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The ion-acoustic and entropy-fluctuation resonance peaks in the electron-density fluctuation spectrum
S(k, co) of high-density, low-temperature collisional plasmas (Ar, T, =2 eV, N, =1X10'" cm; He,
T, =2.3 eV, N, =1X 10"cm ') are measured by means of CO2 laser scattering. The spectrum consists
of three peaks, two due to ion-acoustic waves, and a central entropy-fluctuation peak. The entropy peak
(at co=0) is observed in a plasma. Two theoretical models are introduced, and their predictions com-
pared with the observations. A two-species BGK kinetic model includes the collisional interactions be-
tween ions and electrons, which predicts the fluctuation spectrum better than the BGK model, not in-
cluding the ion-electron collisional interactions. Alternatively, Braginskii s two-fluid transport equa-
tions may be used with the fluctuation-dissipation theorem to derive an analytic expression for the fluc-
tuation spectrum, which gives the relation of the thermal transport coefficients to the spectrum. The
prediction of Braginskii s equations is used to estimate the transport coefficients experimentally by least-
squares fitting the theory to the experiment. The effects on the spectrum of the second-stage ionization
species in the plasmas are estimated wtih a three-fluid model.

I. INTRODUCTION

The study of the Auctuations in a plasma is involved
fundamentally in the analysis and description of the phys-
ical properties of the plasma. The Auctuations are usual-
ly characterized by spectral functions, which represent
their power spectra. As we will see, the electron-density
fluctuation spectrum contains information of correlations
among the particles, and is closely related to the trans-
port properties in the plasma. Most important, the
electron-density Auctuation spectrum is a quantity that
can be directly measured in the laboratory.

Collision-dominated plasmas exist in nature (stellar
photospheres, white dwarfs, gaseous planets) and in la-
boratories (arc plasmas, laser-produced plasmas).
Theories have been developed by many authors to include
the effects of collisions that do not agree in their predic-
tions of the electron-density Auctuation spectrum. Some
of them predict the existence of an enhanced ion-acoustic
resonance peak and a zero-frequency entropy peak in the
spectrum and others do not. It becomes quite necessary
to compare the theories with experimental data.

In the previous work [1,2], the enhanced ion-acoustic
resonance peaks in the electron Auctuation spectrum of
collisional argon and helium plasmas (with equal ion and
electron temperatures) were measured. It was there
confirmed that in a collision-dominated plasma, the col-
lision processes will reduce the efficiency of Landau
damping and enhance the ion-acoustic Auctuation reso-
nance, which is heavily damped in a collisionless plasma
having T, =T;. The entropy Auctuation peak, however,
was not observed because of the limitation in the experi-
mental instrumentation.

In the collisional case where Landau damping is not
dominant, the Auctuation processes may be sensitive to
the thermal transport properties of the plasma. For in-
stance, the shape of the entropy-Auctuation peak may be
closely related to the thermal conductivities as with an

ordinary Auid. In this work we attempt to examine the
existence of the entropy-Auctuation resonance peak ex-
perimentally, and to study the relations between the Auc-
tuation spectrum and the thermal transport coefficients of
a collisional plasma. A preliminary report of this work
has been published [3].

In order to relate the thermal transport coefficients to
the Auctuation spectrum, a fluid theory may be adopted.
It has been verified that a one-Auid model makes a
moderately good fit to the ion-acoustic resonance peaks
in the experimental fluctuation spectrum [1,2]. However,
the one-Auid theory does not include the interactions be-
tween ion and electron species. Braginskii's transport
equations [4] solve the problem. In this work, the spec-
trum is solved from Braginskii's equations in order to
compare the Braginskii theory with the experimental
data, and to relate the thermal transport coefficients to
the experimental data.

The theory of the electron-density Auctuation spectrum
is introduced in Sec. II. The Auctuation spectrum is fur-
ther derived from Braginskii's transport equations and a
two-species Bhatngar-Gross-Krook (BGK) model.
Three-Auid theory is also discussed. Section III intro-
duces the principle of the light scattering experiment, de-
scribes the light scattering conditions in this experiment,
and presents the experiment arrangement. The final ex-
perimental results of the electron Auctuation spectrum of
collisional plasmas are presented in Sec. IV. It contains
the comparison of the theories to the experiment, data
analysis to obtain the experimental values of the thermal
transport coefficients, and a discussion on the effects of
Ar on the Auctuation spectrum.

II. THEORY OF THE ELECTRON-DENSITY
FLUCTUATION SPECTRUM

For a homogeneous and stationary plasma, the
electron-density Auctuation spectrum is defined as
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(n, (k, co)n,*(k,co) )
S(k, co) = lim

v, v TV no

where no is the electron density in thermal equilibrium, T
and V are, respectively, the time and volume in which the
average process is taken, and n, (k, co) is the Fourier-
transformed electron density. Generally, it is a very com-
plicated problem to solve the fluctuation spectrum for a
strongly correlated particle system.

The fluctuation-dissipation theorem [5 —7 ] which
rigorously connects the power spectrum of the Auctua-
tion to the relevant response function for a system in
thermal equilibrium is a powerful tool in simplifying the
calculation of the density fluctuation spectrum in a plas-
ma near thermal equilibrium. The form of the
fluctuation-dissipation theorem for the electron-density
fiuctuation spectrum can be expressed as [1,2]

TkS(k, co)= Re[cr(k, co)],
&CO 8 no

df,
at (n,f, n, Fo,—) — (nbf, n, n—bFo, ),

~ab

where

Equations (1) and (2) were linearized, and the electron-
density fluctuation spectrum was computed from the
linearized equations with help of the Quctuation-
dissipation theorem by Mostovych [1,2]. In that work,
the only coupling of ions to electrons is through the elec-
tric field.

