PHYSICAL REVIEW E 112, 045207 (2025)
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Anomalies observed in the neutron spectral shift of high-yield shots at the National Ignition Facility (NIF)
suggest the presence of suprathermal ions [E. P. Hartouni er al., Nat. Phys. 19, 72 (2023)], implying that
kinetic effects play a significant role in burning inertial confinement fusion (ICF) plasmas. Furthermore, recent
measurements of reaction-in-flight (RIF) neutrons offer a direct probe of the stopping power in the burning fuel
region of high-energy alpha particles and up-scattered fuel ions. We have developed the particle-in-cell code
PICNIC, an exactly energy-conserving particle-in-cell Monte-Carlo collision (PIC-MCC) code to simulate the
burn stage in ICF. We present results from 1D spherical simulations of NIF shot N210808, which was the first
to exceed the Lawson criterion for laser fusion. We find that the suprathermal ions generated by large-angle
Rutherford and nuclear elastic scattering (NES) with fusion alphas produce an alpha knock-on neutron (AKN)
signal consistent with the extent and relative yield of the AKN spectrum identified in ignition experiments at
the NIF. We also find that the inclusion of large-angle scattering physics does not explain the anomalously large

spectral shift observed in the experiment.

DOI: 10.1103/zwjx-jbxl

I. INTRODUCTION

Ever since the first ignition result at the National Ignition
Facility (NIF) [1,2], the NIF has provided access to the burn-
ing plasma regime with ever-increasing yields [3], opening
new research avenues to further optimize yield. For instance,
recent measurements of the neutron spectra of burning in-
ertial confinement fusion (ICF) implosions have exhibited
anomalously large spectral shifts in the D-T primary spectrum
beyond what is expected from a purely thermonuclear plasma
[4,5]. This observation suggests the presence of a significant
population of suprathermal fuel ions and highlights the impor-
tance of understanding kinetic effects in this regime.

Furthermore, in burning D/T plasmas, it is known that
large-angle elastic scattering of alpha particles against thermal
D/T fuel ions generates suprathermal ion populations, leading
to significant modifications to the emitted neutron spectrum
and can influence overall yield [6-14]. A spectral feature of
particular interest is the high-energy reaction-in-flight (RIF)
alpha knock-on neutron (AKN) tail in the 15.5-18 MeV range,
which has been proposed to serve as a direct probe of hotspot
conditions and stopping powers of alphas and suprathermal
fuel ions in the partially degenerate burning plasmas in ICF
implosions [15-17].

Previous efforts in capturing kinetic effects in ICF include
ion Vlasov-Fokker-Planck (iVFP) simulations [18-20], with
comparisons to ICF experiments below the ignition threshold
at the OMEGA laser facility [21], which can capture non-
hydrodynamic effects like thermal decoupling, multi-species
separation, and ion diffusion. However, in moderately coupled
burning plasmas where the large mean-free-path, short-range,
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large-angle scattering of alphas against D/T determines the
high-energy tail of the neutron spectrum, particle transport
departs from the pure Fokker-Planck picture and enters a
mixed regime with Boltzmann-like transport, necessitating a
more complete kinetic model.

The particle-in-cell (PIC) code PICNIC is used in this work
to investigate the role of kinetic effects during the burn phase
in ICF capsule implosions [22,23], with simulations initial-
ized ~150 ps before bangtime including the hotspot, D/T ice,
and carbon liner. In this paper, we first give an overview of the
physics modules included in PICNIC used in this work. We
then provide a brief discussion of neutron spectra in ICF and
the components we include in our study. Finally, we present
1D spherical simulation results of the full burn phase of NIF
shot N210808.

II. METHODS

PICNIC is a fully implicit, exactly energy-conserving,
electromagnetic and relativistic PIC-Monte-Carlo collision
(PIC-MCC) code that supports planar, 1D/2D cylindrical, and
1D spherical geometries [23]. For all scattering routines, PIC-
NIC uses a moment-preserving MCC method that maintains
the correct scattering physics between particles of differ-
ent weights while preserving local momentum and energy
conservation [24]. This method is especially necessary for
problems in spherical geometry with non-local transport (e.g.,
alpha heating) where macroparticle weights can strongly vary
within a cell.

