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Hot electron preheat has been quantified in warm, directly-driven inertial confinement fusion implosions on
OMEGA and the National Ignition Facility (NIF), to support hydrodynamic scaling studies. These CH-shell
experiments were designed to be hydrodynamically equivalent, spanning a factor of 40 in laser energy and
a factor of 3.4 in spatial and temporal scales, while preserving the incident laser intensity of 10® W /cm?.
Experiments with similarly low levels of beam smoothing on OMEGA and NIF show a similar fraction
(~0.2%) of laser energy deposited as hot electron preheat in the unablated shell on both OMEGA and NIF
and similar preheat per mass (~2 kJ/mg), despite the NIF experiments generating a factor of three more
hot electrons (~1.5% of laser energy) than on OMEGA (~0.5% of laser energy). This is plausibly explained
by more absorption of hot electron energy in the ablated CH plasma on NIF due to larger areal density, as
well as a smaller solid angle of the imploding shell as viewed from the hot electron generating region due to
the hot electrons being produced at a larger standoff distance in lower-density regions by stimulated Raman
scattering, in contrast to in higher-density regions by two-plasmon decay on OMEGA. The results indicate
that for warm implosions at intensities of around 10*® W/cm?, hydrodynamic equivalence is not violated by
hot electron preheat, though for cryogenic implosions, the reduced attenuation of hot electrons in DT plasma

will have to be considered.

I. INTRODUCTION

In direct-drive inertial confinement fusion (ICF),!3
laser light ablates a spherical shell in order to implode
fusion fuel to temperatures and densities sufficient to ini-
tiate thermonuclear fusion reactions in the hot-spot re-
gion and ignite the capsule. Hot-spot ignition designs
consist of cryogenic deuterium-tritium (DT) fuel inside
of an ablator made of CH or other materials with high
hydrodynamic efficiency. Currently, cryogenic direct-
drive experiments are conducted at the 30-kJ] OMEGA
laser facility,* with the best-performing implosions hav-
ing demonstrated an ignition threshold parameter® that,
when scaled to the 2-MJ laser energy of the National Ig-
nition Facility (NIF), is within 25% of ignition.® Direct-
drive cryogenic implosions may be performed on NIF
in the future. The factor of up to 70 extrapolation in
laser energy and 4 in spatial dimension of cryogenic tar-
gets presents a challenge in projecting implosion perfor-
mance from OMEGA to NIF. Though state-of-the-art
radiation-hydrodynamics codes, benchmarked to experi-
ments on OMEGA and NIF, are used to guide ignition
designs, a simpler, hydrodynamic scaling” is presented
as a first step or “baseline” for approximating expected
direct-drive performance on NIF.

This scaling, based on analytic formulas predicated on
a fixed implosion velocity, ablation pressure, and adia-
bat (the ratio of the pressure in the imploding shell to
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Fermi-degenerate pressure), describes how ICF observ-
ables should vary with laser energy or capsule dimen-
sions, assuming that experiment inputs are appropriately
scaled. Validity of, or deviation from, hydrodynamic
scaling across the OMEGA /NIF energy scale can be as-
sessed using experimental platforms available with cur-
rent NIF capabilities and underpins the extrapolation to
ignition scale. Hydrodynamic scaling in cylindrical im-
plosions has been studied at OMEGA and NIF, show-
ing similar levels of hydrodynamic instability growth, as
expected.® The concept of hydrodynamic scaling has also
been explored in simulations of direct-drive implosions.”"?

Deviation from hydrodynamic equivalence can be
caused by various physical mechanisms whose relevant
scale lengths do not increase linearly with spatial scale,
such as electron thermal transport” or laser-plasma insta-
bilities (LPI).!° Hot electron preheat generated by LPI,
which can degrade compressibility and implosion per-
formance in cryogenic ICF implosions,'! does not nec-
essarily obey hydrodynamic scaling and must be mea-
sured empirically at the relevant scales. Previous experi-
ments have studied hot electron preheat and its effects in
planar'? 18 and spherical geometry'!1972! at a variety of
intensities and scales?? relevant to direct drive ICF, in-
cluding approaching or achieving ignition-relevant scale
legnths.

Here, hydrodynamically scaled OMEGA and NIF
room temperature (“warm”) target implosions, spanning
a factor of 40 in laser energy and 3.4 in spatial and

temporal scales and conducted in both symmetric direct
drive (SDD) and polar direct drive (PDD)?? illumina-



tion geometry, were used to study hot electron preheat
at each scale to determine whether preheat causes devia-
tion from hydrodynamic equivalence in warm implosions.
While NIF preheat results were published previously,2°
this work significantly extends those findings to OMEGA
scale, and incorporates x-ray imaging data at both scales,
to assess the validity of hydrodynamic scaling. The re-
sults show that although more hot electrons are gener-
ated on NIF than on OMEGA, normalized to the incident
laser energy, preheat energy deposited into the implosions
scaled proportionally with laser energy. This result indi-
cates that the validity of hydrodynamic scaling between
OMEGA and NIF is not adversely affected by hot elec-
tron preheat in warm implosions.

