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Observation of Two Ion-Acoustic Waves in a Two-Species Laser-Produced Plasma
with Thomson Scattering
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We report the first observations of two separate ion-acoustic waves in a two-ion-species plasma
with Thomson scattering. A flat disk coated with thin multilayers of gold and beryllium was
irradiated with one laser beam, and the resulting two-ion-species plasma was probed with a second
laser at a distance of500 mm. The phase velocities of the ion-acoustic waves are shown to be
a sensitive function of the relative concentrations of the two-ion species. Moreover, an accurate
measurement of the ion temperature can be derived from the relative damping of the two-ion-acoustic
waves. [S0031-9007(96)00888-5]

PACS numbers: 52.35.Fp, 52.35.Mw, 52.40.Nk, 52.50.Jm
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Thomson scattering [1–3] is a powerful plasma di
nostic technique and is widely employed to measure in
herent and collective features of laboratory plasmas [4
Its utility has motivated a large body of theoretical and
perimental studies over the last 35 years, principally
ented to single-species plasmas. It is particularly usefu
measuring electron plasma and ion-acoustic wave fea
such as phase velocity and damping which are impo
for laser-plasma interactions [7,8].

The spectral form factor for Thomson scattering fr
multispecies plasmas was first derived by Fejer [9],
the influence of impurities on ion-acoustic features i
two-species plasma was specifically calculated by Ev
[10]. While the existence of two-ion-acoustic waves i
two-species discharge plasma was demonstrated by
suring two phase velocities with Langmuir probes [11
successful Thomson scattering experiment testing the
dictions of Fejer and Evans has not yet been perform
Besides its importance for plasma diagnostic purpose
test of the theoretical predictions is of interest for in
tial confinement fusion experiments. Many processes
fecting the capsule drive in mixed-species fusion plasm
such as stimulated Raman (SRS) and Brillouin (SBS) s
tering, are sensitive to ion wave damping [12,13].
that reason, it is important that we test our understan
of ion-acoustic waves in such plasmas.

In this Letter, we present Thomson scattering meas
ments of two-species plasmas consisting of a heavy
and a light (Be) species. For this experiment the solu
of the kinetic dispersion relation gives a slow ion-acou
mode that belongs to the heavy species and a fast
acoustic mode belonging to the light species [14].
small concentrations of heavy species in the plasma
phase velocity of the slow ion-acoustic mode is a sens
function of the number fraction and mean chargeZ of the
heavy species. The phase velocity of the fast mode
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the other hand, is only slightly affected by the presen
of small amounts of heavy ions. We provide a critic
experimental test of these predictions by measuring
Thomson scattered spectra for various concentration
the heavy species and comparing the experimental spe
with theoretical calculations.

The experiments were performed with the Nova la
facility at the Lawrence Livermore National Laborator
It is a Nd:glass laser operating at1.055 mm (1v) which
can be frequency converted to2v or 3v. The plasma was
produced by illuminating a flat 2 mm diameter disk wi
a fy4.3 laser beam at an angle of64

±

to the disk normal.
We used a 1 ns square pulse and 2.9 kJ energy at3v

(l  351 nm). A diverging focus resulted in an intensi
of I  1015 W cm22 on target. We measured the sp
size of 350 3 800 mm 2 by two-dimensional plasma x
ray imaging with a temporal resolution of 80 ps. Th
disks were coated with Au and Be multilayers of varyi
thickness. For example, we used 860 layers of 0.5
Au and 5.6 nm Be with a total thickness of 2.6mm on a
51 mm thick Au or 254mm thick Be substrate to obtain
plasma consisting of 4% Au and 96% Be.

