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The prediction that laser plasma heating distorts the eleabn distribution function away from Maxwellian and
towards a super-Gaussian distribution dates back four decdes [1]. In conditions relevant to inertial confine-
ment fusion, however, no direct evidence of this so-called“angdon effect” has previously been observed. Here,
measurements of the spatially and temporally resolved Thoson scattering spectrum indicate the presence of
super-Gaussian electron distribution functions that are onsistent with existing theory [2]. In such plasmas, ion
acoustic wave frequencies increase monotonically with theuper-Gaussian exponent [3]. Our results show that
the measured power transfer between crossed laser beams nigtetd by ion acoustic waves requires a model that
accounts for the non-Maxwellian electron distribution function, whereas the standard Maxwellian calculations
overpredict power transfer over a wide region of parameter pace. Including this effect is expected to improve
the predictive capability of crossed-beam energy transfemodeling at the National Ignition Facility and may
restore a larger operable design space for inertial confineent fusion experiments. This is also expected to mo-

tivate further inquiry in other areas impacted by non-Maxwellian electron distribution functions, such as laser



absorption, heat transport, and x-ray spectroscopy.

Laser fusion experiments require many overlapping lasamiseto propagate through long, underdense plas-
mas in order to precisely deposit their energy at desiredtimas, but laser—plasma interactions can complicate the
intended result [4]. Crossed-beam energy transfer (CBE©he example, whereby a frequency difference between
two lasers in the plasma rest frame resonantly drives andonstic wave (IAW) that scatters light from one beam to
the other. With96 beams overlapped in each laser entrance hole of an indireet-hohlraum, there are more than
four thousand pairwise interactions that can induce a nsaofic redistribution of laser intensity within the hohina
interior. The ability to manipulate this process via lasegfiency detuning was initially seen as beneficial for desig
with high initial hohlraum gas fill density, providing controver implosion symmetry while operating the National
Ignition Facility (NIF) at its maximum energy [5-7]. Howeyevhen integrated observables indicated that there
was less CBET than calculated, a tunable saturation clam@\whamplitudes was added to models [8], although
the level fn./n. = 10~* to 10~3) was too small to be explained by known saturation mechanishoreover,
it varied between platforms—undermining the predictiveatality of simulations. When the most comprehensive
postmortem of high-gas-fill hohlraums concluded that tulependent radiation flux asymmetry was a primary degra-
dation mechanism—alone responsible foBanto 20 x reduction in performance—errors in CBET calculations were
implicated as one possible cause [9]. Several attemptspoove CBET modeling by including feedback between
laser—plasma instabilities and hydrodynamics have retjueg not eliminated, the discrepancies between expetgnen

and unclamped simulations [8, 10].

The indirect-drive inertial confinement fusion (ICF) pragr has since shifted its emphasis to hohlraums with
lower initial gas fill density, in large part, to minimize CBE&nd backscatter instabilities [11-13]. However, therfree
expansion of ablated material from the high-Z hohlraum weltessitates the use of shorter-duration laser pulses—
constricting the available design space—and predictivédsipn modeling remains challenging. While symmetry is
now primarily controlled without resorting to frequencytaieing, calculations indicate that CBET can still signifi-
cantly impact symmetry due to flow-induced Doppler shifsgdie the hohlraum. Furthermore, some of the low gas fill

designs have in fact reintroduced small amounts of frequdetuning to help achieve a symmetric implosion [14].



Accurate CBET modeling therefore remains a top prioritydohieving high neutron yields in indirect-drive ICF.

This motivated the development of a CBET platform at the ©rsity of Rochester’s Laboratory for Laser
Energetics, where a wavelength tunable laser (TOP9) witddstudy CBET in a well-characterized quasi-stationary
plasma [15-17]. Initial experiments reported here sugtiegtthe Langdon effect may be responsible for overpre-
dicting power transfer in indirect-drive ICF relevant cdiahs. The term comes from 880 Letter in which A.