This paper is organized as follows: principles of hydro-
dynamic scaling are outlined in Section II; experimen-
tal results from implosion experiments to evaluate hot
electron preheat in hydro-scaled implosions on OMEGA
and NIF are presented in Section III; interpretation of
the data and its implications for extrapolating direct-
drive implosion performance and hot electron preheat
to ignition-relevant implosions, as well as future exper-
iments, are discussed in Section IV; and concluding re-
marks are presented in Section V.

Il. HYDRODYNAMIC SCALING

Hydrodynamic equivalence in direct-drive implosions”

is predicated on the scale-invariance of the Euler equa-
tions describing conservation of mass, momentum, and
energy. These equations can be written in dimension-
less variables scaled by a single parameter that is equiv-
alent to the Mach number. Implosions that are hydro-
dynamically equivalent are therefore defined by having
the same Mach number and, consequently, the same im-
plosion velocity, ablation pressure, and adiabat.” Time
is proportional to linear spatial dimension. In order to
maintain the same implosion velocity, the absorbed laser
energy (assumed proportional to the incident laser en-
ergy) is proportional to the shell mass. Fixed ablation
pressure requires that laser intensity be unchanged. This
equivalence forces laser power to be proportional to the
square of the capsule radius and, with time proportional
to spatial dimension, laser energy to be proportional to
the cube of the capsule radius, or volume. Mass den-
sity and energy density, and consequently pressure and
temperature, are fixed.

These relationships determine the scaling of ICF ob-
servables for hydrodynamically equivalent implosions and
can be used to assess the conformity with hydrodynamic
scaling. For example, fusion yield, Y oc n?(ov)V 7, where
n is the reactant density, (ov) is the fusion reactivity
(strictly a function of temperature), V' is the burn vol-
ume, and 7 is the burn duration. With density and tem-
perature fixed, the only scaled factors are the volume
(x R® or E) and time (o< R or E'/?). Therefore, yield
scales like R* or E*/3. A summary of ICF experimental

TABLE I. Idealized scaling of input experimental parameters
for hydrodynamically equivalent implosions with either spa-
tial dimension R or energy F.

Parameter R Scaling E Scaling
Time xR o EY3
Laser Intensity Fixed Fixed
Laser Power x R? x E%*3
Laser Energy x R3 x FE
Shell Radius xR o EY3
Shell Thickness xR o« EY3
Gas Density Fixed Fixed

inputs and their hydrodynamic scaling with spatial scale
or laser energy is shown in Table I.

Hydrodynamic scaling is intended as a simplified scal-
ing that omits certain elements of physics not expected
to be scale-invariant, such as LPI. Therefore, in order
to evaluate the validity of hydrodynamic scaling in prac-
tice, it is essential to perform experiments that directly
determine those effects at different scales.

I1l. HYDRODYNAMICALLY-SCALED HOT ELECTRON
PREHEAT EXPERIMENTS

As hot electron preheat is a critical energy deposition
mechanism that can hinder performance and affect ex-
trapolation from OMEGA to NIF implosions, it is neces-
sary to conduct experiments at each scale to determine
the scaling of preheat under hydrodynamically equivalent
conditions.

A. Implosion Design

Ds-gas-filled CH shell implosions have been studied
extensively on NIF in the PDD configuration®® to un-
derstand laser energy coupling, implosion symmetry,
and cross-beam energy transfer mitigation at ignition-
relevant scales.?426 These implosions, driven by 192
beams of 351 nm light divided into 48 sets of 4 beams
(“quads”), were adapted for studies of hot electron pre-
heat. The capsules consisted of glow-discharge polymer
(GDP) CH shells, some of which contained a Ge dopant
at nominally ~4% atomic concentration over an inner
layer of the shell in order to diagnose hot electron energy
deposition.!:2° The principle of the experiment is that
for nominally identical implosions, with the same target
diameter, shell mass, and laser intensity, the implosions
containing the Ge dopant will produce more hard x rays
due to the higher atomic number, with the difference in
hard x-ray energy between experiments with and with-
out the dopant, or with different thicknesses of the Ge-
doped layer, being used to infer the hot electron energy
deposited in the various layers.
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FIG. 1. (Color online) Nominal (a) capsule dimensions and (b) laser pulses used in hydrodynamically-scaled NIF and OMEGA
direct drive implosion experiments with pure CH ablators. Thickness and placement of Ge-doped layers in NIF implosions is
shown in (c). The NIF portion of the figure is partially reprinted with permission from A. A. Solodov et al., Phys. Rev. E,
106, 055204 (2022), Ref. [20]. Copyright 2022 by the American Physical Society.

