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Angularly resolved Thomson scattering is a novel extension of Thomson scattering,
enabling the measurement of the electron velocity distribution function over many
orders of magnitude. Here, details of the theoretical basis of the technique and
the instrument designed for this measurement are described. Angularly resolved
Thomson-scattering data from several experiments are shown with descriptions of the
corresponding distribution functions. A reduced model describing the distribution
function is given and used to perform a Monte Carlo analysis of the uncertainty
in the measurements. The electron density and temperature were determined to
a precision of 12% and 21%, respectively, on average while all other parameters
defining the distribution function were generally determined to better than 20%. It
was found that these uncertainties were primarily due to limited signal to noise and
instrumental effects. Measurements with this level of precision were sufficient to

distinguish between Maxwellian and non-Maxwellian distribution functions.
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I. INTRODUCTION

The electron and ion distribution functions dictate the properties and evolution of a
plasma. Many of these properties, including energy transport and laser coupling, are pri-
marily determined by the electron velocity distribution function. The electron velocity dis-
tribution function is often assumed to be Maxwellian’* or close to Maxwellian,>% however
the existence of non-Maxwellian electron distribution functions have significant ramifications

on the behavior of a plasma.

In 1980, it was predicted that inverse bremsstrahlung heating, the main heating mecha-
nism in laser produced plasmas, preferentially transfers energy to the slower electrons driving
a flat-top, or super-Gaussian distribution”. The reduction in slow electrons diminishes the
inverse bremsstrahlung heating rate and in subsequent years nearly all hydrodynamic models
that include laser propagation have introduced a factor to adjust the laser absorption due to
this effect®?. Challenges in measuring the electron distribution function'®*? have made it
difficult to verify these theories, although extensive computational work has been done over
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the last forty years . Computational studies have explored the evolution of the distri-

bution function resulting from inverse bremsstrahlung heating, including the consideration
of the relatively small electron-ion collision rate of the fast electrons'?, thermal transport!4,
and electron-electron collisions'®, which all tend to produce high-velocity electrons (tails)

and a non-Maxwellian bulk of electrons.

In laser-produced plasmas, inverse bremsstrahlung heating is only one of the processes

+20,21

that can alter the electron distribution function. Thermal transpor , laser-plasma

3

instabilities??, and atomic kinetic processes® all provide competing mechanisms that

shape the electron distribution function. Numerous consequences of non-Maxwellian elec-
tron distribution functions on laser absorption and laser-plasma instabilities have been
predicted”!31421.24.25 byt are often neglected in models and simulations due to a lack of
experimental verification and the computation expense of including a kinetic solver.

Thomson scattering is currently a workhorse diagnostic for temperature and density mea-

26-37

surements in many areas of plasma physics and recently it was shown that the electron

distribution function could be inferred from collective Thomson scattering, but all previ-

25,38 39

ous work required an assumed distribution function either from theory or simulations.

While non-collective Thomson scattering is known to reflect the underlying distribution



function®®4!

, it suffers from a small scattering cross section, which leads to signal-to-noise
limitations. A new technique, angularly resolved Thomson scattering, combines the collec-
tive and non-collective regimes in order to directly measure the electron velocity distribution
function over many orders of magnitude without an assumption on its underlying shape®?.
The conceptual leap from using Thomson scattering to measure bulk properties or confirm
a predetermined distribution function, to a direct measurement of the electron distribution
function vastly expands the scope of potential studies. This technique allows Thomson

scattering to better discriminate between kinetic theories and distribution functions not yet

theorized.

This article examines the precision of the distribution functions measured using angularly
resolved Thomson scattering, specifically in context of non-Maxwellian electron distribution
functions driven by inverse bremsstrahlung heating. The distribution functions measured in
uniform underdense plasmas, created by inverse bremsstrahlung heating of a gas jet plume,
were found to be well described by a super-Gaussian + Maxwellian model. The super-
Gaussian bulk is associated with inverse bremsstrahlung heating and is well reproduced by
previous computational work!®, while the tail is associated with the isotropy of heating.
This new super-Gaussian + Maxwellian model provides a basis for further theoretical in-
vestigations of the source of the tail. Markov-chain Monte Carlo analysis was preformed
using this reduced model to identify a confidence region on the measured electron distribu-
tion functions. It was found that electron density and temperature were determined to a
precision of 12% and 21%, respectively, on average while all other parameters defining the
distribution function were generally determined to better than 20%. These uncertainties
were primarily due to limited signal to noise and instrumental effects. Measurements with
this level of precision were sufficient to distinguish between Maxwellian and non-Maxwellian
distribution functions. Further, the confidence region found for these measurements estab-
lish a benchmark for determining when future distribution function measurements will be

distinguishable from other hypotheses.