A. Coulomb scattering

The Coulomb collision module includes both cumulative
small-angle and single large-angle Rutherford scattering for

©2025 American Physical Society
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moderately coupled plasmas [25,26], which builds upon the
work by Turrell [27] and uses the quantum mechanical im-
pact parameter corrections derived in [28]. The inclusion of
large-angle Rutherford scattering physics is necessary to yield
the Li-Petrasso ~1/1In A corrections to the Fokker-Planck
collision operator [29] in the moderately coupled plasmas
2 <InA 510 relevant to ICF implosions [30,31]. Single
large-angle Rutherford scattering also contributes to the gen-
eration of suprathermal ions in burning plasmas, though it is
superseded by nuclear elastic scattering (NES) in the relevant
multi-MeV energy range [7,9,32,33].

B. Radiation

For radiative transport of X-rays generated by the
burning plasma, we have implemented a 3D ray-tracing
bremsstrahlung and inverse bremsstrahlung model, building
upon the work by Lavell [34], which uses the Seltzer-Berger
cross section tables [35]. Our implementation differs in a few
key ways: For bremsstrahlung emission, we also include the
(weighted) ion recoil to simultaneously conserve energy and
momentum, rather than only considering the electron as in
[34], which conserves energy but not momentum. For in-
verse bremsstrahlung, we use another simultaneously energy-
and momentum-conserving method which distributes the
absorbed photon energy and momentum amongst all the elec-
trons in a cell, similar to the implementation of the moment-
preserving collision method for weighted particles [24].

In addition, we use a cutoff frequency set by the plasma
frequency w, in the cell, and we apply a dynamic group veloc-
ity of the photon macroparticles set by vg/c = (1 — a)g Jw*)'/?
for more accurate radiation transport. For simplicity, we do
not consider refraction of the rays.

C. Nuclear elastic scattering

Nuclear elastic scattering (NES) refers to the strong force-
mediated interaction X(Y,Y’)X’, where X’ denotes the recoil
of the nucleus X against Y, which both remain in the ground
state. Specifically for the single large-angle collisions relevant
to multi-MeV suprathermal ion production, NES generally
has a cross section roughly one to two orders of magnitude
larger than that of Rutherford scattering [7] and is therefore
important to consider for burning D/T plasmas. To include
the effects of NES, we follow the approach outlined in [9],
where the total differential cross section is written as a sum of
the pure Rutherford cross section and a nuclear interference
term

do dO’C dO’NI

dQ  dQ 4
The Rutherford cross-section always dominates at shallow
angles, which is already handled by the Coulomb collision
algorithm. A minimum cutoff angle of 6., = max(6y, 20°)
is chosen as per the procedure in [9], where 6 is the largest
root of the nuclear interference term, to ensure positivity of
the nuclear interference term while maintaining sufficient ac-
curacy for the large-angle collisions relevant to suprathermal
ion generation.

To model AKN, we have implemented NES for ¢-D and
o—T using the Okhrimovskyy method for anisotropic elastic

(D

scattering [36] by calculating the total and transport cross
sections of the nuclear interference term using the differential
cross section tables from the DRESS code [32]. These tables
are based on the optical model for nuclear interference scatter-
ing in [9]. On top of the scattering with alphas, we also include
NES between D-T following the same procedure using differ-
ential cross sections from the ENDF/B-VIII library [33] for its
contribution to the stopping of up-scattered fuel ions.

D. Nuclear fusion

The fusion reactions we consider in our simulations are
D-T, D-D, T-T, and D—*He using the parameterized cross
sections from Bosch and Hale [37]. We have also imple-
mented the method presented in [38] to capture the anisotropy
of the D-T and D-D fusion reactions. For simplicity, we
treat D—He fusion as isotropic. For T-T fusion, we use a
Monte-Carlo implementation of the Lacina model [39], which
accounts for the neutron-neutron interaction in the *He +n +
n channel. We choose to neglect the two He +n channels
as they are only a perturbative effect for the bulk ~10 keV
reactant energies in ICF [40].