The nominal thickness for pure CH shells was 120 pm,
with the thickness for shells containing Ge adjusted in a
way that preserved mass equivalence. The nominal shell
diameter was 2360 pm, with 20 atm of Do gas. The 6.9-
ns laser pulse design was similar to those used in previous
NIF PDD implosions,?*?® with a 2-ns foot, followed by
an exponential ramp to a 2-ns flat top. The foot power
was doubled to 56.8 TW to increase the adiabat (from
2.8 to 3.8 according to simulations) and provide better
implosion stability. Peak power was nominally 173 TW,
with a total laser energy of 732 kJ. The incident laser
intensity was 10> W/cm?. Ge-dopant layer thicknesses
were either 59.2 um, 46.6 pum, 34.8 pm over the inner
portion of the shell, or 32.5 um at a depth of 28.9 pum
from the inner shell surface. These NIF experiments were
previously reported in Ref. [20].

Following the relationships in Table I, scaled im-
plosions were designed at a laser energy of 18 kJ on
OMEGA, limited by the available energy to illuminate
the target in PDD using 40 beams. The incident laser
intensity was designed to match that on NIF. The shells
were nominally 686 pm in diameter, with a pure-CH
thickness of 35 pum and the same 20-atm D> fill. On
OMEGA, inner 4.3% to 4.4% Ge-doped layer thicknesses
of 10.6 pm or 16.5 pum were used in some experiments,
mass equivalent to the pure-CH shells and close to hydro-
equivalent to two of the NIF capsule designs with Ge
dopant. The laser pulse was 2.0 ns in duration, with a
peak power of 14.6 TW. Capsules were illuminated in

both symmetric direct drive (SDD, 60 beams) and polar
drive (40 beams) configurations. Nominal capsule and
laser properties for the NIF and OMEGA experiments
are illustrated in Figure 1(a)-(b), while the thickness and
position of Ge-doped layers in NIF implosions is illus-
trated in Fig. 1(c).

Though the implosions were designed to be hydrody-
namically equivalent, differences in OMEGA and NIF
laser drive may be expected to affect adherence to hy-
drodynamic scaling as well as hot electron preheat. In
addition to the one-dimensional (1D) laser energy cou-
pling and energy transport considerations mentioned in
Section II, multi-dimensional effects due to laser-beam
smoothing seeding hydrodynamic instabilities and the
polar drive configuration may affect the implosion. On
NIF, laser smoothing consisted of 1D smoothing by spec-
tral dispersion (SSD)?” at a bandwidth of 90 GHz. For
this study, implosions on OMEGA were conducted either
with 2D SSD with a bandwidth of 0.3 THz,%® or with no
SSD modulation. OMEGA experiments used polariza-
tion wedges?® for additional smoothing and, as such, the
no-SSD experiments are considered to have laser smooth-
ing approximately equivalent to NIF. On OMEGA, the
SDD experiments were conducted either with or with-
out SSD, while the PDD experiments were only con-
ducted without SSD. The NIF PDD laser beam point-
ing consisted of 4 rings at different polar angles in each
hemisphere,20-24 while OMEGA PDD?° uses 3 ringsat
port angles of 21°, 42°, and 59°, pointed to 112 pm, 143



pm, or 196 um above or below the target center along the
symmetry axis, with a defocus of 0.06, 0.1, or 0.18 mm,
respectively. The beam spot sizes and shapes as deter-
mined by distributed phase plates (DPP)3! also do not
exactly scale between OMEGA and NIF. No wavelength
detuning was used on either facility.

B. Simulations

Radiation-hydrodynamics simulations using the 1D
code LILAC?? illustrate the degree to which hydrody-
namic scaling is expected to be followed in these NIF
and OMEGA implosions. The simulations included non-
local electron thermal transport,3 first principles equa-
tion of state tables,?* and multi-group diffusion radiation
transport. Laser energy deposition was modeled using
three-dimensional laser ray trace with cross-beam energy
transfer.?’ Laser beam profiles were approximated by a
super-Gaussian of 4.5 order with 1/e radius of 860 ym on
the NIF and fits of measured profiles on OMEGA (close
to super-Gaussian of 4.2 order with 1/e radius of 286 pm,
as determined by the DPP).3¢ Figure 2 shows the radial
shell positions (outer, inner, and maximum-density) and
the shell velocities as functions of time in the simulations
for the nominal hydro-scaled plastic-shell targets on (a)
the NIF and (b) OMEGA. Fig. 2 demonstrates that the
implosions are almost hydro-equivalent with nearly the
same shell velocities and shell positions close to hydro-
equivalent as both NIF and OMEGA implosions converge
by about a factor of 1.75 in the middle of the flat-top por-
ton of the laser pulse. Although these simulations do not
capture the multi-dimensional effects of the PDD implo-
sions, they indicate a good hydro-equivalence in the NIF
and OMEGA experiments overall.