This paper is organized as follows. In Section II the experimental setup and details of
the angularly resolved Thomson-scattering instrument are discussed. Section III provides an
overview of Thomson scattering and the theoretical basis for angularly resolved Thomson
scattering. Section IV discusses the measured distribution function, and a physical basis

for interpreting the measurements. Section V describes the methods used to determine the



<

o=y
Thomson

scattering

3w heaters
200 J, 500 ps,
300-ym diam

Gas jet (Hp, Ny, Ar, Kr)

E29308J1

FIG. 1. Schematic of the experimental configuration. Five UV beams (purple) heat the gas
(yellow) from a supersonic Mach-3 gas jet (gray). A green beam represents the probe beam used

for Thomson scattering.

uncertainties on the measured distribution functions. The paper is summarized in Section
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II. EXPERIMENTAL SETUP
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FIG. 2. A wire-frame model of the angularly resolved Thomson-scattering instrument with ray
fans, originating in the collection volume, showing the path of sagittal (green) and tangential

(blue) rays.

Experiments that measured non-Maxwellian electron distribution functions resulting from
laser heating were conducted on the OMEGA Laser System®® at the Laboratory for Laser
Energetics. Figure 1 shows the experimental configuration where five ultraviolet (351-nm

UV) laser beams were used to ionize and heat a gas. The uniform density neutral gas plume
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of argon, krypton, or hydrogen was produced using a supersonic Mach-3 gas je
exit diameter of 2 mm. To improve the uniformity of heating, each of the five UV heating
beams used a distributed phase plate, polarization smoothing, and smoothing by spectral
dispersion. This ultimately provided Gaussian focal spots, 2 mm above the center of the
gas jet, with a 1/e? diameter of 400 um. The heating beams had a 500-ps pulse duration,
full-width at half-maximum (FWHM), and 50 J to 200 J per beam. This resulted in a total
overlapped UV intensity of I{3 = 0.62 — 2.8 x 10> W/cm?,

A 10-J green (526.5 nm) probe beam was focused to the same location as the heating
beams. The probe beam had a shorter 200-ps FWHM duration and was delayed 300 ps or
600 ps from the rise of the heating beams. This allowed Thomson-scattering measurements
at the end of the heating or shortly after the heating beams turned off. The probe beam used
a distributed phase plate to produce a flattop focal spot with a 100-pm FWHM diameter
(I, = 6.5x 10 W /cm?). Unlike the heating beams, the probe did not employ smoothing by
spectral dispersion or polarization smoothing. Instead, the linear polarization was rotated
with a waveplate to maximize the Thomson-scattering efficiency and make it uniform as a

function of angle.

A. Angularly Resolved Thomson-Scattering Instrument

Figure 2 shows the angularly resolved Thomson-scattering instrument. Light collected
from a 50 ym x 50 pm x 100 pm Thomson-scattering volume in the plasma was imaged
onto a 500 ps time-gated 2-D recording device (Princeton Instruments PI-Max4 gated CCD)
with wavelength dispersed along the horizontal axis and scattering angle along the vertical
axis. The instrument consists of three optical sections. A custom microscope collects light
from the scattering volume and images it onto the field stop that defines the spatial region of
interest. An image-rotating relay images the field stop to the input slit of the spectrometer.
A spectrometer disperses spectra horizontally at the detector surface, while maintaining
emission angle in the vertical direction. The system has an angular resolution of 1° over a
108° range and a 1 nm spectral resolution over a 200 nm spectrum.

