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Abstract
We present first-principles numerical calculations of the depolarization rate of spin-polarized
deuterium and tritium nuclei in realistic tokamak plasmas, driven by resonant interactions with
plasma waves. Backed up by first-of-a-kind linear and nonlinear simulations, we find that alpha
particle-driven Alfvénic modes cause only negligible depolarization, which is contrary to
expectations in prior literature. Other Alfvénic instabilities can in principle degrade
polarization, but only under conditions unlikely to be realized on transport timescales. By
combining full-orbit particle tracing with a dedicated depolarization solver, we demonstrate that
wave-driven depolarization is surprisingly weak in SPARC and ITER-scale devices. These
results provide strong evidence that spin-polarized fuel can maintain its polarization long
enough to boost fusion reactivity, opening a viable path toward substantially enhanced
performance in magnetic confinement fusion power plants.

Keywords: spin polarized fuel, magnetized fusion plasmas, wave–particle interactions, fast ions,
ion cyclotron emission, particle-in-cell
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1. Introduction

For fusion power plants (FPPs) to become economically
viable, they must sustain a sufficiently high volume-averaged
fusion power density within the constraints of stability and
engineering limits [1, 2]. Conventional strategies to raise
power density rely on increasing plasma density and temper-
ature through improved confinement, external heating, and
optimized magnetic configurations [3–8].

An alternative and complementary strategy is to exploit the
spin of the fuel nuclei. Polarizing the deuterium and tritium
nuclear spins enhances the deuterium–tritium (D–T) fusion
cross section [9–13], thereby boosting fusion power dens-
ity without increasing plasma pressure [13–19]. This path-
way is attractive because it bypasses stability and transport
limits set by plasma pressure, heating and particle sources
[20–35], while simultaneously increasing tritium burn-up and
improving tritium self-sufficiency [36–38]. Spin polarization
alsomodifies the angular distribution of fusion products [9, 11,
39–41], which could benefit tritium breeding, blanket trans-
mutation, material longevity, and power conversion [42–44].

The promise of spin-polarized fuel (SPF) in FPPs is
tempered by two key challenges: (i) ensuring that polariza-
tion survives long enough in the plasma to matter [11, 13, 39,
40], and (ii) developing SPF sources with sufficient throughput
for reactor fueling [39, 45–47]. This work addresses the first
challenge of polarization lifetime. In particular, we focus on
depolarization by plasma waves—a mechanism whose sever-
ity remains uncertain but represents one of the largest barriers
to SPF deployment.

Experimental data on spin survival in fusion-relevant con-
ditions are limited. The only direct measurement to date, using
accelerated 3He ions, indicates that significant polarization can
persist even at MeV energies [48]. This, together with extens-
ive theoretical studies [9–11, 14, 49–53] and forthcoming
experiments on the DIII-D tokamak [13, 39–41, 54], motiv-
ates computational exploration of depolarization in magnetic-
ally confined plasmas (MCF). While numerical studies exist
for inertial confinement fusion [55, 56], no such work has yet
been performed for MCF.

Depolarization in MCF plasmas may arise from many
mechanisms including Coulomb collisions, wall interactions,
or resonant wave–spin coupling. The first two mechanisms are
generally benign under power plant conditions [11, 57–64].
The most concerning pathway is resonance between plasma
waves and the nuclear magnetic moment [13]. In a magnetic
field of strength B, nuclei precess at the Larmor frequency

ωL = γnB, (1)

where γn is the nuclear gyromagnetic ratio. Plasmawaves with
frequency ω ≈ ωL can resonantly drive spin flips [10, 11, 13,
39, 41, 49, 65, 66]. Alfvén waves, ion-cyclotron waves, and
ion-Bernstein waves occupy this frequency range andmay rep-
resent a significant threat to SPF survival [67–77].

In this paper we investigate cyclotron-frequency waves
arising from several mechanisms including plasma normal
modes, magnetoacoustic cyclotron instability (MCI),

and compressional Alfvén eigenmodes (CAEs) [78–80].
Cyclotron-frequency waves due to ion cyclotron emission
(ICE), arising from MCI [68, 78, 81–84] are ubiquitous in
magnetized plasmas and have been found in nearly all large
magnetically confined fusion devices: tokamaks including
TFR [85], JET [86–91], TFTR [92–94], ASDEX-Upgrade
[95–97], TUMAN-3 M [98, 99], DIII-D [100–102], EAST
[103, 104], HL-2A [105, 106], JT-60U [107–112], KSTAR
[113, 114], NSTX-U [115, 116]; stellarators including LHD
[117, 118], W7-AS [119], W7-X [120]; and the linear
machine, LAPD [121].

ICE typically occurs when an inverted distribution of fast
ions resonates with the fast Alfvén wave at frequencies at or
near successive ion cyclotron harmonics of the energetic spe-
cies. This instability is known to be excited by so-called shells
[83] of newly born alpha-particles as well as distributions com-
prising isolated regions of velocity space with well-defined
parallel and perpendicular velocity, also known as ring-beams
[122]. In tokamaks, these velocity space distributions typically
occur in the edge where banana orbits take marginally trapped
particles on large radial excursions to the outboard edge (see
figure 8 of [93]), where they radiate so-called edge-ICE. Core-
ICE can also be observed emanating from the tokamak core
[96, 97, 106, 123]. ICE has also been reported from ohmic
plasmas [98] providing evidence that some ICE signals may
not be driven by fast ions. We show how polarized fuel gives
rise to birth distributions of alpha-particles with more aniso-
tropy than in the default unpolarized setting, and we go on to
quantify any increase or decrease in growth rates of the MCI.

We investigate wave-induced depolarization in the infin-
ite homogeneous plasma limit to establish a baseline physical
understanding and present calculations for realistic tokamak
geometries. Section 2 introduces SPF concepts and section 3
gives a simple picture of wave depolarization. Section 4
describes the equations used to study depolarization. Section 5
analyzes the plasma normal modes most relevant to reson-
ant depolarization in the infinite homogeneous plasma limit,
which partly informs the parameter space search for linearly
unstable modes due to fusion product alpha-particles born
from SPF ions, which are discussed in section 6. Fully kin-
etic nonlinear studies in the infinite homogeneous plasma limit
by particle-in-cell (PIC) simulations in section 7 build upon
the previous section provide an understanding of the charac-
teristics of the fast-particle excited waves. Next, ensembles of
particles are tracked in three dimensions in a SPARC-like geo-
metry in section 8, providing some estimates of the potential
capability of waves to depolarize fuel ions in an FPP. We con-
clude in section 9 with implications for the viability of SPF in
future FPPs.

