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overall efficiency of such a system thus would not
be limited to the fraction of the electrons' energy
convertible to radiation in a single pass through
the interaction region. The feasibility of the idea
hinges on the form of the electrons' phase-space
distribution after passage through the periodic
field, a subject currently under study.

An electron current of the order of 1 A at 240
MeV would be sufficient for laser operation at
1000 A for a 1-mm' electron-beam cross section.
The measurements indicate that 0.@ of the elec-
trons' energy can be converted to radiation in the
periodic field without evidence of saturation; the
corresponding power output for a ].-A, ].0'-ey
electron beam would exceed 10' W.
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Detection of Brillouin Backscattering in Underdense Plasmas*
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Two new results are reported: (1) verification of the finite-interaction-length threshold
for stimulated Brillouin scattering in a plasma with no critical layers, and (2) use of the
time-dependent Stark effect to detect ion-frequency electric fields in a plasma.

Numerous theorists' ' have predicted that in-
tense laser radiation (&uo, k, ) used to heat a plas-
ma or implode a pellet may undergo parametric
decay into an acoustic wave (~;,k, ) and a back-
scattered light wave (&u„k,), resulting in reflec-
tion of the incident energy in the underdense, out-
er regions of the plasma, and thus diminishing
absorption at the critical layer, where no= e~=
(4nne'/m)~' or n=n, =m&u02/4&e2 This proc. ess of
stimulated Brillouin scattering (SBS) has a. lower
threshold' and higher nonlinear saturation' than
the competing decay into a backscattered wave
and an electron plasma wave (stimulated Raman
scattering). The practical threshold depends on
the finite interaction length' and the plasma. in-
homogeneity, Recent high-power measurements'

on solid targets indicate an increase in backscat-
tered power with incident power I, up to 10"
W/cm', but a decrease thereafter; the latter has
been attributed to a decrease in plasma scale
length with intensity. ' Because solid-target ex-
periments are complicated by plasma formation
and expansion and by reflection and absorptive
parametric processes occurring at the critical
(&uo=&u~) and quarter-critical (no= 2m~) layers,
we have designed an experiment to test the basic
finite-length linear SBS theory under conditions in
which the plasma is independently created and is
everywhere underdense (n&n, /4 or a, )2~ ).
Our previously reported observations' have been
confirmed by direct detection of the low-frequen-
cy field by means of the time-dependent Stark ef-
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FIG. 1. Diagram of experiment.

feet.
Figure 1 shows the experimental arrangement.

The plasma is created by a 30-kA discharge be-
tween tubular electrodes, 1.9 cm i.d. and 10 cm
apart, both with and without a 4-kG stabilizing
magnetic field. The 45-J, 0.5-G% double-dis-
charge CO, oscillator-amplifier laser system
produces a 3,2-cm-diam, 10.6-pm beam, which
is focused by a 75-cm-focal-length Ge lens to a
region 0.1 cm in diameter and 3 cm long in which
the peak intensity has the approximately uniform
value 5 x10"W/cm'. Backscattered radiation is
collected by the same lens and sent via an NaCl
beam splitter to an Hg:Ge detector after spectral
analysis by a Fabry-Perot interferometer. Stray
light is 10 ' of incident power and sets the detec-
tion threshold. Properties of the plasma before
it is hit by the laser pulse are measured by spec-
troscopy (Stark broadening and line ratios), He-
Ne interferometry, and double probes.

Numerous frequency scans have been made in
He, Ar, and He seeded with Ar, Typical signals
from the backscattering detector are shown in
Fig. 2. The stray light signal in Fig. 2(a) indi-
cates the incident pulse shape. Brillouin back-
scattering is seen as a series of short bursts
with about 50 W peak power, occurring after the
peak in I„the delay increasing with decreasing
density. This delay is interpreted as due to laser
heating of the electrons, without which the SBS
threshold would be beyond the available power.
The spiked character of the signal is caused by
the subnanosecond growth time of the instability
coupled with a rapid decay, probably due to shifts
in coo and I, caused by axial mode jumping and
self-mode-locking. In addition to SBS, the back-
scattered signal often shows a smooth peak oc-
curring 200-1000 nsec after the peak in I„when

IIII I.
h::.