III. ICF NEUTRON SPECTRUM
A. D-T primary spectrum

The shift and variance of the spectral D-T neutron peak
are measured to infer the yield-averaged ion temperature and
relative kinetic energy between the reactants. The spectral
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FIG. 1. Verification of the neutron spectra generated by the
fusion algorithm implemented in PICNIC. The D-T neutron spec-
tral shift and variance from simulations are compared with the
Maxwellian locus and the isotropic distribution upper limit derived
in [43] and [42], respectively. The isotropic upper limit corresponds
to monoenergetic, momentum-matched distributions. Isotropic dis-
tributions (e.g., thermal Maxwellians) can only access the T,—AE
region underneath this curve. Simulations were performed on a 2D
10 x 10 grid with NP = N, = 16384 and were run for a single
timestep to prevent time-variation of the particle distributions. The
spectral temperature 7; was recovered using the sample variance of
the neutrons. Particle motion and forces were turned off, making each
simulation an average of 100 independent OD (velocity space only)
realizations.
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shift is measured relative to the neutron energy at zero reaction
energy Ey = 14.0284 MeV

AE = (E,) — E,, )

where (...) denotes averaging over the total D-T neutron yield.
The variance is directly related to the ion temperature via
Doppler broadening [41], with the spectral ion temperature
defined as [42]

mp + mr

I, = Var(E,), 3)

0
where By = 8852.7 MeV?/c?. Given the distribution func-
tions of the fuel ions, and assuming a steady state, there is
a direct relation between the spectral shift and variance. For
the special case of Maxwellian distribution functions, the rel-
ativistically correct relation between AE and T; was derived
by Ballabio [43] and is shown in Fig. 1, where it is compared
with PICNIC simulation results recovering the same curve.
This curve is often referred to as the “hydrodynamic limit,”
as any points that fall below it are accessible by Maxwellian
plasmas with varying bulk fluid velocity Doppler shifts, which

J
a(3.5MeV) — T(£3.4 MeV) + D — n(10.6-20.6 MeV),
n(14.1 MeV) — T(<£10.5 MeV) +D — n(9.3-28.1 MeV),

increase the spectral variance. Spectra found above this curve,
as reported in [4,5], would then be evidence of kinetic effects
producing a specific class of non-Maxwellian distributions
that produce larger spectral shifts. We also show in the same
figure that PICNIC reproduces the upper limit curve accessi-
ble by isotropic distributions derived in [42], which indicates
the largest possible spectral shift accessible by isotropic ve-
locity distributions.

B. Reaction-in-flight neutrons

RIF neutrons are produced in a 3-step process [44]. First,
D-T fusion occurs between thermal ions, producing on an
average 3.54 MeV alphas and 14.1 MeV neutrons. Then,
either the alphas or neutrons can “knock-on” D or T fuel ions
by undergoing a large-angle elastic scatter. This generates a
suprathermal D/T population which can then undergo fusion
reactions with the thermal D/T in-flight, producing higher-
energy RIF neutrons. The kinematic limits of alpha knock-on
and neutron knock-on (NKN) neutrons are summarized as
follows [16]:

a(3.5MeV) - D(<3.1 MeV)+ T — n(11.9-19.7 MeV),
n(14.1 MeV) - D(£12.4 MeV) + T — n(12.1-30 MeV).
4)

The AKN part of the spectrum for ignited capsules is the dominant RIF signal in the 15.5-18 MeV range, where the contributions
from the Doppler-broadened D-T peak and NKN are smaller. This has led the AKN signal to be proposed as a direct probe for
the alpha stopping power within the fuel during the burn [15].

C. Triton burn-up neutrons

D-D fusion occurs via two equally likely branches whose products can lead to secondary fusion reactions
D+ D — T(1.01 MeV) + p(3.02MeV), D+ D — *He(0.82 MeV) + n(2.45 MeV). o)

Aside from directly introducing a spectral peak at 2.45 MeV via the *He +n channel, the T + p channel adds to the tails of
the primary D-T spectrum with the emitted 1.01 MeV tritons. As these high-energy tritons react with thermal deuterons, they
produce “triton burn-up” (TBN) neutrons that appear in the neutron spectrum in the following energy range (in the absence of
thermal broadening)

T(<1.01 MeV) 4+ D — n(11.8-17.1 MeV). (6)

Note that while this is the dominant non-Maxwellian signal for low-yield shots [44], for high-yield ignition shots, the TBN signal
is drowned out by the RIFs by roughly an order of magnitude.