2. Spin-polarized fuel (SPF)

In this section, we describe SPF focusing on D–T fuel.
For a general D–T spin-polarization scheme, the differen-

tial D–T cross section depends on the pitch angle ϑ relative to
the magnetic field B [11],
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Figure 1. Relative density of neutron emission F(ϑ) (see equation (3)) parallel and perpendicular to the magnetic field B0 for three
spin-polarization schemes: panel (a), unpolarized (a= b= c= 0); panel (b), perpendicular (a= b= c= 1); and panel (c), parallel
(a= b= 0,c=−2). In (a) we indicate the pitch angle ϑ.

dσ
dΩ

=
σ0
4π

F(ϑ) , (2)

where σ0 is the nominal unpolarized D–T cross section,

F(ϑ)≡ 1− ab
2

+
1
2

(
3absin2ϑ+

c
2

(
1− 3cos2ϑ

))
, (3)

and the polarizations are

a= d1 − d−1 ∈ [−1,1] ,

b= t1/2 − t−1/2 ∈ [−1,1] ,

c= d1 + d−1 − 2d0 = 1− 3d0 ∈ [−2,1] ,

(4)

where a and c are the deuterium vector and tensor polariza-
tions, b is the tritium vector polarization, dm(m=−1,0,1) and
tm(m=−1/2,1/2) are the probabilities for deuterium and tri-
tium to occupy a spin state m (

∑
m dm =

∑
m tm = 1), and the

solid angle Ω is in Sterradians. The total cross section σ is
modified by a factor E ,

σ =
σ0
4π

ˆ 2π

φ=0
dφ
ˆ π

ϑ=0
F(ϑ)sinϑdϑ= Eσ0, (5)

where φ is the azimuthal angle. The polarization cross-section
multiplier E is

E ≡ 1+ ab/2, (6)

and satisfies E ∈ [0.5,1.5] [11]. Note that c affects F(ϑ) but
never enters σ explicitly. Unpolarized fuel has E = 1. A 50%
cross-section enhancement (E = 1.5) is obtained by choosing
ab= 1 [11], corresponding to aligning the deuterium and tri-
tium nuclear spins.

In figure 1 we plot F(ϑ), indicating the relative density of
neutron emission parallel and perpendicular to the magnetic
field, for three spin-polarization schemes: (a) unpolarized (a=
b= c= 0), (b) perpendicular (a= b= c= 1), and (c) paral-
lel (a= b= 0,c=−2). While the unpolarized scheme has
isotropic neutron emission, the perpendicular scheme biases
emitted neutrons perpendicular to the magnetic field and the

parallel scheme biases parallel to the magnetic field. In this
work, we will consider all three of these polarization schemes.

While the D–T fusion cross section is predicted to increase
by as much as 50%, the corresponding power increase in MCF
devices has been reported to be even higher. Recent work
found that with E = 1.5, the total fusion power increased by
80%–90% [13, 18] due to increased alpha heating. Similarly,
in ICF the input energy requirement at constant gain is pre-
dicted to fall by nearly a factor of two [124].

3. Wave depolarization mechanism

In this section we describe how waves can depolarize nuclei.
Nuclei withmagnetic momentsµ and spin I in amagnetic field
B(t) evolve according to

dM
dt

= γnM×B(t)−
Mx x̂+My ŷ

T2

−
(
Mz−Meq

z
)
ẑ

T1
,

(7)

where M≡ ⟨µnI⟩ is the ensemble magnetization, Meq
z is the

equilibrium value of the longitudinal magnetization, and T1,
T2 are the longitudinal and transverse relaxation times. The
polarization is preserved, since all spins precess together. We
decompose the total magnetic field into a time-independent
equilibrium component B0 and time-dependent fluctuating
component δB⊥(t),

B= B0 + δB⊥. (8)

The fluctuating component δB⊥ describes a plasma wave
whose electromagnetic fields include a small transverse, cir-
cularly polarized magnetic component,

δB⊥ (t) = B1 (x̂cosωt+ ŷsinωt) . (9)

In the laboratory frame, this field rotates at frequency ω. In the
rotating frame of the spin, if ω is sufficiently close to ωL, the

3
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Figure 2. Schematic for how a circularly polarized wave with field
δB exerts torque τ = µ× δB on a magnetic moment µ. If the wave
and magnetic moment precession frequencies are close, there will
be a torque for sufficiently long to change the component of m
along the background field B0. Dashed arrow indicates the change
of µ over time.

wave’s field appears nearly static and exerts a steady torque
on the nuclear spin precessing at the Larmor frequency ωL =
γnB0. Physically, the wave is continuously ‘nudging’ the spin
away from its original axis, just as in nuclear magnetic reson-
ance. A conceptual representation of this process is shown in
figure 2.

Each torque is tiny, because the spin’s Zeeman energy µnB0

is only ∼10−7 eV in a Tesla-scale field, but resonance allows
the nudges to accumulate coherently. Over time, the spin ‘tips’
away from its aligned orientation, and repeated events across
the ensemble randomize the polarization.

Applying the rotating-wave approximation [125] to (7) in
a frame rotating at ω shows that the spin precesses about an
effective field

Beff =
B1

2
x̂+

∆

γn
ẑ, ∆≡ ωL−ω, (10)

with the Rabi frequency ΩR = γnB1/2. On resonance (∆=
0), the spin is tipped at a rate ΩR, so that after a charac-
teristic time τR ∼ π/ΩR the spin can be completely flipped.
Including dephasing, the wave-induced depolarization rate per
nucleus is

Γwave ≈ Ω2
RT2 =

γ2nB
2
1

4
T2. (11)

Thus even a very small transverse wave field B1 can cause sig-
nificant depolarization if T2 is long.

Plasmawaves are not usually coherent but form a spectrum.
For a stochastic transverse field B+(t) = δBx(t)+ iδBy(t)with
spectral density SB+

(ω), the spin-flip rate generalizes to

Γwave =
γ2n
2
SB+

(ωL) . (12)

Equation (12) states that depolarization occurs in proportion
to the wave spectral power at the Larmor frequency, with the

correct handedness. Physically, only those modes whose mag-
netic field rotates in close phase with the spin can continu-
ously torque it; all others average away. Depolarization can
thus be viewed as a resonance problem: the nuclear spin is a
tiny ‘antenna’ tuned to ωL, and any plasma wave with match-
ing polarization and frequency can drive it. The survival of fuel
polarization in a fusion plasma requires that

Γwave τE ≪ 1, (13)

where τE is the confinement or fueling-replacement time. This
condition highlights the challenge of maintaining nuclear spin
polarization in the presence of waves: ensuring that the plasma
spectrum has little power near ωL.

4. Depolarization dynamics

In this section, we introduce the equations for studying depol-
arization of deuterium and tritium nuclei. This framework will
form the foundation for inquiry in subsequent sections in con-
figurations relevant to fusion machines.

