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Abstract

We observe relativistic modifications to the Thomson scattering spectrum in a traditionally clas-
sical regime: vy5./c = eEy/cmwy << 1 and T, < 1 keV. The modifications result from scattering
off electron-plasma fluctuations with relativistic phase velocities. Normalized phase velocities v/c
between 0.03 and 0.12 have been achieved in a Ny gas-jet plasma by varying the plasma density
from 3x10"® cm™3 to 7x 10! cm ™2 and electron temperature between 85 eV and 700 eV. For these
conditions, the complete temporally resolved Thomson scattering spectrum including the electron
and ion features has been measured. A fully relativistic treatment of the Thomson scattering form

factor has been developed and shows excellent agreement with the experimental data.



Thomson scattering [1-3] is an important diagnostic for determining the plasma condi-
tions in laser-produced [4-6], tokamak [7-9], and pinch [10, 11] plasmas. Each of these
systems can be vulnerable to plasma instabilities which are a strong function of the plasma
conditions. In particular, inertial confinement fusion (ICF) target designs for the National
Ignition Facility (NIF) [12] require detailed understanding of the temperature and den-
sity in order to mitigate laser-plasma instabilities [13]. The high-density, high-temperature
conditions in ICF targets present a new regime for collective Thomson scattering where
understanding relativistic effects are essential.

Collective Thomson scattering is the scattering of light from electron-density fluctuations
with a wave vector k whose inverse is larger than the Debye length (kAp < 1). Therefore,
collective scattering probes fluctuations corresponding to the natural modes of the plasma
and the spectra contain four distinct features, corresponding to ion-acoustic and electron-
plasma resonances. Light scattered from the co- and counter propagating modes is red- and
blue-shifted by the frequency of the resonance, and the intensity of the scattered light is in
general governed by the Landau damping of each mode. Therefore, the frequency and shape
of the scattered light can be an accurate measure of the plasma parameters. A majority of
laser-plasma experiments [4—6] have resolved the ion-acoustic feature to provide an accurate
measure of the electron temperature and scattering from the electron-plasma resonance is
ideal for measuring the electron density, but has seen limited application in the collective
regime due to the small scattering cross section.

For non-collective Thomson scattering (kAp > 1), where the light is scattered by free
electrons, relativistic effects governed by the thermal velocity of the electrons [16, 17] have
been observed [18]. Relativistic nonlinear effects due to extremely high Thomson scat-
tering probe intensities (> 10'® W c¢m™2) causing relativistic electron motion have been
measured [15]. Previous collective-scattering measurements from electron-plasma waves [14]
have only resolved the red-shifted resonance, making characterization of relativistic effects
difficult. There have been no definitive measurements of relativistic effects from thermal
fluctuations in the collective Thomson scattering regime using a low intensity probe.

In this Letter, we present the first observation of a relativistic correction to the collective
Thomson scattering spectrum. We measure a factor of 1.9 difference between the peak power
measured in the blue-shifted electron-plasma wave resonance and the peak power calculated

using the non-relativistic Thomson scattering form factor for a normalized phase velocity of



B = w/kec = 0.12. This result is attributed to two effects: (1) the relativistic aberration of
light which causes a source that emits uniformly in the rest frame to preferentially emit in its
direction of motion when moving relativistically, and (2) the interaction of the initial electron
motion with the magnetic field of the Thomson scattering probe beam. Both of these effects
change the shape of the scattering spectrum by increasing (decreasing) the power scattered
into the blue-shifted (red-shifted) electron-plasma feature and are governed by the phase
velocity of the plasma wave which can be relativistic even at low electron temperatures. As
the phase velocity is reduced, the relativistic correction is reduced, but is always significant
for our measurements made between 5 = 0.03 and 8 = 0.12. A fully relativistic treatment
of the scattering spectrum in the weak probe limit has been developed [20] that shows
excellent agreement with our measurements. An analysis of the scattering spectrum expected
from ICF plasmas is performed and shows the potential error in inferred plasma conditions
using a non-relativistic scattering spectrum. Furthermore, the ion-acoustic features are
simultaneously measured, and no relativistic effects at the low temperatures studied are
observed or expected.

The experiment was performed at the Jupiter Laser Facility using the Janus Laser System.
A 300 J, 527 nm (2w), laser is focused at target chamber center (TCC) using an f/6.7 lens
[Fig 1(a)]. A continuous phase plate is used to produce a 600-pum super Gaussian focal spot.
The pulse length is a 3-ns long plateau with a 150 ps rise and fall. A 1.5-mm diameter gas
jet with a nitrogen backing pressure ranging from 10 to 400 psi positioned 1.0 mm below
TCC provides neutral gas densities between 1.4x10'® cm™2 and 1x10* ecm=3.

