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ABSTRACT

In high-gain reactor-relevant fusion plasmas, alpha heating dominates the power balance. As alpha particles thermalize, they transfer kinetic
energy to the bulk plasma via collisions. At the MeV collision energies characteristic of alpha thermalization, nuclear elastic scattering cross sec-
tions become comparable to or exceed the Coulomb cross section, greatly enhancing the probability of large-angle scattering events. These
nuclear interactions can accelerate a fuel ion to several MeV in a single collision, producing distinctive non-Maxwellian fast “knock-on” tails in
the kinetic distribution functions that are characteristic of thermonuclear burn. This effect has been experimentally confirmed by the observation
of fast neutron spectral tails at the Joint European Torus and at the National Ignition Facility. Here, we present the first kinetic simulations of
alpha particle knock-on ion generation for the SPARC tokamak’s Primary Reference Discharge, a 12.2'T, 8.7 MA H-mode scenario projected to
achieve a scientific gain of ~11, deep in the burning plasma regime. We couple the bounce-averaged Fokker-Planck solver CQL3D with the
Monte Carlo reaction integral code DRESS, implementing a thermally broadened alpha source term, large-angle scattering corrections to
CQL3D’s collision operator for deuterons and tritons, and a synthetic neutron spectrum diagnostic. The knock-on ion tails evolve toward a
kinetic steady state after about two alpha slowing-down times (~ 600 ms) and comprise approximately 0.1% of the total fuel ion population,
with the fast-deuterium density slightly exceeding fast-tritium, consistent with nuclear resonance in the a,d cross section below the alpha birth
energy. Equivalent Maxwellian fits to the fast-ion distribution functions, assessed with log,o-space coefficients of determination R% _, are ade-
quate for describing knock-on fuel ions (R2log =0.64-0.89), but are fundamentally inappropriate for the alpha slowing-down distribution
(Rzlog ~0). Synthetic neutron emission spectra computed with DRESS predict a steady-state alpha knock-on neutron ratio of 8.8 x 107> and
demonstrate that SPARC’s magnetic proton recoil neutron spectrometer will be sensitive to the alpha knock-on neutron tail, providing a direct
observational diagnostic of alpha confinement and thermalization in a magnetically confined burning plasma.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0336548

I. INTRODUCTION

The realization of a burning plasma—one in which fusion-born
alpha particles supply the dominant fraction of the heating power—is a

the mean collision time, which is much longer than both the gyroper-
iod and bounce/transit time, making the problem well-suited to study
with a bounce-averaged Fokker—Planck (FP) treatment of the kinetic

/6:65:80 920 1snbny |

defining milestone in magnetic confinement fusion research. In such a
plasma fueled with deuterium and tritium, the 3.5 MeV alpha particles
born from DT reactions slow down and thermalize within the plasma,
transferring their energy to the bulk plasma. The alpha thermalization
process therefore couples the fusion power directly to the plasma power
balance, making it essential to understand quantitatively.

As with radio frequency and neutral beam heating in present
tokamaks, the characteristic timescale of alpha heating is longer than

. 1,2
equation:

D

L= clp)+ Q)+ H +RY) 5. m
The left-hand side of Eq. (1) represents the total derivative of the
kinetic distribution function, f(r, v, v, ,t) along an orbit. The right-
hand terms are the collision operator, C(f), radio frequency-driven
quasilinear diffusion operator, Q(f), synchrotron radiation operator,
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H(f), radial transport operator, R(f), and a particle source/sink term,
S.” In the present study, the action of the quasilinear diffusion, syn-
chrotron radiation, and radial transport operators are neglected to
focus solely on the collisional nature of alpha heating.

To leading order, alpha heating is well described by Coulomb col-
lisional theory.” In the classical model, fusion-born alphas transfer their
energy to the bulk plasma through many small-angle glancing colli-
sions. Since the alphas are born with a speed (v, ~ 1.3 x 107 m/s)
greatly exceeding typical reactor (T ~ 20 keV) ion thermal speeds
(v ~ 10° m/s) but comparable to typical electron thermal speeds
(vt ~ 6.0 x 107 m/s), an alpha first transfers energy to electrons, and
as the alpha slows down the energy transfer to the ions increases. The
balance of energy transfer is set by the critical speed at which the effec-
tive drag force on the alphas from electrons and ions is equal,

_ .’n‘r‘/zmgn,vZ,.2
Ve = 4m;n,

1/3
) Vee. Solving for the steady-state distribution of
alphas with a monoenergetic isotropic source, S,, yields the canonical

alpha particle slowing-down distribution f, (v < v,) = %, where
_3@aT)*82m, . I . . .
1 = g P logh the alpha slowing-down time and is approxi

mately equal to the mean alpha-electron collision time."

While this theory successfully describes the steady-state behavior
of fast alpha particles in fusion plasmas and the conversion of kinetic
energy liberated by the nuclear reaction into thermal energy of the bulk
electrons and ions of the plasma, it does not correctly capture the
kinetic forcing of the fuel ions away from Maxwellian distributions.™
This is because classical Coulomb collision theory is a small-angle
approximation that systematically under-predicts the probability of
large-angle scattering. Furthermore, for collision energies in the MeV
range, the nuclear interaction between alpha particles and DT fuel ions
contributes a cross section comparable to or larger than the Coulomb
contribution, increasing the likelihood of large-angle scattering by
approximately a factor of 2.” A single such large-angle nuclear elastic
scattering collision can accelerate a fuel ion from thermal energies to
several MeV in a single step, producing a fast “knock-on” population
that is entirely absent from the classical picture.