The time-dependent Schrödinger equation describes the
evolution of the deuterium or tritium wavefunction ψ⃗, which
describes the evolution of nuclear spin,

dψ⃗
dt

=− i
h̄
Hψ⃗, (14)

where H is the Zeeman Hamiltonian. Electric dipoles of
deuterons and tritons have not been measured and are not
included. The Zeeman Hamiltonian is

H=−gµNB⃗kSijk (15)

where g= 0.8574 (5.9579) is the g-factor of the deuteron
(triton), µN = 5.0509× 10−27J T−1 is the nuclear magneton,
and B⃗k is the magnetic field vector and Sijk is a spin tensor.
Normalizing away factors of h̄, the components of Sijk for deu-
terium, and spin-1 particles in general, are

Sijx =

0 1 0
1 0 1
0 1 0

 1√
2
, (16)

Sijy =

0 −i 0
i 0 −i
0 i 0

 1√
2
, (17)

Sijz =

1 0 0
0 0 0
0 0 −1

 , (18)

and the equivalent tensors for tritons (and spin 1/2 particles in
general) are

Sijx =
1
2

[
0 1
1 0

]
, (19)

4
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Sijy =
1
2

[
0 −i
i 0

]
, (20)

Sijz =
1
2

[
1 0
0 −1

]
. (21)

The reference coordinate system for spin alignment is the z-
axis, the direction of the static magnetic field B⃗0.

The non-commutative nature of the operators [126] make
it difficult to find analytical solutions to the spin Hamiltonian
dynamics. They may only be found for limiting cases, such
as for low field strengths, exact resonances or far from res-
onance. Magnus expansions [127] alleviate this problem but
generate large and unwieldy expressions that retain these lim-
itations to some extent. In this work, we choose to use a high-
order ordinary differential equation solver which bypasses this
problem and allows for the spin dynamics to be calculated sim-
ultaneously with charged particle motion in a magnetic field.
For the remainder of this section we focus only on the spin
dynamics of stationary particles.

The equation of motion of the spin Hamiltonian is integ-
rated numerically using the ‘Verner (9)8’ [128] ordinary dif-
ferential equation time-stepping algorithm with absolute and
relative tolerances of 10−8. The state vector of deuterium is a
normalized 3-element complex vector |ψ⟩,

|ψ⟩= c−1 |−1⟩+ c0 |0⟩+ c1 |1⟩ , (22)

where |c−1|2 + |c0|2 + |c1|2 = 1, and |−1⟩, |0⟩, and |1⟩ are the
basis vectors representing the instantaneous spin states mI ∈
[−1,0,1]. In this work, wemeasure the spin states over time by
calculating the instantaneous expectation values of |ψ⟩ in the
ith direction, ⟨ψ|Si |ψ⟩, and (ii) the vector ρ of occupational
probability of each spin state,

ρ= diag(|ψ⟩⟨ψ|) . (23)

Figure 3 shows the time trace of ρ of these three states for a
left handed magnetic perturbation with an amplitude 10−3 that
of the bulk static field (electric field perturbations play no part
and are not included). The deuteron is initially in the mI = 0
state and the wave frequency is exactly the deuteron Larmor
precession frequency. Over the course of 100 s of cyclotron
periods, the deuteron depolarizes nearly completely to an aver-
age state of∼1/3 probability each, although the depolarization
model features Rabi oscillations [129] whereby the spin states
pass through their initial conditions.

When the frequency of the applied wave field moves fur-
ther from resonance, the amplitude of the Rabi oscillations
decreases but the frequency increases, as shown in figure 4.

There are two crucial observations to be made at this point:
first, only relative magnetic perturbations perpendicular to the
bulk magnetic field contribute to depolarization; second, only
the left-handed component of the perpendicular magnetic per-
turbation can depolarize deuterons and tritons.

To investigate this further we perform scans of depol-
arization for left-handed magnetic field waves of varying

Figure 3. Time evolution of the probability density ρ (see
equation (23)) of deuteron spin states over the course of 10 000
cyclotron periods in the presence of a left handed magnetic wave
field with a frequency equal to the deuteron precession frequency
and an amplitude 1/1000 that of the bulk field. The curved traces
represent the time evolution of the state probability and the straight
lines show the temporal mean probability, values of which are listed
in the legend.

Figure 4. As in figure 3 except the wave field has a frequency 0.995
that of the the deuteron precession frequency.

amplitudes and frequencies. Figures 5(a) and (b) show how
the temporal mean probability changes of a deuteron that is
initially in the mI = 0 state. They show that the resonance
width of the depolarization process is narrower at lower amp-
litudes and that depolarization is negligible for relative wave
amplitudes of 10−4. Both the amount of depolarization and
the width of the resonance increases with wave amplitude.
Relative wave amplitudes of 10−2 are unlikely, but allow us
to see the general trend of the structure of depolarization. We
must understand the consequences of the increased anisotropy
of SPF alpha-particles’ birth distributions on the growth rates
of waves in this range, which we investigate in later sections.

The inhomogeneous bulk magnetic field of a magnetized
plasma FPP changes both the cyclotron frequency and Larmor
precession frequency. As such, the spatial locations where a
wave may resonantly depolarize a fuel ion are are localized,

5
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Figure 5. Shading indicates the probability of finding a deuteron in
a particular spin state after 10 000 cyclotron periods in the presence
of a left-handed magnetic field wave with varying relative
amplitudes and frequencies. The y-axis indicates the scan in relative
amplitudes of wave field to bulk magnetic field on a log10 scale. The
x-axis shows the frequencies in units of the deuteron Larmor
precession frequencies. The deuteron is initially in mI = 0. A
probability of 1/3 for mI indicates complete depolarization.

which for tokamaks are vertical stripes due to the 1/R depend-
ence of the toroidal field. Particles must dwell within these
regions in order to undergo coherent interactions leading to
depolarization, hence only a subset of orbits are at risk.

In summary, we have introduced the formalism used for
studying nuclear depolarization and demonstrated the effects
of wave depolarization for several cases. We now proceed to
study one of the mechanisms that leads to potentially depolar-
izing waves.

5. Normal modes

In this section, we study normal plasma modes that could
depolarize D–T fuel. Normal modes of the plasma at frequen-
cies near the deuterium and tritium precession frequencies are
of particular interest. Focusing first on exploring them in the
cold plasma limit, we find the dispersion surfaces of the waves
that are supported by a 50–50 D–T mix plasma. From these
surfaces we obtain the wave frequency and handedness with
respect to the bulk magnetic field.