In order to include the efFects of the collisional interac-
tions between ions and electrons, an extension of Eqs. (1)
and (2) was made to include cross-collision terms between
the two species. For this purpose, the following collision
terms may be considered:

where o. is an appropriate ac electric conductivity that
describes the electron current responding to a fictitious
external electric field which only couples to the electrons.
Calculation of the conductivity is usually simpler than
direct derivation of the fluctuation spectrum.

To implement the calculation of the electric conduc-
tivity one might assume that beside the induced electric
field governed by Poisson's equation

V E;„=4m.g p, ,

m,
27TT.

3/2

exp

n'
a

~aa ~

Fo =Foa(fa~fb) ~

m, (v —u, )

2T.
(3b)

(3c)

(3d)

there is an external electric field which couples only with
the electron species. The conductivity is derived by com-
puting the electron current responding to that external
field.

A. BGK equations

The collision term introduced by Bhatngar, Gross, and
Krook [8] enables us to solve problems in a collisional
plasma in a simple fashion, in which two-particle col-
lisions dominate the discrete interaction processes.

The BGK model is not restricted to any particular col-
lisional regime. It requires use of an arbitrarily selected
collision frequency.

A typical BGK equation (with the magnetic field B=0)
is written as

a a vE
at ar m, av

Fo, = ma

2&T.

3/2

exp
m, (v —u, )

2T.
(2)

where n, /o. „=U„is the a-a particle collision frequency,
n, is the particle density of species a, and n, is the undis-
turbed density of species a. The particle velocity distri-
bution relaxed from collisions, Fo„maybe assumed to be
Maxwellian:

n'
b

~ab (3e)

n, and nb are the particle densities of species a and b at
thermal equilibrium. v„and v,b are the a-a and a-b par-
ticle Coulomb collision frequencies, respectively. The re-
laxation distribution function Fo, is a function of both
distribution functions f, and fb. To be analogous to the
expression of Fo, in Eq. (3) we may simply let

FI
' 3/2

ma
exp

2&T.'
m, (v u,')—

2T.'
(4)

bM, b =v,bn, m, (ub —u, ), (5a)

3v,bn, m, (Tb —T, )
Ag, b

=
m, +mb

With the aid of Eqs. (5), we may assume

(5b)

The mean velocity u,' and temperature T,' are, in turn,
related to the conditions of the particles of species a and
b before collisions. In order to establish a model involv-
ing the effects of energy transfer (bg, b ) and momentum
transfer (b,M, b ) between ion and electron species as a re-
sult of collisions, we may adopt the following momentum
and energy exchange rates [9] to estimate the relaxation
temperature T,' and mean velocity u,':
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U~ =Qb

2m'
T,'=T, + (T —T ) .m+ma b

Equations (3)—(6) along with Poisson's equation

(6a) V E;„=4~+q,n,

form a closed set of equations of a two-species BGK
model. Linearizing the two-species equations, then mak-

ing a Fourier transform to k, m space, yields

iso—f +ikv~~f =v;; n f + — v~~u;+
0

ml v

2TQ 2

2
m,. m v 3 ev~(E;„

0

2

TQ 2TQ

3

2
(8)

4~enQ

ik

2m, m, v+v„n,—f, + v„u,'+
TQ 2TQ

„(E;„+E,„)
7

2 TQ

n,' = f d vf,'( k, co, v )f, ( v ),
u, = f d vf,'(k, co, v)f, (v)v~~,

3 TQ
(r, +n,')= fd'vf, '(k, co, v)f, (v)v' .

(9a)

(9b)

(9c)

The mean velocity u, is computed numerically with the
moment technique, and the ac electric conductivity thus
is obtained by

eu, (k, co)
o.(k, co)=—

The fluctuation-dissipation theorem is then applied to
produce the fluctuation spectrum.

The spectrum predicted by the two-species model

where we have defined

f, =n, f, (1+f,'),
n, =n, (1+n,'),
T, =To(1+r, ),
T,' = To(1+r', ),

and assumed that f, is Maxwellian, where a =i, e In or.-

der to calculate the approximate electrical conductivity
required by the fluctuation-dissipation theorem, the
external disturbance field E„is only inserted in the elec-
tron species. In the equations, V~~

=k.vlk, and we as-

sume E,„~~k. A singly ionized plasma (z = 1, no =n; =n, )

with equal ion and electron temperatures (To= T, = T, )

is assumed. The electron mean velocity u, may be calcu-
lated from Eqs. (8) by using the moment technique with
the aid of the following integral expressions of the mo-
ments:

[plotted in Fig. 1(a)] indicates the existence of both ion-
acoustic resonance peaks and zero-frequency entropy
peak. Comparison of the prediction to that of Eq. (1)
shows that both the entropy peak and ion-acoustic reso-
nance peaks are broadened when the ion-electron col-
lisional interactions are introduced [Fig. 1(b)]. The
broadening of the entropy peak may be interpreted as a
faster decay of the ion temperature fluctuations caused by
electron-ion collisions, in which the electrons act like a
heat sink to the fluctuations. This broadening becomes
more significant in frequency spectra with smaller k vec-
tors, as expected, because the heat sink efficiency be-
comes more significant in contrast to the heat diffusion in
ion species, which tends to become weaker when the k
vector is smaller.

Although the two-species BGK model satisfies all of
the conservation laws for density, momentum, and energy
it still does not include the effects of the detailed struc-
ture of the distribution functions f, and f„e.g. , their.
gradients with respect to v and r. Furthermore, the
BGK collision term is developed for the cases of two-
particle collisions and may no longer be suitable for a
very strong correlation case where three or more particle
collisions are found important. As a result, imperfection
of its predictions may be expected.

