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Observation of Two lon-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 a§00 um. 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

Thomson scattering [1-3] is a powerful plasma diag-the other hand, is only slightly affected by the presence
nostic technique and is widely employed to measure incoef small amounts of heavy ions. We provide a critical
herent and collective features of laboratory plasmas [4—6xperimental test of these predictions by measuring the
Its utility has motivated a large body of theoretical and ex-Thomson scattered spectra for various concentrations of
perimental studies over the last 35 years, principally orithe heavy species and comparing the experimental spectra
ented to single-species plasmas. lItis particularly useful fowith theoretical calculations.
measuring electron plasma and ion-acoustic wave features The experiments were performed with the Nova laser
such as phase velocity and damping which are importarfacility at the Lawrence Livermore National Laboratory.
for laser-plasma interactions [7,8]. It is a Nd:glass laser operating 8055 um (1w) which

The spectral form factor for Thomson scattering fromcan be frequency converted2a or 3w. The plasma was
multispecies plasmas was first derived by Fejer [9], angroduced by illuminating a flat 2 mm diameter disk with
the influence of impurities on ion-acoustic features in aa /4.3 laser beam at an angle 64" to the disk normal.
two-species plasma was specifically calculated by Evang/e used a 1 ns square pulse and 2.9 kJ energwat
[10]. While the existence of two-ion-acoustic waves in a(A = 351 nm). A diverging focus resulted in an intensity
two-species discharge plasma was demonstrated by meaf 7 = 10> Wcm 2 on target. We measured the spot
suring two phase velocities with Langmuir probes [11], asize of 350 X 800 um? by two-dimensional plasma x-
successful Thomson scattering experiment testing the preay imaging with a temporal resolution of 80 ps. The
dictions of Fejer and Evans has not yet been performedlisks were coated with Au and Be multilayers of varying
Besides its importance for plasma diagnostic purposes, thickness. For example, we used 860 layers of 0.5 nm
test of the theoretical predictions is of interest for iner-Au and 5.6 nm Be with a total thickness of 2.6n on a
tial confinement fusion experiments. Many processes af51 um thick Au or 254 um thick Be substrate to obtain a
fecting the capsule drive in mixed-species fusion plasmaglasma consisting of 4% Au and 96% Be.
such as stimulated Raman (SRS) and Brillouin (SBS) scat- We performed two-dimensional simulations of this ex-
tering, are sensitive to ion wave damping [12,13]. Forperimental configuration with the hydrodynamic cads-
that reason, it is important that we test our understandingex [15]. After the beginning of the heating pulse, which
of ion-acoustic waves in such plasmas. is denoted withzy, the plasma expands with supersonic

In this Letter, we present Thomson scattering measurespeedv =~ 7 X 10’ cm/s. Calculations show that the
ments of two-species plasmas consisting of a heavy (Auyold and beryllium ions mix and produce a two-species
and a light (Be) species. For this experiment the solutiomplasma for distances larger tharn= 30 wm from the tar-
of the kinetic dispersion relation gives a slow ion-acoustiaget due to ion-ion diffusion. At a distance of 5@an from
mode that belongs to the heavy species and a fast ionhe target, the predicted electron temperatures and densi-
acoustic mode belonging to the light species [14]. Fotties are abou keV and2.5 X 10*° cm™ at the end of
small concentrations of heavy species in the plasma, thihe heating pulse. When the heater beam turns aff=at
phase velocity of the slow ion-acoustic mode is a sensitivey + 1 ns, the plasma cools rapidly. At= 1y + 1.7 ns,
function of the number fraction and mean chafjef the  the simulations predict a temperature and density of about
heavy species. The phase velocity of the fast mode, 0800 eV and2 X 10?° cm 3. In addition, recombination
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of the plasma reduces the mean charge sfaiéthe gold Thomson scattering spectrum. In this regime, the spec-
ions from about 51 at the end of the heating pulse to aboutum of a single species plasma shows two-ion-acoustic
45 atr = 1y + 1.7 ns. Fort >ty + 1 ns and distances features (redshift and blueshift for copropagating and
from the target larger tha200 wm, the temperature and counterpropagating ion-acoustic waves). The frequency
velocity gradients are small. On a spatial scaleLof  separation of the ion-acoustic features is twice the ion-
200 um they are calculated to bd./T)dT/dz < 10%  acoustic frequency, and the propagation direction of the
and(L/v)dv/dz < 20%, respectively. corresponding ion-acoustic waves in the plasma is deter-

