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ABSTRACT

Heat flux was measured in coronal plasmas using collective Thomson scattering from electron-plasma waves. A laser-produced plasma from a
planar aluminum target created a temperature gradient along the target normal. Thomson scattering probed electron-plasma waves in the direc-
tion of the temperature gradient with phase velocities relevant to heat flux. The heat-flux measurements were reduced from classical values
inferred from the measured plasma conditions in regions with large temperature gradients and agreed with classical values for weak gradients.
In regions where classical theory was invalid, the heat flux was determined by reproducing the measured Thomson-scattering spectra using elec-
tron distribution functions consistent with nonlocal thermal transport. Full-scale hydrodynamic simulations using both flux-limited thermal
transport (FLASH) and the multigroup nonlocal Schurtz, Nicola€ı, and Busquet models underestimated the heat flux at all locations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086753

I. INTRODUCTION

Thermal transport in plasmas is of particular interest to inertial
confinement fusion, where a correct description of heat flux is crucial
for modeling the absorption of incident laser beams used to implode
fusion targets.1–4 Electron thermal transport is a fundamental process
in plasma physics which becomes difficult to calculate since even in
the most-modest conditions, classical theory tends to break down.
Extensive work5–19 has attempted to determine the nonlocal heat flux
that is responsible for transporting thermal energy over large distances,
but quantitative experiments are required.

In laser-produced plasmas, where energy is primarily deposited
locally at critical density, temperature gradients inherently drive non-
Maxwellian electron distribution functions as electrons carry the heat

down the temperature gradient and slower electrons carry a return
current up the temperature gradient to maintain neutrality. Classical
theory, first developed by Spitzer–H€arm,20 includes a first-order cor-
rection to the 3-DMaxwellian electron distribution function

f 3De ðvÞ ¼ f 3D0 ðvÞ þ
kei
LT

f 3D1 ðvÞ; (1)

where the amplitude of the correction is given by the ratio of the elec-
tron–ion mean free path (kei) to temperature scale length (LT ¼ Te/
rTe), f 3D1 ðvÞ ¼

ffiffiffiffiffiffiffiffiffiffi
2=9p

p
ðv=vteÞ4ð4� v2=2v2teÞf 3D0 ðvÞ cos h; f 3D0 ðvÞ

¼ ne exp ð�v2=2v2teÞ=ð2pÞ
3=2v3te; vte ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=me

p
is the thermal

velocity, and h is the angle between the electron velocity and the tem-
perature gradient. The heat flux reduces to the well-known classical
result when integrating the third velocity moment
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q ¼
ð
1
2
mev

2vf 3De ðvÞd3v ¼ �jrTe; (2)

where j is the classical thermal conductivity that depends only on the
local electron temperature and density. Classical theory breaks down
when the amplitude of the first-order correction (kei=jLTj ’ 7 �10�3)
becomes larger than the zero-order Maxwellian distribution at veloci-
ties where most of the heat-carrying electrons are present (�3.5 vte).
Physically, this failure of classical theory results from the mean free
path of the heat-carrying electrons exceeding the temperature scale
length. More computationally expensive methods of calculating the heat
flux have been developed,6,13,21,22 including the Schurtz, Nicola€ı, and
Busquet (SNB)17 model, which accounts for the velocity-dependent
mean free path of electrons.

A consequence of heat flux, and the ensuing distortion of the distri-
bution function, is to change the partition of energy between the thermal
electrons and the thermal fluctuations. This has a particularly large effect
on the amplitude of the fluctuations that have phase velocities near the
velocity of the heat-carrying electrons. The heat flux modifies both the
number of electrons and the slope of the distribution function, which
directly changes the local Landau damping of ion-acoustic and
Langmuir waves. For ion-acoustic waves in plasmas with small ion
Landau damping, these changes can lead to an unstable fluctuation spec-
trum, for example, in the case of return current instability.23–27

Collective Thomson scattering measures the fluctuation spec-
trum, and when probing electron-plasma fluctuations with phase
velocities in the region of heat-carrying electrons, the spectrum can be
used to determine the heat flux.12 When probing the ion-acoustic fluc-
tuations, the return current can be probed.28 Figure 1 shows the corre-
sponding effects to the amplitude of the Thomson-scattering spectrum
in the presence of heat flux. Furthermore, measuring the frequencies
of the electron-plasma wave and ion-acoustic wave resonances provides
measurements of the local plasma conditions.11,23,29–31 Historically,
these measured plasma conditions have been compared with hydrody-
namic simulations to study the integrated effects of thermal trans-
port,9,11,30,32 and recently, collective Thomson scattering was used to
directly measure the heat flux.12