The quantity of interest of an arbitrary wave is the amp-
litude of the left-handed component. Stokes’ parameters meas-
ure the polarization of an electromagnetic perturbation where
S3 ∈ [−1,1], when normalized by the amplitude S0, and indic-
ates the handedness where normalized S3 =+1 is right-
handed and normalized S3 =−1 is left-handed. The relat-
ive amplitude of the perpendicular wave magnetic field is
|B1⊥|/|B1|. Hence the product of these two quantities,

|B1⊥|
|B1|

(
1− S3

S0

)
1
2
∈ [0,1] , (24)

is indicative of the ability of a wave at or near resonance to
depolarize a deuterons and tritons. Figure 6 introduces these
quantities for the 3 normal modes near the deuteron and triton
Larmor precession frequencies in a 50–50 DT mix plasma.

It is clear from the upper row of figure 6 that modes on
the shear Alfvén branch do not reach the deuteron precession
frequency and can be considered safe in terms of their cap-
ability to depolarize deuteron fuel. The intermediate mode,
middle row, with small |k⊥|/|k| may depolarize deuterons
while waves on the fast Alfvén branch, lower row, in the same
wavenumber limit may depolarize both deuterons and tritons.
Whether these modes are excited or not is another matter,
which we turn to in the next section.

6. Fast-particle instabilities

In this section we investigate the degree to which alpha-
particles born from different SPF schemes are unstable to the
MCI and hence capable of causing ICE, which matters in this
context for two very important reasons. The first reason is that
it has the potential to emit waves at both the deuteron and triton
Larmor precession frequencies, endangering the polarization
of both species. The second reason is that polarization schemes
alter the birth distribution of alpha-particles in pitch, resulting
in greater anisotropy and therefore giving the distributionmore
free energy. In this section we quantify, for the first time, the
difference in theMCI growth rates of alpha particles born from
isotropically distributed fuel spins (a= b= c= 0) and that
of the distribution function arising from parallel (a= b= 0,
c=−2) and perpendicular (a= b= c= 1) schemes.

The pitch p= cosϑ of alpha-particles born from polarized
D–T reactions can be drawn from 3 according the values of a,
b, and c defined in equation (4) for the chosen SPF scheme.
Unpolarized fuel (a= b= c= 0) results in isotropically dis-
tributed alpha particles on the surface of a sphere in three velo-
city space dimensions i.e. a shell distribution. The particles are
all born with 3.5 MeV.

In the following numerical analysis we molify equation (3)
by a Maxwellian thermal speed

fa,b,c (vz,v⊥)∝ F(ϑ)exp

−

(√
v2z + v2⊥ − v0

)2

v2th

 . (25)

We find that the growth rate analysis remains largely
unchanged when vth =

v0
100 or v0

1000 (not shown), where v0 is

6
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Figure 6. Normal modes of a 50–50 DT mix plasma in a parallel and perpendicular wavenumber plane. The three rows indicate three
different normal modes of the system in order of lowest to highest frequency form top to bottom: the shear Alfvén wave; intermediate or
hybrid mode; fast Alfvén wave. Shading of the four columns show different information about the normal modes, from left to right:
frequency in units of the deuteron cyclotron frequency; the amount of perpendicular magnetic perturbation that is left handed, see
equation (24); the relative fraction of perpendicular magnetic perturbation; the handedness of the wave, +1 (−1) is right (left) handed. The
dashed black traces indicate frequency iso-contours at the deuteron and triton Larmor precession frequency, which are ∼0.86 and ∼5.9
respectively. The semi-circular black dashed linear in the lower right panel separates the red from blue region by chance—it does not do so
for other DT ratios.

the speed corresponding to 3.5 MeV. vth is intentionally small
to ensure we destabilize waves that could pose a danger to the
SPF ions.

The distribution function fa,b,c is passed into the lin-
earized Maxwell–Vlasov set of equations [130–132], along
with Maxwellian electrons, deuterons and tritons, in order to
calculate its complex frequency solutions for sets of given
(kz,k⊥) pairs: see equations (5)–(9) of [84]. The linearized
system describes the self-consistent growth or attenuation of
electrostatic and electromagnetic wave oscillations that are
supported by the collective motion of the individual plasma
species. Maxwell’s equations (26)–(29) determine the evolu-
tion of the electric field E⃗ and magnetic field B⃗, the Vlasov
equation (30) and moments of the distribution function fs of
species s with charge qs and mass ms that provide the charge
density ρ, equation (31), and current density J⃗, equation (32),
as sources

∇· B⃗= 0 (26)

∇· E⃗=
ρ

ϵ0
(27)

∂B⃗
∂t

=−∇× E⃗ (28)

µ0ϵ0
∂E⃗
∂t

=∇× B⃗−µ0⃗J (29)

∂fs
∂t

=−v⃗ ·∇xfs−
qs
ms

(
E⃗+ v⃗× B⃗

)
·∇vf (30)

ρ=
∑
s

qsns

ˆ
dvfs (31)

J⃗=
∑
s

qsns

ˆ
dv⃗vfs. (32)

We use LinearMaxwellVlasov.jl [84, 133] to find these solu-
tions after linearization. It makes efficient use of the Lerche–
Newberger rules [132, 134, 135] to convert the standard trun-
cated sum over cyclotron harmonics for integrals in v∥ and v⊥
into a single integral. Hence computationally tractable to find
solutions in a two-dimensional (kz,k⊥) plane.

The growth rates of the MCI are shown the following three
figures 7–9 for the unpolarized, perpendicular and parallel SPF
schemes, respectively. The color scale shows the growth rate
in units of alpha-particle cyclotron frequency, and white indic-
ates where the algorithm failed to find a solution, which in the
upper right corners is where the damping rate is very strong,
≲−0.015Ωi. The x-axis (y-axis) is the parallel (perpendicu-
lar) wavenumber in units of ΩD/VA. Curved traces indicate
contours of the real part of the complex frequency solution
fromwhich we obtain growth rates: the integers on the left and
upper sides of the plot indicate the value of the real frequency
in units of ΩD. Straight dashed lines indicate angles of con-
stant propagation in degrees off perpendicular, and solid lines

7
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Figure 7. Shading indicates the growth rates of the unstable modes
on the fast Alfvén dispersion surface on a two dimensional
128-by-128 parallel and perpendicular wavenumber grid. The
unstable modes are driven by the anisotropic alpha-particle velocity
space distribution, equation (25), born from spin-polarized DT
reactions with spin parameters a= b= c= 0. Here vth = v0/100.
The electrons and fuel deuterons and tritons are represented by
Maxwellians with a temperature of 10 keV. White pixels in the
figure indicate where the algorithm was not able to find a solution.

Figure 8. As in 7 except for the perpendicular SPF scheme
(a= b= c= 1).

indicate the same in steps of 5 degrees. These plots are sym-
metric about k∥ = 0 and only the upper half-plane in parallel
wavenumber is plotted.