D. T-T spectrum

The kinematics of tritium-tritium fusion is complicated by its release of three products, allowing for a spectrum of possible
product energies in the center-of-momentum frame. The T-T fusion reaction can follow three separate channels

T+T— *He+n+n, Q=11.3MeV,
T+T—He+n, Q =104MeV — *He+n+n,
T+T— SHe +n, Q) =92MeV — *He +n+n. (7)

(

The first nontrivial treatment for the kinematics of the first ~ what would otherwise be an elliptical 0-9.4 MeV T-T neutron

channel is the Lacina model [39], which accounts for the
neutron-neutron interaction, treating it as a square-well in-
teraction of 2.5 fm range and —14.3 MeV depth. This skews

spectrum towards lower energies and likewise skews the emit-
ted alpha particle towards higher energies up to a maximum
of 3.77 MeV. For simplicity, this is the model we have opted
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FIG. 2. Anisotropic neutron spectra (solid) and emission angle
(dashed) from 0D cold beam-target fusion simulations for (top)
D-D and (bottom) D-T. The deuteron beam proper velocities (blue,
orange, green) are u/c = 1%, 5%, and 10%, which correspond to
projectile energies of 93keV, 2.3 MeV, and 9.3 MeV respectively.

to implement in this work, as our primary interest lies in the
high-energy neutron spectrum.

The a-neutron interaction(s), which we have not included
in our calculations, introduces a peak at 8.7 MeV and a corre-
sponding low-energy peak, as well as a reduction in skew of
the spectrum. Experimental work at the NIF and more recently
at the OMEGA laser facility has demonstrated that this peak
is both present [45,46] and sensitive to reactant center-of-
mass energy at ICF-relevant ion temperatures [46]. The full
description of T-T fusion kinematics remains an active area
of research.

E. Fusion anisotropy

The RIF neutron spectrum is also affected by the
anisotropy of D-T fusion at high energies. For reactant
energies above ~1 MeV, the emitted neutron becomes in-
creasingly forward-biased with the incident deuteron in
the center-of-momentum frame. This results in up-scattered
deuterons reacting with a thermal triton having an increased
likelihood of emitting upshifted neutrons, while up-scattered
tritons reacting with a thermal deuteron tend to emit down-
shifted neutrons. Hence, the high-energy end of the AKN
signal and the NKN signal will receive a larger contribution
from the up-scattered deuterons and a reduced contribution
from the up-scattered tritons. The neutron emission anisotropy
is demonstrated in Fig. 2, which displays the laboratory frame
neutron spectra of D-D and D-T beam-target fusion from
PICNIC simulations with the implementation described in
[38] using the 2015 IAEA evaluation of the differential cross
section [47].

IV. 1D SPHERICAL SIMULATION RESULTS
OF SHOT N210808

We present the results of three simulations in 1D spherical
geometry with the following scattering physics:

(1) cumulative Coulomb + isotropic fusion,

(2) cumulative Coulomb + large-angle Rutherford + o—
D/a—T NES + isotropic fusion,

(3) cumulative Coulomb + large-angle Rutherford + o—
D/a—~T/D-T NES + anisotropic D-D and D-T fusion.

Bremsstrahlung and inverse bremsstrahlung were included
in all three simulations. The simulations were initialized at
approximately 150 ps before bangtime using density, tem-
perature and implosion velocity profiles from 1D spherical
HYDRA [48,49] simulations of shot N210808 including the
hotspot, D/T ice and carbon liner, shown in Fig. 3. This time
was chosen to be sufficiently early before significant alpha
heating occurs, while also already being hot enough to avoid
having to account for degeneracy effects which can reduce
the alpha stopping power [50]. We also assume that the D/T
plasma at this stage is fully ionized in both the hotspot and the
ice layer.

As for the numerical setup, we use a uniform radial
grid resolution of Ar = 120um/1728 = 69.4nm, treating
r =120 pym as an open boundary. We also use a timestep
of At =0.1fs. We found this timestep sufficient in resolv-
ing the relevant collisional physics [25]. The number of
particles per cell profiles of each species at initialization is
also given in Fig. 3, with the total number of e/D/T/'’C
macroparticles at initialization being 7.4 x 10°. For simplic-
ity, the ionization states of all ion species were fixed, with
fully ionized D/T and doubly ionized '>C. Neglecting the
Carbon ionization physics is acceptable for these simulations
as the liner primarily acts to provide inertia to confine the
D/T plasma.

The numerical energy conservation is shown in Fig. 4,
demonstrating that the total energy conservation violation is
several orders of magnitude smaller than the kinetic energies
of the relevant species. We also use a simple particle splitting
routine, which periodically checks for macroparticles with
weights 4 x larger than the average in the cell (for cells with at
least 20 macroparticles present) and splits them such that the
new particle weights approximately match the cell average.
We found this to be sufficient to prevent the comparatively
mobile electrons from higher-weight regions from forming a
non-physical sheath build-up at the origin, which inherently
has low particle statistics in 1D spherical geometry. We did
not find it necessary to use a particle merging algorithm for
these simulations.