B. Fluid theory —Braginskii's transport equations

Besides kinetic theories, the fluid equations can also be
adopted to describe the electron-density fluctuation spec-
trum of a highly collisional plasma. As a Fourier trans-
form of the dynamic pair correlation function, the fluc-
tuation spectrum contains considerable information on
thermal transport processes in a plasma. A significant
advantage of a fIuid theory over the kinetic theories is
that it includes the transport coefficients explicitly and
provides a direct way to relate the fluctuation spectrum



3844 YI-QUAN ZHANG AND ALAN W. DeSILVA

to the transport coefficients.
For a plasma with the frequency of the slowest col-

lision processes (e.g. , ion-ion collisions) exceeding the
highest fluctuation frequency in the ion-acoustic features,
the Quid equations become applicable to compute the ion
feature of the electron-density fluctuation spectrum. (For
a plasma with small plasma parameter g = I /n A,D, where3

n is the particle density, AD is the Debye length, this con-

dition can be loosened. ) The fiuid equations do not take
account of mechanisms dependent on microscopic quan-
tities, such as Landau damping, and so are restricted to
applications where Landau damping is insignificant.

The efficiency of the Landau damping is sensitive to
the collision frequency of the particles. Higher collision
frequencies will enhance the probability of removing a
particle from resonance with the potential waves, hence
reducing the efficiency of the Landau damping. A com-
puter simulation made to estimate the efficiency of the
Landau damping shows that under the condition

v)) co, ,

Landau damping becomes negligible. Here v is the col-
lision frequency of particles, and co, is the acoustic fre-
quency.

We may attempt to derive the electron-density fiuctua-
tion spectrum from Braginskii's transport equations [4].
A linearized version of the Braginskii equations for a
singly ionized plasma in the absence of a magnetic field
can be written as follows.

(i) momentum equations:

idiom, nov, ik(n, —+noT, ) ~g, k u,——enoE4 o 2 (e)

cp (~yy&~

m, no+ — u —0.71ikno T, =0,
7p

idiom;nov; —ik(n;+noT, ) 4';k v;+—enoE"

m, no
u —0.71ikno T, =0,

(b)

(f) 2
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FICx. 1. (a) Scattered light spectrum from two-species BGK
model, for argon plasma, with N, =1X10' cm ', T, =2 eV.
The prominent peak is the ion-acoustic resonance, and the
lower peak at zero frequency is the entropy peak. (b) Solid line:
spectrum from BGK model with no ion-electron collisional in-
teraction. Dashed line: effect of including ion-electron col-
lisions. k represents wave vector, and intensity scale is arbi-
trary.

(ii) energy equations:

,'icono T, i—knoTov,——ik(0. 71noTou ika'T, )—
3m, no

(T, —T;)=0,
mi 7

3m, no
(T, —T;)=0,~noT, —«noToU, —k'K'T, +

mi 7e

where no is the electron density at equilibrium, and 7„K',
K, and go are the electron collision time, electron thermal
conductivity, ion thermal conductivity, and ion viscosity
coefficient, respectively. The fluctuation components of
the ion mean velocity, electron mean velocity, ion tem-
perature, and electron temperature are represented as
u;(k, co), v, (k, co), T;(k, co), and T, (k, co), respectively,
and u is the mean relative velocity between electron and
ion species:

u =Ue U)

4~noeE;„= . (v; —v).
ECO

In order to apply the Auctuation-dissipation theorem in
the derivation, the electric fields E" and E" are as-
signed in the following ways:

E"=E,„+E„,
E (&') —E
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In order that we may derive the response function of the
electrons to the external field, the fictitious external field
E,

„

is only allowed to interact with the electron species.
The fluctuations of the ion species are reflected in the
fluctuations of the electron species through the collective
interactions between the two.

An exact analytic expression for the spectrum may be
derived, but it is very complicated. Under the conditions
of low frequency and long wavelength [co & kC„k« kD,
where C, = ( T/m; ) is the ion-acoustic velocity, and kz
is the Debye wave vector], and in the absence of a mag-
netic field, the spectrum may be approximated as

A (k)+B(k)P'/D(k, a) )

[ A (k)+8(k)P'/D(k, co)] co + [2 co /—coo+ ,'B(k—)co /D(k, co)]
(13)

where

and

A (k)= +—
3 n

8(k)= C;, +1,
k sc'

D(k, ~)=(P') +(—,'~)',

which the data were measured in this experiment. The
damping of the ion entropy fluctuations is mainly due to
ion thermal conduction. The collisional interaction be-
tween the ion and electron species provides heat transfer
between the species. The electron species in this case acts
like a heat sink which accelerates the damping of the en-
tropy resonance. The width of the entropy peak is addi-
tionally influenced by this damping. In the case of
p'«kC, and k go/n, m, «kC„the width of the entro-

py peak is

2 l

P'= +C.. .
ne

coo=k(T/m; )'

2
entropy

k sc'

ne

C,, =3m, /m;v; is the collisional energy-transfer frequen-
cy between the ions and electrons, ~, is the electron col-
lision time, n, is the electron density, and ~', ~', and gp
are the ion and electron thermal conductivities, and ion
viscosity coefficient, respectively.

The spectrum predicted by the Braginskii equations for
a high-density, low-temperature plasma is plotted in Fig.
2 predicting the existence of both the ion-acoustic peak
and the entropy peak.

The computational result shows that in the entropy-
fluctuation frequency region, the high electron thermal
conductivity prevents the electron temperature from fluc-
tuating significantly compared with the ion temperature
fluctuation: ~5T, ~ /~5T; ~

&0.05 for the conditions under

where the first term is due to ion thermal conduction, and
the second term due to the energy transfer between ions
and electrons. For large k, ion thermal conduction will
dominate damping because the temperature gradient is
proportional to k. When k approaches zero, the width of
the entropy peak will reach a constant which is deter-
mined by the energy transfer between the ion and elec-
tron species.