Figure 1 shows the differential cross sections for alpha particles
scattering on deuterons and tritons including electric and nuclear
scattering interactions, as well as the quantum mechanical interfer-
ence of the electric and nuclear scattering amplitudes.” The Coulomb
interaction dominates for low scattering angles and falls off monoton-
ically with energy and angle. The nuclear and interference contribu-
tion to the cross section are responsible for the structure visible in
Fig. 1. The alpha-deuteron scattering reaction exhibits a pronounced
nuclear resonance at 2.1 MeV in the deuterium rest frame, while the
alpha-triton interaction exhibits a resonance at 5.2 MeV; thus, the
deuteron knock-on tail is stronger than that of the tritium as the
mean alpha birth energy is 3.5MeV. In both cases, the nuclear cross
section exceeds the Coulomb cross section for scattering angles above
approximately 30°~50° at the alpha birth energy.’

An observational signature of knock-on ions is a characteristic
fast tail in the neutron emission spectrum extending to energies well
above the thermal DT peak near 14.1 MeV. These knock-on neutrons
are generated by a three step process wherein DT fusion produces an
alpha particle, the alpha particle collides with a fuel ion and acceler-
ates it to high energy, and that suprathermal fuel ion then fuses with
the thermal bulk, producing neutrons with energy up to 20 MeV. This
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FIG. 1. Differential elastic scattering cross sections for o, D (top) and o, T (bottom)
reactions including the nuclear contribution. Energy scales show the center-of-mass col-
lision energy on the bottom and lab-frame alpha energy on the top axis (assuming
cold, stationary fuel). Major nuclear resonances are marked with red dashed lines.
Cross section data are tabulated in the DRESS library” and are the same as used in
the code ControlRoom developed for the study of alpha knock-on in the JET tokamak.’

process is represented schematically by the reactions below, where ’
denotes a suprathermal particle

D+T—oa+n
o+D/T — a+D/T
D')T' +T/D — o +7.
This high-energy alpha knock-on neutron (AKN) tail was first
reported at JET in high-performance DT discharges’ and has recently
been observed at the National Ignition Facility (NIF) in ignited ther-
monuclear plasmas.'’ Due to the low amplitude of the AKN emission
and subsequent fewer counts in the spectrometer, it is useful to define
the following scalar metric to use for diagnostic purpose

00

fa(E)dE
Raxn = 27 (2)
J fa(E)dE
E;
Rakn is the ratio of the alpha knock-on fusion neutron signal

(E, > E, ~155MeV) to the thermal fusion neutron signal
(E; > E, > E; ~12.5MeV). Rakn is directly proportional to fast
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alpha pressure and alpha confinement time,””'"’ making it a valuable

diagnostic signal for studying burning plasma physics.

Both observations confirm that the AKN signal is proportional
to the fast alpha pressure and is thus a universal indicator of alpha
confinement and thermalization. In addition to neutron spectrometry
at JET and NIF, knock-on ion populations have been modeled and
diagnosed via the impurity pellet charge exchange neutral particle
analysis technique at TFTR, demonstrating an alternative means of
studying alpha confinement and thermalization in reactor-relevant
plasmas.'" Diagnostics capable of resolving the AKN spectrum pro-
vide a direct and physics-rich window into the burning plasma state
and are therefore a critical tool for high-performance fusion
experiments.

The SPARC tokamak is a high-field (12.2 T toroidal field), com-
pact (1.85 m major radius) tokamak currently under construction in
Devens, MA, USA. SPARC is designed to demonstrate scientific net
energy gain and is predicted to robustly produce burning plasmas
with power gain up to 11."” SPARC’s Primary Reference Discharge
(PRD) is a Q &~ 11 H-mode scenario with 12.2 T on-axis field, 8.7 MA
plasma current, core plasma temperatures near 20 keV, and core den-
sities on the order of 10% particles per cubic meter. SPARC will be
instrumented with a comprehensive suite of neutron diagnostics,"”
including neutron flux monitors,'* neutron activation foils,”” a radial
spectrometric neutron camera,'®'” and a high-resolution magnetic
proton recoil (MPR) neutron spectrometer.'®'” The MPR spectrome-
ter will be capable of time-resolved measurements of the fusion
power, core fuel ion temperature, fuel mix, and, critically to this work,
the AKN neutron tail.

In this article, we present, to our knowledge, the first kinetic sim-
ulations of fast-ion generation by alpha particle knock-on and subse-
quent fast neutron spectra in a SPARC burning plasma. We couple
the bounce-averaged Fokker-Planck solver CQL3D[Harvey2015]
with the Monte Carlo reaction integral code DRESS’ to model the
time evolution of the deuterium and tritium velocity distribution
under the combined action of small-angle Coulomb collisions and
large-angle nuclear elastic scattering.

Section II describes the computational model. Section III
presents the principal results of the simulation applied to SPARC’s
PRD: the development of knock-on fuel ion tails and predicted neu-
tron emission spectra. Conclusions and future work are discussed in
Sec. IV.

Il. NUMERICAL MODEL

The numerical model we have developed solves Eq. (1) by itera-
tively making calls to the codes CQL3D[Harvey2015] and DRESS.*
The simulation framework is shown schematically in Fig. 2 and
described more fully in the text below. CQL3D advances the bounce-
averaged FP equation in time, solving for the distribution functions as
fast particles slow down under the action of CQL3D’s small-angle col-
lision operator, and DRESS uses those distribution functions to com-
pute self-consistent alpha source spectra and profiles, large-angle
scattering correction terms for the next CQL3D call, and a synthetic
diagnostic to assess the observability of the AKN signal. The correc-
tion terms are implemented by fitting the large-angle-scattered deu-
teron and triton spectra and profiles to the form of CQL3D’s source
terms.