Neutron scattering is neglected in an effort to isolate the
AKN signal and to avoid downscattered neutron noise in
the low energy part of the spectrum, allowing us to also
observe its possible effects on the D-D and T-T at-birth
neutron spectra (as the fusion cross sections of D-T, D-D,
and T-T are all comparable in the ~1 MeV range). We
note that doing so forgoes both NKN and heating effects
from neutrons depositing a portion of their energy in the
plasma [51,52].

A comparison of the fusion production rates with HYDRA
is shown in Fig. 5. Between the PIC simulations, we do not see
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FIG. 3. Initialization profiles for density, temperature, fluid implosion velocity, and number of macroparticles per cell of each species.

any measurable differences in the yields with or without the
inclusion of large-angle scattering physics in this regime, and
only arguably see a slight reduction in yield with the inclusion
of anisotropic fusion. Initially, the PIC simulations have the
same production rate as HYDRA. However, once alpha
heating becomes relevant at around stagnation, the PIC fusion
production rates begin to differ from HYDRA, resulting in
a delayed bangtime. The HYDRA simulation has a yield
of 2.1 MIJ in this time window, while PICNIC simulations
(i), (i), and (iii) have yields of 2.45, 2.44, and 2.35 MJ,
respectively. Note that both the HYDRA and PICNIC yields
are higher than the reported experimental yield of 1.37 MJ
[2] as they are both in 1D spherical geometry and do not take
3D hydrodynamic mixing into account. Determining whether
this difference in yield between PICNIC and HYDRA is a
kinetic signature is subject to future work, as it requires a
detailed comparison of the radiation, alpha stopping, and
other forms of heat transport between PICNIC and HYDRA.
To highlight the sensitivity to both the radiation emission
and absorption models, we also include fusion production
rate curves in Fig. 5 of two extra runs of simulation (ii), one
without radiation physics, which burns too hot, and the other
with radiation but no absorption, which quickly quenches the
reaction.

107
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FIG. 4. Total kinetic energy of each major species (including par-
ticles that have left the simulation domain) and the numerical energy
conservation violation §E of simulation (ii), which is representative
of all three simulations.

We compare the time evolution of the density, temperature,
and pressure profiles between PICNIC and HYDRA in Fig. 6,
which qualitatively demonstrates that PICNIC can accurately
capture 1D spherical hydrodynamics and burn propagation
and similarly captures the anisobaric dynamics of the burn
wave. The main discrepancy with HYDRA is delayed
bangtime and a ~20% higher peak hotspot temperature,

s :j?§\
7 AN N
S ,/’lr; \\\\\»\
E 101' ;‘:// : \\\\ \,
5 7 \\\
g & \
3 / — 0
/ @
E 1004
10 Z === (iii)
e —— HYDRA
0 50 100 150 200
t (ps)

no radiation

brems only

brems + ibrems

—_
)
=]

fusion power (PW)

0 20 40 60
t (ps)

FIG. 5. (Top) Fusion energy production rate comparison between
PICNIC and HYDRA. (Bottom) Early-time production rates of re-
runs of simulation (ii), one with no radiation physics and the other
with bremsstrahlung emission, but no absorption.
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FIG. 6. Comparison of deuterium density, temperature, and pres-
sure phase-space plots between PICNIC simulation (i) and HYDRA.

which is associated with the aforementioned increased yield
prediction.

The resulting neutron spectra are shown in Fig. 7. For the
shallow-angle cumulative Coulomb only case (i), we can see
the TBN contribution to the high-energy neutron distribution,
which is small relative to the AKN RIFs seen in cases (ii) and
(iii). We do not see a notable difference in the D-D and T-T
spectra apart from an increased broadening at the high end
of the T-T spectrum due to RIFs. The 15.5-18 MeV AKN
spectra from simulations (i) and (ii) are similar to those found
in experiments at the NIF [16]. Above 18 MeV, the NKN
signal in the experiment begins to dominate, which was not
included in our simulations. Markedly, there are no significant
differences in the AKN spectra between cases (ii) and (iii),
which is expected as D-T fusion is only slightly anisotropic
in this reactant energy range, as shown in Fig. 2. The D-T
anisotropy is only envisioned to influence the high-energy
18-30 MeV NKN signal in experiments.