We performed two-dimensional simulations of this e
perimental configuration with the hydrodynamic codeLAS-

NEX [15]. After the beginning of the heating pulse, whic
is denoted witht0, the plasma expands with superson
speedy ø 7 3 107 cmys. Calculations show that th
gold and beryllium ions mix and produce a two-spec
plasma for distances larger thanz  30 mm from the tar-
get due to ion-ion diffusion. At a distance of 500mm from
the target, the predicted electron temperatures and de
ties are about2 keV and2.5 3 1020 cm23 at the end of
the heating pulse. When the heater beam turns off att 
t0 1 1 ns, the plasma cools rapidly. Att  t0 1 1.7 ns,
the simulations predict a temperature and density of ab
500 eV and2 3 1020 cm23. In addition, recombination
© 1996 The American Physical Society
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of the plasma reduces the mean charge stateZ of the gold
ions from about 51 at the end of the heating pulse to ab
45 at t  t0 1 1.7 ns. Fort . t0 1 1 ns and distance
from the target larger than200 mm, the temperature an
velocity gradients are small. On a spatial scale ofL 
200 mm they are calculated to besLyT ddTydz , 10%
andsLyyddyydz , 20%, respectively.

Thomson scattering was performed at a distance
z  500 mm from the disk (Fig. 1). The probe laser w
parallel to the disk and focused to200 mm diameter. The
scattering volume was a cylinder with150 mm length.
The probe laser was operating at2v (l  526.6 nm) with
an energy of 100 J in a 4 ns square pulse, resulting
an intensity ofI  8 3 1013 W cm22. The experiments
showed no effect of the probe laser on the plas
conditions for probe laser intensities up toI  3 3

1014 W cm22. This result agrees with the simulation
which show no effect fort0 , t , t0 1 1.7 ns because
the energy delivered by the probe during this time is l
than 1% of the heater beam.

The scattered light was imaged at a scattering an
of u  104

±

with fy10 optics and a 1:1.5 magnificatio
onto the entrance slit of a 1 m spectrometer (Sp
model 1704). An optical streak camera (S-20) was u
to record spectra with 30 ps temporal resolution. T
spectrometer employed a 2400 gymm grating blazed a
500 nm, resulting in a reciprocal linear dispersion
0.220 nmymm (first order). The wavelength resolution
the measurements was 0.1 nm. Wavelength calibra
and absolute calibration of the detection system w
performed with a Ne spectral lamp and a tungsten lam

Collective Thomson scattering is expected for the
rameters of the experiment (electron density, temp
ture, scattering angle, and probe laser wavelength).
scattering parametera  1yklD . 3, and light is pre-
dominantly scattered into the narrow ion feature of
b

ct
n

a

FIG. 1. Scheme of the experimental setup. The angle
tween the incident heater beam and the disk normal is64± and
the scattering angle between the probe beam and the dire
of observation is104±. The projection of the heater beam o
the target plane is97± to the probe beam.
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Thomson scattering spectrum. In this regime, the sp
trum of a single species plasma shows two-ion-acou
features (redshift and blueshift for copropagating a
counterpropagating ion-acoustic waves). The freque
separation of the ion-acoustic features is twice the i
acoustic frequency, and the propagation direction of
corresponding ion-acoustic waves in the plasma is de
mined by the scattering vectork, k  ki 2 ks. The in-
cident wave vector is defined byki  s2pylidei , where
li is the incident probe laser wavelength andei is the
unit vector in direction of the probe laser. Similarly,ks

points in the direction of the detector (Fig. 1). For a tw
species plasma with two ion-acoustic waves (each w
redshift and blueshift), the Thomson scattering will sh
four ion-acoustic features.