Under the conditions of p' « kC, and 1/A ))kC„the
ion-acoustic peaks approach Lorentzian forms

SpI k
S(k, co)~ (rk')'+(~ —~„)''

where

4 8(k)(P') m;
cop 1

27 [2+28 (k) /3] k T

A (k)k T 28(k )P'

2m; 9[2+—', B(k)]
1/2

28(k)
3

A(k)
4[2+28(k)/3]

48(k)P'
k 28(k) 2 T

"e
2+ —'B(k)

Because A (k) is mainly determined by the ion viscosity
coefficient gp, the bandwidth of the ion-acoustic reso-
nance peak is mainly determined by gp. The ion thermal
conductivity in the second term of the damping parame-

ter I k also causes an observable effect in the damping of
the ion-acoustic resonances.

The electron thermal conductivity may have a percep-
tible effect on the damping of the entropy and ion-
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T„T;1,and T;2 denote the temperatures of the electrons,
singly ionized ions, and doubly ionized ions, respectively.

7,2 and ~1,2 are the collision times for momentum
transfer between electrons and doubly ionized ions, and
between the singly ionized and doubly ionized ions. In
the momentum equations, the friction force and thermal
force terms arising from the interactions of electrons with
doubly ionized ions are similar to those with singly ion-
ized ions. The momentum transfer term between the
singly and doubly ionized ion Auids is estimated as

AM1 2=
il

m, np

+1,2

FIG. 2. Scattered light spectra deduced from the Braginskii
two-Quid theory, for conditions of Fig. 1.

acoustic resonances when the wave vector k is very small
[k (((T/i~'go)' ], in which condition the temperature
Auctuations in the electron species may no longer be
small in comparison to that of the ion species.

C. Three-Quid problem

When the second-stage ionization in a plasma is not
negligible, or when the atoms are not fully ionized, the
inAuences of the doubly ionized particles or the neutral
particles on the electron-density Auctuation spectrum
may be estimated by adding a third fluid in the Auid

theory described previously. For a low-temperature plas-
ma, the symmetrical resonance charge transfers have
very large cross sections. Consequently, energy and
momentum coupling among the species may become con-
siderable. The inAuences of the neutral particles and ions
in different ionization stages on the density Auctuation
spectrum may be detectable when the fractions of these
particles in the plasma are significant.

For a plasma involving both singly and doubly ionized
ions, Eqs. (11) may be extended to include momentum
and energy equations for the double ionization species
and to contain the coupling terms that represent the col-
lisional or charge-transfer interactions of the doubly ion-
ized ions with singly ionized ions and electrons. The
energy-transfer terms from the double ionization stage
fluid to the electron and the singly ionized ion Auids may
be given as

3m, np
bE2, = '

(T2 T)—
l e, 2

and

where n p and n p' are the equilibrium particle densities of
the electron and singly ionized ion Auids, respectively.

where U;1 and u,-2 are the mean velocities of the singly and
doubly ionized ions, respectively.

In comparison to the spectrum predicted by the two-
Auid Braginskii equations, the three-Auid model, which
takes into account the inAuence of the second ionized
stage ions, predicts a narrower bandwidth for both the
entropy and ion-acoustic resonances. The differences ap-
pearing between the predictions can be interpreted as fol-
lows. The effective charge number Z of the two ion
species is larger than one. This modifies the average ion-
ion collision time, hence the average ion thermal conduc-
tivity and viscosity coefficient to smaller values. Thus a
spectrum with narrower resonance peaks is expected.
The effective charge-to-mass ratio of the ion Auid in-
creases when the fraction of second-stage ionization in-
creases. Therefore the ion-acoustic frequency increases.

The three-Auid theory dealing with the neutral parti-
cles as the third Auid is similar to that with the second
ionization stage ions. Because of smaller interaction
crass sections, the inAuences of the neutral particles on
the Auctuatian spectrum are not as significant as those of
the second ionization stage ions for the well-ionized ar-
gon plasma used in this study.

III. LIGHT SCATTERING EXPERIMENT

A. Light scattering method

Light scattering is employed to obtain the Auctuation
spectrum. The power in the scattered light may be writ-
ten as follows [10,11]:

(14)

where 3 is a small area on which the power of the scat-
tered light is measured, Rp is the distance between the
small area A and the light scattering region, and N and
Ip are the total number of electrons involved in the light
scattering volume, and the power intensity of the incident
light, respectively. k; and k, are the wave vectors of the
incident and scattered waves, and cu; and co, their fre-
quencies, r p=e /m, c is the classical electron radius,
and g=(RO/Ro) X [(Ro/Ro) X(E,. /E, )] where E, is the
electric field of the incident light. Equation (14) indicates
that the power spectrum of the scattered light reveals the
electron-density Auctuation spectrum in the plasma.

Because the frequency shift in the scattered light is
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very small compared with the frequency of the light,
k; =k, holds closely, hence the relation among the k vec-
tors implies in Eq. (14),

where k is the wave vector of the electron-density Auctua-
tions, shows that k satisfies the Bragg scattering condi-
tion

0
k =2k scnl

and is dificult to resolve with an optical spectroscopic in-
strument. Furthermore, to filter the stray light from that
tiny band of spectrum by optical means is not realistic.
The heterodyne technique may be employed to solve this
difficulty. This technique is characterized by a
significantly better resolution and offers a more con-
venient environment for signal filtering. When the
heterodyne technique is adopted, the scattered light is
mixed with a local oscillator light beam. The total elec-
tric field is thus written as

where 61 is the scattering angle, the angle between k, and
k;. This means that the wave vector of the measured
fluctuation spectrum is determined by the wavelength of
the incident light and the scattering angle. When a laser
beam is adopted as the source light, the limit of the
geometric resolution is mainly determined by the diver-
gence of the laser beam, and is of the order

5k
k mao

where X; is the wavelength of the laser and ao is the waist
diameter of the laser beam.

