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Nonlinear Wave Process Revealed in the Spectra of Stimulated Brillouin Scattering
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(Received 10 May 1983)

Stimulated Brillouin scattering spectra observed from homogeneous and extended tar-
get plasma being irradiated with CO2 laser pulses reveal the presence of ion trapping,
the onset of which coincides with a pronounced deviation from the steep stimulated Bril-
louin scattering increase with laser power. The evaluation of spectra permits the direct
measurement of the amplitude of the backscattering ion-acoustic wave and it also provides
information on the deformation of the ion velocity distribution under the influence of this
wave.

PACS numbers: 52.35.Mw, 52.25.Ps, 52.40.Db, 52.70.Kz

Because of its importance for laser fusion,
stimulated Brillouin scattering (SBS) has been in-
vestigated extensively. However, even if only
so-called model experiments are compared in
which CQ, laser beams are interacting with pre-
formed target plasmas in order to provide de-
fined scattering conditions, the SBS results dis-
play a wide scatter as has been shown in the sur-
vey article of Chen' and the work of Handke' and
Handke, Rizvi, and Kronast. ' While in the latter
papers' ' an explanation is given for the wide scat-
ter of SBS threshold, it is the purpose of this pa-
per to report on a nonlinear process which re-
veal. s itself in SBS spectra. It initiates the devia-
tion. from the steep SBS increase with laser in-
tensity which has been viewed as an indication
for SBS saturation at low backscattering level in
some of the experiments compared in Refs. 1-3.

The experimental setup was the same as has
been described in detail already. ' 4 The CQ, las-
er beam impinging onto the homogeneous and fully
ionized hydrogen plasma of a dynamic z pinch at
1.6&& 10"cm ' number density was tailored to ap-
proach the usual assumptions of theory of a mono-
chromatic and plane wave and produced in ex-
cess of 10"W cm ' power density in a train of
nanosecond pulses separated by 16.7 ns. Incident
and total backscattered radiation as well as the
intensity in the five spectral channels of the array
detector were recorded with 100-ps pyrodetectors
and displayed on a Tektronix model 7104 oscil-
loscope. In addition to these time-resolved meas-
urements of SBS spectra, a portion of the spec-
trometer output was split off and recorded time
integrated in each shot by a Pyricon ir camera.

Spectra obtained from the array detector for
backscattering levels below 5%' showed a narrow
SBS feature which was red shifted by about 17
6Hz from the P(20) CO, laser line. Apart from
their somewhat inferior spectral resolution,
these spectra showed the same features as those

of the time integrated measurements, examples
of which can be found in Refs. 2, 3, and 5. By a
ruby-laser light scattering investigation of the
SBS volume" and by investigation of Doppler
shifts and SBS red shift separately' with the help
of the interaction model developed in Refs. 2 and
3, Doppler-shift contributions to the spectra
could be ruled out for the 80-ns resting phase of
the z-pinch plasma even under the influence of
those CQ, laser pulses which resulted in back-
scattering levels well above 10% and the SBS
spectra of which displayed features different from
those obtained at levels below 5%. The temporal
development of the spectrum of such an SBS pulse
is depicted in Fig. 1. The curves plotted repre-
sent best-fitting curves to the array readouts of
a single shot which are shown shaded for one
case. The best fit was not only based on the chan-
nel spacing of 2.2 GHz but also on two additional
conditions: First, the time-integrated spectrum
corresponds to the energy spectrum recorded
simultaneously by the ir camera with 0.6-0Hz
resolution showing only two spectral peaks. Sec-
ondly, the frequency-integrated time development
corresponds to that of the SBS monitor, record-
ing total backscattering. While the frequency
separation of sidebands was reproducible, their
intensity ratio covered a range from well below
to above unity. The temporal development of the
SBS spectrum in Fig. 1 shows the development of
a lower and upper sideband located symmetrical-
ly relative to the ion-acoustic wave frequency v, ,
which was evaluated on the base of electron and
ion temperatures. Figure 2 representing a sec-
tion at 0.6 ns visualizes these features. This
spectral splitting can be seen as a consequence
of ion trapping in the potential distribution of the
backscattering ion-acoustic wave such as has
been observed and dealt with extensively in con-
nection with microwave experiments. ' The me re
occurrence of two sidebands can be understood
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FEG. 1. The temporal development of an SBS spec-
trum measured with a pyroelectric array detector of
less than 100-ps response time. The red-shifted spec-
tral power is plotted vs the frequency difference to the
incident CO2 P(20) laser line. The curves represent
best fits to the array read outs, an example of which
is shown shaded. The best fits are obtained for the
additional conditions that the frequency-integrated sig-
nals correspond to the time dependence of the SBS
monitor signal and that the time-integrated spectra
agree with the energy spectrum recorded simultane-
ously by an ir camera system. The error bars given
in the curve at t=0 are relative standard deviations
and are representative also for the other curves.