C. Experimental Results

Data were obtained on six NIF experiments, two with
pure CH ablators and four with Ge-doped layers of vari-
ous thicknesses. For OMEGA, ten experiments were con-
ducted, three with pure CH ablators and seven with Ge-
doped layers. Of the OMEGA experiments, three were in
symmetric drive with SSD, three were in symmetric drive
without SSD, and four were in polar drive without SSD.
Average as-shot laser and capsule parameters are sum-
marized in Table II. The experimental conditions closely
follow the hydrodynamic scaling prescription, especially
for the PDD implosions without SSD.

Time-gated x-ray self-emission images, from which im-
plosion trajectory and shape are inferred, demonstrate
that hydrodynamic scaling was approximately satisfied
across the OMEGA and NIF experiments to within mea-
surement uncertainty. Images and inferred ablation-front
trajectories are shown in Figure 3. NIF images were ob-
tained using hardened gated x-ray detectors (HGXD),3”
examples of which from shot N180903-002 are shown in
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FIG. 2. (Color online) 1D LILAC-simulated outer 1/e of max-
imum (blue solid), inner 1/e of maximum (blue dotted), and
maxium-density (blue dashed) shell position, shell velocity
(red) and laser pulse shape (black dashed) as a function of
time for nominally hydrodynamically-equivalent CH-shell di-
rect drive implosions on (a) NIF and (b) OMEGA. The time
and spatial axes are hydrodynamically scaled. The calcula-
tions predict implosion properties close to hydro-equivalent.

Figure 3(a). The images show the emergence of even-
mode (Legendre polynomials of mode 2, 4, and 6) asym-
metries as the shell convergences by a factor of ~2 until
t = 7 ns, shortly after the laser turns off. The shell is
slightly oblate as a consequence of the polar drive geom-
etry with DPPs optimized for indirect drive. X-ray fram-
ing camera images were obtained on OMEGA at a polar
angle of 100.81°, slightly below the equator. Example im-
ages from an OMEGA PDD implosion, shot 96840, are
shown in Figure 3(b). The images show a qualitatively
similar shell morphology to those on NIF despite differ-
ences in the polar drive illumination, though the mode 4
asymmetry is less pronounced on OMEGA. The qualita-
tive similarity of the gated x-ray images are sufficient to
demonstrate that implosion morphology does not signifi-
cantly affect the comparison of 1D energetics and preheat
scaling.

The ablation front radius for both NIF and OMEGA
implosions is taken to be the angular average radius of the
surface of steepest gradient of x-ray emission, as in previ-
ous studies of laser energy coupling in NIF and OMEGA
direct-drive implosions.26-38:3% Three sets of implosion
trajectory data from each of NIF and OMEGA are shown
to demonstrate shot-to-shot repeatability and the equiv-



TABLE II. Average experiment parameters on NIF, scaled value based on 18 kJ laser energy, and actual parameters on OMEGA.
The uncertainties represent standard deviations over the ensemble of 6 NIF shots and 10 OMEGA shots. OMEGA experiments
are categorized by either symmetric direct drive (SDD) or polar direct drive (PDD), and by SSD being on or off. Capsule
thickness is averaged over two CH-only experiments on NIF, and a single CH-only experiment in each category on OMEGA

Parameter NIF Scaled OMEGA SDD OMEGA SDD OMEGA PDD

to 18 kJ SSD on SSD off SSD oft
Laser energy (kJ) 71546 18 19.2+40.1 18.9+0.4 17.7+0.05
Peak laser power (TW) 172£2 14.8 16.2£0.2 16.9£0.4 15.1£0.1
Capsule diameter (um) 23667 693 684+3 687+4 684+6
Capsule thickness (pm) 118.2+0.1 34.6 34.4 34.1 34.4
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FIG. 3. (Color online) X-ray self-emission data from PDD
implosions, including (a) images obtained on the NIF equa-
tor on shot N180903-002, (b) images obtained at an angle
of 10.81° off of the equator on OMEGA shot 96840 and (c)
inferred ablation-front radii as a function of time, with NIF
data points hydrodynamically scaled to 18 kJ energy.