B. Langdon explained that inverse Bremsstrahlung absorpf electromagnetic radiation in plasma preferentially
heats low energy electrons, distorting the electron thistion function (EDF) away from Maxwellian and toward a

super-Gaussian of ordet = 5 [Ref. [1]]. He defined the scaling parameter,
a= Zeffvgsc/vfha (1)

whereZ.;; = (Z?) / (Z) is the effective ion chargey,,. = 0.256v/1\ [m/s] is the velocity of electrons oscillating in
the laser field, with laser intensiflyin units of W/cn? and laser wavelength specified inum; andv,;, = \/Tee—/Me

is the electron thermal velocity, where electron tempeesiy is specified in eVe is the elementary charge, and,

is the mass of an electron in kg. The parameteepresents the ratio of inverse bremsstrahlung heatinipttren—
electron collisions, which act to restore a Maxwellian rdisttion. Subsequent Fokker—Planck simulations by J. P.

Matte et al. [2] under a wide range of laser heating conditions confirnimed $uper-Gaussian EDF’s are produced in

the form
fm(v) = Crexp[—(v/vm)™], 2
wherev2, = %gg‘;%; Cpp = %W I is the gamma function, and

m(a) =24 3/(1+1.66/a’ %) (3)

is only a function ofa. Since EDF’s in that form were first discussed by C. T. Dum ia tlontext of ion sound
turbulence [18, 19], they are sometimes referred to as Dangton-Matte, or DLM, distributions. Note th@ﬂ} =
3T.e/M. for anym, meaning there is still a notion of temperature for thesgitigion functions. Equation 3 satisfied
the known limits:m — 2 for « < 1 andm — 5 for « > 1. A microwave experiment claimed to validate this theory,

albeit with density and temperature many orders of magaitadier than those typical of ICF environments [20].
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Figure 1: Platform for TOP9 experiments. A supersonic r@enhitted a nitrogen/hydrogen gas mixtirgd mm from
target chamber center. Nine beams, esiithum in diameter, ionized and heated the gas in a quasi-symmmeamner

for the first500 ps. Over the nexi00 ps, a single pump and TOP9 were turned on, and an ion acouwste nvediated
energy transfer between the two beams. Additional hea@mbeahat nearly counter-propagated with TOP9 could
be turned on during this time to accentuate the Langdonteech beams otherwise interacted minimally with the
pump and TOP9 as a result of their wavelength and geometrghEdast;00 ps, TOP9 was the sole remaining beam,
providing a baseline plasma transmission measurement9T&@minated on a thin diffuser sheet that was measured

in transmission by a CCD camera and fiber-coupled strealextrgmeter.



Although it is often assumed that the Langdon effect onlyaotp absorption in hig plasmas, such non-
Maxwellian distribution functions are known to affect thisgkrsion relation that relates the frequencand wave
numberk of ion acoustic waves [3],

3r2(3/m) 1'°
| @

o=t [t
, Wherec;, is the sound speed, which would directly impact CBET by sidfthe ion acoustic resonance. The square
root term modifies the usual dispersion relation and leads moonotonic increase of IAW frequency with super-
Gaussian order, which results from the smaller number ofdpergy electronsf[(v ~ 0)] available to shield the ion
oscillations. (Note that the sensitivity to low energy élens is very analogous to the impact on laser absorptian firs

highlighted by Langdon [1].)

Experiments were conducted as shown in Fig. 1. TOP9 wasextasith a single nearly co-propagating pump
beam in a plasma that was preformed from a mixture of hydregemitrogen gas. Its wavelength was red-shifted so
as to extract energy from the pump, and its power was themdssegl using a transmitted beam diagnostic. Results
will be shown with and without nearly counter-propagatiegter beams, which (when present) enhanced the Langdon

effect without contributing significantly to the CBET gain.

Both spatially and temporally resolved Thomson scattenage used to characterize the plasma conditions in
order to constrain the CBET modeling. To allow for a non-Malian EDF, the electron susceptibility in the colli-

sionless Thomson scattering spectral density functionoeagputed numerically for a given super-Gaussian exponent.