In this paper, we present the direct measurement of heat flux
using collective Thomson scattering from laser-produced coronal
plasmas. The heat flux was measured in two ways which were used
to experimentally determine the validity of classical thermal trans-
port. The first measurement of heat flux varied the amplitude of
the first-order correction (kei/LT) in the classically derived non-

Maxwellian electron distribution functions [Eq. (1)] to reproduce
the electron-plasma wave Thomson-scattering spectra, while the
second method used the measured plasma conditions to calculate
the classical heat flux [Eq. (2)]. The plasma conditions used in Eq.
(2) were determined by measuring the electron-plasma wave reso-
nant frequency and its width, which provided the spatially
resolved temperature (Te) and density (ne) along the temperature
gradient. In regions with small relative temperature gradients
(kei=jLTj < 7� 10�3), the two heat-flux measurements agreed,
demonstrating the validity of the classical Spitzer–H€arm theory.
For larger relative temperature gradients, the flux determined
from non-Maxwellian electron distribution functions derived
from classical theory was not consistent with the heat flux deter-
mined from measurements of the plasma conditions. This experi-
mentally demonstrated that in plasmas with steep relative
temperature gradients, the classical thermal transport theory is
not valid. To determine the flux in this region, non-Maxwellian
electron distribution functions consistent with nonlocal thermal
transport were used to fit the Thomson-scattering spectra. At the
steepest relative temperature gradient, the nonlocal heat-flux mea-
surements were up to 2� smaller than the flux determined from
classical theory [Eq. (2)]. One-dimensional calculations using the
SNB model,17 initiated with the measured plasma conditions,
show a reduced heat flux compared to the classical theory but
overestimated the flux at all locations compared to the nonlocal
measurements. Full radiation hydrodynamic simulations33 that
incorporate the SNB thermal transport model underpredict the
heat flux at all measured locations.

In the following sections, the experimental configurations are
presented (Sec. II); the Thomson-scattering measurements are dis-
cussed (Sec. III); the results of the classical and nonlocal measurements
are presented (Sec. IV); and the full-scale integrated radiation hydro-
dynamic simulations of the experiments are presented (Sec. V).

II. EXPERIMENTAL CONFIGURATION
A. Laser/target

The experiments were performed on the OMEGA34 Laser System
at the University of Rochester’s Laboratory for Laser Energetics using six
351-nm laser beams with equal energies for a total of 1.5 kJ which was
delivered in a 2-ns square pulse. The beam profiles on the target were
shaped with distributed phase plates35 to be a high-order super Gaussian
(n¼ 4.6) with a full width at half maximum of 560lm. Figure 2 shows
the experimental setup where the incident angle of the beams (8�, 29�,
32�, 33�, 35�, and 40�) was minimized. The aluminum targets were
3mm � 3mm � 0.1mm. The target normals were aligned with the
wave vectors that were probed using Thomson scattering.

B. Thomson-scattering diagnostic

The Thomson-scattering diagnostic36 used a 40-J, 2-ns-long, k2x
¼ 526.5-nm probe beam with a best-focus diameter of �50lm.37 The
light scattered from a 50� 50� 50-lm volume and at an angle of
120� with respect to the probe beam was split into legs that used spec-
trometers with a low- and high-spectral resolving power to measure
the electron-plasma and ion-acoustic wave features, respectively. The
low-resolving power system used a 1/3-m spectrometer with a spectral
dispersion of 0.411 nm/pxl 6 0.4% to create a spectral window of
approximately 300nm and a resolution of 0.5 nm, while the high-

FIG. 1. Calculated Thomson-scattering features (orange, right axis) from (a)
electron-plasma waves and (b) ion-acoustic waves are shown (v/ ¼ x/k) using a
Maxwellian (solid blue, left axis) and non-Maxwellian (dashed blue) electron distri-
bution function that accounts for classical Spitzer–H€arm heat flux (kei=jLTj ¼ 2:2
�10�3; q=qFS ¼ 3%).
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resolving system used a 1-m spectrometer to obtain a spectral disper-
sion of 0.00568nm/pxl 6 0.6% over a 4-nm spectral window and a
spectral resolution of 0.05 nm. The temporal resolution of both sys-
tems was dominated by the pulse-front tilt introduced by the spec-
trometers38 and was 20 ps and 100 ps for the 1/3-m and 1-m systems,
respectively. The scattering volume was positioned at five different
locations along the target normal ranging from 1.1mm to 1.5mm
from the initial target surface (Fig. 2).