alence of implosions with and without Ge dopant. The
ablation front trajectories from OMEGA implosions are
shown, overlaid with the hydrodynamically-scaled NIF
ablation front trajectories, in Figure 3(c). The shells have
converged to a similar radius at the OMEGA-equivalent
time of ¢ = 1.5 ns. For OMEGA trajectories, a nominal
uncertainty of £3 pm is used, based on the ratio of image
noise to the x-ray emission gradient length around the ab-
lation front,3® inferred from a sample image on shot 96840
around t = 1.5 ns. This error bar is also approximately

the standard deviation in the inferred radius from 72 li-
neouts at different azimuthal angles around the image.
For NIF, the standard deviation in the inferred steepest-
gradient radius around the image is 14 pm which, scaled
to OMEGA dimensions, corresponds to a nominal uncer-
tainty of £4 pm. The absolute timing on OMEGA is
accurate to approximately £50 ps, while the inter-strip
timing is known to roughly £20 ps.

The implosion velocity on OMEGA appears slightly
faster than that on NIF between t = 1.5 and ¢t = 2.1 ns,
with an average velocity of 11846 pm/ns on NIF, while
OMEGA shot 96840 has a velocity of 14448 pm/ns. This
may be due in part to subtle deviation from hydrody-
namic equivalence in the experimental input conditions
or reduced energy coupling due to greater cross-beam en-
ergy transfer (CBET) on NIF. LILAC simulations show
a reduction in energy coupling during peak power due to
CBET by 32% on NIF and by 27% on OMEGA. Overall
the energetics are approximately comparable throughout
the pulse. That the convergence ratio of the shell at the
end of the pulse is similar suggests that the comparison of
inferred hot electron preheat deposited in the unablated
shell for NIF and OMEGA implosions is valid.

Importantly, scattered light data demonstrate that,
for both NIF and OMEGA implosions, the presence of
the Ge dopant does not affect the laser-plasma interac-
tions and therefore the hot electron source. Figure 4
shows time-resolved scattered light data, either the av-
erage of SRS-band fast diode measurements obtained in
full aperture backscatter stations (FABS) covering eight
beam ports at 30° and 50° from the south pole on NIF4°
[Fig. 4(a)] or the FABS-measured half-harmonic (w/2)
emission from the time-resolved optical streak camera in
Beam 25 on OMEGA [Fig. 4(b)].*! As demonstrated
previously, the NIF scattered light spectrum consists en-
tirely of SRS features,'®24 while OMEGA implosions
generated w/2 light indicative of TPD.*? The NIF exper-
iments shown here are shots N180903-001, N180903-002,
N180904-001 [see Fig. 1(c)]. The OMEGA experiments
are four PDD shots with SSD off, one with a pure CH
ablator, two with a 10.6 um Ge-doped CH layer, and
one with a 16.5 ym Ge-doped CH layer. The NIF time
axis is absolute, while the OMEGA time axis is arbitrary,
with the curves shifted so that their falling edges line up,
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FIG. 4. (Color online) Time-resolved scattered light data obtained in FABS from (a) NIF implosions, for experiments with
varying thicknesses of the Ge-doped layer (including none) and (b) OMEGA PDD implosions without SSD. The NIF data are
SRS scattered light averaged over eight FABS beams, while he OMEGA data are w/2 emission from TPD obtained in a single
FABS. The NIF data are absolutely timed, while the OMEGA data have been shifted on the arbitrary time axis to line up the
peak of the signal. Both sets of experiments show that scattered light, and therefore the underlying hot-electron generation
processes, are not affected by Ge in the unablated shell (OMEGA shots 96840, 96842, and 96843 contained Ge dopant).

expected to correspond to the end of the laser pulse. In
both cases, the curves for scattered light on implosions at
each facility overlay almost exactly. The NIF SRS signal
is fairly constant with time throughout the period corre-
sponding to peak power, while the OMEGA w/2 signal
increases nearly linearly with time, with a peak at the
end of the laser pulse. Both data sets confirm that, at
each scale, LPI and hot electron production were identi-
cal in experiments with or without Ge dopant.
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FIG. 5. (Color online) Time-integrated hard x-ray spec-

tra inferred from eight channels of FFLEX data on NIF,
for experiments with varying thicknesses of the Ge-doped
layer, corresponding to the same experiments for which SRS
data is shown in Figure 4(b). Though a simple thick-target
bremsstrahlung (exponential) fit is shown here, the data were
analyzed using a Monte Carlo model of hot electron transport
(see Fig. 1(h) in Ref. [20]).