The objective of the custom microscope is a modified Schwarzschild design. The primary
mirror is a 180 mm x 50 mm rectangular section cut from the center of an R = 93.68 mm

concave spherical mirror. This rectangular section of mirror is the 108° (angular scatter-
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ing direction) x 11.5° (angularly integrated). The convex secondary mirror is aspheric to
minimize aberration introduced by the 108° collection angle. The primary is positioned to
view the scattering region from 17° above the optical axis at a distance of 100 mm. The
emission region is not optically off-axis; it is simply viewed from an off-axis vantage location.
The secondary is sized to provide an unobstructed 108° x 11.5° imaging path while simul-
taneously blocking the direct line-of-sight path from the scattering region down the axis of
the system. A Schwarzschild objective is inherently infinity corrected so an achromat tube
lens images the scattering region at 10x magnification onto the 500 pym diameter field stop
aperture. This field stop defines a 50 um diameter sampling area of the scattering volume;

the third dimension of the volume is defined by the diameter of the probe beam.

The image relay uses a three mirror out-of-plane periscope to rotate the image of the field
stop by the 56° angle between the probe beam and the horizontal plane of the recording
system. The periscope also points and centers the imaging path into the spectrometer to
ensure the central wavelength is parallel to the plane of the system after diffraction. A
20-nm wide, 532-nm central wavelength, optical notch filter in collimated space blocks the
ion-acoustic wave feature. A lens located near the field stop introduces very little power into
the near-field image at the field stop, but demagnifies the far-field image of the field stop
by 10x at the detector surface. The result is a 1:1 spatial image of the scattering region
at every angle in the vertical direction at the detector. This convolved with the detector’s
spatial impulse response determines the 1° angular resolution of the instrument. The final
lens in the relay is a cylindrical achromat that creates a line focus from the 11.5° collection
angle in the spectrometer‘s dispersion direction and preserves beam height as a function of
emission angle in the 108° collection angle in the spatial direction. This line focus is the

effective input slit to the spectrometer.

The spectrometer is a 400 line/mm transmission grating between @50 mm x 150 mm
focal length achromats. These f/3 achromats accept the 11.5° emission collection angle.
The 150 mm focal length provides the linear spectral dispersion at the detector surface to
record a 450 nm to 650 nm spectral range with 1 nm spectral resolution. The detector
surface can be translated in the dispersion direction to examine different spectral ranges or

support different groove density gratings.



IIT. THEORY
A. Thomson-Scattering Theory

Thomson scattering is the elastic scattering of photons off electrons. This results in scat-
tered photons that contain information about the number and velocities of the electrons. In
the case of a plasma, the electrons are distributed in velocity space according to the electron
velocity distribution function, and therefore the Thomson-scattered spectrum contains this
information.

Thomson scattering is broken into two regimes, distinguished by the characteristic scale
length being probed (1/k). In the non-collective regime (1/kAp < 1), the scale length is
smaller than the electron Debye length (Ap) and the power scattered is directly proportional
to the electron velocity distribution function. In the collective regime, the scale length
is larger than the electron Debye length (1/kAp > 1) and the scattering off correlated
electrons interferes constructively, resulting in peaks in the spectrum that correspond to
thermal fluctuations in the plasma. In this regime, the power scattered is dependent on the
distribution function and its derivative.

While both regimes can be used to measure the electron distribution function, experi-
mental limitations hamper their utility. The small electron scattering cross section restricts
non-collective Thomson scattering to measuring the bulk of the distribution function where
the scattering signal exceeds the thermal background. Filamentation and other laser-plasma
instabilities, caused by an intense probe beam, further constrain single-shot non-collective
measurements to a couple orders of magnitude. Collective Thomson scattering has an im-
proved signal-to-noise, but is less sensitive to the distribution function at frequencies far
from the resonance due to the low scattering signal. These restrictions have limited dis-
tribution function measurements to the bulk of the distribution function?® in the case of
non-collective scattering, or to a predetermined class of distributions in the case of collective

scattering.?5:38

B. Angularly Resolved Thomson Scattering Theory

Angularly resolved Thomson scattering can measure the electron distribution function

over many orders of magnitude by simultaneously collecting light scattered from fluctuations
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with a large range of wave-vectors. The probed wave-vector is related to the scattering
angle by k% = k2 + k? — 2kok, cos 6, where the scattering angle (6) is angle between the
probe beam (kg = 2m/)\g) and the scattering directions (ks = 27/As). A and A, are the
probe laser wavelength and scattered wavelength in the plasma, respectively. Therefore, the
Thomson-scattering spectrum dispersed in scattering angle measures a range of k-vectors

that correspond to a range of 1/kAp.