Experimental effects, including the spectral instrument function
and the finite wave vectors introduced by the numerical apertures of
the optics, broadened the Thomson-scattering spectrum. These effects
were negligible for electron-plasma wave features, but they had a sig-
nificant effect on the ion-acoustic features. The range of wave vectors
created by the finite-diameter lenses used to focus the probe beam
ðf #probe ¼ 6:7Þ and collect the Thomson-scattered light ðf #col ¼ 10Þ cre-
ated an asymmetry in the amplitudes of the ion-acoustic wave fea-
tures.39 This asymmetry resulted from the different frequency shifts of
the red- (x�) and blue-shifted (xþ) ion-acoustic features propagating
in the flowing (vf) plasma

Dx6 ¼ x06x6 ¼ 6cskþ vf � k; (3)

where k ¼ ks � k0; cs �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZTe=M

p
is the sound speed, Z is the aver-

age ionization state, M is the ion mass, and the 6 sign is used for the
red- (�) and blue-shifted (þ) solutions.

In a plasma with a component of the flow parallel to the ion-
acoustic waves, an asymmetry in the ion-acoustic peak amplitudes is
introduced by the range of wave vectors probed by the instrument.
The source of this amplitude asymmetry is a result of the asymmetry

in the frequency shifts introduced by the first term on the right hand
side of Eq. (3), which corresponds to the propagation of ion-acoustic
waves. This term causes the corresponding red- and blue-shifted fea-
tures to shift by different magnitudes when the length of the ion-
acoustic wave vector is varied. When averaging the spectrum gener-
ated by the range of wave vectors, the spectral feature with the wider
range of frequencies results in a lower relative amplitude. For example,
consider the case vf ¼ cs, resulting in Dx6 ¼ cs (k6 k). In this case,
the frequency shift of the red-shifted feature (Dx� ¼ 0) is not sensitive
to the wave vector and will experience no broadening due to finite
wave vectors of the diagnostic (at least in the plane of scattering). The
blue-shifted feature (Dx� ¼ 2csk) will experience a range of frequen-
cies proportional to the range of wave vectors, and its amplitude will
be reduced. This effect was quantified by calculating a weighted series
of Thomson-scattering spectra with the necessary range of scattering
angles.

To correct for the wavelength-dependent transmission of the
low-resolving power system, the spectral response was measured by
passing light from a broadband light emitting diode light source with a
known spectral output through the diagnostic to determine the spec-
tral sensitivity of the system [Fig. 3(a)]. At the long-wavelength end of
the spectrum, the transmission of the system was dominated by the
sensitivity of the S-20 photocathode in the streak camera. A notch fil-
ter was used to block light scattered around 530nm. Figure 3(b) shows
a measured Thomson-scattering spectrum that sits on a background
of bremsstrahlung emission emitted from the plasma and the light
Thomson-scattered from the 351-nm drive beams. A background
[Fig. 3(c)] was established at each location by turning off the
Thomson-scattering probe beam, which was subtracted from each of
the corresponding spectra.

III. THOMSON SCATTERING

Figure 4 shows the measured time-resolved Thomson-scattering
spectra from electron-plasma and ion-acoustic waves at all five mea-
surement locations along the target normal. The wavelength separa-
tion of the electron-plasma wave features, primarily given by the
electron plasma frequency (x2

pe ¼ nee2=e0me), increases with time,
indicating that the electron density increases during the laser pulse.
The density is lower farther away from the target as suggested by the

FIG. 2. The experimental setup is shown where six beams (blue) produced a blow-
off plasma from a planar target (gray). A Thomson-scattering probe beam (green)
with wave vector k0 was oriented relative to the target to probe plasma waves (k)
along the central axis, where the temperature gradient is the largest. Five
Thomson-scattering locations (red) along the target normal provided measurements
of plasma parameter profiles (Te, ne, and rTe).