We began by testing the intensity scaling of the Langdorceffo do so, the number of beams present during
the 0.7 to 1.2 ns period was varied from to 4. To simplify the analysis, only heaters were used becawse dah
had nominally identical power and spatial smoothing (thelmweaker TOP9 was also present, but impacted plasma
conditions and scattering signals negligibly). Figure) 2fzows the raw data for the three heater beam case. Both the
electron plasma wave (EPW) and the ion acoustic wave featwges the sum of the scattered light from all beams.
(Note that scattering from the more numerous plasma-fagroeams is visible for the fir§t00 ps.) The heaters had

similar scattering angles with respect to the Thomson egatt collection system1()1.7°, 102.8°, and141.1°) and
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Figure 2: Thomson scattering results. (a) Time-
resolved electron and ion features for the case of three
heater beams (no pump). Lineouts were takef.at

ns (bounded by the black dashed lines). (b) The best
fit to both features indicated a super-Gaussian EDF of
orderm = 2.75. (c) With the parameters extracted
from the non-Maxwellian fit but a Maxwellian assump-
tion, neither feature was reproduced. By adjusting den-
sity and temperature, an equivalent fit could be ob-
tained for the ion feature, but electron features were
discrepant. Conversely, minimizing the residuals of the
electron features resulted in an inconsistent ion feature.
In both cases, the plasma conditions inferred from the

Maxwellian best fits resulted i@ (10%) errors in den-

sity and temperature.



were therefore overlapping in wavelength. Figure 2(b) shepectral measurements)a ns (points) along with the
best fit (solid line). The super-Gaussian exponent in thée e@as determined to be = 2.75, which increases the

frequency of IAW’s by~ 9% over an equivalent Maxwellian plasma according to Eq. 4.

To show clearly that a super-Gaussian EDF was required tbeftet data, Maxwellian fits are shown in Fig.
2(c). Keeping the plasma conditions suggested by the naxsdiéian fit, neither feature was reproduced accurately
with the Maxwellian assumption (top row). Focusing only educing the ion feature discrepancy, an equally good
fit could be obtained by increasing the electron temperdiuZ2%; this came at the expense of the electron feature,
which was then much broader than the data (middle row). Qeelg a better match to the electron feature (at
the expense of the ion feature) was obtained by loweringld@ren temperature and increasing the electron density
(bottom row). The shape of the EPW feature was very sensditiee EDF, however, and attempting to simultaneously
match the peak location, width, and plateau region was negiple with the Maxwellian assumption. Note that both
the ion feature degeneracy with respect to electron terhrerand super-Gaussian exponent, as well as the ability for
electron features to break that degeneracy, were preyiqusticted [21]. These errors in density and temperature
that would result from measuring only the electron or the fiseture, along with a Maxwellian assumption, have

significant ramifications for previous Thomson scatterirgegiments [21, 22].

The results of the intensity scaling are shown in Extendetd Bag. 1 for the time indicated in Fig. 2. The super-
Gaussian exponent measured by Thomson scattering (sextasd tow) increased with overlapped laser intensity in
excellent agreement with Eg. 3. In each casevaried little over the500-ps laser duration, suggesting the lasers
maintain a quasi-steady-state EDF as long as they remasemtre The last row contains the expected values that
were computed using Eg. 3 along with the incident laser Bitgraveraged over the Thomson scattering volume
[I = N(5.1 x 10**) W/cm?, whereN is the number of beams] and the electron temperature mebsueach case
(which increased with laser intensity to the0.2 power). The agreement suggests that Eg. 3 can be used to mpu

EDF’s when it is not possible to measure them directly.