The power of the scattered light as a function of wavelength and angle was related to the

electron distribution function,

Py(Xs,0) = nePyr2cL |5 x (5 x Ep)

2 <2A_A; _ %) S(2(A.0)), (1)

where the first term contains information about the electron density, probe power (F), and
the length of the scattering volume (L), ry is the classical electron radius. The second term
is the scattering efficiency, based on the observation direction (§) and probe polarization
direction (Eo), since Thomson scattering is a dipole scattering process the emission is max-
imal when observing perpendicular to the polarization. The third term is the first-order
relativistic correction,® which accounts for the “relativistic headlight” and v x B effects for
electrons up to ~ 5 keV. Finally the collisionless dynamic form factor, which produces the

spectral shape, is given by?¢,

1
"1+ Xe.rel®] F iXeam|]

S(SL’) fe[x]v (2)

where f. is the one-dimensional (1-D) electron distribtuion function, x. is the electron
susceptibility, and x = w/kvy, is the normalized phase velocity. vy, = \/m is the electron
thermal velocity and the frequency of the probed fluctuation is w = 27c </\i — %) This
normalization removes temperature as a parameter and it allows representing all Maxwellian
distributions regardless of temperature with a single function. The ion dependnce in the
dynamic form factor was removed because the measurements were made only for w/k 2 vy,
where the ion contribution is negligible. The one dimensional electron distribution function
fe|x] was projected onto the probed fluctuations. The square brackets are used to denote a

discrete domain for the electron distribution function defining it as a set of points instead of

a continuous function. The real and imaginary parts of the electron susceptibility are given
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FIG. 3. Angularly resolved Thomson-scattering data from six shots. The data was taken in (a,b,c,f)

krypton, (d) hydrogen, and (e)
I.
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where Ap = vy, /wpe and wy,

argon plasmas. Plasma conditions for each shot are given in Table

1 [ofjor
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T Ofe

Xim = T

)
T

is the electron plasma frequency.
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Shot Number Gas I{Jo\t,al Temperature Electron Density

(10 W/em?)  (keV) (102 cm™3)
95826 Krypton 2.8 1.34 +0.23  0.466 4 0.058
95830 Krypton 1.2 0.994+0.24 0.408 +0.061
95831 Krypton 0.84 0.50 £0.11  0.349 + 0.045
94475 Argon 2.8 1.04+0.13 0.418 £0.043

94479 Hydrogen 2.6 0.499 £0.078 0.471 £ 0.043

94481 Krypton 2.8 1.16 £0.14  0.428 £0.042

TABLE I. Gas, heating laser intensity, and plasma conditions for six shots found using an iterative
gradient descent algorithm. The uncertainty represents the standard deviations from Monte Carlo

analysis on these measurements.

IV. RESULTS

Figure 3 shows angularly resolved Thomson-scattering data from six different experi-
ments. The collective Thomson-scattering peaks from electron plasma waves can be seen as
a function of angle. The amplitude of the features decrease and the features become broader
as the scattering angle increases. For each data shot, a second shot was taken to record a
background spectrum by maintaining the same plasma conditions and turning off the probe

beam. The background spectrum has been subtracted from the results presented in Fig. 3.

The gas type, heater beam intensity, measured density, and electron temperature for
each shot are shown in Table I. The density was fairly consistent across the shots, with a
shot-to-shot rms variation of 13%. Shot 95831 was the only shot with the delayed probe
configuration (probing after the heating lasers were turned off ), providing more time for the
plasma to expand and cool. The variation in electron temperatures was due to differences

in laser intensities and heating efficiencies.

The electron velocity distribution function measured in the spectra (Fig. 3) and plasma
conditions (Table I) were determined simultaneously using an iterative gradient descent algo-
rithm. A numerical distribution function (f.[x]) was used to forward calculate a fluctuation

spectrum (Eq. 2). This spectrum was used to calculate the synthetic power scattered (Eq.