B. Heterodyne detection technique

The ion feature of the fluctuation spectrum carried by
the scattered light spans only a very tiny band in the light
spectrum

kc,' =1O-',

E,(t) =E,(t)+E~o(t),

where the local oscillator beam and the scattered light
fields are expressed as

l crPLO f,

ELQ( t) =ELQe

E,(t) = J den E, (co)e
1

The mixed signal is detected by a wideband optical
detector. The output current of the detector Id(t) is pro-
portional to the power Aux of the detected light

I„(t)=eo ~E (t) ~',

where 0. is an e%ciency of the detector system. The aver-
age power spectrum of the detector current can be easily
derived and is related to the scattering signal in the fol-
lowing way:

8me o.
»m —

& II„(&)~'&= ~E„~'(P,(m„+n)+P,( „—n)]T~oo T cA

gare o rgb~ NIO
iELoi [S(k, —k;, coLo —co;+f1)+S(k,—k;, coro —co; —0)] .

cR0
(15)

Pr(Q) =Pd(Q)+PsN(Q)+P~(Q) . (16)

The signal-to-noise ratio of the power spectrum Pd(Q) is
estimated by [12]

Pd(Q)
(S/N)n= (1+MlT)'i

Pr Q
(17)

where 5Q is the bandwidth, and T is the time interval of

The detected spectrum considered so far is an average
over infinite detection time. In a real experiment, the
detection time is finite, and the signal-to-noise ratio has
to be considered. Consider a real data acquisition system.
In the system, the total power spectrum in the output of
the detector consists of signals [Pd(Q)]; shot noise
[PsN(0) =e (Iz ) /rl', where Iz is the dc component of the
detector current]; and the noise from other noise sources
[P„(Q)]:

observation. Averaging the spectrum over X samples and
over a rectangular frequency window of bandwidth n 5Q,
and using the fact that for a Fourier transform 60 = 1/T,
the signal-to-noise ratio becomes

Pd(Q)
(S/N)n= (1+Nn )'~

Pr(0)
This relation determines the required number of samples
to obtain a given frequency resolution.

Because the signal Pd is boosted by the power of the lo-
cal oscillator beam proportionally, the ratio Pd lPsN is in-
dependent of the power of the local oscillator. If P&(Q)
is not dependent on the power Aux of the detected light,
an increase in the power of the local oscillator beam
would improve the signal-to-noise ratio. Unfortunately,
the 1/f noise, which may strongly depend upon the
detector current, will diminish the signal-to-noise ratio in
the low-frequency region and may limit the improvement
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of the signal-to-noise ratio accomplished by increasing
the local oscillator power. To overcome the problems
arising from the 1/f noise, a laser modulator is adopted
to shift the frequency of the local oscillator laser beam,
which is originally split from the scattering light source.
With an acoustic modulator (Bragg cell) of frequency
co,d, the local oscillator frequency coro in Eq. (15) be-
comes

~LO ~I+~mOd .

Thus Eq. (16) is rewritten in the following form:

lim —(LId(Q)L ) ~ LS(k, —k;, co,d+0)T~ oo

+S(k, —k;,co,d
—Q)] . (19)

The Auctuation spectrum in the zero-frequency region is
hence represented in the detected spectrum in the fre-
quency region around co,d, and is separated from the
noisy zero-frequency region of the detector system. This
makes it possible to measure the zero-frequency entropy-
Auctuation components in this experiment.

C. Experimental conditions

Plasma and light source conditions were carefully
selected to satisfy the many conditions necessary for the
measurement. The condition of high collisionality
demands that the ion-ion collision frequency v;; be
greater than the frequency of the Auctuations. This will
be met for all frequencies of interest in the ion feature if

v, , )kC, ,

where C, is the ion sound speed (T/m ) ~, and k the
wave number of the Auctuations to be sampled. We may
pick the magnitude and direction of k by properly select-
ing the laser wavelength and direction of incidence. k
satisfies the vector relation k =k; —k„where subscripts i
and s refer, respectively, to the incident and scattered
light. If 0 is the angle between these rays, the magnitude
of kis

k =4~/A, osin(8/2) .

The ion-ion collision frequency may be expressed

~.. =4 gX10 nA/T ~ m

enough to survive transit through the plasma and its
boundary layers. What absorption does occur must be
small enough so that the energy deposited does not
significantly perturb the plasma under study.

The plasma must be quiet, so that the fluctuations are
dominated by thermal excitation, and not by instability,
and the plasma lifetime must be long enough so that a
good signal-to-noise ratio may be obtained with a reason-
able number of shots.

All of these conditions are satisfied by the argon plas-
ma (n, =lX10' cm, T, =2 eV) used in these studies,
in conjunction with a pulsed CO2 laser which produces a
100-psec-duration pulse of about 100 W, in single-mode
operation.

D. Experiment scheme

The optics of the experiment are shown in Fig. 3. To
apply the heterodyne technique, 5%o of the CO2 laser
beam is split o8' to serve as a local oscillator. The fre-
quency of the local oscillator beam is shifted by an acous-
tic Bragg cell (Model AGM-406B manufactured by Intra
Action Corp. ). The principal detlected beam from the
modulator, which is used as the local oscillator, is
Doppler shifted by about 50 MHz, and is attenuated to
the desired intensity by a variable attenuator. The reso-
lution of the light scattering measurement is dependent
on the divergence of the laser beams at the scattering
volume. The divergence angle is related to the size of the
laser waist by the relation EH=A, , /ma. The laser waist at
the scattering volume can be selected by setting the com-
bined focal lengths of the doublet lenses L, -L2 and L3-
L4. Larger laser waist results in smaller divergence angle
and improves the angular resolution of the optical sys-
tem. However, the overlap region of the main beam and
the local oscillator beam with large waists may extend
beyond the homogeneous plasma region when the scatter-
ing angle is small. Due to the above reasons, the laser
waist defining the scattering volume is chosen to be about
0.35—0.5 mm. This gives about 4% angular resolution
for 8' light scattering and about 8% resolution for 4'
scattering.