Thomson scattering was performed at a distance ofined by the scattering vectdér, k = k; — k,. The in-
z = 500 wm from the disk (Fig. 1). The probe laser was cident wave vector is defined by, = (27/A;)e;, where
parallel to the disk and focused 200 wm diameter. The A; is the incident probe laser wavelength aedis the
scattering volume was a cylinder witt60 um length.  unit vector in direction of the probe laser. Similarly,
The probe laser was operatingas (A = 526.6 nm) with  points in the direction of the detector (Fig. 1). For a two-
an energy of 100 J in a 4 ns square pulse, resulting ispecies plasma with two ion-acoustic waves (each with
an intensity off = 8 X 10" Wem™2. The experiments redshift and blueshift), the Thomson scattering will show
showed no effect of the probe laser on the plasmdour ion-acoustic features.
conditions for probe laser intensities up fo= 3 X Figure 2 shows an example of the recorded Thomson
10" Wem 2. This result agrees with the simulations scattered spectrum for a 4% Au, 96% Be target. Four
which show no effect fory < r < 1y + 1.7 ns because ion-acoustic features, the two outer ones belonging to
the energy delivered by the probe during this time is les8e and the two inner ones belonging to Au, can be
than 1% of the heater beam. clearly seen fory + 09 ns<t <1ty + 1.7 ns. Thedw

The scattered light was imaged at a scattering anglbeater beam lasts from 0 to 1 ns and e probe beam
of = 104" with £/10 optics and a 1:1.5 magnification from 0 to 4 ns. The Thomson scattering signal is fairly
onto the entrance slit of a 1 m spectrometer (Spexsymmetric and starts at = ¢, + 800 ps. It shows an
model 1704). An optical streak camera (S-20) was usethcreasing separation of the ion-acoustic features for about
to record spectra with 30 ps temporal resolution. The200 ps, indicating increasing temperatures of the plasma
spectrometer employed a 240@ngm grating blazed at during the heating period. After the end of the heating at
500 nm, resulting in a reciprocal linear dispersion ofr = 1y + 1 ns, the separation of the ion-acoustic features
0.220 nnymm (first order). The wavelength resolution of decreases rapidly since the plasma cools due to radiative
the measurements was 0.1 nm. Wavelength calibrationooling and expansion. For the time interval shown
and absolute calibration of the detection system werén Fig. 2, Thomson scattering gives temperatures of the
performed with a Ne spectral lamp and a tungsten lamp. plasma o200 < 7, < 900 eV, ensuring that the Be ions

Collective Thomson scattering is expected for the pa-
rameters of the experiment (electron density, tempera-
ture, scattering angle, and probe laser wavelength). The prghe
scattering parameter = 1/kAp > 3, and light is pre- beam:

dominantly scattered into the narrow ion feature of the #nssquare 2
multilayer probe beam ks
target heater
ki beam: A
ki 1ns square o
o 1
E
lto detector k=
plasma plume
scattering volume
0
heater
beam B25 527
FIG. 1. Scheme of the experimental setup. The angle be- Wavelength (nm)

tween the incident heater beam and the disk norméftisand

the scattering angle between the probe beam and the directidfiG. 2. Time-resolved Thomson scattering spectrum from a
of observation isl04°. The projection of the heater beam on 4% Au, 96% Be plasma detected at a distanc806f um from

the target plane i87° to the probe beam. the target.
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are fully ionized. The separation and damping of the 2 ; —————————————
ion-acoustic features belonging to the Be ions can be o data
directly used to determine the temperature. In addition,

electron densities with an uncertainty of about a factor
of 2 are obtained from simulations and the calibration
of the detector. This predicts a scattering parameter
well above 3 for our conditions, in which case scattering
spectra are not sensitive to the electron density.

The separation of the Au features is indicative of the
relative concentration of Au and its charge state. Based on 0 ‘
our simulations, we assume that no significant deviations 525 526 527
from the 4% Au, 96% Be mixture occur for the first 4 ns Wavelength (nm)
of the experiment. Therefore, the temporally resolved T A ' ]
scattering allows us to deduce the charge state of the Au o F:pﬂej:f ji‘ (b)
ions as a function of time by comparing the separation of L[ i TeZ 00 é
the ion-acoustic features of Au and Be. We find a mean Au
charge state of 49 at= ¢y + 1 ns decreasing to 40 at=
to + 1.7 ns. For later times, > 1, + 1.7 ns, the charge
state of Au further decreases, making it more difficult to
identify the ion-acoustic features of Au in Fig. 2.

The early signal detected about 800 ps before the onset
of the Thomson scattering signal is due to unconverted 0 ‘ e
2w stray light from the heater beam. This feature is not 525 526 527
caused by the probe beam and represents a convenient Wavelength (nm)
timing and wavelength fiducial. The delay of 800 ps isF|G. 3. Thomson scattering spectrum from a 4% Au, 96% Be
due to the time needed for ablation and travel of the plasmglasma at = 1, + 1.55 ns together with a theoretical spectrum
from the disk surface to the scattering volume. Wherfor 7. = 230 eV, T; =260 eV, @ =7, and Zx, = 40 (a).
the plasma reaches the scattering volume, it is movin%‘ denotes the incident probe wavelength. Also shown is

pre
T

slow wave (Au)

