the continuity equation (6), quasineutrality condition (5), and the equation for electron density
perturbation (4), expressions (11) form a closed system of equations. Solving these equations in Fourier space, one
can obtain the following dispersion relation:

[w? — aik?c? — k%2, +igpw] [w? — ark?ci — Thk?vZ, + ighviw] = [ank?c? + iginw] [ogk?c? + igmVipw]. (12)
Here, vrq = \/To /My (a = I, h) are the thermal velocities of light and heavy ions and the following notations have
been used:

1 4w 2 9iulhw 1 4w 2
D= (54— — 1+ 3 (1+ 22 ), Th==(64+—o V(14 27),
! 3( +w—|—i,6,ulh)[ +3f’( +10k%§,)] h 3( +w+zﬂhuhh)< +3f”)

f _ kzvle’l(h) 1—(1+ Qivpw f
1(r) w? + ipl(h)vlh(hh)w - kzv’;’l(h) ’ g 10](:21)%1 b
nlMl 9’Ll/[hw TL[M[ 4 w 97,1/1hw
= — 1 m — 1 - 1 - )
h np My, ( IOkszl fl) g nhM [ fi ( + 5w+ 1B 10k2’UTl
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where I', corresponds to the ratio of partial ion specific
heats and coefficients gg (8 = !, h,m) account for the
modification of collision frequencies in different frequency
domains.

In the limit of cold ions, vyyx) = 0, dispersion equa-
tion (12) takes the form of Eq. (7) with the coefficient
go(w) defined as go = 1 — %iwh/(w + ipvyp). Thus, the
two limiting expressions, Egs. (9) and (10), correspond
to the solution of Eq. (12), if go = 1 — (9/10p) is used in
Eq. (9) for w < vip, and go = 1 is substituted in Eq. (10)
for w > vyy,. Also, the full dispersion relation for the ion
acoustic wave in plasmas with cold ions can be obtained
from Eq. (7) if the dependence go(w) is included there.
The full numerical solution is shown in Fig. 1, where the
wave number is normalized by the effective ion collision
length I, = ¢;/vin. The plasma composition CsHjs is
taken from experiment [7]. In order to demonstrate the
effect of friction force more explicitly, two extremes are
considered: fully and singly ionized carbon. In the fully
ionized plasma the charge-to-mass ratio diffference be-
tween carbon and hydrogen is not too big. Because of
that, the wave dispersion is weak and the damping rate
is small. For singly ionized carbon one can see a much
stronger dispersion of the phase velocity and a dramatic
increase of the damping rate in the weakly collisional re-
gion, kl, < 1.

A. Fast ion acoustic mode

The dispersion relation (12) describes two branches
of ion acoustic waves: a fast wave with phase velocity
larger than thermal velocities of both ion species and a
slow wave with the phase velocity in between ion ther-
mal velocities. Solving Eq. (12) for the plasma with
ZT./T; > 1 and assuming that the wave damping is

Re o/keg 2
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FIG. 1. The wave number dependence of the phase velocity
Rew/kcs, and ion damping rate v;/kcs, of the fast ion acoustic
wave for CsH,2 plasma with fully (Z, = 6, curves 1) and
slightly (Zrn = 1, curves 2) ionized carbon in the limit of
zero ion temperature. Wave numbers are normalized by the
effective ion collision length I, = cs/vin.

small, one can find the following expressions for frequency
and damping rate of fast IAW:

2 2
Rew®) = ke, |1+ §a1v—72‘1 + E}—Evi;h
6 ¢ 6 cj

» (5 + 4k2c? ):I
ke +Bvin /T (13)

S0 _ ap c2 k*(c} —¢f) + galg k2v2,
1

2
2 ¢c;  govin 37 ¢ B

3}

2 1.2,2
s k UThﬂthh

2
+§ah,z;21‘ kch +ﬂ}3'/}2th ’
where go = 1—(9/10p). Equation (13) is valid in the hy-
drodynamic regime of strong collisions, where |w| < vij.
It differs from the cold-ion solution of Eq. (9) by addi-
tional terms which are proportional to vyy(s) and account

for thermal effects. Note, that the first term in the ex-

pression for 7“ )