10



1), which was compared to the experimentally measured spectrum using,

X2 _ Z Z [Pm<)‘870) _QPS()‘saQ)] ' (4)

g

The variation of the data, o ~ 5%, was found by examining the variation in the spectrum at
large wavelengths. The region with scattering angles < 40° was excluded because accurate
calculation required orders of magnitude higher velocity space resolution. Above a scattering
angle of 110° the spectra generally lacked sufficient signal and were dominated by noise.

A minimization of x? over 69 free parameters defining the distribution function (64
points), plasma conditions (n. and T.), and scale parameters (3 parameters) was performed
on each shot. The most computationally expensive step was computing the susceptibil-
ity (Eq. 3). The real part of the susceptibility was solved using the method of rational
integration.?” Furthermore, to prevent numerical discontinuities in the susceptibility from
the discrete distribution function, exponential interpolation was used to produce a contin-
uous distribution function. Convergence was improved by performing a set of sequential
fits with increasing number of distribution function points. Fewer points provided signifi-
cantly better convergence and starting points for the subsequent minimizations closer to the
optimal values. It was found that ~ 9 distribution points per thermal velocity (64 points
spanning 0— Tvy;,) was optimal for balancing computation time and resolving the distribution
function.

Figure 4(a) shows the final spectrum calculated using the measured distribution function
for shot 95826. Comparing to the experimental spectrum [Fig. 4(b)], the calculated spec-
trum qualitatively reproduces the measured spectrum in angle and wavelength across the
entire spectral range [Fig. 4(c)]. Small discrepancies occur at small scattering angles due to
numerical artifacts and at high scattering angle where there is a small clip in the data. The
spectrum at 107° [Fig. 4(c)] shows a small discrepancy between measured and calculated
blue peaks, which is a result of Thomson scattering from the UV heater beams that was not
completely subtracted with the background.

In order to match the measured spectrum, the effects of temporal gradients, finite angles,
and instrument response were included in the calculation. The instrument response function
was included by convolving the scattered power with a 2-D Gaussian with a spectral width
of 1 nm and angular width of 1°, matching the measured instrument response function. The

curvature of the primary mirror and finite solid angle of the probe beam result in a small
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FIG. 4. (a) Calculated and (b) measured spectra from a krypton plasma used to determine the
measured electron distribution shown in Fig. 5. (¢) The measured (black curve) and calculated
(red curve) spectra at four scattering angles (51°, 70°, 88°, and 107°) have been arbitrarily spaced

along the y-axis.

change in the scattering angle as a function of height on the mirror. This was included in
calculation by treating each angle at the CCD as a weighted sum of the true constituent
scattering angles.

A temporally resolved Thomson-scattering diagnostic*® was used on each shot to diagnose
the temporal gradients in plasma conditions. Combining the data from the two types of
Thomson scattering, a self consistent set of plasma conditions and distribution function
was found*?. The temporal gradient was included in the numerical distribution function
analysis by integrating over spectra with the same distribution function but a range of

plasma conditions.

A. Inverse Bremsstrahlung Heating

The distribution function measurements were made in a plasma where inverse bremsstrahlung

heating was predicted to drive non-Maxwellian distribution functions. Inverse bremsstrahlung
occurs when an electron oscillating in the electric field of the laser collides with an ion, al-
lowing the electron to retain some of the momentum it gained from the laser field, thereby

transferring energy from the field to the electron. The larger electron-ion collision rate for
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slow electrons suggests that this mechanism preferentially heats slow electrons leading to a
flattening of the electron distribution.” Fokker-Planck simulations showed that the degree to
which the distribution is flattened depends on the relative strength of inverse bremsstrahlung
heating and thermalization due to electron-electron collisions, which was parameterized as
a = Zvi,./vh (Ref. 8), where v, is the velocity of electrons oscillating in the laser field.

The resultant distribution has a super-Gaussian shape,

o (0) = Corexp |- (- )m] , )

A Uth,

with super-Gaussian order

3

1+ 1.66/a074" (6)

m(a) =2+

where the normalization constants (C,,, a,,) maintain the standard definitions of the first
three moments (e.g. 3n.T, = [ 1m?f,,(v)d?v).

