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Abstract

Electron velocity distribution functions driven by inverse bremsstrahlung heating were measured

to be non-Maxwellian using a novel angularly resolved Thomson-scattering instrument and the

corresponding reduction of electrons at slow velocities resulted in a ∼ 40% measured reduction

in inverse bremsstrahlung absorption. The distribution functions were measured to be super-

Gaussian in the bulk (v/vth < 3) and Maxwellian in the tail (v/vth > 3) when the laser heating

rate dominated over the electron-electron thermalization rate. Simulations with the particle code

Quartz showed the shape of the tail was dictated by the uniformity of the laser heating.

Statistical mechanics governs the fundamental properties of many body systems and the

corresponding velocity distributions dictates most material properties. In plasmas, a de-

scription through statistical mechanics is challenged by the fact that the movement of one

electron effects many others through their Coulomb interactions, leading to collective motion.

Although most of the research in plasma physics assumes equilibrium electron distribution

functions, or small departures from a Maxwell–Boltzmann (Maxwellian) distribution, this

is not a valid assumption in many situations. Deviations from a Maxwellian can have sig-

nificant ramifications on the interpretation of diagnostic signatures, and more importantly

in our ability to understand the basic nature of plasmas. Uncertainties in the distribution

function have implications across many areas of plasma physics including magnetic and in-

ertial confinement fusion, astrophysics, and space sciences. The uncertainty in modeling of

high-velocity electrons, including their nonlocal behavior, combined with the lack of exper-

imental constraints has led to fundamental questions about the shape of electron velocity

distributions.

In 1980, it was predicted that laser heating preferentially transfers energy to the slower

electrons driving their velocity distribution to have a flat-top, or super-Gaussian shape[1]. It

was shown that this reduction in slow electrons reduces 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[2, 3]. Challenges

in measuring absorption and the electron distribution function[4–6] have made it difficult

to verify these theories, although extensive computational work has been done over the last

forty years[7–12].

Several theoretical and computational studies have explored the evolution of the distribu-
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tion function resulting from inverse bremsstrahlung heating, including the consideration of

the relatively small electron-ion collision rate of the fast electrons [13], thermal transport[8],

and electron-electron collisions[9], which all tend to produce high-velocity electrons (tails)

and a non-Maxwellian bulk of electrons.

Historically, measurements of the electron velocity distribution function have been elusive.

Typically, Thomson-scattering experiments have assumed Maxwellian distribution functions

allowing the plasma conditions[4, 6, 14–19] to be extracted from the spectrum scattered off

electrons in the bulk (non-collective) or in the tails (collective) of the electron distribution

functions[20]. In the non-collective regime, the power scattered at a particular frequency is

proportional to the number of electrons with a velocity that Doppler shifts the frequency of

the probe laser to the measured frequency. This provides a direct measurement of the elec-

tron distribution function, but in practice, the small scattering cross section of the electron

and small number of electrons at high velocities limits this technique to measuring electrons

in the bulk of the distribution function[4]. In the collective regime, the power scattered into

the collective features is dominated by scattering from electrons propagating at velocities

near the phase velocity of the electron plasma waves, which can be significantly faster than

the thermal velocity. In theory, a measurement of the complete scattering spectrum in ei-

ther of these configurations could be used to determine the electron distribution function

without an assumption on its shape, but in practice signal-to-noise, instrumental response,

and dynamic range of instruments have limited measurements of the distribution function

to the bulk [21–27] or a predetermined class of distribution functions[5, 6, 28–34].

In this Letter, we present the first measurements of complete electron distributions with-

out any assumptions on their shape or the underlying physics that produced them. A corre-

sponding reduction in laser absorption, compared to classical absorption, of up to 37% was

measured when the electron distributions were determined to be super-Gaussian. At these

conditions the inverse bremsstrahlung heating dominated over thermalization by electron-

electron collisions, and the measured absorption was in reasonable agreement with analytic

predictions[1] that are commonly used in hydrodynamic modeling. To enable single-shot

temporally and spatially resolved measurements of the electron distribution function over

several orders of magnitude, an optical diagnostic was invented that uses the angular de-

pendence of scattering to simultaneously access the non-collective and collective nature of

plasmas. This first-principles measurement showed that during significant heating by the
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FIG. 1. (a) Experimental setup. The Thomson-scattering probe laser (green) and the view from

the temporally or spatially resolved Thomson-scattering instrument (black) are shown. (b) The

wave vectors probed by the angularly resolved instrument. (c) Measured and (d) calculated spectra

from a krypton plasma.