."’ coincides with the damping coefficient
(9) found before from the simple ion-fluid model, whereas
two additional terms are related to the viscosity damping
of light and heavy ion components. There are no contri-
butions to the damping from ion thermal conductivity
which is negligible for high temperature ratios similar to
single-ion-species plasmas [4]. In the regime of weak col-

lisionality, |w| > v, we have

3 2,,2 2,2
Rew") = key |1+ _alcz";:rz + ﬂch'l;Th
2 ct 6 c

o )
k22 + Bivin )|

2 .2
(f) Ulh o 1 1 2 vc
o = — —_—— — J— V
7 20, h (c_,? 2 + 3 t Bivin

(14)

124, Vi K2k Brvmn
3" & k24 pBivE,

Note that in Eq. (14) the ion acoustic damping depends
very weakly on the wave number, and contributions from
the light and heavy ion collisions enter into 'yi(f ) addi-
tively.

Figures 2-4 demonstrate the dispersion and damping
of the fast ion acoustic mode found from Eq. (12) for
plasmas with different ion composition and temperature
ratio. We assume equal ion temperatures T; = T; =
T, < T.. Numerical solutions are in good agreement
with the analytical formulas of Egs. (13) when the tem-
perature ratio is large, T./T; > 1. The overall behavior
of the IAW is basically the same for all plasmas, i.e., the
phase velocity increases in the weakly collisional regime
0.1 < kl, < 10 and the magnitude of the phase veloc-
ity w/k variations is larger if ions are getting hotter and
heavy ions have lower charge. This is a distinct feature
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FIG. 2. Frequency and damping rates of the fast ion acous-
tic wave in the fully ionized CsH;2 plasma. Units are the same
as in Fig. 1. Numbers near the curves show the temperature
ratio T./T;. Dashed lines represent the result of hydrodynam-
ical theory of Ref. [5].

of two-ion-component plasinas; no significant modifica-
tion in the ion acoustic phase velocity occurs in plasmas
with single-ion species in this region of wavelengths. The
relative wave damping achieves its maximum in this re-
gion, kl;, ~ 1. One can see (cf. Figs. 2 and 3) that
in plasmas with equal charge-to-mass ratios of both ion
species, the damping of the ion acoustic wave is small and
it increases when the heavy ions have a smaller charge-
to-mass ratio (cf. Fig. 3). The ion acoustic damping
rate also increases when the temperature ratio decreases.
In one particular example (Fig. 4), the wave damping

Re w/keg 6
1.1
20
1.0 100
0.01 0.1 1.0 10 kig
Y,/ ke

0.01

0.001

0.0001

0.01 0.1 1.0 10 Klg

FIG. 3. Frequency and damping rates of the fast ion acous-
tic wave in the fully ionized CsD;2 plasma. Notations are the
same as in Fig. 2.

FIG. 4. Frequency and damping rates of the fast ion acous-
tic wave CsHi2 plasmas with single-ionized carbon. Notations
are the same as in Fig. 2.

becomes comparable to the wave frequency. It results in
significant distortion of the dispersion curve due to the
interaction of the ion acoustic branch of the dispersion
equation (12) with other strongly damped nonoscillatory
roots. In the strongly collisional region, kl, < 0.1, our re-
sults compare well with the hydrodynamic theory of Ref.
[5] (cf. dashed lines in Figs. 2-4). The small discrep-
ancy in the case of plasmas with equal charge-to-mass
ratio ions has to be attributed to the well known dif-
ference in numerical coefficients in the heat conductivity
terms between the Grad 13-moment approximation and
Braginskii’s approach [11].