The simulation is initialized by passing magnetic equilibrium
information and plasma density and temperature profiles from a
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FIG. 2. Schematic diagram of simulation workflow. CQL3D is initialized using den-
sity and temperature profiles obtained from a dedicated transport solver. After
advancing one time step, the distribution functions are passed to DRESS to com-
pute nuclear effects such as alpha source spectra, nuclear scattering of fuel ions,
and a synthetic neutron spectrum. The DRESS spectra are then passed back to
CQL3D by fitting them using the built-in quasi-Gaussian source terms and the iter-
ation loop begins again.

dedicated transport code, e.g., TRANSP,”"*! to CQL3D. CQL3D is
configured to evolve the kinetic distributions of tritons, deuterons,
and alpha particles as general distributions, while the electrons are
artificially constrained to Maxwellian distributions following fixed
profiles of temperature and density and act as a collisional energy sink
for the ion species. A thermonuclear alpha particle source is initialized
based on the plasma conditions in the first CQL3D call using the stan-
dard analytic form,”” but in all subsequent time steps, the alpha source
spectrum and spatial profile is calculated using DRESS.

In Sec. 1T A, we first describe how CQL3D is configured before
discussing how DRESS is coupled to self-consistently include the
alpha knock-on effect in Sec. 11 B.

A. Advancing distribution functions using CQL3D

The collisional quasilinear 3D (CQL3D) code solves for the evo-
lution of plasma distribution functions for each species by advancing
Eq. (1) on a set of nested toroidal flux surfaces.” In this work, we use
the zero-orbit-width version of the code. The distribution functions
are solved on the outboard midplane over a 3D grid of radial position
(flux surface), speed (normalized to 1.96 x 107 m/s, the speed of a
6 MeV triton), and pitch angle. In these simulations, we solve over 64
flux surfaces and discretize the speed-pitch angle space into a 500
speed by 240 pitch angle grid. The speed and pitch angle grids are
nonuniform, giving finer resolution near the transition between the
thermal and fast distributions and near the passing-trapped boundary,
respectively.

While CQL3D is capable of including quasilinear diffusion, syn-
chrotron radiation, and radial transport in its model, we disable these
features to isolate the alpha knock-on effect. The neglect of RF
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quasilinear diffusion is justified for species where the alpha knock-on
effect is stronger than RF excitation of fast tails, which is the case for
both the deuterons and tritons in SPARC’s PRD.” By neglecting
radial transport, we are assuming that the input density profiles are
weakly affected by the alpha knock-on effect. Similarly, we fix the elec-
tron density and temperature in these simulations, making the neglect
of the synchrotron term inconsequential. We are left with Eq. (3) after
these assumptions

IIZJZ‘=;CCW7J§]+S,(— e 3)

Tk,loss

The left-hand side of Eq. (3) represents the bounce-averaged
convective derivative of species k’s distribution function. C¢ is the
bounce-averaged semi-relativistic Coulomb collision operator, which
couples species k to each of the other j species in the simulation. In
deriving the Fokker-Planck operator implemented in CQL3D, the
Boltzmann collision operator is expanded using Av as a small parame-
ter," explicitly neglecting the large-angle, large-impulse knock-on
physics of alpha heating.” The final term is a phenomenological loss
term controlled by the global confinement time of species k, tx, which
we tune to match the source rate to prevent accumulation of thermal-
ized helium ash beyond the level predicted by the transport code used
to generate the input profiles.

Sk = Sk(p, V) is a kinetic source of species k. In CQL3D, the
source term on each flux surface is modeled as a sum of quasi-
Gaussian distributions of the form

Sk = Zso,i(P) exp | — (\/E;E:/E) - (p;;l) - (QDA_QD%) )

“)

where E; is the mean energy of the ith quasi-Gaussian and A; controls
the width. We configure the source terms to be isotropic in pitch
angle, p, and uniform over poloidal angle, ¢, by setting their widths,
Ap; and Ag; to an arbitrarily large value of 10'°. The source ampli-
tude, Sy, is normalized so the integral gives the total source rate of
particles born on that flux surface. A single source of this form is well
suited for fusion products, which follow an approximately Gaussian
spectrum for Maxwellian fuel.”” However, as will be shown below, the
knock-on source terms are ill-fit to this form due to their continuous
spectra spanning several MeV. By default, CQL3D admits up to three
such source terms per species; however, in this work, we modified the
CQL3D source code to admit up to 10 source terms per species to bet-
ter capture the continuous nature of the knock-on particle sources,
discussed in more detail in Sec. II B. Figure 3 shows the fusion alpha
particle and knock-on fuel ion sources as calculated by DRESS (solid
steps) and their fits to CQL3D’s source terms given by Eq. (4) (dashed
curves).

