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Direct Observation of the Saturation of Stimulated Brillouin Scattering by Ion-Trapping-
Induced Frequency Shifts
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We report the first measurement of the saturation of stimulated Brillouin scattering (SBS) by an ion-
trapping-induced frequency shift, which was achieved by directly measuring the amplitude and
absolute frequency of SBS-driven ion-acoustic waves (IAW). A frequency shift of up to 30% and a
simultaneous saturation of driven IAWand SBS reflectivity were observed. The scaling of the frequency
shift with the IAW amplitude compares well with theoretical calculations. We have further measured
fast 30 ps oscillations of the SBS-driven IAW amplitude induced by the frequency shift.
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FIG. 1. The experimental setup is shown. All beams propa-
gate in the plane of the figure. The gas target is emitted
perpendicular to this plane. (a) A diagram detailing the ion-
acoustic wave vectors probed is shown. (b) A cylindrical
density profile is measured from Abel inverting a two dimen-
sional neutral density Ar interferometric image. The position of
the interaction beam is represented by the superimposed circle
(r � 400 �m, z � 1000 �m). (c) The radial density profile
along the interaction beam path is shown. The TS volume is
upgraded Janus Laser Facility at Lawrence Livermore represented by the square.
Stimulated scattering is known to be capable of reflect-
ing a large fraction of incident energy from inertial con-
finement fusion (ICF) targets [1]. It is therefore important
to the success of ICF to understand the physical processes
and to develop models that will predict plasma wave
growth and stimulated scattering laser energy losses.
Stimulated Brillouin scattering (SBS) is the result of
the resonant ponderomotive coupling of an incident light
wave, a reflected light wave, and an ion-acoustic wave.
After an initial exponential growth, SBS driven ion-
acoustic waves have been shown to saturate [2,3].
Among others, particle trapping and resulting frequency
shifts have been suggested as a saturation mechanism in
low-Z plasmas [4–8].

In this Letter, we present the first measurement of a
shift in the frequency of the ion-acoustic waves that are
excited by SBS. The frequency shift directly explains the
measured saturation of both the amplitude of the driven
ion-acoustic wave and the SBS reflectivity. Our modeling
indicates that large ion-acoustic waves trap ions, shifting
the frequency of the ion-acoustic wave, resulting in a
detuning of the SBS instability. Analytical calculations
relate the measured frequency shift (up to �!=!a �
�35%) to ion trapping [4,6]. Furthermore, fast 30 ps
amplitude modulations in the driven ion-acoustic wave
have been measured for the first time. The frequency of
the ion-acoustic wave modulation is set by the frequency
shift that detunes the SBS ion-acoustic wave, as observed
in a classical oscillator driven off its natural frequency.
These measurements have been made possible by the use
of two Thomson-scattering (TS) diagnostics which di-
rectly measure the absolute frequency and amplitude of
the ion-acoustic wave responsible for SBS. Using one TS
diagnostic to independently measure the ion-acoustic
sound speed, the actual frequency shift responsible for
saturating the SBS instability is measured with the sec-
ond TS diagnostic.

The experiment used a three-beam configuration at the
0031-9007=04=93(3)=035001(4)$22.50 
National Laboratory. The neutral gas density pro-
file above the gas jet has been well characterized using
a standard Mach-Zender interferometer [Fig. 1(b)] [9,10].
The neutral density above the jet is independent of the
atomic species; therefore, the electron density is deter-
mined by multiplying the neutral density by the average
ionization state (ZHe � 2) [11]. A 600-psi backing pres-
sure was used with a 1-mm cylindrical nozzle to create a
peak electron density in our He plasmas 1 mm above the
gas jet of ne � 3� 1019 cm�3 [Fig. 1(c)].
2004 The American Physical Society 035001-1
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FIG. 2 (color). TS spectra are shown from the (a) SBS-driven
diagnostic and (b) thermal diagnostic. The intensity spectra are
averaged over 150 ps and are taken 750 ps after the rise of the
heater beam once the plasma temperature has settled to a
constant value. The form factor is plotted on both spectra using
an electron temperature of Te � 350 eV and an ion temperature
of Ti � 120 eV (solid line). A velocity flow of vf