B. Slow ion acoustic mode

In addition to the fast ion acoustic wave, Eq. (12) has
several other roots, but almost all of them are strongly
damped branches with Rew = 0 and Imw ~ kc,. Because
of that, they are not physically interesting. However,
as the wave number increases in the weakly collisional
region, kl, 2 1, another oscillatory solution appears. Its
frequency satisfies the conditions kvy; > w > kvpp, and
we call it the slow ion acoustic wave. By assuming that
w 2 Vi, Vhy One can obtain the analytical solution of Eq.
(12) for this mode:

2 2
2 apvi,c 5
Rew® = ke, 2 = —TE 4+ 307,
a[Cl -+ UTI (15)
2 2 2
’Y(t) _ alcl V[hch VinCh,
* ogc? +v2, | 2apac? T oqc? + 3,

< (1+ i)
5 k2c? + B2vE,
2 Bwink?c} 2 k*vZ, Bnvan
9 k2 + BfvE, 3 kzc?+ﬂ;ivih]
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The phase velocity of the slow mode ¢; in Eq. (15) cor-
responds to the result of collisionless kinetic theory with
the Debye screened light ions and cold heavy ions. In
other words, in this wave the light ions behave in the
same way as electrons in the fast ion acoustic wave. In
the collisional region w < v, the frequency of the slow
mode becomes smaller than the damping rate and even-
tually it transforms into a strongly damped aperiodic
mode with zero frequency. The interesting feature of the
damping term in Eq. (15) is its weak dependence on
the ion charge-to-mass ratio, in contrast to the fast ion
acoustic wave (13). This is another demonstration of the
fact that light ions respond to the electric potential in a
different way than heavy ions. In the collisional region
w < v, the frequency of the slow mode becomes smaller
than its damping rate and eventually it transforms into
a strongly damped aperiodic mode with zero frequency.

The condition for relatively weak damping of the slow
mode,

Tr M,
T, My,

_ Z,zl’nhMl
- lenth

<L p <1, (16)

assumes that the phase velocity of the mode is small com-
pared to the thermal velocity of light ions and is large
compared to the thermal velocity of heavy ions. For
plasmas with comparable concentrations and tempera-
tures of light and heavy ions, Eq. (16) cannot be satis-
fied if the heavy ions are almost fully ionized. Thus, for
laser-produced plasmas with high electron temperature
the slow wave has to be strongly damped. In fact, the
weakly damped slow wave exists only in partially ionized
plasmas with very heavy and/or cold ions. Formally, Eq.
(12) does not forbid the excitation of the slow wave if
Ziny /My S ZEn/M; and when w ~ kvr;. However,
it is forbidden by strong Landau damping, which is not
included in our quasihydrodynamic equations. Compar-
ison of damping rates in Egs. (13) and (15) shows that
the collisional damping of the slow ion wave is always
higher than that for the fast mode. Figure 5 demon-
strates the damping and dispersion of the slow ion wave
found from the numerical solution of Eq. (12) for u = 0.3.
In the short wavelength region kl, > 1, they are in good
agreement with analytical formulas, Egs. (15), which
predict the weak dependence of the damping rate on the
temperature ratio and the wave number. Figure 5 also
shows that the slow ion wave originates from the aperi-

0.5

Re w/keg

0.1
0.05

0.01

FIG. 5. Frequency Rew/kc,, and damping rate +;/kcs,
of the slow ion acoustic wave for CsH;, plasmas with
triple-ionized carbon for the temperature ratio T. /T; = 5 and
100.

10 20 50 ki,

FIG. 6. Frequency and damping rates of the slow ion wave
for T./T; = 15 and different ion compositions: 1 — CsH;»
plasmas with triply ionized carbon (u = 5/16); 2 — CsD12
plasmas with triply ionized carbon (¢ = 5/8); 3 — CH plasmas
with triple ionized carbon (u = 3/4); 4 — CsHi2 plasmas with
Zp =5 (p = 125/144). Units are the same as in Fig. 5.

odic branch in the region of intermediate collisionality,
kl, ~ 1. If the parameter p, Eq. (16), increases, the
damping of the slow wave also increases and the origin of
the curve representing the slow ion wave moves further
into the short wavelength region. This is shown in Fig.
6, where p increases from curve 1 to curve 4 for different
combinations of plasma parameters, Zy,np/n;, M;.