in a simple picture. The trapped ions are oscil-
lating at the bottom of the sinusoidal potential dis-
tribution such as in a harmonic oscillator and
their bounce frequency is immediately derived
from this principle to be

v~ = (k,, /2m )(e p, /m, )' '

(cp, is the wave potential, P,, and ~,, wave num-
ber and frequency of the ion wave, rn,. ion mass
and e the elementary charge). The ions bouncing
back and forth in the potential troughs are ex-
changing energy with the wave at the cadence of
the bounce frequency v~ and are, thus, modulating
the carrier wave with v~. The Fourier trans-
form of this time dependence leads to sidebands
in the frequency spectrum which are separated
by 2v~. Thus, from the frequency difference of
the two sidebands the bounce frequency v~ can be
measured. As long as the density modulation 5n, ,
caused by the ion-acoustic wave is small com-
pared to the plasma density n, the relation

6n„/n, =ere, /aT,

holds, where xT, is the thermal electron energy.
Combining both equations and setting u, ' = zT, /
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FIG. 2. A section of the SBS spectral evolution of
Fig. 1 at time 0.6 ns. Upper and lower sideband are
separated from the ion-acoustic wave frequency v,,
by the bounce frequency vz. Added is also the narrow
P(20) line of the incident laser.

e gives

0.10--

0.05--

0 SBS
0.1 0.2 P

FIG. 3. The density amplitude of the backscattering
ion-acoustic wave gn, , normalized to the mean electron
density z of the target plasma plotted vs the relative
SBS power.

This equation permits the determination of an im-
portant parameter such as the density amplitude
of the backscattering ion-acoustic wave from a
relatively precise frequency measurement. This
was done and the dependence of 5n;, /n, on the
backseattering level R is plotted in Fig. 3. The
density modulation is only on the order of a few
percent; however, completely unexpected is the
decrease in amplitude of the backscattering wave
while the backscattered power Ps» itself in-
creases. The explanation for this contradictory
behavior is provided by the observation that the
length of the backscattering ion wave is increas-
ing with Ps» and is overcompensating the de-
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crease in 5n, , /n, . This has been documented by
Gellert and Kronast. " In addition to this depend-
ence on baekscatter level, a confirmation of also
the absolute value of the above 5n, , /n, in the over-
lapping region of 0.12 (PsB,/P, (0.15 can be de-
rived in the following manner: The values of
Fig. 3 represent spatial and temporal peak val-
ues since they are derived from a nonlinear wave
process. The values reported in Refs. 6 and 9 as
a function of backscatter level are spatial and
temporal mean values. By use of the most re-
liable data of Refs. 6 and 9, which were obtained
from an evaluation of SBS backscatter with an
analytical expression for the scattering off a co-
herent wave, these mean values differ in a first
coarse approach by a factor of 2 from their peak
values. These coarse peak values confirm the
5n, , /n, values of Fig. 3 within their error bars
of about +40%. Obtained by a completely differ-
ent measurement technique, this agreement both
in magnitude and in its dependence on backscat-
tering level represents an independent support
for the validity of the explanation.