laser beams, the distributions had a super-Gaussian shape in the bulk (v < 3vth) with a

Maxwellian tail (v > 3vth). The super-Gaussian bulk is associated directly with the inverse

bremsstrahlung heating and is well reproduced by the previous computational work[7]. The

departure from super-Gaussian at high velocities was predicted by Fourkal et al.[9], but these

measurements show this deviation at a higher velocity. Particle simulations show improved

agreement and demonstrate the importance of isotropic heating in accurately predicting the

high-velocity tail.

The Thomson-scattering spectrum, in either the non-collective (1/kλD < 1) or collective

(1/kλD > 1) scattering regime, is uniquely dictated by the shape of the electron distribution

function (λD = vth/ωpe, where vth is the electron thermal velocity and ωpe is the electron

plasma frequency). An angularly resolved Thomson-scattering diagnostic was invented [Fig.

1(a)] that allowed the electron distribution function to be determined over nearly five orders

of magnitude (Fig. 2). The angular dependence of the Thomson-scattering spectrum was

introduced through the wave vector of the fluctuations, k2 = k2
0+k2

s−2k0ks cos θ, where each

angle probed resulted in a spectrum with a different range of frequencies with optimal signal-

to-noise. Here, the scattering angle (θ) is the angle between the probe beam (k0 = 2π/λ0)
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and the scattering directions (ks = 2π/λs) [Fig. 1(b)], where λ0 and λs are the probe laser

and scattered wavelengths in the plasma, respectively. At each angle, the spectrum is most

sensitive to a different part of the distribution function, which allowed the angularly resolved

spectrum to define a unique electron distribution function over a large dynamic range.

Experiments were preformed on the OMEGA laser system[35] at the Laboratory for Laser

Energetics. A supersonic Mach 3 gas jet [36] with an exit diameter of 2 mm was pressurized

with argon, krypton, hydrogen or nitrogen gas to achieve a uniform density neutral gas

plume 2 mm above the nozzle. Between five and eleven ultraviolet (UV, 351 nm) laser

beams were focused to the center of the gas jet. To generate a uniform plasma, each beam

used distributed phase plates, polarization smoothing, and smoothing by spectral dispersion

to achieve a uniform overlapped intensity ranging from I totalUV = 0.35−2.8×1015 W/cm2. The

energy in the 500-ps full-width at half-maximum (FWHM) flat-top pulse duration of the laser

beams was varied from 50 J per beam to 200 J per beam. A green (λ0 = 526.5 nm) 200-ps

FWHM long probe beam with ∼10 J was focused to the center of the plasma. A distributed

phase plate was used to produce a flat-top focal spot 100 µm FWHM in diameter (I2ω =

6.5×1014 W/cm2). The rise of the probe beam was delayed either 300 ps or 600 ps from the

rise of the heater beams in order to measure the plasma conditions at the end of the heating

(300-500 ps) or after the heating beams turned off (600-800 ps). The oscillatory velocity

was calculated from the total intensity, v2osc[cm
2/s2]= 739(I totalUV [W/cm2]/9+ I2ω[W/cm2]/4).

To determine the absorption of the probe beam, two high-dynamic range scientific CCD

cameras were installed to measure the incident and transmitted energy[37]. The system was

capable of measuring 0.1% absorption. On all of the shots reported here, very little beam

spray was observed and the transmitted beam was contained well within the measurement

region.

Figure 1(c) shows the measured angularly resolved Thomson-scattering spectrum where

the ensemble electron motion was encoded on the frequency of the scattered light. To decode

the complete electron distribution function (Fig. 2), the light from a 200-ps long, 527-nm

laser beam was scattered from and spectrally resolved over a large range of scattering angles

(see Supplemental Information A). For the largest scattering angles, the correlation length of

the scattering electrons was approximately equal to the electron Debye length of the plasma

and the resulting spectrum was strongly influenced by non-collective scattering. By collect-

ing the light at smaller scattering angles, two narrow features at frequencies corresponding
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FIG. 2. Electron distributions on linear (inset) and logarithmic scale determined while the laser

beams were heating the krypton plasma. The measured distribution (black points) is well repro-

duced in the bulk by a super-Gaussian function (orange curve) consistent with Matte et al. (Eq.

