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Thomson Scattering from High-Z Laser-Produced Plasmas
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We present the first simultaneous observations of ion acoustic and electron plasma waves in laser-
produced dense plasmas with Thomson scattering. In addition to measuring the standard plasma pa-
rameters, electron temperature and density, this novel experimental technique is shown to be a sensitive
method for temporally and spatially resolved measurements of the averaged ionization stage of the
plasma. Experiments with highly ionized gold plasmas clearly show that the inclusion of dielectronic
recombination in radiation-hydrodynamic modeling is critically important to model cooling plasmas.
[S0031-9007(98)08073-9]
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Highly ionized plasmas have been extensively producegeratureT, of the plasma. The frequency of the simul-
in many laboratories to study radiative properties oftaneously observed ion acoustic waves, which is propor-
hot dense matter [1,2] and for a variety of applicationstional to+/ZT,, is then used to obtain an accurate value
related to inertial confinement fusion (ICF) researchfor the charge numbeZ. The analysis of the Thomson
lithography, microscopy, laboratory astrophysics, or x-rayscattered radiation has been performed with a generalized
lasers. The averaged ionization stagef these plasmas theory of the TS cross section, which includes the effect
is a particularly important parameter because it determinesf gradients in the plasma, collisions, and non-Maxwellian
basic physical quantities such as collision rates andelocity distributions. We find thalocal electron tem-
acoustic velocities and is therefore a critical parameter foperatures,T,, electron densitiesy,, and the ionization
the x-ray production (e.g., Ref. [3]). stage,Z, of the plasma can be measured with uncertainties

In indirect-drive ICF research [4], high-hohlraums of <20%. This degree of accuracy allows us to test vari-
are used as radiation enclosures to convert optical las@us atomic physics models. The present study shows for
light into x rays which drive the implosion of the fu- the first time that radiation-hydrodynamic modeling using
sion capsule. In this scheme, the coupling of high-energythe codeLASNEX with an average atom model (XSN) [11]
high-power lasers with matter and its conversion intosignificantly overestimate€ in a recombining plasma.

X rays depends on inverse bremsstrahlung absorption amdodels with more detailed atomic physics spectra and
on laser scattering losses such as stimulated Brillouimpacities [detailed configuration accounting (DCA)] [12]
(SBS) and stimulated Raman scattering [5]. These proshow an improved description of the plasma conditions
cesses are known to be sensitive to the charge &ate due to the inclusion of dielectronic recombination.

of the plasma [6,7]. In particular, the damping of ion The experiments were performed with the 30 kJ Nova
acoustic waves driven by SBS depends onltival value laser facility at the Lawrence Livermore National Labo-
of Z in the dense, highly ionized gold plasma closeratory [13]. It is a Nd:glass laser operatingla®53 wm

to the hohlraum walls [8]. Thus it is important to de- (1w) which can be frequency converted 2@ or 3w.
velop an accurate diagnostic for local measuremeni of A small part of the laser beam was recently separated
and to test our understanding of this parameter by comeut and frequency quadrupled providing an independent
paring accurate experiments with radiation-hydrodynamictw-TS probe laser [14]. A3w- (A = 351 nm) heater
calculations. beam was smoothed with a kinoform phase plate to pro-

In this Letter, we present the first simultaneous observaduce the plasma by irradiating a flat gold disk at an
tions of ion acoustic and electron plasma wave fluctuatioangle of 64 to the disk normal. A 1.5-ns-long flat-
spectra in a dense plasma using Thomson scattering (T&pped laser pulse with 100-ps rising and falling edges
(e.g., Refs. [9,10]). This experiment gives accurate spawas used with a total energy of 3.8 kJ. The focal spot size
tially and temporally resolved information on plasma pa-was measured by two-dimensional plasma x-ray imag-
rameters; in particular, we present the first measurementsg to be400 X 600 um? indicating a laser intensity of
of the ionization stag€ of a highZ plasma using inco- 7 = 10'> Wcm™2 on target.
herent TS. In this experiment, we scatter from electron 4w TS was performed at various distances from the sur-
plasma waves that are strongly Landau damped allowinface of the Au disk including the high density plasma re-
a direct measurement of the electron densityand tem-  gions close to the disk surface that cannot be diagnosed
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with a2w laser. Thelw probe laser was operated at an en-Ap is the electron Debye length. In this regime, the scat-
ergy of 50 Jin a 1.5-ns square pulse. These measuremenésed light spectrum consists of the ion and the electron
are important to characterize the temperature and flow grdeatures. They correspond to scattering resonances at the
dients [15,16] of the plasma and to validate the Thomsomon acoustic wave (iaw) and at the electron plasma wave
scattering cross section applied below. Figure 1(a) show&pw) frequencies shifted from the incident probe laser fre-
temporally resolved streak datada# for various positions quency on either side on the frequency scale. In Fig. 1(a)
in the plasma corona schematically shown in Fig. 1(b)we clearly observe two ion acoustic scattering resonances
The probe laser was parallel to the disk and focused téor 0.8 ns< r < 2 ns. The frequency separation of the
~100 uwm diameter giving a cylindrical scattering volume. two peaks is twice the ion acoustic frequenagy,,

