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Thomson-scattering measurements of ion fluctuations driven by stimulated Brillouin
scattering in a CO'Z—laser—-plasma interaction experiment are reported. It is found that
the ion fluctuations correspond to a heavily damped, convective model of the Brillouin in-
stability. The dominant 2%, wave number (% is the CO,-laser wave number) for the ion
fluctuations is confirmed, with no evidence for harmonic generation. Growth and decay
times of the ion fluctuations were found to be relatively long, ~150—~700 ps, consistent

with heavy wave damping.

PACS numbers: 52.25.Gj, 52.25.Ps, 52.70.Kz

The interaction of intense laser radiation with
plasma can generate parametric instabilities in
which the incident electromagnetic wave decays
into electrostatic and electromagnetic waves.
These instabilities are of considerable interest
(a) in their own right, (b) for determining turbu-
lence levels and modifications to plasma trans-
port properties, and (c) particularly for their im-
portance in laser fusion due to possible detrimen-
tal effects of either poor laser-target coupling or
target preheat. Stimulated Brillouin scattering
(SBS) is one such parametric instability where
the incoming laser radiation may be converted in-
to scattered electromagnetic and ion-acoustic
waves with a resultant low net energy deposition
to the plasma. While considerable progress has
been made in identifying features of SBS, much
work remains to be done to understand complete-
ly temporal and spatial growth, saturation, and
decay of the Brillouin instability in order to re-
duce or eliminate it in long-pulse laser-target in-
teraction.

In this Letter we report on ruby-laser Thom- -
son-scattering measurements of SBS-induced ion
fluctuations which have been made to determine
three key features: (a) wave-number spectra,

() spatial extent, and (c) growth rates of ion-
acoustic waves driven by SBS in a CO,-laser—
plasma interaction experiment. Thomson scatter-
ing offers a particularly powerful technique for
directly probing the ion fluctuation level (5xn) to
correlate with calculated theoretical values and,
moreover, it permits higher temporal resolution
than that accessible through monitoring 10-um
backscattered light. Previous work on Thomson
scattering in our laboratory has been limited to
~2-ns time resolution with a photomultiplier. We
note, however, that such time-integrated meas-
urements do provide useful average on values.

Currently, a high-speed streak camera with 1

to 100-ns full streak and 1% temporal resolution
has enabled detailed measurements of induced

ion fluctuations in the CO,-laser—plasma inter-
action region. Importantly, the saturated behav-
ior of the fluctuations plus general growth and de-
cay features are identified in time-resolved ex-
periments.

The experimental apparatus consisted of a
pulsed supersonic oxygen gas jet target! irradiat-
ed by a focused 40-ns gain-switched transverse-
ly excited atmospheric CO, laser pulse. The fo-
cused CO, laser beam, with intensities < 6x 10*?
W cm™? in a 100-pm focal spot, ionized the oxy-
gen target, and then provided the electromagnet-
ic pump wave for generating SBS in the expand- .
ing plasma. Note that for our experimental times
of interest, = 5 ns following gas breakdown,
asymptotic expansion gave relatively quiescent
plasma conditions for the laser-plasma interac-
tion. The time evolution of the density profile
was followed by using ruby-laser interferometry
which showed plasma densities of (3—4)x 10'®
cm™?® and density gradient scale lengths of 600
pm at the time of peak Brillouin scattering.
Electron temperature was determined from ab-
sorbing-foil/scintillator x-ray measurements,
yielding T, ~ 150 eV,

The incident ruby-laser direction and collec-
tion optics for the Thomson-scattered light were
arranged to probe selectively the ion fluctuations
associated with SBS backscattering (the case of
maximum growth), From frequency and wave-
number matching of the pump (wo,Eo), scattered
(w.,k.), and ion-acoustic waves (w,,k,) in SBS,
ie., wo=w._+w,, k,=k_ +k,, where w, «<w,,w.,
we find k =2k, for backscattering. Consequently,
with respect to the ruby-laser scattering geom-
etry illustrated in Fig. 1, the scattering angle 0
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FIG. 1. Ruby-laser scattering geometry for probing
ion fluctuations induced by SBS in CO,-laser—irradiated
O, gas jet target (neutral gas flow dimensions > 1 mm
thick X 1 ecm wide). The streak camera slit was orient-
ed to probe spatial or & spectra along the CO, pump
direction.

was chosen to include the wave number % =2 (w 5/
c) sin6 =k, where w,g is the ruby-laser frequen-
cy. The @-spoiled ruby-laser probe used for this
study provided an 8 MW, 20-ns light pulse which
was focused to a spot 150-300 um (depending on
focusing lens). This dimension was greater than
the SBS interaction length and so only spatially
averaged fluctuations are reported for the photo-
multiplier measurements. Scattered light levels
were sufficiently large that considerable attenua-
tion was necessary to give linear response of
either photomultiplier or streak camera detec-
tion.