Intensity (arb. units)

fast wave (Be)

P IR

Intensity (arb. units)

toward the observer resulting in a blueshift of the Thomso 7Tva(g§‘t'°n of the scattering spectrum for various ratios of
scattering signal. For the present experiment this shift of "~
the scattering signal is very convenient since the scattering
signal does not overlap with the unwantzd stray light.
The shift yields the instantaneous macroscopic plasma
motion along the scattering vectdt. The measured ted with a theoretical spectrum which compensates for
blueshift of 1.7 nm atr = ¢, + 0.9 ns corresponds to the asymmetry by slightly decreasing the damping of the
a velocity of 10% cm/s. It is obvious from Fig. 2 that waves on the red wing [5,17]. Apart from the slight asym-
this is well above the sound speed since the shift ofnetry, analysis of the spectrum yields considerable infor-
the whole Thomson scattering signal is larger than halfmation. Since the relative intensities of the ion-acoustic
the wavelength separation of the ion-acoustic featuredeatures are determined by damping of the Au and Be ion-
Although supersonic expansion velocities are in agreemeracoustic waves, the theoretical fit to the spectrum gives
with our simulations, the quantitative comparison showsT;/T, = 1.1 [Fig. 3(b)]. From the wavelength separation
that the experimental expansion velocity is about 35%of the Be ion-acoustic features, we firf{g = 230 eV.
larger than calculated. We can then inferw = 7 for the electron densities cal-
Figure 3(a) shows a spectrum at + 1.5 ns<r < culated in the simulations. Finally, the wavelength sepa-
to + 1.6 ns. Four ion-acoustic features due to the slowration of the Au features gived = 40. As can be seen,
and fast ion-acoustic waves are clearly identified. Thehe theoretical spectrum fits the experimental data quite
small asymmetry indicates that the ion-acoustic waves owell. Small deviations are probably due to small plasma
the red wing are more enhanced than those of the blugarameter gradients within the scattering volume.
which might be caused by stimulated Brillouin side scat- For the whole duration of the experiment, we find the
tering of the probe laser or by the heat flux driven returrmeasured electron temperature and ion-to-electron tem-
current [16]. Asymmetries of the plasma plume with re-perature ratio a factor of about 2 larger than calculated.
spect to the target normal, due to the oblique incidenc&his is consistent with the measured slightly lower charge
of the heating laser, are probably not important becausstate of the Au ions. These results are further consistent
the ion-acoustic waves measured in this experiment withvith the experimental expansion energy being twice as
Thomson scattering have small components in the diredarge as calculated. Further experiments and simulations
tion of the heating laser. The experimental data are fitwill be required to resolve these discrepancies.
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Figure 4 shows the compilation of our experimentsin the two-species mixture. This result shows that the
with relative Au concentrations of 1%, 2%, 4%, and 9%.consideration of the phase velocities of the ion-acoustic
For very small Au concentrations of 1%, the Thomsonwaves alone is not sufficient to describe the Thom-
scattering signal shows a central peak belonging to theon scattering spectrum; the complete form factor as
heavy Au ions in addition to the ion-acoustic wavesgiven by Evans [10] must be applied. In particular,
belonging to the Be ions. The existence of a centrathe observation of both the fast and the slow wave
peak was also observed in a two-species discharge plasmoa the Thomson scattering spectra shows that they
consisting of hydrogen and small amounts of heavy gasesre moderately to strongly damped. In this regime,
[17,18]. Increasing the amount of the Au species ofLandau damping is a strong function of the ion tem-
the two-species plasma results in a larger separation gferature, resulting in a highly accurate ion tempera-
the ion-acoustic features of Au. For the 2% case théure measurement.
ion-acoustic waves of Au become discernible as two In summary, we have presented the first measurements
individual peaks on the spectrum. For a mixture of 4%o0f two-ion-acoustic waves in a two-ion-species plasma
Au, 96% Be two separate ion-acoustic waves were clearlyith Thomson scattering. Our results are in excellent
observed (Fig. 2). By further increasing the amount ofagreement with the theory of Fejer [9] and Evans [10].
Au to 9%, the ion-acoustic waves of Au and Be almostWe have shown that Thomson scattering from a two-
merge together. The plot in Fig. 4 shows the ratio ofion-species plasma is an accurate diagnostic of electron
the wavelength separation of the Au ion-acoustic featureeemperature and ion temperature. In addition, the relative
to the Be ion-acoustic features as a function of the Auon densities can be measured with high accuracy if the
concentration. These data are taken at 1y + 1.55 ns  ion charge state is known independently or vice versa.
when the intensity of the Au features is at its maximum.Thomson scattering will be a powerful diagnostic to
From the theoretical fit of the spectra we find tHat7T,, understand SBS and SRS spectra of multispecies plasmas.
the scattering parameter, and charge stat& of the We would like to thank the Nova crew for their ef-
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