The local oscillator beam, along with the scattered

PULSE
M ON ITOR

where A is the Coulomb logarithm. The above condition
hence reduces to

n AA, O )2.6X10
T sin(8/2)

This implies that high-density, low-temperature plasma,
large-wavelength scattering light source, and small-angle
scattering may be required to fill the condition.

In addition, if the scattered light spectrum is to
represent the wave spectrum of the plasma, the scattering
parameter a= 1/kA, D must be ) 1 [11]. A further condi-
tion is that the frequency of the laser be higher than the
plasma frequency so that the radiation will propagate,
and that the absorption of the probe radiation be small
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FIG. 3. The optics of the experiment.
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light from the plasma in the direction of the local oscilla-
tor beam, passes through apertures A1 and A2, and is re-
ceived by the high-frequency (400 MHz) Ge:Cu liquid-
helium-cooled infrared detector.

The electronic system is shown in Fig. 4. Although the
stray light component is mostly blocked by the apertures
A1 and A2, it is still intense enough to saturate the
preamplifier. In addition, because of a very weak sound
wave component propagating in the opposite direction in
the laser modulator, the deflected light due to this com-
ponent beating with the main component of the local os-
cillator beam produces a 2', d signal which will also sat-
urate the preamplifier. In order to avoid the signal satu-
ration, the detected photocurrent is first passed through a
set of notch filters with center frequencies about 50 and
100 MHz, which attenuate these spurious components to
an acceptable level. Next, the signal is filtered by a 5-
MHz high-pass filter and is amplified by an ultra-low-
noise preamplifier (Miteq Model AU-3A-0150, noise
figure of 1.4 dB, gain of 46 dB, and frequency bandwidth
1 —500 MHz). The signal is further amplified to a peak-
to-peak amplitude of about 300—400 mV before being di-
gitized by an ultrafast wave-form digitizer (Le Croy Mod-
el 6880, 1.35 G samples/sec sampling rate). The noise
figure of the overall electronic system is measured to be
about 2.1 dB. The maximum time window of the digitiz-
er is 7.43 psec, or 10 samples. The digitized wave-form
data are transferred to a microcomputer and the frequen-
cy spectra are extracted from the wave-form data by digi-
tal Fourier transform signal processing software.

In order to obtain the desired results, one has to distin-
guish the scattering signal from the detector noise and to
determine the gain factor of the overall detection system.
The following measurements have to be made: (1) the to-
tal signal PT(co), which includes the scattering signal,
detector current noise, and the noise from the electronic
system, (2) the detector noise Pg (~) and the electronic
system noise P~(m) only, P&(co) =Pg (co)+Pg (co), which
is measured when the main laser beam (scattering light
source) is off; (3) the noise from the electronic system
only, Pg, (co), which is measured when both the main laser
beam and the local oscillator beam are off; and (4) a white

noise spectrum PwN(co), which is measured for the pur-
pose of normalization. The white noise spectrum is ob-
tained by taking the difference between the noise spectra
of a 1-kQ resistor, which is in place of the laser detector,
at two different temperatures (liquid-nitrogen tempera-
ture and room temperature). Finally the fiuctuation spec-
trum in relative amplitude units can be expressed by

(P (~) &
—(P„(~)&

PWN
(20)

where the angular brackets express the average over
many shots, which is required to achieve a reasonable
signal-to-noise ratio.

The condition under which the white noise PwN(co) is
measured may still not be identical to the condition in the
light scattering experiment, though care was taken to
make them the same. The reAections of the high-
frequency signals in the electronic system may hence
differ from each other and may produce different ripple
patterns in the gain factor of the overall electronic sys-
tem. To reduce the possible errors arising in this case,
the expression for the final resultant spectrum is modified
as follows:

(P,( )) —(P ( ))
(P,d(co)) = N!co),

P~(co) —Pg (~)
(21)

IV. SCATTERING RESULTS AND CONCLUSIONS

where N(co) is a normalization function given as

N(co) =a+ —,b

CO

where the first term is the shot-noise term, and the
second one is the 1/f noise term. The parameters a and
b are determined by a least-squares fit to the ratio of the
detector noise to the white noise, (P~(co) ) /(PwN(~) ).
Equation (21) will provide an accurate result when the
condition under which Pz(co) is measured is close to that
under which PwN (co ) is measured. The ratio
(P&(co) ) /(PwN(co) ) is examined in this experiment and
the measurement shows a very smooth 1/f noise plus a
small shot-noise component.
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FIG. 4. Data acquisition system.

The electron-density fluctuation frequency spectra
have been measured for wave vectors of from 300 to 1000
cm ' and frequencies of 1 to about 85 MHz in the argon
plasma (N, = 1 X 10' cm, T, =2 eV). In addition, the
spectra (k=489 and 807 rad/cm, and frequency of 5
MHz —330 MHz) have also been observed in the helium
plasma (N, = 1 X 10' cm, T, =2. 3 eV). The plasma
conditions in this experiment were determined indepen-
dently of scattering, by interferometry and spectroscopic
measurements [2]. They are listed in Table I. The fre-
quency difference between the main laser beam and the
local oscillator beam is fixed at 52 MHz for the measure-
ments in the Ar plasma and at 0 in that of the He plasma.

The final scattering spectrum is obtained by the data
processing described in the preceding section. The exper-
imental results of the fluctuation spectra are shown in
Figs. 5 and 6.
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inner wings [see Eq. (19)].
The ion-acoustic resonance peak in collisional plasmas

has been observed in previous work [2]. This resonance
would be enhanced for the condition T, /T, »1, and/or
may also be driven by the discharge current. Full discus-
sion has been made by Mostovych and De Silva [2] to
verify that these are very unlikely in the plasmas used in
this experiment. The very high collision frequency of
these plasmas ensures near equality of T, and T, .
Mostovych's research verified that the discharge current
enhanced the ion-acoustic waves in the direction of the
current by about 20%%uo, but no effect of the current could
be seen for the directions perpendicular to the current
(the condition under which data were taken).