We first discuss time-integrated measurements
of the ion fluctuations obtained by using a photo-
multiplier for detection of the Thomson-scattered
ruby light. The 2k, ion fluctuation level, &n/x,
was determined for an unattenuated, but shot-to-
shot varying, CO, laser intensity (eraq.~ 3% 10*
W em™?) and varying Brillouin reflectivity R.
Calibration of the optical system was made by
using a black-body radiation source. Results are
summarized in Fig. 2 which clearly show that
(6%/n)? was linearly related to the Brillouin re-
flectivity as expected for small R. It should be
mentioned that the large ion fluctuations result
in scattered light levels several orders of mag-
nitude higher than that expected for scattering
from thermal fluctuations (enhancements as large
as 10° have been observed).

It is instructive to compare our experimental

422

002 T T
/}
(8n/n)2 =
001} * /J[/ B
AT
A
t A {
+
+
+ ! L 1
0
0 5 10 15

SBS Reflectivity (%)

FIG. 2. Ion fluctuation (6n/%)2 as a function of SBS
reflectivity, R, for nominal CO,-laser pump intensity
~3x102W cm™2, The theoretically predicted result
for wave damping y,/w,=0.3 and plasma conditions 7,
=0.3n, and T, =150 eV is indicated with a solid line,
SBS reflectivity is observed to saturate at ~15%-209,
for 1=6x102 W/cm?.

results with those calculated theoretically. In
steady state we find from Drake?

2

5_1'[: -k - XeXi EO . ﬁ

n  8mnmw, 1+ X, +X;

E,=E,cos®,* 7 —wot),
which reduces to 6n/n=3(Vy/V,)(w /2y JVR ,
where V, is the electron quiver velocity in the
pump field (eE ,/mw,), V, is the electron thermal
velocity, and y, (w,) is the damping coefficient
(frequency) of the ion sound waves.

Assuming strong ion wave damping, which is
substantiated for our case by the spectral width
of the backscattered 10-um radiation' and tem-
poral data (to be discussed later), we have plot-
ted the theoretical dependence of 6n/n for vary-
ing ys/ws and our best estimates of experimental
plasma parameters. From this analysis, we in-
fer an effective damping —ys/ws~ 0.3 as seen by
the agreement between theory and experiment in
Fig. 2. Effects of nonlinear modifications to the
susceptibility terms have been ignored in this
simple treatment. Even so, the salient feature
that 6n/» varies as VR is demonstrated, which is
consistent with heavily damped convective growth
of ion waves and Brillouin backscatter.

In the second experiment, the effective interac-
tion length in the plasma was determined directly
with use of the streak camera. One can first
crudely estimate the interaction length from the
Bragg reflectivity relation (which assumes co-
herent waves over the interaction length, L). If
dn/n is not self-consistently solved for through
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the coupled equations describing the Brillouin in-
stability, but rather is taken to have a given val-
ue (such as estimated from steady-state ion heat-
ing or ion trapping), this reduced description
simply yields,® for small R,

r(5 I ()0 -3)
2/ \n./\n/ \\ n,

where )\, is the free-space wavelength of the
pump and n/#n, is the plasma electron density nor-
malized to critical density (n,= 10" cm™® for 10.6
pm). This implies, for our experimental param-
eters, L/x,~6 which is much smaller than the
density gradient scale length. On the other hand,
interaction-length calculations based on varia-
tions of the pump intensity through the f/2 focus-
ing optics and consequently the SBS gain through
the unstable region indicate L/x,~ 11.

Experimentally, a direct measurement of L
was obtained by imaging the Thomson-scattering
region onto the streak-camera slit with a magni-
fying relay lens system. The measured scatter-
ing dimension was found to be 80+ 20 pm which
shows in fact that the observed L/ 2o is bracketed
by the reflectivity calculation and the scale-length
estimate from the pump focusing. Disagreement
with both low and high estimates of L/, may be
attributable to the nonuniform ion fluctuation lev-
el and the incoherent nature of the heavily damped
waves. The low L/), estimate can be ascribed
to the assumption of constant 6n/x through the in-
teraction region rather than accounting for con-
vective growth from noise and consequently a spa-
tially varying ion fluctuation. On the other hand,
the apparent observed scattering region can be
smaller than its real extent because of instrumen-
tal limitations in detecting low light scattering
from diminishing ion fluctuation levels at the ex-
tremities of the interaction zone. More detailed
measurements of dn/n as a function of position
could conceivably yield useful information on the
instability’s evolution as determined by the local
ion wave damping. The spatial resolution of our
present setup was inadequate for this task.

