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We report the first Thomson-scattering measurements of the growth of ion-acoustic waves in well-
characterized multi-ion-species plasmas consisting of gold and beryllium. We observe that only the beryl-
liumlike mode grows, verifying linear kinetic theory. In addition, a twofold increase in ion temperature
is measured when ion-acoustic waves are excited to large amplitudes by stimulated Brillouin scattering
(SBS). This increase in ion temperature is a strong indication of hot ions due to trapping. We explain
the measured SBS reflectivity by nonlinear detuning of the SBS instability due to these trapping effects.
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Indirect drive inertial confinement fusion depends on ef-
ficient propagation of high intensity laser beams through
multi-ion-species plasmas in closed-geometry hohlraums.
Understanding ion-wave growth and the saturation mecha-
nisms in these plasmas is necessary to improve the energy
coupling in the fusion capsule and to develop models that
will predict stimulated Brillouin scattering (SBS) laser en-
ergy losses at future fusion facilities such as the National
Ignition Facility. The SBS instability results from the
resonant coupling of an intense laser pulse with an ion-
acoustic wave. The resulting driven ion-acoustic wave has
been shown to saturate [1–4]. A possible mechanism to
explain ion-wave saturation is frequency detuning by trap-
ping [1,5].

In this Letter, we present the first observations of the
growth of ion-acoustic waves in a well-characterized
multi-ion-species plasma consisting of Au and Be. Using
Thomson scattering, we directly measure the growth of
the ion-acoustic wave responsible for the SBS light. The
temporally resolved Thomson-scattering spectra show
simultaneously the scattering from thermal ion-acoustic
fluctuations and ion-acoustic waves that have been excited
to large amplitude by SBS using a 2v interaction beam.
For this experiment, the solution to the kinetic dispersion
relation gives slow and fast ion-acoustic modes which
are evident in our Thomson-scattering spectra as fast
Be-like and slow Au-like peaks [6]. We observe that
only the Be-like mode grows, verifying predictions made
by linear kinetic theory. In addition, we use a new
technique that measures the relative damping of the slow
and fast modes to determine the ion temperature with
high accuracy. We measure up to a factor of 2 increase in
the ion temperature when ion-acoustic waves are excited
by SBS. This measurement of the ion temperature, and
its correlation with SBS, is the first direct quantitative
evidence of hot ions created by trapping in laser plasmas.
Motivated by the observed increase in ion temperature
and SBS reflectivity measurements, we developed a model
that includes trapping effects, providing the necessary
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saturation mechanism to give SBS reflectivity values
consistent with the experiment.

The experiments used a three-beam configuration at the
Trident Laser Facility [7]. The multi-ion-species targets
consisted of a mixture of Be with 1%, 5%, or 10% Au
by atomic number which was fabricated by coating a sub-
strate with alternating Au-Be layers of varying thickness
[8]. The plasma was produced by a heater beam with
180 J of 2v (l � 527 nm) laser light in a 1.2-ns-long
square pulse. The heater beam was focused normal
to the target surface (Fig. 1a) using an f�6 lens and a
strip line random phase plate. This produced a line focus
(�1000 3 100 mm) with an intensity of 1014 W cm22 [9].
The targets were cut such that initially an 800 3 100 mm
plasma was formed. A separate high energy 2v interaction
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FIG. 1 (color). (a) Schematic of the experimental setup.
(b) The angle between the incident (k3v) and scattered (ks)
Thomson beam (jk3vj � jksj) is determined by matching
the driven ion-wave vector (ka � 2k2v ) with the Thomson-
scattering wave vector (k). (c) Relative beam timings. (d) The
electron temperature is plotted as a function of the distance
from the target surface at a time of 1.4 ns.
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beam, 1.2-ns-long square pulse, was aligned parallel to the
target and focused to a �60 mm diameter spot, resulting
in laser intensities up to 4 3 1015 W cm22 [10]. The
interaction beam was used to drive SBS which excites
ion-acoustic waves in the plasma. The wave number of the
excited ion-acoustic wave was matched using a third 3v