Hot electron preheat was inferred from hard x-ray
measurements obtained using the filter fluorescer x-ray
(FFLEX) diagnostic on NIF4? and the hard x-ray detec-
tor (HXRD) on OMEGA.*45 The FFLEX signal with

up to 10 channels is fit using a Monte Carlo model
of hot electron energy deposition and resulting hard
x-ray emission.'*?? Hard x-ray spectra inferred from
FFLEX measurements in three experiments with differ-
ent amounts of Ge dopant, corresponding to the scattered
light data in Figure 4(b), are shown in Figure 5. The
single-temperature fits to the 8 channels shows similar
hard x-ray slope temperatures (Thot = 5642 keV) and
total hard x-ray emission that increases with the amount
of Ge dopant, as expected.!!'2? Analysis of the NIF data
was presented in Ref. [20]. The OMEGA HXRD consists
of scintillators filtered to be sensitive to x rays above en-
ergies of ~40 keV, ~60 keV, and ~80 keV. The signal is
fit to a single-temperature (1-T) hot electron model (T}t
= 50+£5 keV) based on the preheat formula as described
in Ref. [11]. Each diagnostic is absolutely calibrated, so
that the absolute hard x-ray fluence is measured, allowing
for inference of absolute hot electron energy deposited.
The difference in time-integrated hard x-ray fluence be-
tween experiments with Ge-doped layers with different
thicknesses was related to the profile of hot electron en-
ergy deposition using either Geant4 Monte Carlo model-
ing for NIF data?® or a formula'! for preheat in different
layers for OMEGA data.

The hard x-ray spectrum fit using 8 FFLEX channels
on the NIF, spanning the energy range from 50 to 250
keV, ensures a good accuracy of the measured hard x-
ray energy and slope temperature. 3D Maxwellian elec-
tron distributions were used in the analysis of the NIF
and OMEGA experiments, for which the hot-electron
temperature coincides with the slope temperature of the
bremsstrahlung emission in a thick target,*%4” which
has been confirmed by Geant4 Monte Carlo simulations.
Hard x-ray measurements using HXRD have been re-
cently compared to the measurements using other two
hard x-ray detectors*® available on OMEGA: the hard x-
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FIG. 6. (Color online) Inferred cumulative hot electron fraction (fnot) as a function of position in the shell (Rinner representing
the inner shell surface) for (a) NIF and (b) OMEGA experiments. The local deposited preheat per mass, proportional to the
radial derivative of the curves in (a)-(b), are shown for NIF and OMEGA in (c) and (d) respectively. The NIF curves are a
Monte Carlo model fit to the experimental data points, while the OMEGA data are obtained using the preheat formula from
Ref. [11]. OMEGA data were obtained for symmetric direct drive (SDD) either with (green) or without (blue) SSD, and for
polar direct drive (PDD) without SSD (red). OMEGA SDD experiments with SSD off used only one thickness of the Ge-doped
layer so the average preheat per mass is averaged over a larger region. NIF data [(a),(c)] were originally published in Ref.
[20] and are reprinted with permission from A. A. Solodov et al., Phys. Rev. E, 106, 055204 (2022). Copyright 2022 by the
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ray image plate (HXIP) and the bremsstrahlung MeV
x-ray spectrometer (BMXS). HXIP and BMXS have
been used to diagnose hot-electron production in sev-
eral other experiments, particularly in the laser-plasma
interaction experiments at shock-ignition relevant laser
intensities,'®16:22 some of which utilized K-shell emis-
sion from fluorescent Cu tracer layers to complement the
hard x-ray measurements. Although some disagreement
in x-ray slope temperature using these three detectors
was observed*® due to uncertainties in the instrument re-
sponse functions, the disagreement was small (<10 keV)
around 50 keV, the temperature in the present experi-
ment. This uncertainty is not expected to significantly
affect the validity of these results.

Potential uncertainty from Monte Carlo simulations,
which are widely used to study the transport of hot elec-
trons in the experiments but do not account for ionization
effects and possible electromagnetic fields in a plasma,
are likewise not expected to significantly alter the present

findings. It has been specified that a target in the plasma
state stops and diffuses electrons more effectively than a
cold target,*® although this is expected to have a weak
or limited effect in the dense plastic shell (undoped or
doped with Ge), where the temperature is within 15 to
30 eV according to hydrodynamic simulations in our ex-
periments and the plasma is weakly ionized. As sug-
gested by Geant4 simulations, the dominant contribution
to the bremsstrahlung emission comes from the energetic
electrons depositing most of their energy in the dense
shell. Resistive electric fields were found to slow down
fast electrons®® 52 in solid-target experiments at the laser
intensities exceeding 10'® W/cm?, relevant to fast igni-
tion, however, this effect was found to be negligible®?:>2
for the laser intensities below (2 to 5)x10'® W/cm?, rel-
evant to direct drive. Hot-electron bremsstrahlung emis-
sion is not affected by the target ionization, except for
the low-energy photons below ~5 to 10 keV (irrelevant
to our analysis), for which the details of nuclei screening



by atomic or plasma electrons become important in the
emission process.®?