Its length is determined by the imaging optig&/(0) and (wm )2 T, ( 7 Ti)

is 70 uwm for the 1.5 magnification antD0-um detector + T

slit size. The scattering angle was chosen t@be 90° kia M\ 1+ ki;Ap T,

for the 40 measurements and a 1-m spectrometer with T, Z

an optical S-20 streak camera was employed to detect T M\ + 2 22 1)
a

the TS spectra with a temporal resolution of 30 ps and a
wavelength resolution of 0.05 nm. The total time intervalwhereM is the ion massT; is the ion temperaturd,; is
during which the streak camera detects data is 3 ns. Thihe specific heat ratio, and the scattering vektprs given
duration is small compared to the time the laser light by the triangle relation [9] shown in Fig. 1(b).
needs to travel from the Nova target chamber walls to the Equation (1) illustrates thal, can be deduced from
detector resulting in very small stray light levels in thethe frequency separatian;, if Z is known independently
present experiments. or vice versa. Employing a high-energdw probe,
The scattering geometry [Fig. 1(b)], probe laser wavewe have measured’, from the damping of the epw
lengths, and the plasma parameters result in collective Tsonance described below so that we could subsequently
(e.g., Refs. [17-19]) from fluctuations characterized bydeduceZ from the simultaneously measured ion acoustic
wave numbersk, such thato = 1/kAp = 1 — 2, where waves. Since it is found thaf varies slowly in space,
we can use the data shown in Fig. 1(a) to illustrate
the corona temperature conditions. While the heater
beam is on and deposits its energy into the disk=(
1.4 ns), a temperature gradient with scale lengthLgf=
800-1800 um exists. After the heater beam has turned
off (r > 1.5 ns) the corona becomes rather isothermal
[L7 > 3000 wm; Fig. 1(c)]. In addition, we find due
to the supersonic expansion of the corona that the TS
spectra are Doppler shifted to the blue. This can easily be
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262 284 262 264 262 264 262 264 seen in the spectrum measured at 125 um [Fig. 1(a)]
Wavelength (nm) where the stray light from théw probe laser is clearly
36 Heater Beam observable at\; = 263.3 nm. We find a flow gradient
(b) 3ok 18ms (© scale length of., = 400-800 um [Fig. 1(c)].

2% To simultaneously measure the iaw and the epw fea-

Au Scattering Volume 3 ++ % tures of the TS spectrum it was necessary to apply a high-

Target Plasma Plume § 2 /'”'4“‘ energy2w probe laser. The use of a probe laser energy

\ s / + of ~500 J at2w in a 4-ns square pulse was made neces-
= oqtt= 175ns

to Detector N sary by high background levels in the ultraviolet spectral

0 range due to bremsstrahlung, stray light from the heater
\ totame beam, and the fact that the electron feature has about an
N g 6f #+ order of magnitude smaller amplitude than the ion feature.
: ;\“ kmcldent& 3] : Similar to thedw TS measurements, ttro probe laser
: Keoatored "9 3 175 ns was parallel to the disk. The probe beam was focused to
I P > 170 wm diameter at a distance of= 450 um. In addi-

N ZwTSf

I Pro@\giLaser 0

260 800 tion to the measurements of the ion feature, we observed
0 400 800 X (um) X (um) the electron feature in the wavelength range of 500-
. . 800 nm using a beam splitter and #4im spectrome-
FIG. 1. 4w Thomson scattering data (a) together with &ter with a wavelength resolution of 1.3 nm.  In this way

schematic of the experiment (b) and the measured temperatufe
T, and flow V gradients (). The shaded region indicates oth detectors observed essentially the same volume in

the plasma region diagnosed by the probe. At late times, the plasma. A second streak camera (S-1) was employed
t > 1.5 ns, the2w probe will elevateT,. to record the electron feature with a temporal resolution
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of 150 ps. To avoid saturation of this detector by the ionincreasing Landau damping by increasifigresults in a

feature we used an optical filter suppressing radiation witlbroader electron feature but also shifts the resonance to