FIG. 3. (a) The measured spectral response of the Thomson-scattering diagnostic.
Thomson-scattering data were corrected for the wavelength-dependent transmission.
(b) Raw Thomson-scattering spectrum from electron-plasma waves located 1300lm
from the initial target surface. (c) The experiment was repeated without the probe beam
to measure the background signal from bremsstrahlung emission and Thomson scatter-
ing from the drive beams. The background spectra were used to isolate the Thomson-
scattering signal and accurately resolve the relative amplitudes of scattering features.
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decrease in the wavelength separation between the electron-plasma
wave features. The separation between the ion-acoustic wave features
is proportional to the sound speed, while the frequency shift of both
features results from the global plasma motion. In each image, the ion-
acoustic features shift from short to long wavelengths, indicating that
the plasma flow velocity decreases with time. The separation between
the features was nearly constant in both time and space, indicating
that there was little change in the sound speed over the time and space
observed by the experiments.

A. Thomson-scattering theory

The calculated Thomson-scattered power spectrum per unit solid
angle dX and scattered frequency dxs is given by40

PsðR;xsÞdxsdX ¼ Pir
2
0LdX

dxs

2p
1þ 2x

xi

� �
neSðk;xÞ; (4)

where Pi is the incident power of the probe beam, L is the length of the
scattering volume, and r0 is the classical electron radius. The collision-
less spectral density function is given by40

Sðk;xÞ ¼ 2p
k

����1� ve
e

����
2

fe
x
k

� �
þ 2pZ

k

���� vee
����
2

fi
x
k

� �
; (5)

where ve and vi are the electron and ion susceptibility, fe and fi are the
normalized, 1-D electron and ion velocity distribution functions pro-
jected along the target normal (f ðvÞ ¼

Ð
f 3DðvÞdv? where v? is the

velocity component perpendicular to the target normal), e ¼ 1 þ ve
þ vi is the dielectric function, and

41

veðk;xÞ ¼
ð1
�1

dv
4pe2ne
mek2

k � @fe=@v
x� k � v � ic

; (6)

is the electron susceptibility. The dependence of the power scattered
into the electron-plasma wave feature on the electron distribution
function can be seen by evaluating Eq. (5) in the limit where the
electron-plasma wave phase velocity (v/) is much greater than the
thermal velocity

Ppeak /
feðvÞ

dfeðvÞ=dv½ �2
����
v¼v/

: (7)

The Thomson-scattering data were fit at each measurement loca-
tion to determine the electron temperature, density, and heat flux.
Figure 5 shows electron-plasma and ion-acoustic wave Thomson-
scattering spectra fit with the spectra calculated using Maxwellian and
non-Maxwellian electron distribution functions. The failure of
Maxwellian distributions to recover the relative amplitude and shapes
of scattering features was consistent with effects due to heat flux42 and
shows the need for electron distribution functions that include effects
of heat flux.

A v2 approach43 was used to measure the plasma parameters and
determine the statistical uncertainty of these measurements. The v2

test utilized a least-squares calculation normalized to the variance of
the data to test the difference between the measurements and the cal-
culated scattered power

v2 ¼
Xn
i¼1

ðDi � PiÞ2

r2
i

; (8)

where Di is the measured Thomson-scattering spectrum and r2
i is the

variance in the data at the ith bin over n bins. A bin corresponds to a
pixel along the wavelength direction on the detector. The spectrum
was calculated on the same wavelength grid as the measurements. The
variance was assumed to follow Poisson statistics (r2

i ¼ Di).

FIG. 4. Time-resolved Thomson-scattering spectra from electron-plasma waves (top row) and ion-acoustic waves (bottom row) are shown at five locations along the target nor-
mal. The background signal was removed, and the spectra were corrected for the diagnostic spectral response.
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The measured plasma conditions were obtained using the
electron-plasma wave spectra by adjusting the plasma parameters (Te,
ne, kei/LT, and Ti) until a minimum v2 value was found (v2min). The
uncertainty in these measurements was determined by the rate of
increase in v2 values from the minimum value. The statistical uncer-
tainty in the measurement was determined by the distribution of v2

values across the number of fitting parameters p (p¼ 3 and p¼ 2 for
electron-plasma and ion-acoustic features, respectively), with the
desired confidence level C¼ 0.68. The region of parameter space with
v2 values within D of v2min determined the statistical uncertainty44

DðC; pÞ ¼
ðC
0

tðp�2Þ=2e�t=2

2p=2Cðp=2Þ
dt; (9)

where CðzÞ ¼
Ð1
0 xz�1e�xdx is the gamma function. This analysis

resulted in statistical uncertainties of approximately 1% in both elec-
tron temperature and density measurements. The absolute error was

determined by uncertainties in the diagnostic calibration and was
dominated by the spectral dispersion and resolution. These uncertain-
ties were quantified during the calibration of the diagnostic. The spec-
tra were refit after varying the fit parameters within diagnostic
uncertainties and resulted in an absolute error of 3% and 2% in the
electron temperature and density measurement, respectively.