vth
� 0:3 was

applied to fit the thermal intensity peak in the SBS-driven
spectrum. Comparing the wavelength of the light scattered
from the SBS-driven wave to the wavelength of the correspond-
ing form factor peak gives a wavelength shift of �
TS �
0:6 �A. Half of the SBS-driven TS spectrum has been optically
filtered by a factor of �1=200.
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The He gas jet plasmas were produced by a heater beam
with 325 J of 1! (
1! � 1054 nm) laser light in a 1.2 ns
long square pulse. The heater beam was focused 1 mm
above the gas jet using an f=6:7 lens and a phase zone
plate (PZP) producing a 1.2 mm diameter focal spot at
target chamber center (Fig. 1). A 1.2 ns 1! interaction
beam was used to drive the SBS process which excites
ion-acoustic waves parallel to the interaction beam with a
wave vector kk � 2k1! [Fig. 1(a)]. The energy in the
interaction beam was varied 10<E< 135 J and focused
through a continuous phase plate (CPP) using an f=6:7
lens producing a 250 �m diameter spot at the center of
the plasma. The maximum intensity of the interaction
beam was 2� 1014 W cm�2.

The backscattered SBS light was collected and colli-
mated by the focusing lens of the interaction beam. A
fraction of the backscattered light was transmitted
through the last turning mirror in the laser chain and
focused onto a calorimeter. A narrow 1054 nm bandpass
filter was used in front of the calorimeter to select out the
SBS light.

The third laser beam, 3 J of 2! (
2! � 532 nm) laser
light in a 2 ns square pulse, was used as a TS probe beam
and focused to a �70 �m spot using an f=10 lens. The
interaction beam and the probe beam were timed to turn
on 200 ps after the rise in the heater beam. Two TS
diagnostics were necessary to measure the absolute fre-
quency of the ion-acoustic waves; the frequency of the TS
light in the laboratory frame was shifted from the probe
laser frequency by the local frequency of the probed ion-
acoustic wave (!a � kjjcs) and by the overall flow (vf) of
the plasma relative to the frame of the laboratory
(Doppler shift). The sound speed, flow velocity, driven
ion-acoustic wave amplitude, and frequency were mea-
sured by imaging light scattered from the TS volume onto
two separate streak cameras coupled to imaging spec-
trometers. Both TS diagnostics imaged the same TS
volume in the plasma located 400 �m towards the inter-
action beam from the center of the gas jet. The TS volume
(70� 100� 100 �m3) was defined by the probe beam
(70 �m diameter), streak camera slit (200 �m), spec-
trometer slit (200 �m), and optical magnification.

The first TS diagnostic provides an independent mea-
surement of the local sound speed through probing ion-
acoustic fluctuations propagating perpendicular (k?) to
the interaction beam. The spectral and temporal resolu-
tion for this system was 0.05 nm, 100 ps, respectively. The
geometry of the second TS diagnostic [Fig. 1(a)] was
chosen to collect light scattered from SBS-driven ion-
acoustic waves (kjj) and the counterpropagating thermal
ion-acoustic fluctuations ( � kjj). The counterpropagating
thermal ion-acoustic fluctuations provide a direct mea-
sure of the local plasma flow, while the absolute fre-
quency of the SBS-driven ion-acoustic wave (!driven) is
determined using the light scattered from the copropagat-
ing ion-acoustic wave. The square root of the ratio be-
tween the power scattered into the two intensity peaks
035001-2
(Pdriven=Pthermal) is proportional to the ion-acoustic wave
amplitude (�n=ne). The spectrometer on this diagnostic
was run in two modes: in the primary mode the grating
was set to second order providing a spectral and temporal
resolution of 0.035 nm, 100 ps, respectively. In the second
mode, the grating was set to zero order producing no
spectral dispersion, but 5.1 ps temporal resolution was
achieved. Both TS diagnostics used a narrow 532 nm
bandpass filter in front of the spectrometer slit to reject
stray light.