For the purpose of explaining and for a coarse
estimation of the mere splitting of the SBS spec-
trum, the simple model above may suffice. How-
ever, in order to evaluate details of these spec-
tra a sophisticated theoretical description is re-
quired. Such a theory is available in the work of
Mima and Nishikawa. " Though their treatment
deals with a high-amplitude electron-plasma
wave it can—in the author's words —nonetheless
"be applied to the case in which a large-ampli-
tude ion wave is present in a two-temperature
plasma (T, » T, )." If T, /T, )4 can be consid-
ered sufficient to meet the above condition, con-
clusions can now be drawn also from the ob-
served asymmetry of the spectral sidebands, dif-
ferent cases of which are represented by the vari-
ous time sections of Fig. 1. According to the
above theory the intensity ratio of lower to higher
sideband gives information on the deviation of
the ion velocity distribution function from a Max-
wellian in the vicinity of the wave velocity. If it
is less than unity the number density of ions ex-
ceeds that of a Maxwellian and vice versa. In
this way, the spectrum at 0.0 ns in Fig. 1 repre-
sents a case in which ion trapping must have
filled up the ion number density above the equilib-
rium value, while at 0.6 ns a particle deficiency
must have developed, subsequently again fol-
lowed by a reversal. In the above sense, a mod-
ulation of the ion number density must be in-
ferred from the measured spectral evolution.

The above theory also explains the somewhat
puzzling situation that the bounce motion obvious-
ly is not suppressed, although the ion collision
frequency. v,. somewhat exceeds the bounce fre-
quency ~~. However, collisions will affect the
process only" if v,. /e~) (v, /v, )', where v, is
the trapping velocity and v,. the thermal ion veloc-
ity. For the conditions investigated v, exceeds
v, by so much that the above limit was not
reached.

The position of the sharp bend in the backscat-
tering curves referred to in Refs. 2-4 can also
be explained by ion trapping: Before the bounc-
ing period, SBS rises with exponentiation times
on the order of 10 ps causing an overshoot to
5n, , values which make possible ion trapping
from the highly populated thermal region of the
ion distribution. The 5n, , /n, values required
ean be estimated from a relation given by Daw-
son, Kruer, and Rosen" as

Sg,, 1
1 3T, 3T,.

(4)

The associated ion acceleration represents con-
siderable energy loss to the wave and its density
amplitude is lowered to values well below the
trapping limit [Eq. (4)]. This onset of additional
damping causes the observed bend in baekseatter-
ing curves. With use of T, /T, values det.ermined
in Refs. 2, 3, and 6 for the conditions of the bend,
the overshoot density amplitude required for trap-
ping can be estimated by Eq. (4) to be 5n, , /n,
=8&& 10 '. In fact, an extrapolation of the results
in Fig. 3 to backscatter levels below 0.1 leads to
such values if it is kept in mind that the initial
density amplitude at the onset of trapping is high-
er than that during the subsequent phase of bounc-
ing. The wave damping during bouncing is not
caused by ion trapping but has been shown in Refs.
6 and 9 to be due to harmonic production of the
ion wave. In this sense, initial ion trapping mere-
ly initiates the nonlinear damping mechanism
which causes the SBS increase with laser inten-
sity to approach the Manley-Rowe limit at a great-
ly reduced slope. ' 4 Direct experimental evidence
for harmonic production has been reported by
Walsh and Baldis" for a different kind of target
plasma. Though not considered by these authors,
Fig. 2(c) of their paper indicates that the above
motion of trapped ions becomes evident in the
modulation of the streak at k/k p„&——2.

In summarizing, our view of the processes sug-
gested by the observations is the following: The
rapid S BS rise preceding the bouncing period
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causes an initial overshoot to hn, , values making
possible ion trapping. Only the associated initial
ion acceleration causes strong losses to the ion
wave energy, lowering 5n, , /n, well below values
necessary for strong ion trapping. At these low
values, on the order of a few percent, bouncing
occurs and during this phase the dominant loss
mechanism is provided by harmonic damping of
the ion wave. The initial phase of ion trapping
must be short compared to the subsequent bounc-
ing period because the values of hn„/n, observed
for the phase of maximum SBS are well below
those required for trapping. '
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