4, m=3.9). A formalism describing the Maxwellian tail from Fourkal et al.[9] (purple curve), a

Maxwellian distribution (blue curve), and results from particle simulation (green curve) are shown.

The 90% confidence interval on the measured distribution function (gray region) is shown.

to the electron-plasma wave resonance become dominant in the spectrum. Measuring the

scattering spectrum with continuous angular resolution over 120◦ has enabled the electron

distribution function to be determined out to ∼5 times the thermal velocity, which corre-

sponds to a dynamic range of greater than 4 orders of magnitude.

To determine an arbitrary electron distribution function from the angularly resolved

Thomson-scattering spectrum, the total power scattered was calculated across the range of

scattering angles,

Ps(λs, θ) = C
(

2λ0/λ
3
s − 1/λ2

s

)

neS(x), (1)

and compared to the measured spectrum. Here, ne is the electron density and C is a scale

factor. The dynamic form factor in this regime can be approximated by[14],

S(x) ≃

∣

∣

∣

∣

1

1 + χRe[x] + iχIm[x]

∣

∣

∣

∣

2

fe[x] (2)

where x = ω/kvth is the normalized phase velocity. By assuming the distribution function is

isotropic over the range in scattering directions probed, a single projection of the distribution

function onto each of the probed vectors was used. To maintain the highest level of generality,

the one-dimensional electron distribution function projected along the probed fluctuations
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was defined as a set of points, fe[x], where the square brackets are used to denote the

discrete domain, which consisted of 64 points. To increase the resolution of the spectral

calculation, exponential interpolation of the electron distribution function between the points

was used. The real and imaginary parts of the electron susceptibility are given by[38],

χRe = −
1

k2λ2

D

P

∞
∫

−∞

∂fe/∂x′

x′
−x

dx′, χIm = −
π

k2λ2

D

∂fe
∂x′

∣

∣

∣

∣

x

.

The calculated spectrum was convolved with the response functions of the instrument

and the measured evolution of the plasma conditions over the 200 ps measurement window

(see Supplemental Information A). The resulting synthetic spectrum [e.g., Fig. 1(d)] was

compared with the measured spectrum [Pm(λs, θ)] by calculating the χ2 =
∑

λs

∑

θ

[Pm(λs, θ)−

Ps(λs, θ)]
2/σ2 over the entire 2-dimensional spectrum, where σ is the variation of the data,

which was ∼ 5% of the signal for all shots. A gradient descent algorithm[39] was used

to find the minimum χ2
min within the 69 dimensional parameter space, which defined the

measured electron distribution function (64 points), plasma conditions (ne and Te), and scale

parameters (3 parameters).

Figure 2 shows the electron distribution function measured while five ultraviolet laser

beams, with an overlapped intensity of I totalUV = 2.8×1015 W/cm2, uniformly heated a∼1 mm3

volume of gas through inverse bremsstrahlung absorption. As predicted by theory[1], the

measurements show that slow electrons are preferentially heated to form a super-Gaussian

electron distribution. The measured electron distribution functions are well reproduced in

the bulk by the heuristic scaling determined from early Fokker-Plank simulations[7] where

the electron distribution functions were parameterized by,

fm (v) = Cm exp [− (v/amvth)
m] , (3)

with super-Gaussian order

m(α) = 2 +
3

1 + 1.66/α0.724
, (4)

α = Zv2osc/v
2
th is the ratio of inverse bremsstrahlung heating rate to electron-electron collision

rate and Z the ionization state. Normalization constants (Cm, am) maintain the standard

definitions of the first three moments (e.g. 3

2
neTe =

∫

1

2
mev

2fm(v)d
3v). For the results shown

in Fig. 2, the calculated electron distribution function (Eq. 3) is in excellent agreement

with the measurements for velocities less than ∼ 3vth when using the overlapped intensity

and the measured plasma conditions (α = 4.3+0.7
−0.6). The plasma conditions (Te = 1.16 keV,
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FIG. 3. (a) Measured super-Gaussian order (red points) is compared to Matte’s scaling law (blue

curve). (b) The measured (red circles) and calculated (blue circles) absorption (Eq. 5), normalized

to the absorption calculated assuming a Maxwellian electron distribution function, is plotted as a

function of the ratio of the inverse bremsstrahlung heating rate to the electron-electron collision rate

determined from the measured plasma conditions at the center of the plasma. Error-bars represent

one standard deviation propagated from uncertainties in the measured plasma conditions.