(l � 351 nm) 180 ps Thomson-scattering probe beam
(Fig. 1b). The beams were timed such that the interaction
beam turned on 830 ps after the heater beam. The
Thomson-scattering probe began 200 ps after the end of
the heater beam (Fig. 1c). A region of plasma overlapping
the interaction beam path was imaged onto a half-meter
spectrometer with an optical magnification of 5:1. The
cylindrical Thomson-scattering volume, centered in the
y-z plane, was 60 mm long and 40 mm in diameter.
The spectrally resolved Thomson-scattering signal was
detected with a streak camera, resulting in a spectral and
temporal resolution of 0.05 nm and 100 ps, respectively.

Figure 2 shows the Thomson-scattering data with and
without the interaction beam at a distance of x � 300 mm
from the target surface. The blow-off plasma was well
characterized by fitting the standard multi-ion-species
form factor [11,12] to the Thomson-scattering spectra
taken in the absence of the interaction beam. The electron
temperature, Te�x � 300� � 600 eV, is directly deter-
mined by the separation of the fast Be-like mode since
the Be ions are fully ionized, ZBe � 4. Furthermore, the
phase velocity of the slow mode is sensitive to the product
of the average Au charge state and electron temperature,
ZAuTe, therefore allowing the accurate measure of the
charge state, ZAu�x � 300� � 40. The relative amplitude
of the peaks in the Thomson scattering spectra belonging
to the slow and fast ion-acoustic waves provides an
accurate measure of the ion temperature, Ti �x � 300� �
250 eV. The product of the Au charge state and electron
temperature, ZAuTe, is measured along the heater beam
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FIG. 2. The measured Thomson-scattering spectra (1) from
Be plasmas with (a) 1% and (b) 10% Au. The solid line is the
best fit theoretical form factor with the addition of a Gaussian
line profile in the upper two plots. The bottom data set represents
scattering when the interaction beam is turned off, while the
upper spectra show data with an interaction beam intensity of
3.5 3 1015 W cm22.
105003-2
axis by varying the distance of the Thomson-scattering
volume from the Au disk targets (Fig. 1d). The average
Au charge state was assumed to vary slowly from 43 at
x � 200 mm to 38 at x � 400 mm [13].

The wavelength of the probe laser (l � 351 nm), the
scattering geometry, and the plasma parameters result in
collective Thomson scattering from fluctuations character-
ized by wave numbers such that the scattering parameter is
greater than one, a � 1�klD � 3, where k is the thermal
Thomson-scattering wave vector and lD is the electron
Debye length. An electron density of ne � 1020 cm23

was calculated by radiation-hydrodynamic modeling and
is consistent with other experiments [14]. The collective
ion effects are seen in Fig. 2, where representative scatter-
ing spectra are shown with two different ion concentrations
revealing both the slow and the fast modes.

When the interaction beam is used, ion-acoustic waves
are excited by SBS which produce backward scattered
light. In order to measure the amplitude of the excited
ion waves, the angle u between the incident and scattered
wave vectors of the Thomson-scattering probe was ad-
justed to match the Thomson-scattering wave vector, k �
2k3v sinu�2 with the driven ion-wave vector ka � 2k2v

giving u � 84± (Fig. 1b). It is noted that we observe
thermal ion-acoustic wave fluctuations in all the Thomson
spectra, driven or undriven, as the blueshifted peaks.