A < 550 nm. larger wavelengths (Bohm-Gross relation). To compen-
Figure 2 shows experimental TS spectra of the ion sate for this shift, one has to assume a smaller electron

feature (a) and of the electron feature (b) together wittdensity which in turn reduces electron Landau damping,

a theoretical fit using the following expression for the and this fit does not converge.

scattered powelP;, into a solid angle/) per frequency Since electron Landau damping is sensitive to the elec-

ranged w [20], tron velocity distribution function, the experimental data
dpP, oo, also give information about the possible presence of non-
= o f dx S(k, w;x)n,(x) Maxwellian distributions in the plasma. Predictions from
dQdw 2 . . .
) Fokker-Planck calculations [26] result in a super-Gaussian
% f dr, cEy(r) ) distribution, f ~ exp(—v™), with an exponent in the
87w range ofm = 3.5-4 for the averaged intensity of thik

where #); (i = 1,2) are polarization vectors defining the probe laser. However, we find thatrat 1.4 ns the elec-
directions of the Thomson probe electric figlg and of  tron feature is fitted best by a Maxwellian distribution
the scattered light detection; = e¢?/m.c2. The dynami- (m = 2) while, e.g.,m = 3 results in a resonance that
cal form factor describing fluctuations at wave numberis too narrow, not consistent with the measured gradi-
k and frequencyw, S(k,w;x), has been calculated ents inthe plasma. The predictions likely overestimate
locally to take into account the spatial variations ofbecause in the present experiment, lateral electron trans-
n., T., and V along the directionx, normal to the port out of the probe beam volume plays an important
disk. It further includes collisional effects [21,22], super- role which is not accounted for in the calculations. When
Gaussian electron velocity distribution functions [23,24],the plasma cools, e.g., at= 1y + 2 ns, the experimental
and Spitzer-Harm [25] electron transport. data can be fitted with a distribution with = 2.4 = 0.3.
Figure 2(b) shows the electron feature at various timed his deviation from a Maxwellian appears to be insignifi-
showing a heavily damped epw resonance with a wavesant as it introduces only a5% correction to the pa-
length shift that decreases as the heater beam turns offimeters deduced from the TS spectra.
The wavelength shift is approximated by the Bohm-Gross Using the parameters from the epw resonance shown
dispersion relatiom? = w; + 3ke2pre/me.Wherewp is in Fig. 2(b), we obtainZ of the plasma by fitting the
the plasma frequency. This relation indicates that the elesimultaneously measured ion acoustic wave spectrum as
tron density of the plasma can be obtained with high accushown in Fig. 2(a). This example shows the ion feature
racy (~15%) because we can precisely determifeby  measured at = 1.4 ns, a calculated form factor from the
fitting the overall shape of the epw resonance in thisstandard collisionless theory (e.g., Ref. [10]), theoretical
strongly damped regime. For example, the fitrat  results including ion-ion collisions and modification to
1.4 nsgivesT, = 2.0 keV andn, = 2.1 X 10 cm3in-  the distribution function due to Spitzer-Harm thermal
cluding gradients as measured with the probe. With- transport [21], and the final theoretical fit [Eq. (2)]. The
out gradients the width of the peak at 735 nm is smallefon acoustic peaks are significantly broadened due to the
than observed. It turns out that the fit is fairly robust.inhomogeneity of the plasma in the scattering volume.
The measured temperature gradient implies a heat flux
and a corresponding skewing of the distribution function.
rrrrree e e S This results in different Landau damping of the two ion

o8 S t=225ns acoustic peaks but does not change their frequencies.
Te = 0.75 keV . . .
] Accounting for this asymmetry, the broadening from the
instrument (0.05 nm) and the spatial gradients allow a fit

of the entire spectrumT, is given by the electron feature
with an error of about 15%, by varying the calculated
spectra within the noise of the data. Therefore, we can
deduce the averaged charge statérom the ion feature
with an error of 20%.

Figure 3 shows a compilation of the experimental data
T,, n., andZ together with two-dimensional simulations
using the radiation-hydrodynamic codesNEX [27] with
two atomic physics packages. Both the calculations with

t=14ns

Intensity (arb. units)

standard |
theory

ion-ion
collisions
plus

700 800 an average atomic physics model (XSN) [11] and the cal-
Wavelength (nm) Wavelangthy(nm) culations with detailed configuration accounting includ-

FIG. 2. Measured ion (a) and electron (b) feature of theind ~1000 levels [12] are in broad agreement with the
Thomson scattering spectrum along with theoretical fits. measurements during the heater beam pulse up to 1.5 ns.
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60— strate the importance of dielectronic recombination in
cooling highZ plasmas. These results provide a critical
step in understanding the x-ray production and radiative
properties of dense matter such as those encountered in
ICF plasmas, where the late time x-ray drive is presently
not well understood [29].
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