Figure 2(a) shows the direct measurement of a
frequency shift (�
TS � 0:6 �A) of a well-driven ion-
acoustic wave. The separation between the intensity
peaks in the form factor is determined by the sound speed
which was measured independently [Fig. 2(b)]. Com-
paring the frequency of the driven intensity peak
(!driven) with the corresponding resonant frequency given
by the form factor provides a direct measure of the local
frequency shift, �!=!a � ��
TS=
2!, given by

�! � �!driven �!2!� � �!a 	 kk 
 vf�:

Figure 2(b) shows data collected from the thermal TS
diagnostic (k?) that provide a direct measure of the ion-
acoustic sound speed. By fitting the standard theoretical
form factor [12], a measure of the electron and ion
temperatures can be inferred; the ion temperature is
035001-2
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determined by fitting the spectral width of the two ion-
acoustic peaks, Ti � 120� 50 eV, at 750 ps. The electron
temperature is given by the separation between the two
peaks in the thermal TS diagnostic, Te � 350� 50 eV at
750 ps [13], which agrees well with hydrodynamic simu-
lations that were done with the code HYDRA [14] using the
measured density profile. The errors in the temperature
measurements were determined by changing the respec-
tive parameters to fit the form factor to the extremes of
the noise in the data. The electron temperature was mea-
sured to be independent of the interaction beam intensity
within the measurement accuracy ( � 15%).

Figure 3 shows the ion-acoustic frequency decreasing
(�!=!a � �0:1 to �0:35) as the amplitude of the SBS-
driven ion-acoustic wave increases by an order of magni-
tude. Given our plasma conditions, with ZTe=Ti < 10,
ions can be easily trapped in the potential energy well
created by the large driven ion-acoustic waves. These
trapped ions create a frequency shift in the local SBS
driven ion-acoustic wave; this frequency shift detunes the
SBS instability, saturating the ion-acoustic wave growth.
The resulting frequency shift can be calculated given the
amplitude of the ion-acoustic wave [4,6,8]:
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where x � cs=vth �
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ZTe=Ti 	 3

p
and � is the detuning

parameter equal to 0.75 calculated for our conditions.
The ion-acoustic wave amplitude (�n=ne) can be cal-

culated from the intensity peaks in the TS spectra by
comparing the scattered power from the driven acoustic
wave (Pdriven) with the power scattered from the thermal
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FIG. 3. The frequency of the SBS driven ion-acoustic wave
(solid squares) decreases as the amplitude of the wave in-
creases. The frequency of the thermal fluctuations (open
squares) remains relatively constant indicating that the inter-
action beam has little effect on the plasma. The solid line
corresponds to Eq. (1) where the ion-acoustic wave amplitude
(upper axis) is assumed to be proportional to the square root of
the ratio of the amplitude of the two TS peaks.
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fluctuations (Pthermal) [15,16]:

Pdriven
Pthermal

� ne
22!� expLc

�
�n
ne

�
2
; (2)

where Lc is the correlation length along the direction of
the TS probe beam and � exp is the solid angle of the
collection optics (f=5 lens). Lc can be estimated by the
transverse size of speckles generated by the interaction
beam f1!
1! � 5 �m. Using the measured parameters
inside the TS volume, Eq. (2) leads to ion-acoustic wave
amplitudes (�n=ne) that are a factor of 3 lower than those
plotted in Fig. 3 which were obtained by fitting the data to
Eq. (1) and assuming ��nne

�2 / Pdriven=Pthermal. The fact that
Eq. (2) underestimates the amplitude of the wave is likely
due to the fact that our diagnostic is averaging over
several speckles in the TS volume, the uncertainties in
estimating Lc, and the possibility of enhanced thermal
fluctuations as previously reported [2,17,18].