Figure 3 shows the expected impact of the non-Maxwellian EIDFCBET for conditions similar to the
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TOP9 experiments (other than, which is left as a free parameter). This calculation ad#ptsunpolarized lin-
ear kinetic CBET formulation [8], modified to use the numallic computed non-Maxwellian electron susceptibil-
ity as in the Thomson scattering analysis. The CBET gain—winé&ates the input and output probe intensities
G = In(1,.:/I;»)—is plotted against the wavelength shift of the probe beanign 8{a). The resonance peak shifts
to higher frequency with increasing as expected from Eq. 4. Part (b) shows the local deviatian ftaxwellian at
every wavelength detuning position for each non-Maxweltase as both a ratio (upper plot) and difference (lower
plot); the fractional change is significant everywhere wiliile absolute difference in gain is maximized in the vicin-
ity of the Maxwellian resonance peak. Since the maximum gahthe integral under each resonance curve do not
change significantly [Fig. 3(c)], this effect is primarilycancern for situations where CBET is controlled via laser

wavelength detuning (e.g., indirect-drive ICF).

Figure 4 shows data from the TOP9 experiments compared taaions using the laser—plasma interaction
code IFRIIT [23, 24]. Part (a) contains results for the cashich the resonant pump plus three heater beams were

present. The non-Maxwellian EDF measured by Thomson sicagtenust be accounted for in order to match the
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measured CBET gain over the complete resonance. The erp@etEma response assuming a Maxwellian electron
distribution function (i.e., the linear kinetic model cemntly used in ICF calculations [5]) does not agree with thada
Note that the measured values in Fig. 4 were extracted from the Thomson scattefegtsa on the actual CBET
experiments (and was inferred fromm using Eq. 3), and they are therefore slightly different frtima results in

Table 1, where no pump beam was present. See Methods foroaddiinformation regarding the CBET modeling.

Figure 4(b) shows results from two shots on which the heatants were removed. In this case, the size of the
Langdon effect driven by the pump alone is less significantf 2.4 + 0.1 was measured by Thomson scattering),

and the data cannot easily distinguish between the Maxamedind non-Maxwellian models.

Figure 5 shows a calculation of the expected impact of thegtlan effect on CBET in an indirect-drive fusion

experiment at the NIF using plasma conditiofis & 2.8 keV, T; = 0.8 keV, Z = 2) taken from the literature [8].
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While both the lower atomic number of the helium fill gas andtigher hohlraum electron temperature reduce the
Langdon parameter, the much higher overlapped intensithef6 beams (each at an assumed powef Gfi\W)
more than compensates, resulting in a predicted deviatmn Maxwellian (» = 2.96) that is comparable to the
TOP9 experiments. The plot in Fig. 5(a) is an estimate of thexage gain experienced by an inner quad (beams
that illuminate the hohlraum waist) given contributiongrir every outer quad (beams that illuminate the ends of the
hohlraum), assuming a single value for the wavelength rdiffee between the inner and outer beams. As is evident
in Fig. 3(b), the higher IAW frequencies of the non-Maxweatliplasma suppress the gain on the rising edge of the
resonance feature. This remains true when summing over mgemactions, and, since most resonances are outside
NIF's available wavelength detuning ranget6 3.3 A), the non-Maxwellian calculation for NIF is systematigal
lower [as highlighted by Fig. 5(b)]. Note that the assumptib fixed plasma conditions oversimplifies the conditions
that govern CBET in an actual hohlraum, but this calculati@s intended to capture the order-of-magnitude of the
expected reduction. This level of CBET reduction would gigantly impact implosion shape as well as reduce (and
possibly eliminate) the need for a saturation clamp [8, THe non-Maxwellian CBET model could therefore greatly

improve the predictive capability of integrated ICF modgli

Of course, CBET in indirect-drive ICF is apt not to be the optpcess affected by non-Maxwellian EDF’s
in ICF plasmas and other laser-driven experiments. Ratfeeexpect that the Langdon effect is quite ubiquitous. A
nonexhaustive list of other affected areas includes imvbremsstrahlung absorption [1], heat transport [19, 2h—27
Thomson scattering analysis [21,22], other laser—plasstability growth rates [3], the design of high-fluence plas
beam combiners [17], x-ray spectroscopy analysis [2, 2@gmatohydrodynamics [28], and other plasma diagnostics

[29].
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Methods

TOP9

TOP9 is an upgrade to the OMEGA EP laser that leverages tsirexioptical parametric amplification system in
the short-pulse front end for spectrally broad amplificatid a new, tunable, narrowband fiber front end [30]. After
amplification and frequency tripling, a transport systerage relays the beam to the P9 port of the OMEGA target
chamber for joint operations with the OMEGM-beam laser. The beamline delivers u@td TW in pulses up td

ns in duration with a wavelength that is tunable fref0.2 to 353.4 nm [31].