Figure 2 shows an example of the recorded Thom
scattered spectrum for a 4% Au, 96% Be target. F
ion-acoustic features, the two outer ones belonging
Be and the two inner ones belonging to Au, can
clearly seen fort0 1 0.9 ns , t , t0 1 1.7 ns. The3v

heater beam lasts from 0 to 1 ns and the2v probe beam
from 0 to 4 ns. The Thomson scattering signal is fai
symmetric and starts att  t0 1 800 ps. It shows an
increasing separation of the ion-acoustic features for ab
200 ps, indicating increasing temperatures of the plas
during the heating period. After the end of the heating
t  t0 1 1 ns, the separation of the ion-acoustic featu
decreases rapidly since the plasma cools due to radia
cooling and expansion. For the time interval sho
in Fig. 2, Thomson scattering gives temperatures of
plasma of200 , Te , 900 eV, ensuring that the Be ion
a-
he

e

e-

ionFIG. 2. Time-resolved Thomson scattering spectrum from
4% Au, 96% Be plasma detected at a distance of500 mm from
the target.
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are fully ionized. The separation and damping of
ion-acoustic features belonging to the Be ions can
directly used to determine the temperature. In addit
electron densities with an uncertainty of about a fac
of 2 are obtained from simulations and the calibrat
of the detector. This predicts a scattering parametea

well above 3 for our conditions, in which case scatter
spectra are not sensitive to the electron density.

The separation of the Au features is indicative of
relative concentration of Au and its charge state. Base
our simulations, we assume that no significant deviat
from the 4% Au, 96% Be mixture occur for the first 4
of the experiment. Therefore, the temporally resolv
scattering allows us to deduce the charge state of the
ions as a function of time by comparing the separation
the ion-acoustic features of Au and Be. We find a mean
charge state of 49 att  t0 1 1 ns decreasing to 40 att 
t0 1 1.7 ns. For later times,t . t0 1 1.7 ns, the charge
state of Au further decreases, making it more difficult
identify the ion-acoustic features of Au in Fig. 2.

The early signal detected about 800 ps before the o
of the Thomson scattering signal is due to unconve
2v stray light from the heater beam. This feature is
caused by the probe beam and represents a conve
timing and wavelength fiducial. The delay of 800 ps
due to the time needed for ablation and travel of the pla
from the disk surface to the scattering volume. Wh
the plasma reaches the scattering volume, it is mo
toward the observer resulting in a blueshift of the Thom
scattering signal. For the present experiment this shi
the scattering signal is very convenient since the scatte
signal does not overlap with the unwanted2v stray light.
The shift yields the instantaneous macroscopic pla
motion along the scattering vectork. The measured
blueshift of 1.7 nm att  t0 1 0.9 ns corresponds t
a velocity of 108 cmys. It is obvious from Fig. 2 tha
this is well above the sound speed since the shif
the whole Thomson scattering signal is larger than
the wavelength separation of the ion-acoustic featu
Although supersonic expansion velocities are in agreem
with our simulations, the quantitative comparison sho
that the experimental expansion velocity is about 3
larger than calculated.

Figure 3(a) shows a spectrum att0 1 1.5 ns , t ,

t0 1 1.6 ns. Four ion-acoustic features due to the s
and fast ion-acoustic waves are clearly identified. T
small asymmetry indicates that the ion-acoustic wave
the red wing are more enhanced than those of the b
which might be caused by stimulated Brillouin side sc
tering of the probe laser or by the heat flux driven ret
current [16]. Asymmetries of the plasma plume with
spect to the target normal, due to the oblique incide
of the heating laser, are probably not important beca
the ion-acoustic waves measured in this experiment
Thomson scattering have small components in the di
tion of the heating laser. The experimental data are
1498
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FIG. 3. Thomson scattering spectrum from a 4% Au, 96%
plasma att  t0 1 1.55 ns together with a theoretical spectru
for Te  230 eV, Ti  260 eV, a  7, and ZAu  40 (a).
li denotes the incident probe wavelength. Also shown
the variation of the scattering spectrum for various ratios
TiyTe (b).

ted with a theoretical spectrum which compensates
the asymmetry by slightly decreasing the damping of
waves on the red wing [5,17]. Apart from the slight asy
metry, analysis of the spectrum yields considerable in
mation. Since the relative intensities of the ion-acou
features are determined by damping of the Au and Be
acoustic waves, the theoretical fit to the spectrum gi
TiyTe  1.1 [Fig. 3(b)]. From the wavelength separatio
of the Be ion-acoustic features, we findTe  230 eV.
We can then infera  7 for the electron densities ca
culated in the simulations. Finally, the wavelength se
ration of the Au features givesZ  40. As can be seen
the theoretical spectrum fits the experimental data q
well. Small deviations are probably due to small plas
parameter gradients within the scattering volume.