Multiple theoretical and simulation studies have shown this modification to the bulk
(v/vy, < 3) of the distribution function, but the shape of the tail (v/vy, > 3) has been
debated.!31%19 One model of particular relevance to this experimental configuration showed
that since the electron oscillations are anisotropic, aligned with the laser polarization, the
collision operator is modified.'> This leads to an altered tail in the isotropic distribution
function. This revised electron distribution function is super-Gaussian in the bulk and

transitions to Maxwellian in the tail.

B. Distribution functions

Figure 5 shows the measured numerical distribution function from a krypton plasma. This
numerical distribution function was determined without making any assumptions about the
shape or underlying physics. It shows a more flat-topped profile than the Maxwellian distri-
bution [Fig. 5 (a)] and an elevated tail [Fig. 5 (b)]. These features are consistent with expec-
tations based on inverse bremsstrahlung heating. Agreement with inverse bremsstrahlung
theory motivated a description using a reduced model comprised of super-Gaussian and

Maxwellian functions,

fu(x) = Asexp {— (xil)m] + exp|As] exp [— (%)1 (7)
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FIG. 5. Measured electron distribution functions (black points) on a (a) linear and (b) logarithmic
scale. A super-Gaussian plus Maxwellian model (red curve) was compared to the data. A 90%
confidence interval (gray) was computed from the super-Gaussian plus Maxwellian model. A

Maxwellian distribution function (blue curve) is shown for reference.

This model reproduced the distribution function both in the bulk and tail (Fig. 5), but
tends to preform worse near the peak (v < 0.5vy,). Because this model is less precise,
owing to the fewer degrees of freedom, it is unable to capture all the detail of the measured
distribution function. Consequently, spectra calculated from this reduced model provide a
slightly worse match to the measured spectra. While less accurate, this physically motivated

reduced model has the advantage of being more computationally tractable.

V. CONFIDENCE ANALYSIS

A 90% confidence interval was determined for the measured electron distribution function
using the reduced model (Eq. 7). This confidence interval is shown as a gray region in Figure
5. Many of the same difficulties faced in calculating the numerical electron distribution func-
tion complicated the uncertainty analysis, preventing direct calculation of the uncertainties
on the numerical distribution function. The high dimensionality led to saddle points that
prevented the use of Hessian based uncertainty calculations, while more complicated meth-
ods such a Monte Carlo or grid analysis were too computationally expensive. The excellent
agreement of the reduced model provided an alternative by defining the plasma conditions

and distribution function in 7 parameters, (electron temperature, electron density, and the 5
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FIG. 6. Marginal probability distributions of each parameter in the reduced model (Eq. 7) deter-

mined from Monte Carlo analysis.

parameters of the reduced model). In this lower dimensional space, it was computationally
tractable to perform uncertainty analysis using Markov-chain Monte Carlo. Two additional
parameters were added to determine the sensitivity to calibration of the wavelength axis.
The calibration uncertainty was included to achieve a confidence region on the distribution
function, which accounts for statistical (model) and instrumental sources of error.

Figure 6 shows the 2-parameter joint and single parameter marginal distributions from the
Monte Carlo analysis. Numerous covariances can be seen between parameters as the contours
are rotated ellipsoids. For two uncorrelated parameters, the contours of equal probability
are circles, while two perfectly correlated parameters would result in elliptical contours with
the semi-major axis aligned to y = x. The width parameter of the super-Gaussian (1)
is inversely correlated with temperature, density, and amplitude. These are all related to
maintaining the normalization of the distribution function. The positive correlation of the
super-Gaussian order (m) and temperature is related to maintaining the width of the peaks
in the Thomson-scattering spectrum.

The uncertainty analysis was preformed using the Metropolis-Hastings algorithm with 72
walkers and 3,000 steps per walker. A burn-in period of 50 steps was found to sufficiently
remove bias from the initial conditions of the walkers. A uniform prior was used on the
parameters, but a lower reflective boundary at a temperature of 1 eV and a density of

10'® em™ prevented nonphysical steps from causing algorithm-based errors.
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Shot Number Ay T m Ao T9
95826 0.0413 + 0.0068 1.91+0.14  3.67+£0.57 —9.074+0.60 3.02+0.67
95830 0.0346 + 0.0070 1.94+0.20 3.57+£0.63 —6.54+0.55 2.044+0.55
95831 0.0510 = 0.0055 1.58 £0.11 2.36+0.35 —8.144+042 2.70+0.36
94475 0.0245 + 0.0045 2.17+0.17 4.224+0.35 —6.74+0.41 1.75+0.22
94479 0.0360 + 0.0044 1.82+0.11 2.60+0.37 —6.36+0.43 1.60+0.47
94481 0.0309 + 0.0051 2.031 +0.051 3.924+0.24 —-9.15+0.31 1.974+0.31

TABLE II. Reduced-model parameters from Monte Carlo analysis for six shots. The uncertainty

represents the standard deviation on these values.