IV. EFFECT OF ION LANDAU DAMPING

Our transport model accounts only for the collisional
mechanism of ion wave dissipation. The correct descrip-
tion of collisionless Landau damping needs a more accu-
rate kinetic treatment. In these cases, however, where the
IAW damping is small compared to the wave frequency,
one can incorporate the Landau damping term by adding
it to the collisional damping that we have found in the
preceding section. The conventional expressions for Lan-
dau damping do not account for the collisions which are
destroying the wave-particle resonance when the mean
free path of the resonance particle becomes comparable
to the wavelength. In fact, an accurate description of
the transition from the ion collisionless to ion collisional
damping for the IAW has not yet been investigated. In
Ref. [4] we have introduced the simple phenomenologi-
cal function U(klmnsp) = (klmsp)2/[g + (klmgsp)?], which

s

describes the destruction of the Cerenkov resonance con-
dition by ion-ion collisions. Here, l,,,f, is the mean free
path of a particle that resonantly interacts with the wave
and therefore has a velocity v, approximately equal to the
wave phase velocity w/k. Because the particle mean free
path is proportional to the fourth power of the velocity,
we have lf, = Lii(w/kvr;)*, where l;; = vr;/vi; is the
mean free path of the thermal ion with respect to ion-
ion collision. Comparison with kinetic simulations of the
IAW damping [2] has shown that function ¥ (kl,,sp) with
qg = 0.1 properly accounts for the transition from col-
lisionless to collisional IAW damping in one-ion-species
plasmas.

We have implemented this phenomenological approach
to the plasma with two ion species. This corresponds to
the following form of the damping rate: ~v; + yr: + Ve,
where ~; is the collisional damping found in the preceding
section, vyr; is the ion Landau damping contribution, and
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~Ye accounts for the electron Landau damping. For the
fast ion wave, the Landau damping contribution reads

4 2
(f) _ [T \I' kl v
e = ( mfp) k3v3 Ui (1 + ) P ( Zkzv%’l
4 2
o) Tw(kihh # (__i’_)
™ w4 Ml
+\/—§‘ kB’U%E(l + /.L) mea,Z, ’ (17)

The first two terms in Eq. (17) account for the Landau
damping related to light and heavy ions, and the fre-
quency of the fast mode is given by Eq. (14). The third
term is related to the electron Landau damping, vre is
the thermal velocity of electrons with mass m.. Func-
tions ¥ describe the modification of the Landau damp-

ing due to ion-ion collisions, lg:fp = lp(w/kvr)* and
Ik, = lnn(w/kvrs)* are the mean free paths of the reso-

nant ions, l;x, = vri/vin and lpn = vk /VRh are the mean
free paths of the thermal ions. Similarly, for the slow
mode in the case of u < 1 we have

() w? il hh
Toi +Ye = (kllh)k3 3 + g‘I’(kl

w
mfp) k3v% N
w? T wt M,

X eXp ( 2k2v%h) + \/; k3v3,_p meayZ; (18)
The damping rates of the fast and slow ion acoustic
waves, which include Landau damping contributions, are
shown in Fig. 7. They are analyzed for T./T; > 5. The
damping of the slow wave is dominated by the light-ion
Landau effect and it is much larger than the damping of
the fast ion acoustic wave. In view of these results, the
slow wave should be identified as a quasimode, because
its frequency is comparable to the damping rate, as was
noted before in Ref. [6]. The electron contribution to the
wave damping also depends on the ion composition, but
not so strongly as the terms with ion collisions. For exam-
ple, the electron Landau damping of the fast ion acoustic
wave in fully ionized CsH;, plasmas exceeds the same
value in C5D;, plasmas by 1.2 times for T, /T; = 100 and
1.7 times for T /T; = 5.
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FIG. 7. Damping rate ~y;/kcs, of the fast (solid lines) and
slow (dashed curve) ion waves for plasmas with T, /T; = 15: 1
— CsH,2 with single-ionized carbon; 2 — CsH;2, fully ionized
carbon; 3 — fully ionized CsD;2 plasmas.