The preheat formula uses the stopping power valid for
a plasma® and has been extensively tested and found to
be accurate for implosions on OMEGA, where the pre-
heat per fuel mass is approximately uniform.'°>. De-
tailed Monte Carlo simulations, however, are appropri-
ate for the NIF experiments, where hot-electron energy
deposition in the shell is very nonuniform.

The inferred cumulative hot electron fraction (fhot =
Ehot/Elaser) as a function of position within the initial
shell and the local deposition of hot electron energy per
mass are shown for NIF and OMEGA hydrodynamically
scaled implosions in Figure 6. The NIF experiments show
a total fpor of 1.5% [Figure 6(a)], most of which is ab-
sorbed in the ablated plasma, consisting of the outer 40
pm of initial shell material. The local deposited pre-
heat energy, which is effectively proportional to the ra-
dial derivative of the cumulative fyq, is likewise highest
in the ablated plasma region [Figure 6(c)]. Within the
unablated, imploding shell, about 0.4% of laser energy
is deposited as preheat, which rapidly falls to around
0.2% over the inner ~80% of shell material while the lo-
cal preheat energy per mass is around 1.5 kJ/mg at the
innermost shell region. On OMEGA, the total hot elec-
tron fraction is lower, around 0.5% for PDD or SDD im-
plosions with SSD off (around 0.3% for SDD implosions
with SSD on), though the preheat energy deposited in
the unablated shell is similar to NIF. On OMEGA, with
SSD off, around 0.3% of laser energy is deposited as hot
electron preheat into the entirety of the unablated shell,
and around 0.15% into the inner 60% of unablated shell.
With SSD on, preheat is reduced by approximately 40%.
The primary difference between preheat profiles on NIF
and OMEGA implosions is the absorption of hot electron
energy in the ablated plasma, which is significantly lower
on OMEGA. On OMEGA with SSD off, the average pre-
heat per mass over the outer unablated shell and ablated
plasma is only ~2 kJ/mg, falling slightly to around 1.6
kJ/mg in the innermost shell, which is comparable to the
preheat per mass in the inner portion of the shell on NIF
[Figure 6(c)-(d)].

IV. DISCUSSION

The profiles of deposited hot electron preheat on
OMEGA and NIF support several takeaways. Most
saliently, the results demonstrate the validity of hydro-
dynamic scaling, at least with respect to hot electron
preheat, of warm CH implosions. The fraction of laser
energy deposited into the shell and the local deposition
of preheat energy per mass are within ~10% of each
other on OMEGA and NIF. Therefore, the impact of
preheat on implosion behavior is inferred to be similar
on OMEGA and NIF and does not affect hydrodynamic
scaling, despite differences in the underlying LPI behav-
ior (i.e. TPD on OMEGA versus SRS on NIF). For ex-

ample, the expectation that areal density scales with the
scale factor is not expected to be violated by preheat.

One important observation from the difference in to-
tal hot electron production on OMEGA and NIF, despite
similar levels of preheat deposited in the shell, is that ab-
sorption of hot electron energy in the ablated plasma is
a significant effect. This difference in hot electron atten-
uation in the ablated plasma between NIF and OMEGA
may plausibly be attributed to two factors. One is the
hot electron source, which on NIF is SRS!3:%6:57 and on
OMEGA is TPD.*? Because TPD occurs at higher den-
sities than SRS (0.25 n. for TPD versus 0.15 to 0.25 n.
for SRS®7) hot electrons are produced at a smaller radius
on OMEGA and therefore the unablated shell effectively
has a larger solid angle as viewed from the hot electron-
producing region and intercepts a higher fraction of hot
electrons. The other, more straightforward factor, is the
areal density of the ablated plasma, which is expected to
be larger on NIF by a factor of ~3.4 based on the longer
scale length and therefore to absorb more hot electron
energy.

Within the OMEGA results, it is inferred that laser
illumination geometry (PDD or SDD) does not strongly
affect preheat. Though there is a caveat that the PDD
experiments had ~10% lower laser energy and power,
the local deposited preheat energy and the cumulative
hot electron fraction are not significantly different. In
addition, the SSD beam smoothing on OMEGA reduces
preheat by ~40%.

These results also contribute to an extrapolation of hot
electron preheat in ignition-scale cryogenic PDD implo-
sions on NIF, which was presented briefly in Ref. [20]
and is expanded upon here. This extrapolation starts
with the NIF warm implosion results that showed ~0.2%
of laser energy coupled as preheat into the inner 80% of
unablated shell at an intensity of 1015 W/cm?.