Each call to CQL3D advances the distribution functions by
dt seconds according to Eq. (3).” In these simulations, the main
physics effect of interest is the slowing down of fast ions generated
from nuclear processes, whose characteristic timescale is set by the
fast ion-electron collision frequency tgp; = 1/vsp;, which for
alpha particles in SPARC PRD core plasma is 288 ms. A conver-
gence study was conducted by scanning dt from tgp,/50 up to
Tsp,»/6. In all cases, the simulation was run for 50 time steps. The
evolution of the alpha knock-on neutron signal was identical for
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FIG. 3. Pitch-integrated fast particle sources calculated with DRESS (solid steps)
and their fits to CQL3D’s quasi-Gaussian sources (dashed curves). The alpha par-
ticle source (red) is broadened by the thermal kinetic energy of the reactants and
weak knock-on tails similar to the neutron tails in Fig. 7 are visible but are
neglected in this analysis due to their low amplitude. The deuteron (green) and tri-
ton (blue) knock-on sources are computed assuming a minimum scattering angle
of 20° to avoid double counting scattering captured by CQL3D’s collision operator
(see Fig. 4). The knock-on spectra are fit with 9 of CQL3D’s quasi-Gaussian sour-
ces [Eq. (4)].

each case, up until the simulation ended. For the simulations pre-
sented here, we set dt = t5p,,/10.

B. Including nuclear effects with DRESS

The directional relativistic spectrum simulator (DRESS) calcu-
lates product spectra from two-body reactions between reactants with
arbitrary velocity distributions and cross sections.” DRESS imple-
ments a Monte Carlo algorithm to evaluate reaction integrals of the
form

o (7,) 7. (5)

df, (v, (v (v,
SP(VP) _ fl’ﬂgtP) _ J.fl(lj_)._ké(jkk)

Here, species k and j are reactants and species p is the product, which
can be a different species, as in the case of fusion reactions, or the
same species as one of the products, as in the case of scattering reac-
tions. The velocity distributions, f;, fi, and fp, are density normalized.
The factor of 1 + dj in the denominator is the usual Kronecker delta
term that prevents double counting reactions between a single reac-
tant. ¥, = Vi — ¥; is the relative velocity of the reactants. gy; is the
cross section for the reaction being evaluated; for fusion reactions,
DRESS uses the total cross section parameterization of Bosch and
Hale”* and the Legendre polynomial expansion for the differential
cross section from the ENDF database.”” At present, only elastic scat-
tering cross sections for alpha-deuteron and alpha-triton reactions are
included in the DRESS library, which uses the same data as the code
ControlRoom.” The integrand of Eq. (5) represents the rate of interac-
tion between a particle of species j with velocity v; and a particle of
species k with velocity vg; by integrating over only the relative degrees
of freedom, the result of the integral is written in terms of the lab-
frame product velocity coordinates ;.

The integral can be evaluated over an arbitrary subset of the
plasma volume, relative velocities, reaction angles, and emission
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angles. In this simulation framework, we use DRESS to compute three
reaction integrals at each time step, each with different integration
limits: the total DT fusion alpha production spectra, knock-on fuel
ion scattered spectra, and the synthetic neutron emission spectrum as
seen by SPARC’s MPR neutron spectrometer.

Alpha production spectra are calculated by integrating over all
collision energies and angles, yielding an energy- and pitch angle-
resolved source for each flux surface. Since the reactants have isotro-
pic pitch angle distributions, the alphas are also born isotropically.
Figure 3 shows the computed alpha particle source in the core at the
end of the simulation, along with the fit to CQL3D’s source and the
knock-on ion source spectra, the calculation of which is discussed in
detail below.

The knock-on fuel ion spectra are computed by evaluating the
reaction integral over all reaction energies, but restricting the scatter-
ing angle to 0 > 0,;,. The minimum scattering angle for DRESS
knock-on calculations was chosen to avoid double counting the
small-angle scattering captured by CQL3D’s collision operator. In
effect, the total collision operator is split into a small-angle part, cap-
tured by CQL3D’s classical Coulomb collision operator, and a large-
angle part, Cy, computed from nuclear cross section data by DRESS,

C[ﬁm]ﬂ ~ CC[flﬂfﬁesemin] + CNI:ﬁﬁf};H > 0min]~ (6)

Comparing Eqgs. (6) and (3), we see that fitting i to the missing
large-angle scattering contribution to the total collision operator
introduces a correction to CQL3D’s small-angle electrostatic scatter-
ing model that accounts for knock-on ion generation. A numerical
scan of 0, was conducted to determine the choice of minimum scat-
tering that captures the knock-on physics missing from the usual
small-angle derivation of the Fokker-Planck collision operator. For
each setting of Oy, the simulation was evolved for 50 time steps and
the resulting ion distributions functions and neutron emission spectra
were analyzed. Figure 4 shows the resulting alpha knock-on neutron
ratio, calculated according to Eq. (2), as a function of minimum scat-
tering angle. More details on the calculation of Ryky are given below
in Sec. I11.

The core knock-on source spectra, and their fits to CQL3D’s
source operator, are also shown in Fig. 3. Thus, the collision model in
these simulations is solely Coulombic for small-angle (0 < 20°) scat-
tering where nuclear effects are negligible and CQL3D’s default model
is sufficient, while DRESS computes a large-angle (0 > 20°) scattering
correction that takes into account the physics of the nuclear and
Coulomb interaction. The choice of O, = 20° is consistent with pre-
vious numerical studies of alpha knock-on.”

These fast-ion sources are passed back to CQL3D to advance the
velocity distributions under the action of large-angle scattering and
yields velocity distributions like those shown in Fig. 5, which will be
discussed at length in Sec. III. The fuel ion distributions are used to
compute synthetic neutron emission spectra for each time step. The
reaction integral is evaluated over all reaction energies and angles, but
only over plasma within the field of view of the spectrometer and over
emission angles directed along the line of sight. Figure 7 shows the
neutron emission spectrum at the end of the simulation.