An f/4 collection lens collimated light scattered 90° relative to the laser beam from
the Thomson scattering volume located at TCC. The scattered light is split using a 532
nm notch filter and propagated to a pair of spectrometers. The notch filter reflectes light
with a wavelength of 532 nm 4+ 10 nm which is focused onto the entrance slit of a 1-meter
spectrometer using an f/10 focusing lens. The light transmitted through the notch filter was
focused onto the entrance slit of a 1/3-meter spectrometer using an f/10 spherical focusing
mirror. Both optical systems provide a magnification of 2.5. The 1-meter and 1/3-meter
spectrometers are coupled to an S-20 and S-1 Hamamatsu streak camera respectively. Both
systems use a spectrometer entrance slit of 200 um and a streak camera entrance slit of
400 pm. A 2400 grooves/mm grating in the 1-meter system results in a spectral resolution

of 0.056 nm and a temporal resolution of 550 ps [19]. The 1/3-meter system uses a 150
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FIG. 1: (a) Experimental setup. Thomson scattered light is collected 90° relative to the laser
beam. Scattering from (b) electron-plasma waves and (c) ion-acoustic waves are displayed. (d) The
spectral response of the system used to measure the electron-plasma wave spectra is characterized
using a tungsten lamp. (e) The Thomson scattering k-vector diagram shows the orientation of the
k-vector that is probed. (f) The ion-acoustic wave spectrum (dots) at 1 ns is fit by the calculated
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form factor (solid line) with an electron temperature of 240 eV and a density of 1.4x1

after subtracting the background and stray light.

grooves/mm grating resulting in a spectral resolution of 3.6 nm and a temporal resolution of
400 ps. The Thomson scattering volume 600 gm x 160 pm x 80 pm is defined by the overlap
of the spectrometer and streak camera slit images at TCC with the laser beam. A spectrally
calibrated Tungsten lamp inserted at TCC is used to measure the spectral intensity response
of the 1/3-meter system [Fig. 1(d)]. A maximum spectral sensitivity variation of 60% is
observed over the 200 nm measurement region.

The plasma temperature has been well characterized by fitting the ion-acoustic spectra
[Fig. 1(f)] with the fully relativistic form factor. The electron temperature increases rapidly
over the first 100 ps and plateaus at a nearly constant temperature. At low densities (3x10'8
cm™3), the electron temperature plateaus at around 90 eV while at high densities (7x10
cm™?) the temperature peaks around 700 eV. The uncertainty in these measurements is

better than 15% and is dominated by our uncertainties in the ion temperature.

Figure 2 shows the temporally resolved collective Thomson scattering from electron-
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FIG. 2: Top panels: raw streak data. Bottom panels: experimental data (solid-black line) at 2
ns normalized to the blue-shifted feature and compared to the non-relativistic (blue-dashed line)
and relativistic (solid-red line) form factors. As the temperature and density increase, the phase
velocity of the electron-plasma wave increases (a) 3 = 0.03, (b) 8 = 0.06, (c) 8 = 0.09 and the

difference between the non-relativistic and relativistic form factors becomes more pronounced.

plasma waves for various phase velocities (i.e. densities). The primary difference between
the non-relativistic and relativistic form factors is readily observable in the reduction in the
red-shifted electron-plasma wave peak. As the normalized phase velocity of the electron-
plasma wave increases from 0.03 to 0.09, the relativistic effects become more pronounced.
A fully relativistic treatment has been developed [20] and approaches, for our low tem-
perature conditions, a second order treatment including terms of order 52. The form fac-
tor shows excellent agreement with the experimental data (Fig. 2). In the case where
(vsn/c)? << 1, scattering is measured perpendicular to the incident electric field direction,

and 3* << 1, the second order treatment can be written P(k,w) = P.(k,w) + P;(k,w),

where
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Py is the incident power, A is the cross-sectional area of the Thomson scattering volume, r,

is the classical electron radius, n. is the electron density, ¢ = 1 + x. + x; is the dielectric
function, x., x; is the electron, ion susceptibility respectively, Z is the average ionization
state, feo(f) and f;o(3) are the one-dimensional Maxwellian distributions for electrons and
ions respectively, w = ws — w;, w;, is the scattered frequency, w; is the incident frequency,
¢ = (k- k), and k, is the unit vector from the source to the detector.