CBET experiments and analysis

Energy conservation in CBET requires that there is a frequdifference between the interacting beams in the plasma
rest frame. Energy is transferred from the higher frequdream to the lower frequency beam, with the balance of
the energy going into the ion acoustic wave. Although flovoeil can couple frequency-degenerate lasers (since the
beams are Doppler-shifted in the moving frame of the plasowjtrolled flows are difficult to produce and diagnose,
making it hard to disentangle hydrodynamic uncertaintyf@BET physics. In contrast, the ability to tune frequencies

independently in the lab frame allows for energy transfestationary plasmas that are simpler to diagnose.

A 2-mm-outlet-diameter supersonic gas jet nozzle [32] reléa@smixture oft5% nitrogen andh5% hydrogen
gas (givingZ.sy = 6.11 when fully ionized). For the firs500 ps, nine large-diamete8$0-xm full width at half
maximum (FWHM)] plasma forming beams were overlapped aetacthamber center in a quasi-symmetric fashion,
each with~ 180 J of energy. Over the ne%0 ps, a single pump beam (with an angle of incidenceloi1° away
from co-propagating with TOP9, an energy @f J, and127 GW of power) was turned on along with TOP9 at a

lower incident power ofi0 GW. The wavelength of TOP9 was varied between shots in oml&ate out the IAW

12



resonance. To concentrate the interaction in the unifogioneand increase the single pump CBET gain, smaller
(163-um-diameter FWHM) phase plates were used for the TOP9 and peams During this epoch, additional

heater beams that nearly counter-propagate relative t®TaDE overfill the interaction volume could be added to
enhance the Langdon effect. These beams otherwise irgdraghimally with the pump and TOP9 since TOP9 was
frequency-tuned to resonantly drive small wave number tustic waves (i.e., with co-propagating beams) but not
the large wave number IAW'’s of counter-propagating beamss Was verified using a null shot with heater beams
and TOP9 but no pump. All beams used polarization smoott33 With the exception of TOP9. For the final

500 ps, the pump was turned off but TOP9 remained on, providingseline measurement of plasma transmission.
TOP9 terminated on a thin diffuser sheet inside the targeintter, the rescattered light from which was sampled in
transmission by a CCD camera and a fiber-coupled streakettrepeter (examples of the data from each diagnostic

are shown in Fig. 1).

The incident TOP9 power and energy were measured using aksteemera and an absolutely calibrated
calorimeter at a pickoff location prior to entering the &trghamber. The streaked spectrometer in the TOP9 transmit-
ted beam diagnostic was cross-calibrated by shooting ¢frgacuum into the diagnostic. On CBET experiments, the
transmitted power was impacted by energy transfer as welvasse Bremsstrahlung absorption. To isolate the effect
of CBET, the effect of absorption was determined by meaguramsmissiori” at a time after the pump turned off but
while TOP9 remained on. The CBET gain was then found fférma- In (% %) Uncertainty in the transmission
dominated the resulting uncertainty in CBET gain, and aeasfglausible transmission values was used to determine

the error bars in Fig. 4.

Thomson scattering

Thomson scattering spectra were calculated using thesiaolless spectral density function [34],

stew = 7 (1-7) 2.(5) 3 BT () g (2). ®
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where

0 Arq?inei K- Of./OV
X“’(k’w)_/ N w—k-v ©

— 00

and

e=1+Xe+ Y Xij- (7)
J

The wave number and frequency of the probed fluctuationseda¢ed to the incident (subscrip} and scattered
(subscript s) light vik = kg — k, andw = wy — w,, respectively. The electron and ion distribution functi@mef.