To compute these reaction integrals, it is necessary to process the
CQL3D outputs into the format expected by DRESS. In particular, this
includes transforming the distribution functions and grids from
CQL3D’s normalized velocity coordinates into real energy units,
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FIG. 4. Alpha knock-on neutron ratio as a function of minimum scattering angle
used in DRESS calculations. For Oni, > 15°, Rakn decreases linearly (green
dashed) with increasing large-angle threshold. For smaller angles, Rak increases
dramatically (red dotted), indicating the onset of double counting collisions
between CQL3D and DRESS. We set 0, = 20° for the rest of the simulations
presented in this work to capture as much large-angle scattering while maintaining
some margin to the angle where double counting becomes strong.

converting cgs to mks units, and applying Jacobian factors assumed by
DRESS to correctly compute the sampling weights of each phase-space
cell. An energy grid in units of keV is computed for each species from
the normalized velocity coordinate, x, normalization velocity, Vyorm» and
species mass, my. The overall expression used to convert the CQL3D
distribution into the form expected by DRESS is given as follows:

21 % 1012 [2E;
Sfroress (Ex) = —V kakACQBD(x)' (7)

norm
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FIG. 5. Core pitch-integrated energy distribution functions at the end of the simula-
tion. Total distribution is plotted with solid lines, the thermal components are fitted
to Maxwellian distributions (dotted), and the residual is taken to be the nonthermal
component (dashed). The alpha particles (red) follow a slowing-down distribution
modified by the thermally broadened source and the thermal ash population at low
energy. The fuel ion distributions (green = deuterons, blue = tritons) develop low-
amplitude, non-Maxwellian tails extending to several MeV as a result of large-
angle collisions with alphas.
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The factor of 2m arises from integration over gyroangle, 10'?
converts the phase-space density from cgs to mks units, and the
remaining factors account for the Jacobian of the transformation
from CQL3D’s normalized velocity coordinate to energy.

The transformed distributions are then fed into DRESS to com-
pute the thermally broadened alpha source term as well as the knock-
on deuteron and triton source terms. In this work, DRESS samples
10° reactions per flux surface to compute the product spectra, which
is sufficient to converge the Monte Carlo evaluation of the integrals.
The spectra are then fit to the quasi-Gaussian form of CQL3D’s
source term. As mentioned above, a single source term is sufficient to
capture the alpha particle spectrum, but several source terms are
required to accurately capture the knock-on D and T spectra; in this
work, we use nine source terms to fit the spectra. Figure 3 shows the
deuteron and triton scattered spectra and their fits with CQL3D’s
source terms.

Equation (7) is sufficient to compute the bounce-averaged out-
board midplane source terms for the next CQL3D time step, but an
additional step is required to compute the synthetic diagnostic.
Because the synthetic neutron emission spectrum signal is calculated
over the field of view of the spectrometer, the outboard midplane dis-
tributions must be mapped onto the poloidal plane. This is done by
considering the conservation of magnetic moment along a particle’s
orbit and mapping the phase-space density at a given point (R, Z)
and pitch angle p to the phase-space density at the midplane for that
flux surface and with pitch angle with respect to the local magnetic

field sin(pg) = \/Bomp/Bsin(p), where Bomp is the magnetic field
strength at the outboard midplane on that flux surface, and B is the
local magnetic field at the point under consideration. This mapping
yields 4D distributions that are functions of poloidal position (R, Z),
energy, and pitch.

The field of view of the spectrometer is calculated based on the
nominal geometry of SPARC’s MPR neutron spectrometer.'® This
geometry matrix is then used to restrict the 4D distribution functions
to the region that will contribute to the signal, and DRESS evaluates
the neutron production spectrum over the set of voxels within the
field of view and emitted toward the detector. The summed emission
spectrum is then saved for further analysis.

Il RESULTS

The iterative simulation framework described above was used to
study alpha particle knock-on effects in SPARC’s primary reference
discharge (PRD), a 12.2T, 8.7 MA H-mode plasma projected to
achieve a net scientific energy gain of 8-11."”*” We initialize the
plasma profiles according to high-fidelity nonlinear gyrokinetic simu-
lations of SPARC’s PRD.”” In this scenario, the core electron tempera-
ture is 22keV and the core electron density is 4 x 10®m™. As
described above, the electron temperature profile is artificially held
constant in these simulations, allowing us to study the AKN effect at
fixed electron temperature.

The core ion temperature is initialized to 18 keV for all ion spe-
cies. The plasma composition is initialized with an equal mixture of
deuterium and tritium each with a core density of 1.8 x 10®°m™. In
addition to these main fuel ions, a *He ICRH minority heating target
is included at a density of 5% of the electrons. Helium ash is also ini-
tialized following a peaked density profile, constituting about 0.1%
of the total particles in the plasma. In this section, we first study the
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fast-ion distribution functions resulting from alpha heating, then
investigate the observability of the AKN effect through neutron emis-
sion spectrometry, and finally investigate how the AKN signal varies
with imposed electron temperature.

A. Fast-ion velocity distributions

The simulation was advanced for 60 time steps of 28 ms (10% of
the core alpha slowing-down time of 280 ms, as discussed in Sec. II).
The alpha particle distribution initially is bimodal, as the fusion-born
alphas have not had time to slow down to join the thermal bulk. As
the fast alphas accumulate and slow down, the knock-on source
amplitudes increase and the fuel ion tails begin to develop. The alphas
attain a steady-state slowing-down distribution in about one slowing-
down time, while the knock-on ion tails’ growth lags the alphas by
about a slowing-down time, reaching a kinetic steady-state level after
two alpha slowing-down times.