V. DISCUSSION

Our analysis has demonstrated the very sensitive de-
pendence of the IAW damping rate on the plasma ion
composition. This fact can help to clarify recent ex-
perimental observations [7] of the composition-dependent
stimulated Brillouin scattering (SBS) from large size pre-
formed plasmas. SBS has been observed from a plasma
with electron density n. ~ 102! cm™3, electron tempera-
ture T. =~ 2 keV, and characteristic scale length of about
0.1 cm. According to LASNEX simulations [7], the av-
erage ion temperature increases during the interaction
time of 1.5 ns from T; = 0.2 keV at the beginning of
the pulse to 0.9 keV at the end. SBS in the backward
direction from the interaction laser beam (the third har-
monic of the Neodimium laser, A\g = 0.35 pm) of intensity
I =(1-5) x 10*® W/cm? has been observed during the
first nanosecond. The most characteristic feature of these
experiments is that the SBS reflectivity depends strongly
on the ion composition. Namely, the SBS reflectivity
from the CsH;» target is approximately 5-10 times lower
than that from CsD;2 plasma with the same parameters.
Also, CO; plasma demonstrated approximately the same
level of SBS reflectivity as CsD;2 plasma.

We can relate this observation to the composition-
dependent damping of the ion acoustic wave that par-
ticipates in backward SBS. Indeed, the major difference
between CsH;, plasma and CsD;5 or CO; plasma is the
charge-to-mass ratio, i.e., Z/M is % for C%+ and 1 for H,
while Z/M is % for Dt. Therefore, in CsH;2 plasma the
ion acoustic wave exhibits an additional damping related
to the friction force, as was discussed in Sec. II. Since the
ion temperature is growing during the interaction time,
we can anticipate that the ion acoustic damping will also
change. In Fig. 8 we show the damping rate of the
fast ion acoustic wave that participates in the Brillouin
backscatter as a function of the electron-ion temperature
ratio for CsH;; and CsD;; plasmas with the parameters
of Ref. [7]. The damping of the ion acoustic wave in
CsD;2 plasma is smaller than that in CsH;2 plasma in
the whole temperature ratio range. For T./T; ~ 20 the
collisionality parameter is kl, ~ 10 and the difference in
the damping rate by a factor of four is mainly due to the
effect of the friction force. As T; increases, both damp-
ing coefficients grow. The damping of the ion acoustic
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FIG. 8. Dependence of the fast ion acoustic wave damping
on the temperature ratio for fully ionized CsH;2 and CsDi2
plasmas for the experimental conditions of Ref. [7]: n. = 10%*
cm™3, T, = 2.2 keV, k = 3.6 x 10° cm™?.
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wave in CsH;, plasma remains two times larger because
the Landau damping related to H* ions is stronger than
that related to the heavier deuterium ions.

Our discussion of SBS reflectivity observed in the
hohlraum plasma experiments [7] is based on the assump-
tion that the plasma scale length is so long (1-2 mm) that
inhomogenities of density and flow velocity do not limit
the SBS interaction length. The SBS gain in such ex-
periments is defined by the collection of many hot spots
created by the random phase plate (RPP) optics. In the
first approximation, RPP hot spots can be treated as in-
dependent scattering centers [12]. Each of the hot spots
has a length Lp approximately equal to the Rayleigh
length of an ideal Gaussian beam of a given f number
[12]. The stationary SBS reflectivity from an individual
hot spot, R = ¢ exp(2G), depends on the local gain coef-
ficient G = y2Lgr/cv, [13], where ~, is the SBS temporal
growth rate, ¢ is the speed of light, € is the noise or seed
level, and Lg = 27 f2)¢ is the amplification length. For
parameters of the experiment [7] the characteristic value
of the amplification coefficient is about 10 for the aver-

age intensity 2 x 10> W/cm?, f=4, interaction length
Lr =~ 120 pm, and ~,/kc, = 0.1. An increase of ion
acoustic wave damping by a factor of two in this exper-
iment will reduce the gain below a detection level. The
importance of this estimate for SBS reflectivity is purely
quantitative but it clearly indicates that the reflected
signal from CsH;s should have a shorter duration and
smaller intensity than SBS from CzD;2 plasmas. Quan-
titative comparison with experiment [7], which should
involve a more accurate description of the intensity dis-
tribution of the interaction laser beam and the SBS dy-
namics, is beyond the scope of this paper.
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