The top spectra in Fig. 2 show that, once the interaction
beam is turned on, only the redshifted peak belonging to
the fast Be-like mode are excited by SBS. No excitation
of the slow ion-acoustic wave has been observed. The
spectra are fit using the standard theoretical form factor;
when SBS is excited, a Gaussian line profile centered
on the frequency of the fast Be-like peak is added. The
area under the Gaussian line profile is varied to fit the
driven peak. In the parameter regime of this experiment,
the spatial growth of SBS from either acoustic mode is
inversely proportional to its Landau damping. Because
of the fast energy equilibration time between the Be and
Au, we can assume each species has the same ion tem-
perature. The solution to the multi-ion-species dispersion
relation shows that the fast mode is weakly damped (the
normalized Landau damping is nL�va � 0.05 for a
10% Au mixture with Ti�Te � 0.3) and the slow mode
is heavily damped (nL�va � 0.3). Our SBS linear gain
calculations, using the codes LIP/PIRANAH [15], reproduce
the findings of Fig. 2 with almost no amplification of the
slow mode (GSBS � 5) and a large amplification for the
fast mode (GSBS � 200).

Figure 3 shows the measured SBS reflectivity for vari-
ous mixtures of Au and Be. These measurements have
been performed by collecting and collimating the SBS light
using the f�6 aspheric lens that focuses the interaction
beam. The light is then reflected off a beam splitter, passed
through a narrow 532 nm notch filter, and focused onto a
diode that measured both the incident and backreflected
SBS light (Fig. 1a). We observe the SBS reflectivity to be
a few percent, while linear theory (i.e., convective gain)
105003-2
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FIG. 3 (color). The SBS reflectivity has been measured to de-
crease for beryllium plasmas with increasing gold concentration
(black diamonds). This trend is reproduced by our nonlinear
trapping theory (blue circles).

gives a reflectivity of nearly 100%. It is therefore clear
that, while our linear theory predicts the growth of the fast
mode and not the slow mode as seen in Fig. 2, the SBS
reflectivity data indicate a need for a nonlinear model that
includes saturation of ion-acoustic waves.

Figure 4a shows the ion temperature increase as a func-
tion of the SBS excited ion-acoustic wave amplitude. The
ion-wave amplitude is defined to be the square root of the
ratio of the area under the redshifted spectra, to the area
under the blueshifted spectra; the ion-wave amplitude is
proportional to dn�ne. Figure 4b indicates the sensitivity
of the Thomson spectra to ion temperature. As the ion tem-
perature increases, the damping of the fast mode increases
while the damping of the slow mode decreases, resulting
in a respective rise and fall in the blueshifted peaks of the
thermal undriven Thomson spectra. With the interaction
beam employed, the ion-wave amplitude increases and the
ion temperature rises (Fig. 4a), while we found no change
in the electron temperature. This direct observation of an
increase in ion temperature indicates that ion trapping is
important and could be the critical saturation mechanism.

In this experiment we excite ion-acoustic waves in
the direction of the interaction beam. These driven ion
waves trap ions which are accelerated (creating hot ions)
in the same direction as the driven acoustic wave. After
thermalization this will increase the average ion tempera-
ture which we measure from the blueshifted peaks in the
Thomson-scattering spectrum; note that the blueshifted
peaks result from scattering off ion-acoustic wave fluctua-
tions in the direction counterpropagating to the original
hot ions. We have therefore included these trapping
effects in our nonlinear theory of SBS.

In our range of experimental parameters, 6 ,

ZBeTe�Ti , 14, the population of Be ions near the
phase velocity of the ion-acoustic wave is large enough so
that trapping effects are a plausible saturation mechanism.
Trapping reduces the ionic part of the linear Landau
105003-3
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FIG. 4 (color). (a) The ratio of Ti�Te as a function of ion-
wave amplitude is plotted indicating hot ions and ion trap-
ping. Data for Be with 5% Au (blue circles) and 10% Au
(black squares) are shown. The solid green line is the result
of modeling and shows good agreement with the experiment.
(b) The blueshifted (thermal) Thomson-scattering spectra for a
10% Au mixture are shown for a shot without the interaction
beam (black squares) and a shot with an interaction beam in-
tensity of 3.5 3 1015 W cm22 (green circles) resulting in an in-
crease in ion temperature from 250 to 475 eV.

damping of the driven wave by flattening the distribution
function around the phase velocity of the wave [5,16];
therefore, a lower limit for the residual damping, n, is
the electronic Landau damping and a small collisional
damping (n�vs � 0.015).