Firstly, the density scale length is expected to be ~30-
50% larger in ignition designs®® than in the NIF warm
implosions, with a capsule diameter of ~3 mm. Planar
experiments with CH slab targets at scale lengths compa-
rable to ignition-scale implosions'® produced up to fuot
= 2%, ~30% higher than the 1.5% observed in the warm
implosions studied herein. Additionally, the extrapola-
tion in hot electron production from OMEGA to sub-
scale NIF implosions, from 0.5% to 1.5%, accompanied
a three-fold increase in scale length. Therefore, since
hot electron production increased a factor of three for a
three-fold increase in scale length from OMEGA to NIF,
another 40% increase in scale length may be expected
to increase hot electron production by ~40%. This ex-
trapolation is also similar to the estimate based on the
difference between NIF planar and spherical experiments.
Therefore, it is expected that the increased scale length
will generate ~40% more hot electrons.

On the other hand, the increased convergence ratio
in ignition designs will result in less hot electron energy
being deposited in the unablated shell due to the reduced
solid angle as viewed from the hot electron producing



region. The trajectory data shown above confirm that in
these warm implosions, the shell converged by no more
than a factor of two during the laser pulse, when hot
electrons were generated. However, ignition designs are
expected to converge by a factor of ~2-3 during the pulse,
conferring a reduction of shell solid angle by a factor of
~2. Therefore, the hot electron energy coupled to the
shell in ignition designs will be only half of that in the
warm implosions studied here. This can be controlled by
changing the laser pulse to alter the convergence during
peak power.

An additional effect is the absorption of hot electron
energy in the ablated plasma. In contrast to the warm,
CH ablators studied here, cryogenic target direct drive
implosions will partially ablate the DT ice layer. The
DT plasma will less effectively shield the unablated shell
from hot electrons. Monte Carlo calculations indicate
that that profile of preheat deposited in the unablated
imploding shell will be more radially uniform with DT
than with CH. The local deposited preheat energy per
mass at the outer edge of unablated shell is calculated
to be ~20% lower with DT than CH, though the local
preheat at the inner shell/vapor interface is calculated to
increase by >50%. Overall, the total amount of preheat
in the inner 80% of unablated shell is not expected to be
significantly changed with DT instead of CH.

Therefore, combining all of the factors above, an
ignition-scale cryogenic implosion at the same intensity
as the warm experiments discussed here may be expected
to have similar or slightly higher hot electron preheat,
around 0.1 to 0.2% of laser energy in the inner 80% of
unablated DT. This is close to levels predicted to be tol-
erable in direct-drive ignition designs,?® though this limit
depends strongly on design parameters such as the im-
plosion adiabat. Preheat may be mitigated by use of
Si layers, which has been found to reduce preheat by a
factor of 2 in both planar'4 and spherical?? experiments
on NIF, or by mid-Z dopants in the ablator. Enhanced
beam smoothing, if implemented on NIF, may also re-
duce preheat, as it has been shown to do so in these
OMEGA experiments by 40%. Laser intensity also af-
fects the level of preheat, and future experiments will
determine the intensity scaling of preheat at ignition-
relevant scale lengths on NIF. Upcoming experiments will
also directly assess the scaling of hot electron preheat on
NIF between the 2.3 mm (730 kJ laser energy) and 3
mm (1.5 MJ) scales. These results can also be applied
to calculate the expected effect of hot electron preheat in
integrated simulations of ICF implosions.'!:2!

V. CONCLUSIONS

In summary, hot electron preheat has been measured
in hydrodynamically-equivalent direct drive implosions
on NIF and OMEGA. Polar-direct drive implosions with
a similar, limited degree of beam smoothing at an in-
tensity of 10> W/cm? show around 0.2% of laser en-

ergy coupled to the inner portion of unablated shell in
experiments both on NIF at target diameters and laser
energies of 2.4 mm and 730 kJ and at 0.69 mm and 18
kJ on OMEGA. Measured implosion trajectories confirm
the expected hydrodynamic scaling. These results indi-
cate that hot electron preheat does not invalidate hydro-
dynamic scaling of warm implosions between OMEGA
and NIF scales at ignition-relevant intensities for the im-
plosion designs currently studied. OMEGA experiments
show little variation in preheat as a function of symmetric
or polar beam geometry, and a 40% reduction when 2-D
smoothing by spectral dispersion is applied. Overall hot
electron generation is a factor of 3 higher on NIF despite
similar deposited preheat due to attenuation of hot elec-
trons in the long-scale-length ablated plasma. Extrapo-
lation of plasma conditions to ignition-relevant cryogenic
implosions at NIF scale suggests that preheat will be at
a tolerable level for intensities around and below 10'°
W /cm?.
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