In a third experiment, we attempted to find any
evidence for harmonic or subharmonic genera-
tion of the ion-acoustic fundamental at 2k,. With
appropriate scattered-light collection optics
spanning a range Ak = 3k, (k <0, for small §),
the wave-number spectra of the ion fluctuations
driven by SBS were temporally dispersed with
the streak camera. Scattering corresponding to
2k, ion fluctuations was confirmed, for which the
predominant scattering angle was 6°— 8°. We note

that for vacuum k, the scattering angle is 9="17.5°
and for #n,/n,=0.3, 6=6,3° for a ruby-laser scat-
tering probe. The instrumental function Ak/2k,
~0.13 was large enough to obscure any effects of
k broadening through ion wave broadening or side-
scattering except for the broadest spectra. Sig-
nificantly, no subharmonic (k,) or harmonic (4%,)
ion fluctuations were detected for our pump lev-
els of < 6x 10" W em™2 even though saturated
Brillouin backscatter levels of 15%-20% are ob-
served. This is in sharp contrast to the result
reported by Walsh and Baldis* where evidence
for 4k, was seen even for lower saturated reflec-
tivity (6%—10%) when a short-pulse CO,-laser
pump was used. Higher wave damping due to sig-
nificant ion heating in the longer pulse irradiation
of our experiment and some influence due to low-
er pump intensity could explain the difference be-
tween our results and theirs. The absence of
subharmonic spectra would appear to rule out
secondary ion wave decay® as a saturation mech-
anism for our case. This is consistent with the
heavy ion wave damping regime since decay re-
quires on/nzy,/w,.

Finally, we report on the temporally resolved
behavior of the SBS-generated ion fluctuations as
measured through Thomson scattering. Both the
spatially imaged and k-spectrally dispersed scat-
tered light were temporally analyzed with the
streak camera. Variation in the ruby-laser out-
put and in its timing with respect to the scatter-
ing event necessitated simultaneous monitoring

- of the ruby-laser and Thomson-scattered light.

Figure 3 shows typical streak-camera results
of the spatially imaged scattered light which il-
lustrate the growth and decay characteristics of
SBS-induced fluctuations. The Thomson-scat-
tered light measurements showed monotonic
growth of the ion-acoustic level over periods of
150- 700 ps and decays of similar duration. The
absence of exponential growth in time or rapid
modulation in the scattered light is clear evi-
dence for strong ion wave damping beginning well
ahead of the peak ion-fluctuation level. This be-
havior prevailed over a detection dynamic range
of better than 10, obtained by using different neu-
tral-density filters and streak speeds. This, in
turn, implies a growth limited only by the instan-
taneous gain conditions determined by laser and
plasma for a heavily damped convective regime,

The relatively slow variation in amplitude of ion
waves, even for relatively early time (< 20 ps)
after scattering is detected, may be due to a com-
bination of effects including slow variations in
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FIG, 3. Spatially imaged streaks of Thomson-scat-
tered ruby-laser light; note the two spatially separate
regions giving rise to SBS at different times. (a) 3.3-ns
streak showing a typical modulation feature in ion fluc-
tuations driven by SBS; (b) 1.3-ns streak showing the
characteristic monotonic increase in Thomson-scat-
tered light, indicating heavily damped ion waves. For
CO,-laser shots leading to saturated reflectivity (as
detected near 10.6 um in backscattering), we observe
a constant value of ruby Thomson-scattered signal in-
dicating saturated (67)2.
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pump, plasma hydrodynamics, and ion heating
from Brillouin scattering limiting ion wave
growth.

The mechanisms responsible for disrupting
Brillouin scattering, as seen in Fig. 3, are still
not fully understood but may possibly be related
to either ion turbulence in the plasma resulting
in enhanced pump absorption and electron heat-
ing® or filamentation giving rise to local heating,
both of which at sufficient levels could reduce
Brillouin gain.

In conclusion, we have made direct measure-
ments of the level of ion fluctuations and their
temporal evolution as driven by SBS in a laser-
plasma interaction experiment. Ion fluctuation
levels, &n/n, show the correct functional depen-
dence on R from which an effective damping co-
efficient y, /w,~0.3 is inferred. The measured
effective interaction length of 80+ 20 um is great-
er than the Bragg value but less than the optical
depth which is consistent with heavily damped,
convective growth of waves. The smooth tem-
poral features of the scattered light also support
the view that the ion waves are heavily damped
even for early time.
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FIG, 3. Spatially imaged streaks of Thomson-scat-
tered ruby-laser light; note the two spatially separate
regions giving rise to SBS at different times. (a) 3.3-ns
streak showing a typical modulation feature in ion fluc-
tuations driven by SBS; (b) 1.3-ns streak showing the
characteristic monotonic increase in Thomson-scat-
tered light, indicating heavily damped ion waves, For
CO,-laser shots leading to saturated reflectivity (as
detected near 10.6 pm in backscattering), we observe
a constant value of ruby Thomson-scattered signal in-
dicating saturated (5n)°.