(b)

FIG. 2. Backscattering signals: (a) 10.6-pm stray
light (plasma off); (b) typical backscattered plus stray
light (plasma on); (c) same; (d) top trace: same pulse
as (c) on two-beam scope; bottom trace: 6632-A for-
bidden line signal (inverted) . Sweep: 200 nsec/div.

the incident power is extremely small [see Fig.
2(c)]. This delayed signal neither correlates
with forbidden-line emission (cf. next paragraph)
nor shows a frequency shift' and is tentatively
attributed to refraction or filamentation of the
CO, light by the disturbed plasma, causing the
transmitted light to miss the beam dump. Figure
3 shows examples of spectra of the time-inte-
grated backscattered power after subtraction of
the stray light and delayed signals. The frequen-
cy shifts correspond to ZXT, values of (a) 1400
eV, (b) 180 eV, and (c) 160 eV, where -b~ =&a,.

=I,c, = 2f,(Zff r, /~'j2
As a further check that SBSwas indeed occur-

ring, the low-frequency field at co& was detected
directly by the time-dependent Stark effect, ' in
which a forbidden transition in He I is induced by
the electric field. Using the NaCl Brewster win-
dows as beam splitters, two optical channels
were carefully adjusted to sample precisely the
same focal volume as is illuminated by the CO,
beam, as shown in Fig. 1. To achieve alignment,
a Lucite plate is inserted into the focal region,
and a small pit is burned in it with a single atten-
uated pulse from the CO, oscillator. The pit is
illuminated with a He-Ne laser, and the steering
mirrors are turned until the 0.5-m monochro-
mators show maximum output at 6328 A. In oper-
ation, one channel is tuned to the O'P-2'P for-
bidden line at 6632 A, while the other monitors
either the continuum or the O'D-2'P allowed line
at 6678 A. In Fig. 2(d), the 6632-A forbidden-
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FIG. 3. Intensity of backscattered light versus red shift. Bars indicate probable error of the mean of several
shots. Curves are scans of stray light and indicate finesse and free spectral range of the interferometer.

line signal shows two peaks: The first is corre-
lated with the peak in incident (or stray) light,
and the second with the occurrence of backscat-
tering. The first peak cannot be used because
ionization by the laser causes a general increase
in background (as seen in the monitor channel),
and the effect of prompt backscattering is masked.
The second peak, delayed from the backscattering
by the 80-nsec photomultiplier lag, is meaningful;
it appears on the forbidden line only when back-
scattering occurs and only when the focal volumes
are correctly aligned. The allowed line shows a
smaller increase (due to a rise in continuum
emission), with the net result that the ratio S„
defined below, increases by about a factor of 2

0

during backseattering. The 6.4-A slit width en-
sures that the detected transition is induced by a
low-frequency field. The forbidden-line splitting
due to a 10-GHz ion wave is M = + 0.15 A, while
that due to Raman scattering would be +29 A, and
that due to the laser field at ~, would be + 443 A.

To estimate the magnitude of fields involved,
we evaluate the expression'

S, = V(E,P)R» /6m'e'(a+ &u;)',

where S, is the ratio of satellite-line to allowed-
line intensity, (E~f') is the mean square low-fre-
quency electric field, R, ft is a constant equal to

0
40 for the 6632-A line, and 4 is the angular-fre-
quency equivalent of the 6678-6632-A difference.
Previous calculations" of the ordinary Stark ef-
fect indicate that S,~0.02 for the 6632-A line un-
der our experimental conditions, and we assume
that this background level is doubled by E&&. Tak-
ing both satellites into account, we then obtain

(Eqq') = (96 kV/cm)' as a detection threshold. If
I, = 5 x 10' W/cm' and I, = 10 'I, from the meas-
ured incident and backscattered powers during
the tail of the pulse, then E, =435 kV/cm and E,
=1.4 kV/cm rms. The high-frequency average
((E, +E,)') has a beat-frequency component of
amplitude 2(EP,) = (44 kV/cm)' at the ion fre-
quency. This is of the right order of magnitude. "