The perpendicular (a= b= c= 1) SPF scheme, shown in
figure 8, generates growth rates that are approximate 20% lar-
ger than the unpolarized case. Finally, the parallel SPF scheme
(a= b= 0, c=−2) in figure 9 shows the samemode structure
with growth rates approximately 2/3 that of the unpolarized
case.

We see that for this background density of 1020 m−3 and
magnetic field of 6 T, the unstable spectrum is located on and
around the 4–7 alpha-particle cyclotron harmonics and that
propagation is ±6o around perpendicular. Note that there is
no instability at the deuteron Larmor precession frequency
below the first cyclotron harmonic but the 6th harmonic, near
the triton Larmor precession frequency, is unstable. However,
referring to the cold-plasma dispersion surface in figure 6, we
see that these waves have very little left-handed perpendicular

Figure 9. As in 7 except for the parallel SPF scheme (a= b= 0,
c=−2).

perturbations making them benign in terms of their ability to
depolarize the fuel.

Given that ICE is not regularly observed from unpolar-
ized fuel alpha-particles before they have slowed down, this
suggests that ICE from fuel polarized alpha-particles will not
present a massive threat given their growth rates are broadly
similar.

Non-linear interactions between ICE waves at adjacent
higher harmonics couple power to the lower harmonics,
including the fundamental [121, 136]. This could be a mech-
anism where ICE power is cascaded down to the deuteron
Larmor precession frequency where the left-handed perpen-
dicular magnetic perturbation is no longer negligible.

7. PIC simulations

In this section, we describe PIC [137, 138] simulations of SPF
fusion born alpha-particle driven instabilities in fusion plasma
conditions. PIC has been used to model the MCI associated
with energetic ion distributions where, importantly, it takes the
physics into the nonlinear phase allowing power emitted from
linearly unstable high harmonics to couple to lower harmonics
[121–123, 139–143]: it is this coupling that offers an extra
energy transfer channel from fast ions to waves at and near the
Larmor precession frequencies of the fuel ions. These fully
nonlinear self-consistent simulations provide an estimate of
the amplitude of these waves, which informs the analysis of
the next section.

Introducing SPF in fusion reactors results in an anisotropic
distribution of fusion products which can excite distinct mag-
netic perturbations in a plasma. Here we use the PIC code,
EPOCH [144], in one spatial dimensions to self-consistently
evolve Maxwell’s equations and particles with three velocity
components under the Lorentz force. We estimate the size of
magnetic perturbations driven by the anisotropic alpha particle
distribution in a spin-polarized 50–50 D–T plasma. The stand-
ard EPOCH source code is modified to incorporate the initial
alpha particle distribution function corresponding to various
values of a, b, and c, as described in equations (4) and (3).

8
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Figure 10. EPOCH simulation results for SPARC conditions at three magnetic field orientations relative to the simulation domain
(∠(B⃗, x̂) = 90◦, 92.5◦, 95◦, shown column-wise), with constant alpha fraction (α= 1%) and perpendicular fuel polarization
(a= b= c= 1). Color in the top row shows the log10 of the absolute value of the circular polarization component of the magnetic field
waves, normalized to the bulk magnetic field, as a function of frequency against wavenumber. The middle row shows two-dimensional
histograms of the data plotted in the upper panels as a function of the magnitude of the circular polarization component of the magnetic
wave fields against frequency. The lower panels are similar to the middle panels except the ordinate is the handedness Stokes parameter of
the waves. The orange and cyan vertical dashed lines indicate the deuteron and triton Larmor precession frequencies, respectively. On all
plots µ shows the mean value of the quantity plotted in each panel.

Each simulation is evolved for a duration of eight alpha cyclo-
tron periods. The single spatial axis is aligned along the x-
axis whilst the background magnetic field B has a fixed mag-
nitude and lies in the x–z plane. The direction of B relat-
ive to the x-axis, fuel polarization (a,b,c), and alpha fraction
(α) are varied across simulations. The simulations are run for
SPARC (T= 7keV, n= 3× 1020m−3, B= 12.2T) and ITER
(T= 15keV, n= 1× 1020m−3, B= 5.3T), where T and n are
the plasma temperature and density respectively.

Magnetic field fluctuations transverse toB can be expressed
as the superposition of left-hand and right-hand circularly
polarized components, defined relative to an axis parallel to B.
Depolarization takes place only when the wave rotates in the
same direction as the ion is precessing. The left-hand compon-
ent is of particular importance as it can interact resonantly with
nuclear spin precession; a frequency match between the two
provides a direct channel for spin depolarization. We obtain
these magnetic field wave characteristics from EPOCH simu-
lations as a function of frequency and wavenumber via Fourier
transform. The wavenumber k is defined by the axis of vari-
ation in EPOCH, i.e. the x-axis. Through the parameter scan
in angle between the magnetic field and the x-axis, the plane
perpendicular to the magnetic field changes and hence a rota-
tion around the y-axis is deployed to obtain the wave informa-
tion in a coordinate system (x ′,y ′ = y,z ′) where the magnetic
field points exactly along z′. This ensures consistent extraction
of perpendicular magnetic fluctuations δBx′ and δBy′ , from

which the relative left-hand component |(δBx′ + iδBy′)/B|, as
well as the Stokes ratio S3/S0 =−2Im(δBx′ δB

†
y′)/(|δBx′ |2 +

|δBy′ |2), are subsequently calculated.
The simulation results are presented for the SPARC [5],

see figures 10–12) and ITER (appendix) tokamaks. The fre-
quency and wavenumber axes are normalized to the alpha
cyclotron frequency, ωcα, and ωcα/VA, respectively, where VA

is the Alfvén speed. For each subplot, the mean value (µ) of
the relevant quantity is indicated by a horizontal red dashed
line and annotated with red text. Vertical dashed lines mark
the precession frequencies of deuterium (orange) and tritium
(cyan), which occur at approximately 0.86ωcα and 5.94ωcα,
respectively [11].

Based on all the simulation results, it can be seen that
the primary magnetic field fluctuations in the (ω,k) spec-
tra correspond to the fast Alfvén branch, with superposed
discrete ion-cyclotron resonances. This result indicates
that Alfvén waves, rather than ion-cyclotron instabilities,
constitute the dominant threat to sustaining spin polariz-
ation. In figure 10, as the angle ∠(B⃗, x̂) shifts from per-
pendicular to slightly oblique (92.5◦ and 95◦), the emer-
gence of a non-zero parallel wavenumber (k∥) increases
the mean magnetic field fluctuations amplitude by two to
three orders of magnitude and drives a transition from lin-
ear to left-handed polarization. At oblique angles, the wave
polarization transitions from left-handed (S3/S0 < 0) at low
frequencies to nearly linear (S3/S0 ≈ 0) at higher frequencies,
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Figure 11. EPOCH simulation results for SPARC conditions at three fuel polarization configurations (unpolarized a= b= c= 0,
perpendicular a= b= c= 1, and parallel a= b= 0, c=−2, shown column-wise), with constant magnetic field orientation ∠(B⃗, x̂) = 90◦,
and alpha fraction α= 1%.