Each of the single-parameter marginal distributions was fit with a Gaussian (Fig. 6)
to determine the mean and variance. The standard deviation of the plasma conditions
was given as an uncertainty on the conditions measured with the numerical distribution
function analysis in Table I. The mean and standard deviation for each of the reduced-
model parameters is shown in Table II. These uncertainties are dependent on two factors,
how much the spectrum changes in response to the parameter and how much variation can
be seen in the data. Using electron temperature (7;) as an example, changes can broaden
the peak in wavelength. However, the spectral instrumental response sets a minimum on
the measured broadening. Noise in the data allows a range of values to be contained within
the bounds of the data, making it difficult to distinguish whether a mismatch between a
given data point and theoretical point is due to fluctuation or an incorrect parameter.

The 90% confidence interval on the distribution function (Fig. 5) was determined with

standard error propagation techniques of the uncertainties in Table II. The uncertainty on

the distribution function was,

R AN AN AN I AN N AN
Ufe—[(aAl) UA1+<8_961) am—i—(am) o, + oA, o, D25 o - (8)

A multiplier on standard deviation for each shot was determined by integrating over the

9-dimensional probability distribution until 90% probability was achieved. Strictly, this is a

confidence interval on the reduced model, but is reported on the numerical distribution.
Figure 7 shows the scaling of the super-Gaussian order (m) with the Langdon parameter

() and super-Gaussian width (z7). When using the super-Gaussian plus Maxwellian model,

good agreement is found with the expected scaling for m (Eq. 6). A notable outlier is shot
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FIG. 7. Scaling of the super-Gaussian order with relative strength of inverse bremsstrahlung
heating to electron-electron collisions («) and super-Gaussian width (x;). The values for each of
the six shots are plotted with error-bars showing one standard deviation. The dashed lines are the

expected scaling relations from Fokker-Planck simulations.

95831, which was measured after the heating beams were turned off, giving the plasma time
to cool and the distribution time to Maxwellianize. The scaling of x; with m was found
to agree with the data, as was expected to maintain the definition of temperature as the

average kinetic energy.

V1. SUMMARY

Angularly resolved Thomson scattering provides precise measurements of the distribution
function over many orders of magnitude. The distribution function was measured without
a priori knowledge of its shape, and the technique will allow a range of applications to
be studied beyond inverse bremsstrahlung heating. The measured distribution functions
were determined to be significantly different than a Maxwellian. These differences exist
in the bulk, where the distribution function is super-Gaussian, and in the tail, where the
distribution function is Maxwellian, but with a different amplitude and width. While these
changes can affect many aspects of the plasma’s behaviour (laser-plasma interaction, heat
flux, and x-ray emission), a reduced model was found that captures these changes. This

simplified model, including the contributions of inverse bremsstrahlung and heating isotropy,

17



can be utilized by hydrodynamic simulations to improve agreement or serve as a basis for
further theoretical investigation on the formation of tails.

The uncertainties in the measured distribution functions were due to the experimental
limitations in the range of probed wave-vectors and instrumental response. Even with these
uncertainties, the electron distribution function was measured to a level of precision more
than sufficient to distinguish the distribution from Maxwellian or other functional forms.
Understanding the uncertainties in this distribution function analysis is important in deter-
mining problems where angularly resolved Thomson scattering can be applied. This is a
tool with significant potential to elucidate the detailed physics occurring in plasmas, but an
understanding of the uncertainties is required to know if the measured distribution function

is distinguishable from other potential solutions.

VII. DATA AVAILABILITY

The data that supports the findings of this study are available within the article, further

data is available from the corresponding author upon request.
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