0
The time correlation of 6632-A emission with
SBS is what makes detection unmistakable even
at this marginal amplitude.

Maximum backscattering occurs not at peak
discharge current but at about 18 csee after fir-
ing. Auxiliary diagnostics suggest the following
sequence in He: The initial discharge is hollow,
n, having a maximum at the i.d. of the tubular
electrodes. At t„when the laser pulse is fired,
the density on axis has filled in to a, va, lue 5X10
cm ', while the neutral density is still -1.5~10"
cm '. At this time, KT, =6 eV and KT; =3 eV.
The initial spike of the laser pulse heats the elec-
trons classically and completes the ionization to
g =2, bringing n, to - 4x 10"cm '. The temper-
ature at peak power is limited by radial heat con-
duction; it was not measured but was calculated
to be 63 eV. This is in reasonable agreement
with the observed red shifts, which gave KT,- 80
eV for He (Z = 2). For argon, one expects Z = 8
andKT, =110 eV, while the shift in Fig. 3(a) in-
dicates 175 eV.

Finally, we consider the threshold. The rele-
vant formula is given by Pesme, Laval, and Pel-
lat' for the convective instability of damped ion
waves in a finite medium": N=y02l/cy, , where N
is the minimum detectable number of e foldings
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is a nontrivial. question. We do not preclude the possi-
bility of a Stark effect stronger than that treated by
Baranger and Mozer. In any case, neither the ion-wave
field itself nor the equivalent electric field of the beat-
frequency ponderomotive force is large enough to cause

the observed effect.
The inhomogeneous-plasma threshold is higher in

this case. Thresholds and their meanings have been
summarized by F. F. Chen, in Laser Interaction and
Related PEasma Phenomena, edited by H. J. Schwarz
and H. Hora (Plenum, New York, 1974), Vol. 3A, p.
291.

G. Bekefi, Radiation Processes in PEasmas (Wiley,
New York, 1966), p. 268.
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The diffusion coefficient of suspended Brownian particles diverges near a hydrodynamic-
regime transition point.

Pretransitional phenomena in nonequilibrium
systems evolving towards an instability point
bear a striking resemblance to those occurring
near equilibrium phase transitions. ' One of the
most interesting analogies is the amplification
of the thermal fluctuations near the transition
point. In particular the enhancement of the fluid
velocity fluctuations induces an increase of the
diffusion coefficient of Brownian particles sus-
pended in the fluid. This was shown for the par-
ticular case of the convective instability and is
seen here to be a general feature of hydrodynam-
ic-regime transitions.

The system considered is infinite in the z direc-
tion and finite in the x and y directions; then the
fluctuating fluid velocity field v(r, t) can be writ-
ten as

vj(r, t) =Q„Jdkvt(n, k, t)e' 'f„(x,y),

where the expansion functions f„(x,y) are as-
sumed to form a complete set and satisfy the
boundary conditions. Near a hydrodynamic in-
stability point, there is a branch of modes —say
those with n = I—which become unstable; their
corresponding damping factor, X(1,k}, can in
general be written as'

x(1, k) =cte+P(k —k, )

Here ct and P are merely expansion coefficients
and s =(R, -8)/B, . B is the parameter charac-
terizing the nonequilibrium constraints on the
system and R, denotes its critical value, 4 i.e.,
when e - 0, the modes with wave number k, be-
come unstable. Furthermore, in view of the
analogy between regime transitions and phase
transitions, A.(1,k) can be cast into the form of
an Qrnstein- Zernike-type expression by rewrit-
ing Eq. (2) as

A (1,k) = no [1+P(k —k, )'],

where g denotes the correlation length, with $
(x: ck' ', d being the characteristic dimension of
the system. On the other hand, from the stochas-
tic linear hydrodynamic equations describing the
system, the correlation function of the fluid ve-
locity fluctuations of the unstable branch is given
by'

(vt*(1, k, 0)vt(1, k', t))

C t(k) x.(l,gt) t 6(k kl )) (1, k)

where the explicit form of the quantity Ct(k) de-
pends on the specific problem considered. ' It is
clear from Eqs. (3) and (4) that when e - 0 the
fluctuations of the modes with n= 1 and with wave
number k = k, are amplified and decay very slow-
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