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The dispersion of ion-acoustic fluctuations has been measured using a novel technique that em-
ployed multiple color Thomson scattering to measure the frequency spectrum for two separate
thermal ion-acoustic fluctuations with significantly different wave vectors. The plasma fluctuations
are shown to become dispersive with increasing electron temperature. We demonstrate that this
technique allows a time resolved local measurement of electron density and temperature in inertial

confinement fusion plasmas.
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Thermal density fluctuations in a plasma result from
the finite motion of the electrons and ions. Experiments
over the last forty years have used Thomson scattering
to extract fundamental plasma properties from the fre-
quency spectrum and is now widely used in Magnetic
Fusion (MFE) and Inertial Confinement Fusion (ICF).
Thomson scattering can directly measure the frequency
spectrum of the density fluctuations for a given wave vec-
tor; the incident laser light (k,,w,) is Doppler shifted
when scattered by the finite motion of the electrons.
For collective Thomson scattering (ZT“ >> k2)2)), the
frequency of the scattered light is up- shifted and down-
shifted from the laser frequency. The peak-to-peak wave-
length separation (AMs) in the Thomson-scattering spec-
trum is a direct measure of the ion-acoustic frequency. In
ICF, collective Thomson scattering is often used to mea-
sure electron temperature by probing the low frequency
ion-acoustic fluctuations [? | while, in theory, the elec-
tron density can be obtain from the electron plasma wave,
it has been a much more challenging measurement in
laser produced plasmas [1].

The power spectrum for thermal density fluctuations
in a plasma can be expressed using a theoretical form

factor [2]:
L) EER-20(3)

where € = 14+ X; is the plasma dielectric function. For
low frequency fluctuations, namely ion-acoustic modes,
the phase velocity (ve) is in the tail of the ion distribu-
tion function (f;(% >> vg) ~ 0) and near the peak of the
electron distribution function (fe(% << vg) ~ 1), there-
fore, Eq. 1 is dominated by the first term on the right
hand side. The frequency of the resonant fluctuations
will therefore be near the point where epsilon approaches
zero, although experiments with multi-ion-species plas-
mas have suggested that this is not always the case [3].
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In 1966 [4], low frequency modes that were excited in low
temperature plasmas (< 1 eV, kAp. < 1) were shown to
follow the ion-acoustic dispersion relation (i.e. € = 0).
In the fluid limit, solving the dispersion relation
(e(w, k) = 0) leads to the ion-acoustic sound speed;
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The first term on the right hand side results from
electron screening; when the wavelength of the fluc-
tuation is larger than the electron Debye length
(Ape = +/€oTe/nce?), the plasma is non-dispersive.
When the wavelength of the fluctuation decreases, the
electron screening begins to break down and the plasma
becomes dispersive; the sound speed of an ion-acoustic
wave in a dispersive plasma is dependent on the fre-
quency.

In this paper, we present a novel measure of the dis-
persion of thermal ion-acoustic fluctuations in a dense
high-temperature plasma for a variety of electron densi-
ties (0.2 < kgApe < 1.5). The use of Thomson-scattering
diagnostics at multiple probe wavelengths allowed us to
measure the local frequency of the ion-acoustic fluctua-
tions for two significantly different wave vectors. Figure 1
shows the local frequency measurements and the effects
of a dispersive plasma which is a verification of a funda-
mental property of ion-acoustic fluctuations in a hot iner-
tial confinement plasma. Furthermore, this technique is
shown to be a powerful diagnostic of both the local elec-
tron density and local electron temperature with high
temporal and spatial resolution and could be adapted
for a variety of applications across the fields of plasma
physics where other diagnostics have not successfully pro-
vided accurate local density and temperature measure-
ments.

This experiment used a four laser beam configuration
at the recently upgraded Janus Long Pulse Facility at




FIG. 1: (a) As the electron temperature increased (increasing
A)a,,) or the electron density decreases (each curve represents
a single density), the plasma becomes more dispersive; the
normalized wavelength difference in a non-dispersive plasma
would follow the x-axis. (b) The open/closed circles are the
measured ion-acoustic frequencies from the 2w/4w diagnos-
tics respectively. The solid lines are calculated using Eq. 1
to find the frequency of the resonant ion-acoustic modes for
the densities experimentally measured using Thomson scat-
tering at different positions in the gas jet n.(r = Opm) =
1.2 x 10%° em ™2, n.(r = 350pm) = 7.0 x 10" cm ™3, n.(r =
550pum) = 3.5x10™ cm ™3, n(r = 700um) = 2.5x 10 cm 3.