B. Measured plasma conditions

1. Electron-plasma wave spectrum

Figure 6 shows measurements of the electron temperature, den-
sity, and kei=jLTj. The blue-shifted electron-plasma wave Thomson-
scattering feature was used to determine the temperature and density,
and the relative amplitudes of the electron-plasma wave features were
used to determine kei/LT. The error bars on the data points correspond
to the relative (statistical) uncertainty obtained using a v2 approach.
The low statistical uncertainty is due to the high signal-to-noise ratio
in the Thomson-scattering spectra, which can be seen from the mea-
sured spectral profiles (Fig. 5). The insets in Figs. 6(a) and 6(b) show
the typical absolute error in the electron temperature and density,
respectively.

The electron–ion mean free path and temperature-scale length
were calculated from the measured plasma conditions. A fifth-order
polynomial was fit to the temperature measurements to determine the
temperature gradient. To determine the uncertainty in the temperature
gradient, the measured temperatures were varied within their relative
uncertainties and each combination was fit with a fifth-order polyno-
mial. The standard deviation of the slopes at each location was taken as
the uncertainty in the temperature gradient, resulting in error bars of
approximately 10%. Uncertainties in calculated quantities (i.e., thermal
conductivity, electron–ion mean free path, temperature scale length,
and classical heat flux) were determined using standard error propaga-
tion with the absolute uncertainty in electron temperature and density.

2. Ion-acoustic wave spectrum

Figure 7 shows ion-acoustic wave spectra and various effects on
the relative amplitudes of the ion-acoustic spectra. When the damping

FIG. 5. Measured (blue curves) and calculated (dashed–dotted curves) Thomson-
scattering spectra from (a) electron-plasma waves and (b) ion-acoustic waves are
shown at t¼ 1.5 ns into the drive pulse. A Spitzer–H€arm electron distribution func-
tion [Eq. (1)] was used to match the locations, widths, and relative amplitudes of
the scattering features. Spectra calculated using a Maxwellian distribution (black
curves) do not recover the relative amplitudes of the measurements. All the calcu-
lated spectra include instrument effects (e.g., finite collection, spectral instrument
function, and instrument sensitivity).

FIG. 6. (a) Electron temperature and (b) density measurements (points) are shown at t¼ 1.5 ns. Plasma profiles from FLASH simulations (dashed–dotted orange curve) and
2-D Troll calculations using the SNB model (dotted green curve) are included, as well as profiles used in Vlasov–Fokker–Planck and SNB calculations (solid curve). (c)
Measurements of the ratio of the electron–ion mean free path to temperature scale length using the measured plasma parameters (blue points) and from fitting Thomson-
scattering spectra with Spitzer–H€arm distribution functions (black squares) are shown. The theoretical maximum value kei=jLTj ¼ 0:007 for the Spitzer–H€arm theory to be
valid (dashed black line) is shown.
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of the ion-acoustic wave is dominated by electron Landau damping,
the relative amplitude of these features is sensitive to the shape of the
electron distribution function near the ion-acoustic phase velocities. In
these experiments, the electron Landau damping was designed to dom-
inate the ion-wave damping, and the amplitudes were expected to be
sensitive to changes in the electron distribution function driven by the
return current. As expected, calculations that use Maxwellian distribu-
tion functions fail to reproduce the shape of the measured ion-acoustic
wave spectrum. The asymmetry in the features calculated with
Maxwellian distribution functions is a result of the finite wave vectors
(see Sec. II B). For the measurement closest to the target [Fig. 7(a)], the
value of kei=jLTj required to reproduce the measured electron-plasma
wave features with Spitzer–H€arm electron distribution functions [Eq.
(1)] resulted in a smaller asymmetry in the ion-acoustic wave features
than in the data, while farthest from the target [Fig. 7(b)], the value of
kei/LT determined from the electron-plasma wave features results in an
ion-acoustic wave asymmetry that is too large. This implies that the
Spitzer–H€arm distribution functions obtained from the electron-
plasma features are not correct over the velocity range corresponding
to the phase velocity of the ion-acoustic waves. A good fit was obtained
by arbitrarily adjusting kei=jLTj in Eq. (1) to match the amplitudes of
the ion-acoustic wave–scattering features, but this electron distribution
function does not simultaneously reproduce the electron plasma wave
spectrum at the corresponding locations.