Z = 25) were obtained from the simultaneous measurement of the angularly resolved electron

plasma wave features [Fig. 1(c)] and collective ion-acoustic wave features (see Supplemental

Information B).

Figure 2 shows that the measured electron distribution transitions from a super-Gaussian

to a Maxwellian shape at ∼ 3vth, whereas the theory from Fourkal et al.[9] predicts an earlier

transition around ∼ 2.5vth and more electrons in the tail. This departure of Fourkal from

a super-Gaussian distribution was calculated considering a single plane-wave electromag-

netic source, where electrons oscillating in the laser field collide with electrons in the tail,

modifying the distribution function at high energies. By introducing five overlapped beams,

consistent with the experimental configuration, particle simulations using the code Quartz

(see Supplemental Information D) show the number of electrons in the tail exceeds the

super-Gaussian for velocities in the range 3.5vth . v . 4.5vth, qualitatively consistent with

the enhancement above super-Gaussian observed in the data. These results suggest that the

increased uniformity due to multiple overlapped beams reduced the energy transferred to

the high-velocity electrons.

Figure 3(a) shows the super-Gaussian order, determined by fitting the bulk of the mea-

sured distribution, as a function of the ratio of inverse bremsstrahlung heating rate to

electron-electron collision rate. The heuristic scaling from Matte et al.[7] (Eq. 4) is in good

agreement with the measurements. The order of the electron distribution function increases

from a Maxwellian (m = 2) towards a highly super-Gaussian shape (m = 5) as the inverse
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bremsstrahlung heating of the slow electrons dominates over the thermalization. The ratio

of inverse bremsstrahlung heating to electron-electron collision rate was varied by changing

the heater beam intensity (I totalUV = 0.62− 2.8× 1015 W/cm2) and the gas species (hydrogen,

nitrogen, argon, and krypton), which resulted in a range of temperatures (Te = 0.5 − 1.3

keV) and ionization states (Z = 1 − 25). The electron density was maintained throughout

these shots (ne ≈ 4× 1019 cm-3).

Figure 3(b) shows that the measured laser absorption was significantly less than the

absorption calculated assuming a plasma with a Maxwellian electron distribution. The

absorption rapidly drops to ∼ 60% of the Maxwellian expectation as the relative heating rate

increases (large Zv2osc/v
2
th). When the inverse bremsstrahlung heating rate dominates over

the electron-electron collision rate, the reduction in absorption is in reasonable agreement

with the original predictions[1],

dASG(ne, Te) =

[

1−
0.553

1 + (0.27v2th/Zv
2
osc)

0.75

]

× dAMax(ne, Te). (5)

where dAMax is the differential absorption calculated assuming a Maxwellian plasma (see

Supplemental Information E) and using the plasma conditions determined along the path of

the probe beam using spatially resolved Thomson scattering (see Supplemental Information

C). The calculated absorption shown in Fig. 3(b) was computed by integrating Eq. 5 over

the path of the probe beam.

In inertial confinement fusion plasmas, it has long been assumed that these non-

Maxwellian electron distribution functions lead to a reduction in laser heating and in

this work this reduction was measured. Furthermore, it was predicted that non-Maxwellian

distributions change the plasma wave damping, which results in a redistribution of the

thermal energy in the fluctuation spectrum. This affects the atomic transition rates used

to describe x-ray spectra[7] and plasma instabilities that grow from thermal noise, which

could have a significant impact on predictive capabilities[40–43]. In laser-plasma studies,

the agreement between the simple model of a super-Gaussian electron distribution and these

measurements in shape (Fig. 2) and scaling (Fig. 3) provides confidence in using this closed

form solution in hydrodynamic simulations as a more tractable option compared to Fokker-

Planck simulations when the details of the electron distribution function are important.

The ability to measure distribution functions opens the scope of investigation to include

non-Maxwellian distribution functions, which will improve understanding of plasma physics
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experiments and provide avenues to grand challenge plasma applications.
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