Figure 12. EPOCH simulation results for SPARC conditions at three alpha fractions (α= 1%, 5%, 10%, shown column-wise), with
constant magnetic field orientation ∠(B⃗, x̂) = 95◦, and fuel polarization a= b= c= 1.

in contrast to the purely linear polarization observed
at 90◦.

The magnetic fluctuation amplitude is largely insensit-
ive to the choice of fuel polarization (a,b,c), with both
the amplitude spectra and the Stokes parameter ratio S3/S0
remain nearly unchanged across all polarization schemes,

as illustrated in figure 11. Increasing the fast-alpha frac-
tion from α= 1%→ 5%→ 10% raises the mean level from
µ=−5.17→−4.65→−4.42, while the mean polarization
(S3/S0) remains weakly left-handed and nearly propagation
angle independent as shown in figure 12. Similar results are
also obtained for ITER (appendix).
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8. Particle tracking in realistic geometry

In this section, we integrate our spin-depolarization code with
realistic particle trajectories in a realistic geometry.

One may integrate several trajectories originating from
across phase space and perform a Monte Carlo integral of the
bulk expected depolarization state ¯< ψ0 > over an evolution
time τ , where

⟨ψ0⟩=
∑

v∥

∑
v⊥

∑
V ψ̄0

(
v∥,v⊥,V

)
v⊥∆V∆v∥∆v⊥∑

v∥

∑
v⊥

∑
V v⊥∆V∆v∥∆v⊥

. (33)

Figure 13 displays a convergence study for such a calcula-
tion on a SPARC-like machine, beginning with all particles
in the mI = 0 state in the presence of a left-handed wave
with zero wavenumber (to deliberately exclude Doppler-shift
enabled resonances) and amplitude 10−3 that of the field
on axis. The wave frequency is that of the precession fre-
quency on-axis. Deuterons are drawn uniformly from tem-
peratures on-axis of 0.1, 1 and 10 keV, which fall off quad-
ratically in s=

√
1−ψ/ψax towards the last closed flux sur-

face (LCFS), where ψ is the poloidal magnetic flux and ψax

is that on axis. A resolution study has been performed in the
linear scan size N, where N is the number of equally spaced
samples in the integration dimensions; flux surfaces, parallel
velocity and perpendicular velocity. The particles are tracked
for 10 000 on-axis cyclotron periods. Initially, the deuterons
are all in the mI = 0 state and we see that the temporal mean
state sees a reduction of depolarization by ∼3.5%. The other
two states split the remaining probability equally between
them.

One would need to run these with high values ofN for more
accurate results and include collisions to allow particles to tra-
verse phase space whilst going into and out of resonance. The
next subsection accounts for non-zero wavenumber and mul-
tiple co-existing waves.

Bulk spin depolarization by eigenmodes in SPARC
The bulk spin depolarization of an ensemble of initially polar-
ized deuterium or tritium ions is evaluated in the SPARC
axisymmetric equilibrium magnetic field—modeled using a
Solov’ev equilibrium with Miller shaping (major radius R0 =
1.85m, on-axis toroidal field B0 = 12.2 T, inverse aspect ratio
ϵ= 0.31, elongation κ= 1.97, and triangularity δ= 0.54)—
in the presence of superimposed eigenmode perturbations.
Inspiration from CAE-like structures [78–80] is drawn from
the active area of study on the link between higher frequency
MCI fast Alfvén modes that give good agreement from infin-
ite homogeneous plasma models and the geometry depend-
ent cyclotron and sub-cyclotron eigenmodes of Hall-MHD
[145–148]. However unlike CAEs, we ensure that the mag-
netic perturbation of our hypothetical eigenmode has a sig-
nificant shear component to maximally endanger polarization
(the perturbed magnetic field orthogonal to the bulk magnetic

Figure 13. The spatio-temporal expectation value of the mI = 0
state, initially fully occupied, evaluated from an ensemble of
particles integrated over 10 000 cyclotron periods (as calculated on
axis) for a SPARC-like equilibrium. The dashed, dot-dashed and
solid traces indicate estimates for plasmas of 100, 1000 and
10 000 eV, respectively. Here N is the number of locations in minor
radius, parallel velocity and perpendicular speed at which particles
are initialized in order to perform the Monte-Carlo integral of
spatio-temporal expectation spin state.

field is at least≃75%). The plasma volume is radially discret-
ized intoNv = 10 approximately equal-volume nested toroidal
shells, {∆Vi}Nvi=1, representing the volume between adjacent
magnetic flux surfaces fixed by the normalized minor-radius
coordinate si =

√
1−ψi/ψax, where ψi is the poloidal flux on

the ith surface and ψax is its value at the magnetic axis, such
that s= 0 at the axis and s= 1 at the LCFS. Ions are initialized
on the outboardmidplane of each flux surface si atmajor radius
Ri. At each of these spatial locations, the velocity space is
sampled on a tensor grid ofNE×NE points (whereNE = 10) in
parallel and perpendicular kinetic energy relative to the equi-
librium magnetic field, (E∥,j,E⊥,k). The grid points are quad-
ratically spaced from 0 to Emax = 100keV (10 times that of
the characteristic temperature) according to the relation En =
Emaxu2n, where {un}NEn=1 is drawn from a uniform distribution
in [0,1]. This non-uniform sampling provides a higher density
of grid points at low energies, which better represents the bulk
of a thermal Maxwellian distribution while sparsely sampling
the high-energy tail. For each discrete initial condition (pos-
ition Ri and energy {E∥,j,E⊥,k}), the evolution of a single
spin polarized ion is simulated on collisionless timescales. The
particle’s trajectory is determined by the Lorentz force, while
its spin state, |ψ(t)⟩, evolves according to the time-dependent
Schrödinger equation, yielding the probability of the ion being
in each specific spin state mI as a function of time PmI,ijk(t).
The final bulk probability is then determined by scaling this
PmI,ijk(t), by a weighting factor, W ijk, calculated as follows to
represent its statistical significance within the overall particle
distribution

Wijk =
(
1− s2i

)
e−

E∥,j
T e−

E⊥,k

T
√
E⊥,k∆Vi. (34)
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Figure 14. Poloidal magnetic field component of eigenmode perturbations in the SPARC tokamak plasma at t= 0, shown in the (R,Z)
cross-sectional plane. The structure is superposition of three eigenmodes, each of which has the amplitude 3× 10−3 of the magnetic field
strength on axis. The red line indicate the plasma boundary, and the cyan diamonds mark the initial positions of ions on the outboard
midplane. Color indicates field strength in Tesla.