Collisional damping can also affect the amplitude of ion-acoustic
wave Thomson-scattering features and it is not included in the spectral
density function [Eq. (5)]. For kia kii	 1, where kia is the wave num-
ber of the ion-acoustic wave and kii is the ion–ion collision mean free
path, ions have a short mean free path relative to the wave number,
and the collisional damping dominates over the collisionless (Landau)
damping. As ZTe/Ti increases, ion Landau damping of ion-acoustic
waves decreases as the phase velocity extends into the tail of the ion
distribution function, while electron Landau damping remains rela-
tively constant. For ZTe/Ti � 16, ion collisional damping of ion-
acoustic waves is comparable to electron Landau damping in the kiakei

� 1 regime.45 In these experiments, a fully ionized aluminum plasma
with Te=Ti � 2 resulted in ZTe=Ti � 26 and kia kii� 0.5. The ion colli-
sional damping in this regime was larger than electron Landau damp-
ing of ion-acoustic waves, and both were much larger than ion Landau
damping. These sources of damping and asymmetry made it difficult
to isolate the relative amplitudes of ion-acoustic scattering features
from changes in the electron distribution function caused by heat flux.

IV. RESULTS
A. Classical heat flux

The ratio of the electron–ion mean free path to the temperature
scale length was determined in two ways: (1) by varying kei/LT in Eq.
(1) to recover the relative amplitude of the electron-plasma wave fea-
tures and (2) by calculating the thermal conductivity and temperature
scale length [Eq. (2)] from the measured plasma conditions (see Sec.
III B 1). Figure 6(c) compares the values of kei=jLTj calculated using
the measured plasma parameters [Eq. (2)] with those determined
from the fit [Eq. (1)] to the Thomson-scattering electron-plasma wave
features. The comparison of kei=jLTj determined in these two ways
provides an experimental test of the validity of the classical Spitzer-
H€arm heat flux model. When the two measurements agree, the
Spitzer-H€arm electron distribution function [Eq. (1)] reproduces the
measured Thomson-scattering spectrum and is consistent with the
heat flux determined by the measured plasma conditions [Eq. (2)].
When this comparison fails, the electron distribution function
required to reproduce the Thomson-scattering spectrum is not consis-
tent with the heat flux determined from the plasma conditions.

Far from the target (1500lm), both measurements of kei=jLTj are
in agreement [Fig. 6(c)], indicating that classical thermal transport is a
good model for calculating the heat flux in this regime. Figure 8 shows
that the Thomson-scattering spectra [Eq. (4)] calculated using classical
thermal transport theory [Eq. (1)] recover the relative amplitudes of the

FIG. 7. Measured (blue curves) and calculated Thomson-scattering spectra from
ion-acoustic waves are shown (a) 1100lm and (b) 1500 lm from the initial target
surface at t¼ 1.5 ns. Spectra calculated using Maxwellian electron distribution func-
tions without instrument functions (green curves), Maxwellian distributions including
wave-vector broadening (yellow curves), Spitzer–H€arm distribution functions used
to fit the electron-plasma wave features ½kei=jLTjð1100 lmÞ ¼ 5:8� 10�3; kei=
jLTjð1500lmÞ ¼ 1:5� 10�3� (purple curves), and Spitzer–H€arm distributions with
kei=jLTjð1100lmÞ ¼ 2:5� 10�3; kei=jLTjð1500lmÞ ¼ 6:7� 10�3 fit to match
the ion-acoustic wave spectrum (red curves). All curves except the green curve
include the instrument function, which is dominated by wave-vector broadening.