The core source spectra for fusion-born alphas and knock-on
fuel ions are plotted in Fig. 3, and the total source rates integrated
over the plasma volume are 4.8 x 10%a/s, 3.8 x 10'® d/s, and
7.9 x 10" t/s. Figure 5 shows the distribution functions in the core of
the plasma at the end of the simulation. The higher fast deuteron con-
tent is consistent with the higher o, d cross section, as seen in Fig. 1.

At each time step, the thermal part of the ion distribution func-
tions is fit to a Maxwellian and the residual is considered to be the
fast-ion distribution, as shown with dotted and dashed curves, respec-
tively, in Fig. 5. The thermal and nonthermal density and temperature
are calculated by taking moments of the distributions, and are tabu-
lated in Table 1. The evolution of the fast-ion density in the core is
shown in Fig. 8 on the right axis. The temperature of the thermal part
of the distribution can be understood in the usual manner, while the
fast-ion temperature is interpreted as 2/3 the average energy per par-
ticle. The fast fuel ion density is about 10 times lower than the fast
alpha tail and the average energy per fuel ion is less than half the aver-
age alpha particle energy. It is interesting to note that while the fast
deuteron density is about twice as high as the fast triton density, and
has slightly more energy per particle on average.

Fast ions are often modeled as a hot Maxwellian distribution in
transport codes, an expedient assumption that allows fast ions to be

TABLE 1. Core plasma parameters for tritium, deuterium, and alphas calculated
from the moments of the core pitch-integrated thermal and nonthermal distribution
functions. Fitted fast temperature refers the effective Maxwellian fits shown in
Fig. 6. See text above for details.
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Parameter Tritium Deuterium Alphas

Thermal density (m™) 1.8 x 10% 1.8 x 10% 7.8 x 1077

Nonthermal 1.1 x 10V 1.7 x 10V 1.1 x 108

density (m™)

Thermal 26 26 26

temperature (keV)

Nonthermal 470 520 1330

temperature (keV)

Fitted fast 350 420 2140

temperature (keV)

Rl 0.64 0.89 0.00
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studied with gyrokinetic codes. To check the validity of this common
simplification, we fit Maxwellians to the nonthermal distributions by
least squares minimization and evaluate the coefficient of determina-
tion in log,,-space (RZlog ), which weights each decade of the distribu-
tion and is therefore more appropriate than a linear-space metric for
distributions spanning several orders of magnitude. The results are
shown in Fig. 6 and Table L.

The knock-on deuteron tail is the best represented by an effec-

tive Maxwellian, achieving R2log = 0.89, while the triton knock-on tail
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FIG. 6. Pitch-integrated fast-ion distributions (solid) with Maxwellian fits (dashed)
for tritium, deuterium, and alphas. The fuel ions are well-approximated by a
Maxwellian distribution for energies up to about 3-4 MeV, but fall off at higher
energies faster than the fitted Maxwellian. The alpha particle distribution is poorly
captured by the Maxwellian fit, underpredicting the particles from 1.5-3.5 MeV and
overpredicting the population of particles with higher energies.
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is less well described with R%O =0.64. In both cases, the Maxwellian
fit captures the knock-on distribution well for energies less than
3.5-4 MeV but strongly over predicts the population of higher energy
particles, which falls off faster-than-Maxwellian as a result of the scat-
tering kinematics. The good low-energy fit is reflected in high linear-
space coefficients of determination R metrics of 0.93 and 091,
respectively. However, the linear-space coefficient of determination is
misleadingly high since it is weighted more strongly to the region of
the distributions where the phase-space density is highest, leading to a
systematic overestimate of the low-amplitude, high-energy part of the
distribution.

As expected, the Maxwellian fit to the alpha distribution is much
worse, under representing alphas in the range of 1.5-3.5MeV and
over-representing alphas above the mean birth energy. The Rzlog value
of the alpha fit is 0.00, reflecting the fundamentally non-Maxwellian
character of the alpha slowing-down distribution. The fitted tempera-
ture of 2142 keV significantly exceeds the mean energy per particle of
1328keV, as the regression attempts to accommodate the high density
at the birth energy at the expense of grossly over estimating the popu-
lation above the birth energy. These results suggest that equivalent
Maxwellian models of fast-ion populations, while expedient, should
be applied with caution in burning plasma scenarios—particularly for
the alpha particles themselves.

B. Synthetic neutron emission spectrometry

The fuel ion distributions in the reactor core are difficult to mea-
sure directly, but can be diagnosed through neutron emission spec-
trometry. Figure 7 shows the synthetic neutron spectrum emitted into
the highly collimated radial midplane line of sight of SPARC’s high-
resolution MPR neutron spectrometer'® as calculated by two simula-
tions, one with and the other without the large-angle scattering

| — Large-angle Coulomb+Nuclear
------ Low-angle Coulomb only

= =
o o
B w

Neutron Spectrum [n/keV/s]
[
o

7500 10000 12500 15000 17500 20000
Neutron Energy [keV]

0 -
0 2500 5000

FIG. 7. Core neutron emission spectra as seen by SPARC’s MPR neutron spec-
trometer calculated for different collision operator models. Neutron emissions are
calculated from fuel velocity distributions evolved under the action of CQL3D’s
low-angle collision operator alone (dotted red) and with large-angle corrections to
the scattering operator calculated with DRESS (solid purple). The simulation with
large-angle scattering turned off produces a thermal spectrum without strong emis-
sion above 15.6 MeV, whereas the simulation with large-angle scattering turned
on produces DD and DT emission spectra that exhibit pronounced tails driven by
alpha knock-on fuel ion distributions. The integration thresholds used to defined
the alpha knock-on neutron (AKN) ratio in Eq. (2) are marked with a dashed block
line at 12.5 and 15.6 MeV.
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correction. The total fusion rate is about 4.3 x 10 reactions per sec-
ond in both cases; fusion of knock-on ions contributes only about
100 kW of fusion power.