We have further correlated the measured increas-
ing frequency shift with the saturation of the SBS insta-
bility. Figure 4(a) shows that the local amplitude of the
driven ion-acoustic wave is saturated for energies above
E � 30 J and wave amplitudes above �n=ne � 0:07.
Figure 4(b) shows, as expected, that the SBS reflectivity
saturates at the same laser intensity as the ion-acoustic
waves. The observation of a correlated increase in the
frequency shift (Fig. 3) is strong evidence that trapping
induced frequency shifts are responsible for the satura-
tion of SBS. Furthermore, for our conditions the linear
gain is GSBS > 20 predicting a reflectivity near 100% for
a scale length of 1 mm. In order to match the measured
reflectivity of 5%, the nonlinear frequency shift is effec-
tively reducing the scale length used in calculating the
linear gain by at least factor of 3 [19].

Because of the measured detuning in the SBS three-
wave process, fast 30 ps amplitude modulations in the
driven ion-acoustic wave have been measured (Fig. 5).
These fast modulations have been predicted by various
SBS simulations [6,19,20]. The measured modulations
are consistent with the measured frequency shift reported
in Fig. 3 (�!=!a � �0:2), which gives a time scale for
amplitude modulations of �t � 2�=�! � 15 ps.
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FIG. 4. (a) The amplitude of the SBS-driven ion-acoustic
wave and (b) the SBS reflectivity is shown to saturate at an
interaction beam energy of 30 J corresponding to an ion-
acoustic wave amplitude of �n=ne � 0:07 as shown in Fig. 3.
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FIG. 5 (color). (a) Raw 2 ns streak data with 35 ps temporal
resolution are shown for both the incident TS probe beam (top)
and the scattered TS signal from the SBS-driven ion-acoustic
wave (bottom) with an interaction beam energy of E � 50 J.
(b) Fast ion-acoustic wave amplitude modulations are shown in
the intensity profile from the image above (thick green line).
The TS signal is evident only while the ion-acoustic wave is
being driven by the interaction beam. The amplitude of the
interaction beam was flat to within 10% over the 1.2 ns. There
are only small modulations in the incident probe beam (thin
blue line). (c) A 28� 5 ps amplitude modulation was time
resolved near the middle of the interaction beam pulse using
a 170 ps temporal window with 5.1 ps resolution.
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In order to measure the temporal (ps) modulations in
the amplitude of the ion-acoustic wave, the streak camera
and spectrometer slits were closed to 50 and 100 �m,
respectively, to reduce spatial averaging by limiting the
TS volume to 70� 25� 50 �m3 [21]. Furthermore, the
spectrometer grating was set to zero order to limit tem-
poral dispersion. Using 2! 500 fs laser pulses, the tem-
poral response of the system was measured to be better
than 30 pixels on each time scale of the streak camera,
corresponding to 5.1 ps on the fastest sweep speed.

These measurements of large amplitude ion-acoustic
wave modulations indicate that the SBS instability can be
driven out of the linear regime even when the average
(time and space) reflectivity suggests that a linear model
is adequate.

In summary, we have presented the first direct obser-
vation of the saturation of SBS by an ion-trapping in-
duced frequency shift. The measured frequency shift in
the driven ion-acoustic wave increases by a factor of 3
when the amplitude of the wave increases by over an order
035001-4
of magnitude, which is in good agreement with theoreti-
cal calculations of the nonlinear frequency shift induced
by ion trapping. Furthermore, the measured frequency
shift was correlated with fast amplitude modulations in
the SBS-driven ion-acoustic wave, as observed in numer-
ous numerical simulations. These findings confirm the
importance of kinetic effects in limiting the growth of
ion-acoustic waves in low-Z plasmas and will help one
understand and control the SBS reflectivity on future ICF
indirect-drive experiments.
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