Another effect of the trapping is a modification of the
dispersion relation for the SBS acoustic wave, creating a
nonlinear frequency shift, dV [5,17,18]:
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where h is the detuning parameter, va is the SBS acoustic
wave frequency, fBe is the fraction of Be ions in the plasma

(fBe � 0.9� , and y � yf�yBe, yBe �
q

Ti

MBe
is the ther-

mal velocity of the Be ions. The phase velocity (yf) of
the fast mode is given by the multi-ion-species disper-
sion relation (y2 is of order of ZBeTe�Ti). This nonlinear
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frequency shift detunes the resonant coupling between
the interaction beam and the ion-acoustic wave, therefore
saturating the SBS instability.

Including these effects in a steady-state coupled-wave
model of SBS gives (from Ref. [19]):
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where A0 (A1) is the incoming (reflected) laser light vec-
tor potentials, v0 is the laser frequency, and y0 is the
electron quiver velocity. Balancing the two terms on the
left-hand side of Eq. (3) shows that detuning becomes
important for SBS saturation when dn�ne � n2�h2 �
0.1% for our parameters. The SBS reflectivity is calcu-
lated by integrating the system of equations [Eqs. (2) and
(3)] between z � 0 and z � L for different fractions of
Au and is in rough agreement with the experimental val-
ues (Fig. 3). Parameters used in the model were selected to
match the experiment (L � 800 mm, Ti�Te � 1�2, I0 �
3 3 1015 W cm22, ne � 1020 cm23). This model is de-
pendent on the electron density and the interaction beam
intensity; the error bars in Fig. 3 result from uncertainties
in these experimental parameters. The scaling with the
fraction of Au ions is well reproduced, and is mainly from
a decreasing phase velocity of the fast mode when the frac-
tion of Au ions is increased, which increases the number of
ions at the phase velocity resulting in a larger detuning pa-
rameter (h) and therefore more efficient detuning, (i.e., the
same acoustic wave amplitude creates a larger frequency
shift).

We further test this model by estimating the ion tempera-
ture in the Thomson-scattering volume (z � L�2). We
balance the energy flux deposited into the acoustic waves
(from the Manley-Rowe relations) with a free streaming
heat flux [20]:

vs

v0
�RSBSI0� � nBeTiyBe . (4)

This model assumes that the energy deposition is local, i.e.,
the mean-free path of the hot ions accelerated by trapping
(a few tens of mm) is much smaller than the length of the
plasma (L � 1 mm), and thermalization is fast enough so
that heat is carried away by Maxwellian ions when a steady
state is reached. Theoretical and experimental ion-wave
amplitudes were related by matching a high reflectivity
point; the model then reproduces the experimental scaling
for Ti . The gray area in Fig. 4a is due to the error in
the modeled SBS reflectivity and the uncertainties in the
energy loss to the electrons and Au ions.

Validation of the main assumptions of this modeling (a
steady state is reached and the nonlinear frequency shift is
105003-4
the main effect that detunes and saturates the instability)
through comparisons of particle-in-cell and fluid simula-
tions is beyond the scope of this paper, but such a de-
tuning effect has been emphasized in various publications
[1,3,21]. The saturation mechanism governed by detun-
ing will be much weaker in high-Z plasmas (CO2, pure
Au) because the detuning parameter is a strong function of
charge state.

In summary, we have presented the first measurements
of the growth of ion-acoustic waves in well-characterized
multi-ion-species plasmas. Our measurements of the SBS
reflectivity indicate the need for a saturation mechanism.
Using Thomson scattering and by adding a small fraction
of Au ions to a Be plasma enabled the first accurate mea-
surement of Ti in laser-plasma interaction studies; while
Ti was found to increase with SBS reflectivity and with
the amplitude of the (local) acoustic waves, Te was found
to be constant. This is consistent with our model, where
the increase in Ti is due to trapping of ions by the SBS
ion-acoustic waves.
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