the Lawrence Livermore National Laboratory (Fig. 2).
The nitrogen gas-jet plasmas were produced by two high-
power (A = 1054 nm) laser beams. The neutral gas
density was well-characterized using a Mach-Zender in-
terferometer. The heater beams were pointed through
the center of the 1 mm diameter gas jet, 1.5 mm from
the jet exit. The primary heater beam used 450 J
in a 1.2 ns laser pulse. The beam was focused to a
1.2 mm diameter focal spot at the target chamber cen-
ter (TCC) through a phase zone plate (PZP) using a
£/6.7 lens producing plasmas with a range of electron
temperatures (100 eV < T, < 650 eV) and densities
(10 em™3 < n, < 10%° em~3). The second heater
beam used 100 J in 1.2 ns, 0.3 ns after the falling edge
of the primary heater beam (Fig. 2(b)). This beam was
focused using a /6.7 lens with a continuous phase plate
(CPP) to a 200 micron diameter focal spot at the TCC.

Two 0.5 J Thomson-scattering probe lasers at two dif-
ferent wavelengths, A2 = 532 nm and A\}¥ = 266 nm,
were used to probe thermal ion-acoustic fluctuations with
significantly different wave vectors. The 2w and 4w probe
beams were focused using an f/5 and f/10 lens respec-
tively to a diameter at the TCC of 75 microns. Through
conservation of momentum, the ion-acoustic wave vector
probed by each diagnostic (k) is defined by the scat-
tering geometry and the wavelength of the probe laser
(Fig. 2(c)).

Two £/5 collection lenses collimated light scattered
from a single Thomson-scattering volume in the plasma.
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FIG. 2: (a) The experimental setup is shown., (b) Beam tim-
ing, (c¢) A k-vector diagram shows the ion-acoustic waves,
ki ~ 47 /M5 sin 0/2, that are probed.

The scattered light was then focused onto the slit of
a 3/4-meter (for 2w) and a l-meter (for 4w) imaging
spectrometer using two f/10 focusing lenses. The opti-
cal configurations provided a magnification of two. The
spectrometers were coupled to Hamamatsu streak cam-
eras. The linear dispersion for the 2w and 4w Thomson-
scattering diagnostics were 0.0047 nm/pixel and 0.0012
nm/pixel respectively. The instrument resolution was
FW H My, = 12 pixels (0.056 nm) and FWHM,,, = 18
pixels (0.021 nm) defined by 100um slits on the entrance
of the spectrometers.

The Thomson-scattering volume was defined in space
using a 100 micron glass ball that was suspended ~3 mm
over the center of the gas jet. All beams where aligned
to the ball at the TCC. The glass ball was back-lit and
imaged through the 2w and 4w Thomson-scattering diag-
nostics. The ball was viewed through the streak camera
in focus mode and both the spectrometer and the streak
camera slits were closed to 100um and 200pum respec-
tively around the center of the ball. This defined a 2w and
a 4w Thomson-scattering volume (50 pum x 100 pmx ~
75um) located at the TCC. This alignment procedure re-
sulted in a global positioning error between the gas jet
and the overlapping Thomson-scattering volumes of 400
microns. To probe different locations within the plasma,
the jet was moved using a micrometer which provided a
relative accuracy better than 50 microns.

Figure 1 shows the dispersion of the ion-acoustic fluc-
tuations for a range of densities measured using multiple
Thomson-scattering diagnostics. Each set of points cor-
responds to the temporal evolution in the electron tem-
perature on a single shot. The wavelength separation
between the resonant spectral peaks for each Thomson-
scattering diagnostic (A);s), at various times (every
200ps), was determined using independent Gaussian fits
to both sides of the Thomson-scattering spectra. In or-
der to clearly observe the effects of the dispersion on
the ion-acoustic fluctuations, the 2w Thomson-scattering
results were normalized by the ratio in wave vectors
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FIG. 3: Thomson scattering data from the same scattering
volume in the gas-jet plasma observed with two different de-
tectors measured the local (r = 350um) electron tempera-
ture as a function of time and the time average local density
(ne(r = 350um) = 7x10"em™3). The spectral profiles (solid-
red line) are averaged over 200ps. The calculated theoretical
form factor fit is shown for each time (dashed-blue line).

(Z;‘—: = 2), therefore, the difference between the normal-
ized 2w wavelength separation and the 4w wavelength
separation (A)‘ZW — A)y,) is zero for a non-dispersive

2
plasma.