For the whole duration of the experiment, we find t
measured electron temperature and ion-to-electron
perature ratio a factor of about 2 larger than calcula
This is consistent with the measured slightly lower cha
state of the Au ions. These results are further consis
with the experimental expansion energy being twice
large as calculated. Further experiments and simulat
will be required to resolve these discrepancies.
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Figure 4 shows the compilation of our experime
with relative Au concentrations of 1%, 2%, 4%, and 9
For very small Au concentrations of 1%, the Thoms
scattering signal shows a central peak belonging to
heavy Au ions in addition to the ion-acoustic wav
belonging to the Be ions. The existence of a cen
peak was also observed in a two-species discharge pla
consisting of hydrogen and small amounts of heavy ga
[17,18]. Increasing the amount of the Au species
the two-species plasma results in a larger separatio
the ion-acoustic features of Au. For the 2% case
ion-acoustic waves of Au become discernible as t
individual peaks on the spectrum. For a mixture of 4
Au, 96% Be two separate ion-acoustic waves were cle
observed (Fig. 2). By further increasing the amount
Au to 9%, the ion-acoustic waves of Au and Be alm
merge together. The plot in Fig. 4 shows the ratio
the wavelength separation of the Au ion-acoustic featu
to the Be ion-acoustic features as a function of the
concentration. These data are taken att  t0 1 1.55 ns
when the intensity of the Au features is at its maximu
From the theoretical fit of the spectra we find thatTiyTe,
the scattering parametera, and charge stateZ of the
Au ions are the same for all experiments to within 15
The experimental data clearly show the increase of
wavelength separation of the Au ion-acoustic feature w
increasing concentration. The theoretically calcula
results [10] are also plotted for variousZ of the Au ions.
The experimental data are in excellent agreement with
theory for Z  40, which also compares quite well wit
the calculated value ofZ  45.

In contrast to the results shown in Ref. [11] whe
the phase velocity of the ion-acoustic wave of t
heavy species approaches a constant value for s
concentrations, the ratio of the present study decre
to zero for small concentrations of the heavy spec
n
o

n

o
fo

a-

s

ys.

8

FIG. 4. Ratio of the wavelength separations of the io
acoustic features belonging to Au to those belonging to Be
the Thomson scattering signal for different Au concentratio
The ratios were taken att  t0 1 1.55 ns whenTiyTe ø 1.1
and a ø 7. The error bars are estimated from the noise
the data. Theoretical data after Evans [10] are shown
ZAu  35, 40, 45.
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in the two-species mixture. This result shows that
consideration of the phase velocities of the ion-acou
waves alone is not sufficient to describe the Tho
son scattering spectrum; the complete form factor
given by Evans [10] must be applied. In particula
the observation of both the fast and the slow wa
on the Thomson scattering spectra shows that t
are moderately to strongly damped. In this regim
Landau damping is a strong function of the ion te
perature, resulting in a highly accurate ion tempe
ture measurement.

In summary, we have presented the first measurem
of two-ion-acoustic waves in a two-ion-species plas
with Thomson scattering. Our results are in excelle
agreement with the theory of Fejer [9] and Evans [1
We have shown that Thomson scattering from a tw
ion-species plasma is an accurate diagnostic of elec
temperature and ion temperature. In addition, the rela
ion densities can be measured with high accuracy if
ion charge state is known independently or vice ver
Thomson scattering will be a powerful diagnostic
understand SBS and SRS spectra of multispecies plas
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