(assumed to be in the form of Eq. 2) afidassumed to be Maxwellian), respectively. The summatidtgins is over
all ion specieg wherep; andZ; are the fraction and ionization state of each. The EDF fagtodirectly in the first

term of Eq. 5 as well as indirectly via its slope, which enters

In practice, a synthetic spectrum is generated using Eq. tb plasma parameters as inputs, and it is then
convolved with an instrument response function and contpréhe data at a specific time. The inputs are iterated
upon in order to minimize the residuals. In cases where plalbeams contributed to the Thomson scattering spec-
trum, their individual spectra were calculated using tmespective scattering angles relative to the fixed Thomson
scattering collection optics, and their relative intdesitvithin the collection volume were used to produce a weidgh
summation. The electron feature was fit using omly 7., and super-Gaussian order as variables. lon features
were fit usingT,, T;, andm to reproduce peak separation and shape, as well as a ralafiveelocity between the

electrons and ions to reproduce the Stokes/anti-Stokdsgsyanmetry.

The collection system used a Schwarzchild objective coegbostwo concentric spherical mirrors coupled to a
Pfund objective to transport scattered light froms d00m volume at target chamber center to a pair of streaked spec-
trometers with diffraction-limited performance acrodsa¢asured wavelengths. lon acoustic features were mehsure
with 0.02-nm spectral resolution arD0-ps temporal resolution usinglam Czerny-Turner spectrometer outfitted
with a 2160-lines/mm grating and coupled to a Rochester optical stsgatem (ROSS). Electron plasma wave fea-
tures were measured with5-nm spectral resolution arid)-ps temporal resolution usingte3-m spectrometerlg0-

lines/mm) coupled to a second ROSS [35]. The ion features wemoved from the electron feature measurement

14



using a spectral notch filter to avoid saturating the streaheara.

CBET modeling

The CBET interaction was modeled using the IFRIIT lasersipia interaction code [23, 24]. IFRIIT solves the first-
order Debye expansion of the Helmholtz equation for thetetetield in 3-D geometries. Inverse ray tracing of
geometrical optics rays is used to reconstruct the phasaraptitude of the various wavefields in the plasma, including
the effects of refraction, inverse Bremsstrahlung absmmptand refraction-induced field swelling. CBET is taken
into account by adding a perturbation tefmto the permittivity seen by each wavefield. Hede,is computed
using the unpolarized linear kinetic formulation [8]. Thepolarized model assumption was verified against more
detailed calculations including the detailed spot separahduced by distributed polarization rotators. The &lat
susceptibilityy. was computed from the derivative of the plasma dispersination, using the same tabulation for the
non-Maxwellian EDF as in the Thomson scattering calcutetioThe super-Gaussian orderwas computed inline
within each mesh cell from the Langdon parameteusing Eq. 3. The surface of the 3-D interaction volume was
adaptively refined in order to ensure energy conservatidheofalculation, and pump depletion was accounted for by

iteration of the wavefield phase calculation.

The complex electric field of each beam was described witraaepivavefront and prescribed 2-D intensity
distributions. Given the sensitivity of the CBET interactito laser intensity, particular care was given to charezitey
the laser spot profiles. All beams—the co-propagating seddpamp as well as the counter-propagating Langdon
heater beams—were included in the simulations using fai-fiphtial profiles measured by equivalent target plane
images. The plasma was described using a spherical demsftief super-Gaussian shape, whose radius and order
were extracted from separate experiments in which the Thoreeattering data was spatially resolved along the axis
of the probe beam in lieu of temporal resolution. The radggity profile, which was nearly homogenous, impacted
the results negligibly. Electron and ion temperatures vassimed homogeneous and corresponded to the measured

values from Thomson scattering fits at target chamber ceflb@ise assumptions were justified given the small size of
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the interaction volume compared to the extent of the homageplasma region.

Data availability

The data represented in Fig. 2(b-c) are available as soateeird Supplementary Data 2. All other data that support
the plots within this paper and other findings of this studyarailable from the corresponding author upon reasonable

request.

Code availability

The computer programs that support the findings of this sardyavailable from the corresponding author upon

reasonable request.
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