The thermal peak around 14.1 MeV dominates the spectrum
between about 12.5 and 15.6 MeV, while the AKN signal is visible in
the region outside this band when large-angle scattering is included.
For diagnostic purposes, we will consider only the high-energy tail of
the AKN signal, as the low-energy tail is expected to be obscured by
down-scattered neutrons from the thermal peak.”® As there are no
other sources of higher energy neutrons, the fast AKN signal will be
uncontaminated by energy-degraded scattered neutrons. Thus, the
fast AKN signal will be readily separated from low-energy back-
ground radiation on the detector and is therefore suitable for diagnos-
tic analysis despite its low amplitude."”’

The alpha knock-on ratio, Rak, is computed from the spectrum
plotted in Fig. 7 according to Eq. (2). The integration limits are deter-
mined by examining the second derivative of the neutron spectrum to
identify the “shoulders” of the distribution where thermal emission
gives way to nonthermal alpha knock-on fusion.

Figure 8 plots the evolution of this ratio as a function of time,
along with the normalized evolution of the core fast-ion densities. As
expected, Rk stabilizes by two alpha slowing-down times, following
the evolution of the fast fuel ion densities. The steady-state value of
the AKN ratio is about 8 x 107> alpha knock-on neutrons per ther-
mal neutron.

C. AKN dependence on electron temperature

To assess the simulation results under different plasma condi-
tions, a scan of electron temperature was performed by scaling the
electron temperature profile and allowing the system to evolve for six
slowing-down times in steps of 10% of the slowing-down time, as
explained above. The electron temperature profile was scaled so that
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FIG. 8. Evolution of the alpha knock-on ratio (purple with squares, left axis) and
normalized core fast-ion densities (right axis) as a function of time. The alpha
knock-on ratio tracks with the evolution of the fast knock-on populations of deuter-
ons and tritons (dashed green and solid blue, respectively) which stabilize after 2—
3 slowing-down times. The fast alpha density (red) rises much more quickly,
approaching a steady state after only one slowing-down time. Core ion densities
are normalized to their value at the end of the simulation (n, = 2.1 x 10"®m=3,
n=1.0 x 10"m=2, ng = 1.7 x 10""m=23) to compare the timescales of growth
and saturation.
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the core temperature ranged from 5.6 keV (25% of the PRD core elec-
tron temperature) up to 27.8 keV (125% PRD).

The evolution of the ion temperatures reflected the changing
magnitude of the energy source/sink represented by the electrons.

The coldest cases saw the ion temperature plunge down from its ini-
tial PRD profile until the loss to the electrons and heating from alphas

equilibrated. The electron temperature that balanced the heating from
alphas was about 16.7 keV. For hotter temperatures, including for the
PRD case, the ion temperature continued to rise until the end of the
simulation.

The electron temperature was chosen for this parameter scan

because AKN dependence on electron temperature has been studied

extensively at JET and NIF, presenting a good empirical benchmark
for these simulation results. A theoretical analysis by Ballabio® pre-
dicted a power law scaling of Raxn o T3% in the neighborhood
around 20 keV. An experimental study of AKN in plasmas with core
temperatures ranging from 4 to 9keV at JET” found a scaling
Raxn o< T>0*05. More recently, the MRS instrument at NIF'” was
used to study AKN for electron temperatures between 5 and 15keV,
and found Ry oc T34%04,

The simulated AKN is plotted as a function of electron tempera-
ture in Fig. 9. The AKN ratio was calculated for each case and used to
calculate two fits: the first to the theoretical Ballabio scaling (green),
and the second with the exponent as a free parameter (red). Over the
range of temperatures explored experimentally and up to the PRD
temperature (T, = 22 keV), the simulation matches the theoretical
scaling; however, in the highest temperature case, the simulation gives
a much lower value than expected. This drags down the curve, yield-
ing a best fit exponent of 2.80.5. Despite the lower fit value, these
results are consistent with previous studies within error bars.

The fact that up to about 22 keV, the simulation reproduces the
expected trend is encouraging that this framework is indeed correctly
capturing the physics relevant to alpha knock-on neutron production;
and the lower than expected AKN signal for the 27 keV case suggests
that the scaling may begin to saturate at higher temperatures. This
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FIG. 9. Steady-state alpha knock-on ratio as a function of electron temperature.
Simulated data are marked with blue stars, and the error bars represent the vari-
ation in the data over the final slowing-down time. These data were fit to two
power law models: one with fixed exponent 3.2 corresponding to the theoretical
Ballabio scaling (green), and the other with a free exponent (red dashed).
Shaded regions indicate 1 ¢ intervals about each fit, computed from the linear
covariance of the fits.
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high-temperature behavior should be investigated in greater detail in
future studies.

IV. DISCUSSION AND CONCLUSIONS

We have presented a novel synthesis of existing simulation tools,
coupling the bounce-averaged Fokker-Planck solver CQL3D with the
Monte Carlo reaction integral code DRESS to self-consistently model
the kinetic effects of alpha heating on fuel ion distribution functions
by including the generation of fast knock-on ion populations by
large-angle nuclear elastic scattering. To our knowledge, this is the
first such kinetic simulation of the alpha knock-on effect for SPARC
or any high-field compact tokamak burning plasma scenario.