For our conditions, the relativistic effects are observed in the asymmetric scattering spec-
trum and attributed to two effects. The first effect is due to the relativistic aberration, also
referred to as the relativistic “headlight” effect, where light is preferentially directed in the
emitter’s direction of propagation [21]. The second effect is a result of the electron motion in
the direction of the incident light vector interacting with the magnetic field of the Thomson
scattering probe laser. The resulting v x B force, which is neglected in the non-relativistic
treatment, is in the same direction as the force of the incident electric field. When the
electron is moving towards the detector, the increased force on the electron enhances the
scattered power. When the electron is moving away from the detector the force is in the
opposite direction and the scattered power is reduced. The effects of these corrections can be
estimated by taking the ratio of the peak power in the blue- and red-shifted electron-plasma

wave resonances,
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where ¢ is the angle between k and l%g, ® is the angle between k and ko, both of which are

shown in Fig. 1(e) and equal 45° for our scattering geometry, and
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is the non-relativistic Thomson scattered power spectrum [1-3]. Eq. (3) is recovered from
Eq. (1) by letting terms of order 3% = w/w; = 0. The asymmetry in term A of Eq. (2) is
due to Landau damping, term B is due to relativistic aberration, and term C' is due to the

initial particle motion interacting with the magnetic field.
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FIG. 3: The measured peak powers in the red-shifted feature are divided by the calculated peak
powers [Eq. (1), diamonds| and are plotted as a function of phase velocity. The electron temper-
ature ranged from 85 eV to 720 eV. Data in perfect agreement with the relativistic form factor
would have a value of unity. The ratio of the non-relativistic peak power (dashed line) and the
corrected non-relativistic peak power [Eq. (2), solid line|] divided by the relativistic peak power are

shown.

Figure 3 shows good agreement between the experimental data and the form factor in-
cluding relativistic corrections [Eq. (1)] for normalized phase velocities ranging from 0.03
to 0.12. The data is compared with calculations using the non-relativisitc power spectrum
[Eq. (3)] where the asymmetry in the peaks is given by the Landau damping. When using
the simple model to correct for the relativistic effects [Eq. (2)], the scattered power agrees
with the fully relativistic form factor. The spectra are normalized to the peak power in the
blue-shifted feature (see Fig. 2) and fit using the relativistic form factor. The measured peak
scattered power in the red-shifted feature divided by the peak scattered power calculated
using the relativistic form factor is plotted in Fig. 3. Thomson scattered light is observed
for the full 3-ns duration of the laser beam (Fig. 2) allowing the electron temperature and
density to be determined at 250 ps intervals by fitting Eq. 1 to the measured spectrum. The
measured spectra are obtained by integrating over a 200 ps region. For clarity we average
multiple shots at a particular phase velocity; the error bars represent the standard deviation

within this average.



| T T T
A
16 Eor A 1 -
. | \
. ©
. :°4 = I \ .
! (3 5
=12 e B i
) 2 W
Z “\
n-o 8_ | "%___
S 350 360 370
o Wavelength (nm)
4 / -
|/ e \

079180 240 300 360
Wavelength (nm)

FIG. 4: The non-relativistic [Eq. (3), blue-dashed line], second order relativistic [Eq. (1), red-
dotted line] and fully relativistic (solid-black line) form factors are compared for typical plasma
conditions on the NIF: an electron temperature of 10 keV, electron density of 8.0x10?° cm™2, and
a scattering angle of 35 degrees using a Thomson scattering probe beam with a wavelength of 263.5

nm. These conditions result in a normalized electron-plasma wave phase velocity of 0.37.

The normalized phase velocity (5 = w/kc) of the electron-plasma wave is calculated from
the plasma parameters, the scattering angle, and the incident laser wavelength. Maximizing
Eq. (1) for 8 provides the normalized phase velocity of the local maxima corresponding to
the electron-plasma wave resonances. All normalized phase velocities reported in this Letter
refer to the normalized phase velocity of the red-shifted electron-plasma wave feature.

Fitting the ion-acoustic spectrum with Eqgs. (1) and (3) shows that relativistic correc-
tions are not important for scattering from the ion-acoustic resonances at our conditions.
Discrepancies are not expected until the phase velocity of the ion-acoustic wave is greater
than one percent of the speed of light which is estimated to be when T, ~ 140 keV assuming
ZT, >> 3T; and a fully ionized nitrogen plasma.

Figure 4 compares the non-relativistic form factor [Eq. (3)], a relativistic form factor
including terms of second order in 3 [Eq. (1)], and the fully relativistic form factor for typ-
ical NIF conditions. Notice that for collective high-temperature conditions the asymmetry
between the different form factors is pronounced and a 2 nm wavelength shift resulting from

the relativistic maxwellian distribution used to evaluate the fully relativistic form factor is



observed. Neglecting the relativistic frequency shift produces a 13% error in the measured
electron temperature and a 5% error in the measured electron density for the conditions
shown in Fig. 4.

In conclusion, we have measured relativistic effects in collective Thomson scattering from
electron-plasma waves which are attributed to the relativistic “headlight” effect and the
electron motion in the direction of the incident light vector interacting with the magnetic
field of the Thomson scattering probe. A fully relativistic form factor is presented and shows
excellent agreement with the measured spectra. We show that a relativistic form factor is
required to accurately analyze scattering from electron-plasma waves in most laser produced
plasmas where T, and n, are greater than 100 eV and 1.0x10' cm ™3 respectively.
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