The entropy-fluctuation peak is well known in an ordi-
nary fluid. However, this is an observation of the
entropy-fluctuation resonance peak in a plasma. While
the ion-acoustic resonance waves are pressure (mechani-
cal) fluctuation waves, the entropy fluctuation is associat-
ed with the temperature fluctuation which is not propa-
gating (hence producing a zero-frequency peak) and de-
cays mainly through the heat diffusion process. The ion-
acoustic resonance waves damp mainly by the viscosity in
the ion species when the Landau damping is not impor-
tant (which happens in a collision-dominated plasma).
So, in a collisional plasma, the shapes of the electron fluc-
tuation spectrum may contain information about the
thermal transport properties in the plasma.

A. Comparison of the theories to the experiment

(a)

I I I

20 30 40 50 60 70 80
Frequency (MHz)

(b)

I I I I I

20 40 60 80 100 120
Frequency (MHz)

FIG. 7. Measured scattered light spectra for argon plasmas
compared with predictions of the two-species BGK model. (a)
3' scattering angle (k =310 crn '). (b) 10 degree scattering an-
gle (k =1033 cm ').

Solid lines superposed in Fig. 5 are the spectra predict-
ed by Braginskii s transport equations, using indepen-
dently measured electron density and temperature, con-
volved with the instrumental function for purposes of
comparison with experiment. For the Ar plasma, the
theory fits to the experiment reasonably well for small-
angle scattering (3', 4', and 5 ). However, the following
major departures of the theory from the experiment be-
come significant when the scattering angle increases: The
theory gives broader entropy-fluctuation peaks; and the
ion-acoustic peaks predicted by the Braginskii theory are
narrower than those observed by the experiment.

Supposing that Braginskii s theory used in the two-
fluid modeling is valid in the plasmas in this experiment,
these departures may be interpreted as indicating that the
ion thermal conductivity predicted by the theory is larger
than the measured value, and that the ion viscosity
coe%cient is smaller than the measured value. The
di6'erence between theoretical and experimental values of
the ion-acoustic frequency is still within the error bar of
the theoretical value caused by the uncertainties in mea-
surement of the temperature and the scattering angle
(+0.15 ).

The spectra predicted by the two-species BGK model
are plotted in Fig. 7, and give broader entropy-fluctuation
and ion-acoustic peaks in comparison to the predictions
of the simple BCrK without collisional interactions be-
tween ion and electron species, and fit the experimental
data better than the simple BGK model. The spectrum
predicted by the two-species BGK model fits the experi-

mental data closely. However, the widths of the ion-
acoustic peaks predicted by the BGK theory are nar-
rower than those observed in the experiment, especially
for those spectra with large wave vectors.

The experimental spectra obtained from the helium
plasma (Fig. 6) show that the ion-acoustic resonance
peaks are significantly broader than those predicted by
Braginskii s equations. In the helium plasma, the Landau
damping will be slightly more significant than in the Ar
plasma in the conditions in this experiment. The addi-
tional broadening owing to the Landau damping is es-
timated to be at most 1 MHz for the spectrum with
k =489 rad/cm, which is still negligible in comparison to
the width of the ion-acoustic peak in the spectra of the
helium plasma. The helium plasma in this experiment,
however, is not quite stable. The broad ion-acoustic reso-
nance peaks in the helium plasma may be related to the
average of the fluctuation spectra over flickering condi-
tions in the plasma.

Of all the theories, the predictions of Braginskii's
transport equations and the two-species BCxK model
make the best fit to the experiment. The theories, such as
Grewal's model, which predict only a single zero-
frequency peak, of course are poor theories for the
collision-dominated plasmas.

B. Relations to the thermal transport coefficients

The spectrum derived from the Braginskii transport
equations gives the relations between the thermal trans-
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port coefficients and the spectrum. The Braginskii equa-
tions are derived for a plasma in which small-angle col-
lisions are the most probable events. Thus these equa-
tions may not be strictly applicable when the plasma pa-
rameter g is no longer small. The value of g in this exper-
iment is about 0.3, which is moderately small, but does
not fit the condition g «1 satisfactorily. Supposing that
the transport equations, considered as a two-fluid theory,
are valid for the plasma in our experiment, and that the
discrepancies between theory and experiment are due to
the imperfect models for the transport coefficients, we
may perform a least-squares-fitting procedure to fit the
theoretical spectrum to the experimental data, in which
the transport coefficients are treated as variables to be
determined by the fit. Equations (13) are accordingly
fitted to the experimental spectra of the Ar plasma by
least-squares fitting, with the parameters K K 'go C C,
(=coo/k), and the amplitude scales of the spectra al-
lowed to vary. The fitted spectra are indicated by the
solid lines in Fig. 8. The resultant parameters are listed
and compared with Braginskii's values in Table II.

The resultant values of ion therma1 conductivity K' and
ion viscosity coefficient go from the fitting are about 30%
smaller and 40% greater than Braginskii s predictions,
respectively. The resultant values of ion-acoustic speed
C, and the collisional electron-ion energy-transfer fre-
quency C,, agree reasonably with Braginskii's values.
The experimental value of the electron thermal conduc-
tivity K with about 60% relative error is about twice the
value predicted by Braginskii.