Applied to SPARC’s PRD, the simulations show that large-angle
nuclear elastic scattering with thermalizing alpha particles drives non-
Maxwellian knock-on tails in the fuel ion distributions extending up
to about 3-4 MeV (Fig. 5). The knock-on population reaches a kinetic
steady state after approximately two alpha slowing-down times
(~600 ms) and comprises roughly 10~ of the bulk fuel ion density in
the core. The fast deuteron density exceeds the fast triton density by
approximately a factor of five, consistent with the a,d nuclear elastic
scattering resonance at 2.1 MeV falling much closer to the 3.5 MeV
alpha birth energy than the corresponding ot resonance at 5.2 MeV.
Interestingly, the fast tritons carry slightly more energy per particle on
average, likely due to the contribution of the high-energy ot reso-
nance. We also examined the common simplification of modeling
fast-ion populations as equivalent Maxwellian distributions. The
knock-on fuel ion tails are decently well described by Maxwellians
below about 2.5 MeV (R210g ~0.5-0.7), but the alpha slowing-down
distribution is more poorly represented (R}, ~0.00), with the
Maxwellian fit systematically over predicting the ghigh-energy content
above the birth energy. These results suggest caution in applying
equivalent Maxwellian fast-ion models in transport codes for burning
plasma scenarios, particularly for alpha particles.

The observational signature of the knock-on effect is a character-
istic high-energy tail in the neutron emission spectrum extending well
above the 14.1 MeV thermal DT peak. Synthetic neutron spectra com-
puted for the line of sight of SPARC’s MPR neutron spectrometer
predict a steady-state alpha knock-on neutron ratio of
Rakn ~ 8.8 X 107°. Critically, the high-energy AKN tail above
15.6 MeV is uncontaminated by down-scattered neutrons from the
thermal peak, making it cleanly separable from background despite its
low amplitude. The AKN signal has previously been observed at JET
in high-performance DT discharges’ and at NIF in ignited inertial
confinement plasmas;'’ a measurement at SPARC would make it only
the third facility—and the second magnetically confined device—to
observe this signature, providing a direct and independent diagnostic
of alpha confinement and thermalization. Beyond the MPR spectrom-
eter, the neutron activation foil system offers a complementary path
to independently verify the presence of knock-on neutrons through
foils with appropriate high-energy threshold activation cross sections,
such as ”Bi or 'Tm.”””" The radial neutron camera may also be
sensitive to the AKN signal, though analysis at high energies will be
complicated by nuclear reactions on impurities in the detector materi-
als ("°C in sSCVD diamonds and protons in deuterated liquid organic
scintillators) and the high count rates required to observe the weak
AKN signal.” A detailed study of the instrument response of each
of these systems to the predicted AKN emission spectra is left for
future work.
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AKN neutron production was also studied as a function of elec-
tron temperature by varying the background temperature profile and
allowing the simulation to evolve. It was found that the simulated
AKN agrees with expected theoretical and empirical trends up to
about 22keV, but for at higher temperature, the power low scaling
seems to saturate (Fig. 9). This was an unexpected result and moti-
vates further empirical, theoretical, and numerical study of alpha
knock-on in high-temperature plasmas.

Several simplifying assumptions in the present model should be
noted. Electron temperature and density profiles are held fixed, radial
transport is neglected, and the zero-orbit-width approximation is
used throughout. The fit of the continuous knock-on source spectra
to CQL3D’s quasi-Gaussian source terms, while improved by expand-
ing the number of source terms from 3 to 9, remains an imperfect
representation of the true scattered spectrum, as seen in Fig. 3. The ad
hoc loss term used to prevent over-accumulation of alpha particle ash
is an imperfect proxy for a radial transport model; our model assumes
alpha particle losses are uniform with energy and pitch and simply
proportional to the alpha particle density. While this simple model
will introduce a systematic error in the final alpha particle distribu-
tion,”” a more accurate treatment of fast alpha transport including
MHD effects such as sawtooth cycles and Alfvén eigenmode driven
transport is beyond the scope of this work. These approximations are
appropriate for the present study but should be addressed in future
work to assess their impact on the knock-on tail amplitude and
profile.

In this work, we only considered alpha knock-on reactions with
the D and T fuel ions. In reality, all species will undergo large-angle
knock-on interactions with the alphas; however, these reactions are
subdominant to the knock-on of the bulk fuel. The knock-on rate is
proportional to the density, so minority (#minority ~ 0.057,) and
impurity (#impurity < 0.017,) knock on can be safely neglected.
Secondary knock-on ion generation by fast D and T ions can also be
neglected on similar grounds—the fast fuel ion density is less than
1072 that of the bulk.

Planned extensions to this framework include incorporating RF
quasilinear diffusion into the coupled framework to evaluate how fast
knock-on populations modify the plasma dielectric and therefore the
partition of ICRH power among species. Of particular interest for
SPARC’s *He minority heating scenarios is the assessment of parasitic
harmonic absorption of ICRH power on the fast-tritium population.
While it has been shown that the harmonic damping on thermal tri-
tium is minor,” the knock-on tails may lead to an enhancement due
to finite Larmor radius effects. Additional large-angle source terms
accounting for collisions with other suprathermal species, such as *He
and protons from DD fusion and RF-accelerated minority ions, could
also be added; although these interactions are expected to contribute
weakly due to the low density of these species, as discussed above.
Finally, a systematic comparison of these results with published AKN
predictions for ITER and other burning plasma devices'' would help
to contextualize the expected knock-on signal strength across the
range of reactor-relevant conditions and is left for future work.
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