FIG. 8. Thomson-scattering spectra calculated using distribution functions from 1-D
Vlasov–Fokker–Planck (red line) and 1-D SNB calculations (green); the
Spitzer–H€arm model (dot–dashed) and Maxwellian distribution (black) functions are
compared with the spectra measured (blue) 1500 lm from the target. The spectra
are normalized to the blue-shifted scattering feature. The red-shifted scattering fea-
ture is isolated to show the ability of these non-Maxwellian distribution functions to
recover the relative amplitudes of scattering features.
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data but fail to match the shape of the scattering spectrum far from the
resonance (e.g., 550 nm–580nm). This implies that although the
Spitzer–H€arm distribution function is a reasonable approximation near
the phase velocity of the electron-plasma wave, it is not correct at sig-
nificantly lower velocities.

For larger relative temperature gradients, the two measurements
of kei=jLTj diverge [Fig. 6(c)]. This discrepancy indicates an inconsis-
tency between the classical electron distribution function [Eq. (1)]
used to fit the Thomson-scattering spectrum and the classical heat flux
inferred from the plasma conditions [Eq. (2)]. This result experimen-
tally demonstrates that in plasmas with steep relative temperature gra-
dients (kei=jLTj > 7� 10�3), the classical thermal transport model is
not valid.

B. Nonlocal heat flux (VFP)

Discrepancies in kei=jLTj measurements [Fig. 6(c)] closer to the
target demonstrate that the electron distribution functions in this
regime must include the effects of nonlocal thermal transport. To
ensure that the nonlocal electron distribution functions were consis-
tent with the measured electron temperature and density at all loca-
tions, Vlasov–Fokker–Planck (VFP) calculations using the K2
model18 were initialized so that over a few collision times the electron
distribution functions relaxed to reproduce the measured plasma
parameters across the entire measurement region. The electron distri-
bution function, represented as a series of Legendre polynomials
f ðt; x; vÞ ¼

P
n fnðt; x; vÞPnðhÞ, where x is the direction along the tar-

get normal, were then extracted at each measurement location and
used to calculate the scattering spectra. Polynomials up to and includ-
ing f8 were used to resolve the distribution function at the measured
electron-plasma wave phase velocities. The simulation region had a
length of 5mm, where the measurement region was located between
z¼ 1.1mm and z¼ 1.5mm as in the experiments. The boundary
conditions included a plateau of electron temperature at the higher
temperature end of the measurement region (z< 1mm). The
extended plasma profiles were required to account for nonlocal con-
tribution to heat flux outside the measurement region. The value of
the electron temperature plateau was varied from 1.2 to 2 keV in dif-
ferent runs. The boundary condition (1.8 keV) that generated the
Thomson-scattering spectra with the best match across all five loca-
tions was used to determine the heat flux.

Figure 9 shows the calculated spectra that best fit the data when
using the Vlasov–Fokker–Planck distribution functions. The calcu-
lated spectra show good agreement with the relative amplitudes of the
measurements, suggesting that the distribution functions are well rep-
resented by the Vlasov–Fokker–Planck model around the phase veloc-
ity of the electron-plasma wave resonances. At the most-collisional
location, Thomson-scattering spectra determined using nonlocal elec-
tron distribution functions from Vlasov–Fokker–Planck calculations
result in an improved fit to the data compared to using the
Spitzer–H€arm model over the entire spectrum (Fig. 8).

Figure 10 shows the heat-flux measurements at t¼ 1.5 ns into the
drive pulse. The measured heat-flux values obtained using nonlocal
electron distribution functions were lower than those obtained using
classical theory near the target where the temperature gradient was the
largest. This difference was smaller farther from the target as kei=jLTj
decreases. The measurements agree at 1500lm where classical theory
was shown to be valid.

C. Nonlocal heat flux (SNB)

Similar calculations as described in Sec. IVB were performed
using the SNB model.18 The SNB model uses velocity-dependent
mean free paths to include effects of nonlocal thermal transport.
Multigroup diffusion allows bins with larger energy to travel farther
before undergoing collisions. The heat flux is determined by the

FIG. 9. Measured red-shifted Thomson-scattering features (blue line) are shown at
four locations along the target normal. The calculated spectra are shown using
electron distribution functions from Vlasov–Fokker–Planck calculations (red) and
Maxwellian distribution functions (black). The amplitudes of these spectra are nor-
malized to the peak of the blue-shifted feature.