Figure 1(b) shows good agreement between the mea-
sured and calculated ion-acoustic frequencies over a large
range of densities and temperatures. The measured
frequencies for the ion-acoustic fluctuations were de-
termined directly by the wavelength separation in the
spectral peaks measured by Thomson scattering, w, =
f—iA)\ts. The Debye length for each point was mea-
sured by simultaneously fitting the form factor (Eq. 1)
to the 2w and 4w spectra; at each time, a single tem-
perature was determined from both sets of data while a
single density was determined using the peak tempera-
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FIG. 4: (a) The 3-D neutral density profile (green curve)
for the gas jet was measured using interferometry 1.5-mm
above the gas jet (right axis). (b) Two Thomson-scattering
diagnostics measured the electron density profile of the
plasma (squares). Hydrodynamic simulations used the ini-
tial measured 3-D profile to calculate the electron density; (c)
t=0.25ns, (d) t=0.5ns, (e) t=1.0ns.

ture fit where the system is most sensitive to electron
density. Figure 3 shows a set of fits for a Thomson-
scattering volume located at r= 350um. The constant
density curves in Fig. 1 were calculated by the theoreti-
cal form factor (Eq. 1), using the densities measured with
Thomson scattering. Each curve corresponds to a single
shot and a single density at a specific location defined by
the Thomson-scattering volume. For these simulations
a reasonable ion temperature was assumed (% = 0.3);
the main results of this paper are not sensitive to the ion
temperature as long as T; << Te.

Simultaneously measuring two independent ion-
acoustic frequencies provides a direct measure of the elec-
tron temperature and density. Using the results from
Fig. 1, the density profile in the gas jet was measured and
shows good agreement to the independent interferometer
measurements (Fig. 4). The relative error in the position
of the density measurement is shown by the error bars;
there is a 400 pm uncertainty in the global position of the
data set and the initial position of the gas jet. The den-
sity profiles are shown to vary by less than 20% over the
time of the experiment using a hydrodynamic simulation
performed with the code HYDRA (Fig. 4(c-d)) [5]. The
HYDRA simulations used the experimental laser para-
meters and the 3-dimensional neutral gas density profile
measured using interferometry as initial conditions.

The error bars shown for the measured density data in
Fig. 4 were determined by the error in the measurement
of both ion-acoustic frequencies using the high temper-
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FIG. 5: Each region was calculated for the measured electron
densities and temperatures using the actual measurement er-
rors for each Thomson-scattering diagnostic. The error bars
in Fig. 4 were determined using the extreme values in the cal-
culated regions for each measured density at the peak electron
temperature.

ature results where the diagnostic is most sensitive to
density (larger absolute A)y). Figure 5 shows a series
of calculated regions defined by a location in parame-
ter space (Te, n.) consistent with a given measurement
of two ion-acoustic frequencies. The regions were calcu-
lated for the measured electron temperatures and elec-
tron densities shown in Fig. 4 using a constant error in
the respective measurements of the wavelength separa-
tion (04, = 0.0014 nm and dXg, = 0.005 nm). When
the electron temperature is low, the wavelength separa-
tion is small. If kA4 is also low, the diagnostic is in-
sensitive to density and the error in the density results
are dominated by the error in the measurement of the
ion-acoustic peaks (bottom right area in Fig. 5).

This technique is well suited for large laser facilities
where other density diagnostics have not been success-
ful in measuring local electron plasma density and tem-
perature. Two ion-acoustic frequencies can be measured
by either using two probe wavelengths or a single probe
laser with two significantly different scattering angles. A
small angle diagnostic (k1) can be chosen to provide a
good measure of the electron temperature with a small
dependence on the density (k1Age < 1) while a large an-

gle diagnostic (k2) would provide a good measure of the
electron density (kaAge > 1). There is a limitation for
large angles (for a given probe wavelength) given by the
constraint of remaining in the collective Thomson scat-
tering regime (ZXc >> k2)\2,) while there is a practical
limit for small anlgles given by instruments ability to re-
solve the spectral peaks (i.e. the wavelength separation
scales with the angle).

For a typical inertial confinement fusion plasma (T, =
5 keV, N, = 5 x 102 W-cm~2) the optimal scattering
angles for the two collection optics are 40° < 6o < 80°
(04 < kadge < 07) and 6, > 140° (kl)\de > 09)7 us-
ing these scattering angles, a single 4w probe laser, and
typical instrument resolutions, the local density could be
measured to better than 25% with an electron tempera-
ture measurement to within 10%.

In summary, we have shown that the sound speed
of ion-acoustic fluctuations are dependent on their fre-
quency; this measure of the dispersion of ion-acoustic
fluctuations is a verification of a fundamental plasma
property in a dense high-temperature ICF plasma. The
novel use of two Thomson-scattering diagnostics has al-
lowed us to measure the local frequency of the ion-
acoustic fluctuations at two significantly different wave
vectors. We have further shown that this technique could
be adapted to large ICF facilities to measure simultane-
ously the local electron temperature and density to high
accuracy.
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