Shifting our attention to the spectral shift vs temperature
plots, at early times around stagnation, the spectral shift hov-
ers slightly above the Maxwellian locus. This suggests that
non-Maxwellian distributions, apart from producing knock-
on neutrons, also play a role in the burn itself. However,
at bangtime and onward the Doppler shifts from the hydro-
dynamic explosion widen the accumulated neutron spectrum
such that it ends up well below the curve. Notably, we do
not see this behavior change with the inclusion of large-
angle scattering physics nor anisotropic fusion, and at no
point in the simulations do the spectral shifts approach the

anomalous >50 keV shift measured experimentally for shot
N210808, as reported in [5].

Snapshots of the energy spectra of the charged species at
bangtime are shown in Fig. 8 to demonstrate the generation
of suprathermal fuel ions via large-angle NES collisions with
alphas, and its mediation by stopping against the bulk e/D/T
plasma. The suprathermal D/T tail is similar to our previous
0D benchmarks for the generalized Coulomb method with
large-angle Rutherford scattering [25], but with a larger pop-
ulation relative to the alphas due to the inclusion of NES
necessary to model AKN. Also present are the effects of
large-angle Rutherford scattering on the minor species p and
*He, which receive small high-energy tails above their D-D
fusion birth energies. The small proton peak around 14.7
MeV is from D *He fusion. For the shallow-angle cumulative
Coulomb-only case, there is still a source of suprathermal
tritons from D-D fusion that produces TBN.

V. CONCLUSION

We have presented results from 1D spherical simulations
of the entire burnwave of the NIF shot N210808 using
the code PICNIC, which treats all species fully kinetically
with accurate masses, fields, and scattering physics. This
numerical tool allows us to study the kinetic effects in-
volved in ignition, which are expected to become increasingly
important with higher achieved yields, where the suprather-
mal fusion products become a significant fraction of the
total mass.

With the inclusion of large-angle Rutherford and NES
physics, we have recovered the well-known AKN RIF
spectrum with this self-consistent, fully kinetic PIC code.
However, despite having all the large-angle scattering physics
necessary to produce the experimentally observed RIFs, we
do not observe any large increase in the spectral shift of
the D-T primary spectrum as was measured in [4,5]. This
rules out kinetic effects in 1D axisymmetric geometry with
large-angle collisions as an explanation for the anomalous
shift, which contrasts with the findings of a previous PIC
study [53]. Since 2D kinetic effects involving self-generated
magnetic fields have not been ruled out, we plan to conduct
simulations in RZ geometry in the future to investigate their
impact on the burnwave and neutron spectrum. Kinetic effects
associated with dopants or impurities in the fuel region,
especially in the burning plasma regime where NES with
alphas can generate suprathermal impurity ions, are also
subject for the future study.
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FIG. 7. (Top) Total accumulated at-birth neutron spectra. The vertical red dashed lines indicate the D-D and D-T fusion neutron energies
in the zero reactant energy limit Ey p_p = 2.4487 MeV, Ey p_r = 14.0284 MeV [42]. Similarly, the red dashed region indicates the T-T fusion
neutron spectrum at zero reactant energy without accounting for the neutron-neutron interaction. The solid orange curve is a fitted Gaussian to
the D-T primary peak using the FWHM to set the variance, i.e., Var(E,) = FWHM/(81n 2). (Bottom) Spectral shift vs spectral temperature
of the accumulated D-T primary neutron spectrum over time. The black and red dashed lines indicate the Maxwellian locus and the isotropic

upper limit, respectively. Error bars indicate the uncertainty due to low neutron macroparticle statistics at early times. The spectral temperature
here is also inferred from the FWHM of the D-T primary peak.

technically feasible and/or the cost of preparing, depositing, this research project. The data are available from the authors
and hosting the data would be prohibitive within the terms of ~ upon reasonable request.

—_

(o]
—
©
L

1019 4

1017 4

arb. units)
S
arb. units)

~ 1015 4 N 1015 4

/ .- A

10 10 102 107! 100 10! 104 10 102 107 10 10!
MeV MeV

FIG. 8. Snapshots at bangtime of the energy spectra of all charged species in the fuel region for simulation (i) (left) with cumulative
Coulomb scattering only and (ii) (right) with cumulative Coulomb, large-angle Rutherford, and «—D/a—T NES. The spectra from simulation
(iii) (not presented) are very similar to those from (ii).
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