FIG. 10. Heat-flux measurements (red dots) are shown at t¼ 1.5 ns after the start
of the k3x beams. Classical heat-flux values determined from the measured plasma
parameters (blue triangles) are included along with the results from full-scale SNB
(dotted black line) and FLASH (orange line) simulations and 1-D SNB calculations
using the measured plasma profiles (green diamonds). The FLASH results under-
predict the heat flux due to the flatter temperature profile compared to the measure-
ments [Fig. 6(a)].
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deviation from the Spitzer–H€arm value due to the range of electro-
n–ion mean free paths.

Figure 10 shows that these 1-D calculations resulted in heat flux
reduced from classical values, but still larger than the nonlocal mea-
surements. These calculations also provided electron distribution func-
tions at each measurement location (Fig. 8). Thomson-scattering
spectra calculated using the SNB model at the most collisional location
had better agreement with the data across the complete spectrum
compared to classical theory and were in comparable agreement with
the measurements as compared to the spectra determined using the
nonlocal electron distribution function from Vlasov–Fokker–Planck
calculations. This suggests that in this regime, the SNB model accu-
rately captures the electron distribution function over a wide range of
velocities. In regions of larger temperature gradients, distribution func-
tions determined from the 1-D SNB calculation were negative near the
Thomson-scattering resonances, and a comparison between the scat-
tering spectra could not be made. This result shows the need to include
physics often missing from reduced models. For example, including
using high-order polynomials to accurately resolve the electron distri-
bution function are higher velocities (�3.5 vte).
V. SIMULATIONS
A. Classical simulations

Figure 6 shows the simulated electron temperature and density
profiles determined by full-scale hydrodynamic simulations using the
code FLASH.46 FLASH uses a flux-limited thermal transport model
that limits the heat flux to the minimum of the classical value [Eq. (2)]
and a fraction (f) of the local free-streaming flux (qFS ¼ neTevte). In
this simulation, the flux limiter was f¼ 0.06. While the simulated den-
sity values are in good agreement with the measurements, the simu-
lated temperature profile is flatter than the measured temperature
values. Simulations performed with small flux limiters (f¼ 0.04;
f¼ 0.05) predicted steeper electron temperature profiles, but tempera-
ture values are noticeably larger than the measurements. A single flux
limiter was not able to reproduce the measured temperature and tem-
perature gradient simultaneously.

B. Nonlocal simulations

Figure 6 shows electron temperature and density profiles simu-
lated in 2-D with the radiative hydrodynamic code Troll.33 The Troll
simulations are in good agreement with the measured electron density
and agree with the measured electron temperature within the absolute
error bars farther from the target. These simulations underestimate
the heat flux at all measured locations (Fig. 10) due to discrepancies in
the electron temperature profile, which are dominated by laser deposi-
tion near the critical surface [Fig. 6(a)].

VI. CONCLUSIONS

Thomson-scattering spectra were used to measure heat flux.
Probing electron-plasma waves with phase velocities of electrons that
carry thermal energy down the temperature gradient resulted in a
noticeable change in the Thomson-scattering spectra due to the devia-
tion of the electron distribution function from a Maxwellian. This
work spanned conditions where classical theory was valid
(kei=jLTj < 7� 10�3) and where the electron–ion mean free path was
too large for heat flux to be described as a local process. In the region
where the plasma was not collisional enough for classical thermal

transport theory to be valid (kei=jLTj > 7� 10�3), the measured heat
flux was reduced from classical values [Eq. (2)] determined from mea-
sured plasma conditions, consistent with nonlocal thermal transport.
The heat flux was measured by recovering the relative amplitudes of
measured Thomson-scattering spectra using electron distribution
functions obtained from Vlasov–Fokker–Planck calculations that
included nonlocal effects and maintained the measured plasma pro-
files. In the most-collisional region, the classical expression for heat
flux agreed with the measurement.

Simulations that used a reduced nonlocal17 or a flux-limited46

thermal transport model resulted in discrepancies from the measure-
ments of heat flux. Calculations that used the SNB nonlocal model
and were self-consistent with the measured plasma electron tempera-
ture and density resulted in heat flux values larger than the measure-
ments and show the need to examine the approximations made from
the Vlasov–Fokker–Planck model to be computationally efficient.
Calculating Thomson-scattering spectra using non-Maxwellian distri-
bution functions can be extended beyond thermal transport studies to
investigate various plasma effects that distort the distribution function
(e.g., Langdon effect47 and laser–plasma instabilities42).
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