Because the spectrum is not sensitive to the electron
thermal conductivity, K' cannot be determined well by
the fitting process, as is seen by its large error bar. The
heat diffusion rate is proportional to the gradient of the
temperature which is proportional to the magnitude of
the wave vector k. The heat diffusion time scale in a
periodical entropy wave is proportional to the wave-
length, which is again of the magnitude 1/k. The overall
heat diffusion time scale is then proportional to 1/k . In
the electron species, the heat diffusion time scale is very
short when the wave vector k is not very small, owing to
a large e1ectron thermal conductivity. The electron
species acts like a heat sink with uniform temperature,
and the effect of the change in the electron thermal con-
ductivity on the fluctuating waves becomes insignificant.
In order to estimate the electron thermal conductivity
precisely, smaller scattering angles or/and longer-
wavelength probing radiation may be required to obtain
spectra with smaller wave vector k, in which the effect
from electron thermal conduction may become
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FIG. 8. Data of Fig. 5, fitted by adjusting transport
coefficients in the two-fluid theory.

significant. Problems will arise in the measurement of the
spectrum with a scattering angle less than 2' in this ex-
periment because of the ultrabright stray light environ-
ment.

The departure of the resultant value of go from the
theoretical prediction is partially caused by the window-
ing (smoothing) process over the frequency spectra which
may cause about 0.3 —1.0-MHz broadening in the resul-
tant spectra and has not been taken into account in the
fitting process. This can result in at most 10% overes-

TABLE II. The resultant parameters from the least-squares fitting to the Ar plasma. Errors in the
last column reflect the uncertainties of the measured values of T, and X, .

Parameter

sc' (sec cm)
~' (sec cm)

(g/cm sec)
C;, (sec)
C, (cm/sec)

Experiment

(0.946+0.064) X 10
(3.8+2.3) X 10"
(3.16+0.18)X 10
(2.56+0.39) X 10'
(2.084+0.008) X 10

Theory (Z = 1)

(1 37+ ) X 10'
(2. 13+,",,') X 10"
(2.26+o.58) X 10 4

08+o.22) X 10
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C. Conclusions

In summary, we have the following conclusions.
(1) The experimental electron-density fluctuation spec-

tra in both the argon plasma (N, = 1 X 10' cm, T, =2
eV) and the helium plasma (N, =1X 10' cm, T, =2.3
eV) show the existence of both ion-acoustic resonance
peaks and the entropy-fluctuation peak.

(2) The predictions of the Braginskii transport equa-
tions, Balescu-Lenard equation, and BGK models agree
moderately well with the experimental spectra. The Bra-
ginskii theory is valid only when the plasma parameter g
is very small, and still fits reasonably to the fluctuation
spectrum in the plasmas in this experiment where the
plasma parameter g =0.3.

(3) The collision processes will reduce the efficiency of
Landau damping in the ion-acoustic waves, and the ion-
acoustic resonance peak which is heavily Landau damped
in a collisionless plasma will be enhanced by the col-
lisions. In a plasma with its ion-ion collision frequency
many times greater than the ion-acoustic resonance fre-
quency, the efficiency of the Landau damping will be
insignificant in comparison to the other damping mecha-
nisms.

(4) When Landau damping is negligible, the shape of
the low-frequency electron-density fluctuation spectrum
will be sensitively related to some of the thermal trans-
port coefficients, i.e., ion thermal conductivity, ion
viscosity coefficient, collisiona1 ion-electron energy-
transfer frequency, and maybe the electron thermal con-
ductivity. The appropriate theory may give the relation
of the coefficients to the fluctuation spectrum, and thus
may supply a way to estimate the coefficients experimen-
tally through the measurement of the electron-density
fluctuation spectrum.

(5) The Braginskii transport equations are adopted as
the theory to estimate the transport coefficients experi-
mentally. The least-squares-fitting procedure is used to
fit the theoretical spectrum to the experimental data by
treating the thermal transport coefficients in the theoreti-
cal expression as adjustable, to be determined by the
fitting process. This results in the experimental values of
the coefficients which are listed in Table II.

(6) Comparison of the experimental values of the
coefficients to the predictions of the Braginskii theory is
made. Differences are found between the theory and the
experiment: ion thermal conductivity ~', ion viscosity
coefficient go, and ion-electron energy-transfer frequency
C;, resulting from the fitting process are about 30%
below, 40% above, and 23% above the theoretical predic-
tions, respectively. The theoretical prediction of ion-

acoustic wave phase velocity C, fits the experiment
reasonably.

(7) The Saha equation predicts that the argon plasma in
the condition of this experiment contains about 14%
doubly ionized particles. An attempt is made to account
for the differences between the experiment and the
theory, by considering the effect of the second-stage ion-
ization species on the coefficients. The estimate is made
by considering an effective ion mean free path and an
effective charge number by averaging over first- and
second-stage ionization species. The estimate gives
—30%, —30%, +16%, and +6%%uo modifications over
the predictions of pure singly ionized plasma for the
coefficients ~', go, C,.„andC„respectively. This makes
the theoretical value of ~' agree quite well with the exper-
imental value, and of C;, to agree better. However, it
causes the theoretical values of go and C, to fit the experi-
ment less well.

(8) An attempt is made to add a third fluid into the
Braginskii theory in order to include the effect of' the
14% second-stage ionization species. This results in an
electron-density fluctuation spectrum with its entropy
peak fitting the experimental data better, but its ion-
acoustic peak departing further from the experimental
data. This is equivalent to the results obtained by averag-
ing the thermal transport coefficients over singly and
second-stage ionized particles as mentioned above.

(9) The two-species BGK model introduced previously,
which includes the collisional interactions between the
ions and electrons, has a better fit to the experimental
spectrum in comparison to the ordinary BGK model.
Broader ion-acoustic and entropy peaks predicted by the
two-species BGK model than that by the ordinary BGK
model show that the collisional interactions will increase
the damping in both the ion-acoustic waves and the en-
tropy fluctuations. This is consistent with the results of
the Braginskii theory. In addition, the entropy-
fluctuation peak predicted by the two-species BGK
agrees with the experimental results better than that pre-
dicted by Braginskii s equations. However, the two-
species BGK model still gives narrower ion-acoustic reso-
nance peaks in comparison to the experimental results.
This departure of the theory from the experiment may be
related to the simplifications of the Coulomb collisions in
the BGK collision terms.
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