Here (1− s2i ) provides a parabolic on-axis-peaked dens-
ity profile, the Maxwellian factors exp(−E/T) weight the
energy grid at a common temperature T= 10keV (identical
in ∥ and ⊥), a term from the velocity-space volume ele-
ment, v⊥,k ∝

√
E⊥,k, and ∆V i converts the surface sum into

a volume integral. The final bulk probability for a spe-
cific spin state mI as a function of time, ⟨PmI(t)⟩, is given
by the weighted average over the entire simulated particle
distribution:

⟨PmI (t)⟩=
∑

i,j,kPmI,ijk (t) ·Wijk∑
i,j,kWijk

. (35)

This summation is the numerical approximation of the
continuous integral over the ions’ phase-space distribution
function.

To estimate fuel ion depolarization, we consider a rep-
resentative example of eigenmode-like magnetic perturba-
tions, noting that the resulting depolarization depends on the
assumed perturbation structure, localization, frequency and
amplitude. Eigenmode perturbations at a given position and
time (see figure 14) are modeled as a superposition of three
eigenmodes, expressed via magnetic fluctuations of the form
∇× (αB⃗0), where:

α∝ℜ

[
3∑
l=1

∇×
(
e iΦle−

(s−sl)
2

∆s2

)]
(36)

and the phase of the lth mode Φl = mlθ − nlϕ − ωlt, with
ml = 6 and nl = 3 denoting the poloidal and toroidal mode
numbers, respectively. The selected wave structure (ml,nl) is
consistent with the symmetry of low-toroidal-mode-number
Alfvénic and energetic-particle-driven instabilities commonly
observed in tokamaks. Each mode’s angular frequency ωl is
set to the deuteron or triton precession frequency evaluated at
sl indicated by the 1st, 4th and 7th dots in figure 14, counting
outwards. Modes are localized to flux surfaces by a Gaussian
radial envelope centered on sl with a width of ∆sl = 0.05.
The modes are scaled such that spatially max

(
|δBl|

)
= 3×

10−3|B0,axis|. The chosen amplitude level reflects the highest
order-of-magnitude magnetic fluctuation obtained in the PIC
simulations presented in the previous section, and is there-
fore intended as an upper-bound estimate of the perturbation
strength.

Figures 15 and 16 show that for deuterium with differ-
ent initial spin polarizations relax to a quasi-steady state after
approximately 0.03 ms. Deuterium starting in the mI =+1
state retains an average probability of 0.8905, compared to an
initial mI = 0 state, which averages a probability of 0.8628.
A difference appears in how the other states are populated:
when starting from mI = 0, the mI =+1 and mI =−1 states
are populated equally. However, when starting from mI =+1,
the mI = 0 state is populated more than the mI =−1 state.
This asymmetry stems from the quantum mechanical selec-
tion rules for magnetic dipole transitions, which only allow
spin transitions of ∆mI =±1. As a result, a direct transition
from mI =+1 to mI =−1 is forbidden, forcing the spin to
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Figure 15. Time evolution of the bulk probability density of
deuterons spin states in SPARC, initialized in the spin polarized
state mI = 1, on collisionless timescales in the presence of
eigenmode perturbations. The thick curved traces represent the time
evolution of the spin state probability, while thin straight lines
indicate their temporal mean values, listed in the legend.

Figure 16. As in figure 15 except deuterons are initialized in the
spin polarized state mI = 0.

Figure 17. As in figure 15 except tritons are initialized in the spin
polarized state mI =+1/2.

pass through the intermediate mI = 0 state—leading to its
enhanced population while the mI =−1 state remains sup-
pressed. Results for tritium (see figure 17) show∼13% depol-
arization. Overall, both tritium and deuterium exhibit a meas-
urable depolarization of≃12± 1% in SPARC for these strong
eigenmode perturbations over collisionless timescales. Results

show that there is no measurable depolarization for the same
simulations where the eigenmode frequencies are changed to
the precession frequency of the other ion species; i.e. deuter-
ons remain polarized in waves tuned to the triton precession
frequency and vice versa.

Although bulk spin depolarization provides an overall
estimate, it is also important to investigate the depolariza-
tion of individual ions in SPARC to better understand the
underlying physics at the particle level. A resonant inter-
action between a wave and a moving spin-polarized nuc-
leus occurs when the wave’s frequency, ω, satisfies the
condition:

ω = ωL+ ℓωc+ k∥v∥.

Here, ωL is the Larmor frequency, ωc is the cyclotron fre-
quency, k∥v∥ is the Doppler shift (calculated from the wave’s
parallel wavenumber, k∥, and the nucleus’s parallel velocity,
v∥), and ℓ is the integer cyclotron harmonic number [11].
Modeling reveals that depolarization is confined to a narrow
Doppler-shifted band around the fundamental Larmor reson-
ance (ℓ= 0) with negligible coupling to cyclotron harmon-
ics. For this reason, depolarization is examined exclusively
at the fundamental resonance. This is an encouraging result,
as it means that only a single frequency band around the pre-
cession frequency can cause depolarization, while all higher
harmonics remain benign. It is also important to note that
in cases where multiple waves resonate with the spin polar-
ized nucleus at a given location, the net magnetic perturba-
tion amplitude, δB, is determined by the superposition of the
waves. The outcome of this superposition depends on the indi-
vidual wave parameters as described by equation (36), which
dictate the critical relative phases between them. Generally,
constructive interference between waves increases the effect-
ive perturbation amplitude and thereby enhances depolariz-
ation, whereas destructive interference reduces the net amp-
litude, potentially canceling the perturbations and preserving
polarization.

To study the dependence of depolarization on particle ener-
gies, a deuteron in the spin-1 state is launched from the out-
board mid plane at selected Ri with prescribed parallel and
perpendicular energies (E∥, E⊥) in SPARC. The wave fre-
quency ω is set to the local deuteron precession frequency,
evaluated from the equilibrium magnetic field Bres at Ri,
with δB= [Bres/1000, 0, 0 ] and k= 0, so that Doppler-shift
effects are neglected. Particles are classified as passing or
trapped based on their pitch angle, ξ = tan−1

(√
E∥/E⊥

)
,

with passing particles satisfying tan−1(
√
2ϵ)< ξ < π/2 and

trapped particles satisfying 0< ξ < tan−1(
√
2ϵ). Here, ϵ=

r/R is the inverse aspect ratio of the flux surface at the
particle’s initial position, with r the minor radius and R the
major radius. Each simulation is run over 104 cyclotron peri-
ods (collisionless timescales), and the resulting mean tem-
poral probability is evaluated as shown in figure 18. In addi-
tion, figure 19, also shows example trajectories for a trapped
particle (inner banana orbit) and a passing particle (outer circu-
lar orbit), where color indicates the instantaneous probability
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Figure 18. Mean temporal probability of a deuteron in the mI =+1 state, averaged over 104 cyclotron periods in SPARC, shown across
(E∥,E⊥) space (top row), pitch angle (middle row), and total energy (bottom row), with red dashed lines marking the trapped-passing
boundary. Each column corresponds to a different major radius Ri on the outboard midplane where deuterons are initialized. The wave
frequency is set to the local deuteron precession frequency, evaluated from the equilibrium magnetic field Bres at Ri, with perturbation
δB= (Bres/1000 ê⊥,1, 0 ê⊥,2, 0 ê∥) and k= 0.

Figure 19. Trajectories of a trapped (banana) and passing (circular) deuteron in SPARC, showing the evolution over 104 cyclotron periods
for particles initialized in the mI =+1 spin state. The color indicates the instantaneous probability of being in the mI =+1 spin state. The
trapped particle is launched at R= 2.052 m with E∥ = 900 eV, E⊥ = 8000 eV, and the passing particle at R= 2.235 m with E∥ = 3000 eV,
E⊥ = 3000 eV.
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of occupying the mI =+1 spin state, obtained using the same
simulation setup described in this paragraph.

The analysis across four flux surfaces in SPARC (see
figure 18) shows that depolarization is most pronounced in the
trapped region of phase space (low E∥, high E⊥) and becomes
more significant at larger radii, where the trapped-particle
fraction increases. Passing particles show the strongest and
most scattered depolarization near the core, but as the radius
increases, the spread decreases and the probabilities cluster at
higher values. Overall, orbit topology (trapped vs. passing)
rather than total energy is the dominant factor for depolar-
ization, and it is favorable that the trapped fraction remains
small in the core where fusion reactions predominantly occur;
however, a fraction of passing particles near the core are more
prone to depolarization.

These results can be explained by noting that the cumulat-
ive spin depolarization depends on the relative time particles
spend in resonance versus off resonance: extended time in res-
onance enhances depolarization, while longer recovery peri-
ods off resonance mitigate it and help restore polarization.
Differences in orbit geometry between trapped and passing
particles affect the relative time spent in and out of resonance,
making trapped particles generally more prone to depolariza-
tion. A fraction of passing particles near the core, confined to
smaller-radius flux surfaces, exhibit stronger depolarization,
whereas those on larger-radius flux surfaces depolarize less,
as their extended trajectories reduce the relative time spent in
resonance and increase time in non-resonant regions.

9. Discussion

In this workwe have shown a comprehensive numerical invest-
igation of spin depolarization due to waves in plasma with fre-
quencies comparable to the ion-cyclotron frequency. In partic-
ular, we focused on calculating depolarization in the SPARC
tokamak at different radial locations and across deuterium
and tritium energies in the presence of powerful spin-resonant
shear eigenmode-like magnetic field perturbations. Overall,
we have found the depolarization is weak over tens of thou-
sands of ion cyclotron periods. While further work is required
to study the evolution over longer time periods, these results
suggest that spin-polarized deuterium and tritium could per-
sist for sufficiently long enough to increase power density in
magnetic confinement fusion machines.

To conduct this study, we developed a tool capable of
self-consistently integrating the position, velocity, and particle
spin state of ions in a superposition of a static uniform mag-
netic field and an arbitrary number of spatially and tempor-
ally oscillating magnetic fields. Using this framework, we
identified normal modes supported by an infinite homogen-
eous D–T plasma with the potential to depolarize deuterium
based on their degree of left-handed circular polarization
and frequency. Our analysis shows that waves on the ion–
ion hybrid branch may drive deuterium depolarization, while

parallel-propagatingwaves on the fast Alfvén branchmay sim-
ilarly affect tritium.

We studied the role of alpha-particle birth distributions
arising from SPF schemes, evaluating their ability to destabil-
ize waves in a manner analogous to calculations performed
for ICE. These distributions are found to emit waves obliquely
to the magnetic field and only 20% larger than alpha-particle
shell distributions generated from unpolarized fuel. Fully non-
linear electromagnetic PIC simulations revealed the relative
strength of obliquely propagating Alfvén waves and showed
that they represent the dominant risk to spin polarization.
Compared to zero parallel wavenumber, a small but finite
value amplifies relative magnetic fluctuation amplitudes by
two to three orders of magnitude and drives strong left-handed
polarization near the D and T precession frequencies. Notably,
the choice of fuel polarization scheme does not alter wave
magnitude or polarization, while increasing the alpha fraction
raises the mean magnetic fluctuation amplitude without chan-
ging its polarization characteristics.

Monte Carlo integration was used to evaluate the spatio-
temporal expectation value of the deuterium fuel polarization
state in SPARC-like equilibria. These calculations indicate
that depolarization remains modest even on collisional times-
cales for both deuterium and tritium when subjected to power-
ful waves near their respective precession frequencies.Finally,
we highlight that high magnetic field strength could provide
an intrinsic advantage for preserving spin alignment. Since
the efficacy of depolarization depends on the relative perturb-
ation δB/B rather than the absolute amplitude δB, operation
at higher B naturally suppresses this ratio if δB remains con-
stant, offering an important mechanism to sustain polarization
in next-generation high-field devices.
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Appendix. ITER results

The PIC simulation results for ITER (figures 20–22) repro-
duce the SPARC trends: oblique magnetic field angles (small
finite k∥) amplify magnetic fluctuations and drive a transition
toward left-handed polarization. The fluctuation amplitude
increases with the fast-alpha fraction, yet is largely insensit-
ive to the chosen fuel-polarization scheme. The Stokes ratio
S3/S0 is independent of both the alpha fraction and the fuel
polarization.
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Figure 20. EPOCH simulation results for ITER at three magnetic field orientations relative to the simulation domain
(∠(B⃗, x̂) = 90◦, 92.5◦, 95◦, shown column-wise), with constant alpha fraction (α= 1%) and fuel polarization (a= b= c= 1).

Figure 21. EPOCH simulation results for ITER at three fuel polarization configurations (a= b= c= 0, a= b= c= 1, and
a= b= 0, c=−2, shown column-wise), with constant magnetic field orientation ∠(B⃗, x̂) = 90◦, and alpha fraction α= 1%.
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Figure 22. EPOCH simulation results for ITER at three alpha fractions (α= 1%, 5%, 10%, shown column-wise), with constant magnetic
field orientation ∠(B⃗, x̂) = 95◦, and fuel polarization a= b= c= 1.
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