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ABSTRACT

Fast-lon and Alpha-Particle Continement in a Compact
Spherical-Tokamalk Breeder: Sub-Percent Ripple Losses
and First-Wall Loading from Orbit-Following Simulation

usion-born alpha particles must remain confined long enough to deposit their 3.5 MeV of birth energy in the plasma, and their
F eventual losses must not concentrate as a localized load on the first wall. In a compact, high-current spherical tokamak (ST) neither

requirement can be assumed: at a minor radius of only @ = 0.48 m the fast-alpha banana width reaches 16 cm and the near-axis
potato width 23 ¢m, so a naive large-orbit shell estimate predicts a first-orbit loss of order 4.5%. We resolve this question for the frozen
Hyperion breeder design point (I, = 9.66 M A, @ = 3.076, Pr,; = 85.04 MW, negative triangularity § = —0.30, By = 8T, elongation
k = 2.0, Ry = 1.20 m, aspect ratio A = 2.5) with a guiding-centre Monte-Carlo orbit-following calculation on the identical free-boundary
equilibrium, run on the NVIDIA GPU HPC campaign. Over an ensemble of 10% markers the alpha population is 99.977% confined, with a
prompt (first-orbit) loss of 0.023% and a first-wall alpha load of 0.083 kW m 2 mean and 1.94 kW m~2 peak over the 46.4m? conformal
wall; a collisional slowing-down ensemble raises the loss to 0.033% and the mean load to 0.121 kW m™2. Full orbit integration therefore
refutes the analytic 4.5% estimate, which overcounts because the potato-width shell argument ignores conservation of the canonical
toroidal momentum p,,; an independent 108-marker GPU follower reproduces the confined figure to 99.99%. Adding finite toroidal-field
ripple opens a second channel that keeps the loss sub-percent — 0.019% at 1.0% ripple and 0.031% at 1.5% — with the peak wall load of
order 1 kWm™2 and a toroidal peaking factor near 1.4. Alpha confinement is thus a solved, non-limiting aspect of the design: the
compact, high-field, negative-triangularity configuration confines its fusion-born alphas essentially completely, and the residual wall load
stays two-to-four orders of magnitude below the engineering scale. The one honest gate is that this is a guiding-centre, orbit-confinement
assessment; magnetohydrodynamically driven fast-ion transport is a separate question deferred to the companion stability work.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645729 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: fast ions alpha particles guiding-centre orbit-following ASCOTbH toroidal-field ripple

first-wall loading spherical-tokamak breeder
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NOMENCLATURE

Symbols, units, and the names of things

Q plasma (fusion) gain, Pg,s/Pux

Qp engineering gain, net electric out / recirculating in
Hgg confinement enhancement over the IPB98(y,2) scaling
Zef effective ion charge

Cee electron—electron bremsstrahlung leading coefficient, 2.120022 (exact)
Tp energy confinement time

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK/NOAK/BOAK  first [ n'™ | best of a kind

Hyperion the ST breeder (internal: Mode D2)
Aegis the generator, defense/installation housing (internal: Mode M)
MetroVolt the generator, data-center housing (Mode M)
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Introduction

WHY ALPHA CONFINEMENT IS A DESIGN QUESTION, NOT AN ASSUMPTION

A fusion-born alpha particle is created at 3.5 MeV and carries one-fifth of the energy of each deuterium—tritium reaction. Its fate is doubly
constrained. First, it must stay confined for a slowing-down time so that its energy thermalises in the bulk plasma; the self-heating fraction
on which the breeder's gain @ = 3.076 rests depends on alphas depositing P, = 17.01 MW back into the core, not on the wall. Second,
whatever fraction is lost must not arrive as a concentrated stripe of energetic ions on a plasma-facing component. Both requirements are
quantitative, and in a compact ST neither can be taken for granted: the orbits are large relative to the machine, so confinement must be

computed rather than asserted from the conventional-tokamak intuition that alphas are “essentially all confined” ™/,

The Hyperion breeder holds I, = 9.66 M A at a major radius of only Ry = 1.20m and a minor radius a = 0.48 m, behind a centrepost
magnet at a peak field of 16.84T and a plasma field By = 8T, in a negative-triangularity (§ = —0.30) regime chosen for turbulence
suppression without an edge pedestal 34, At an inverse aspect ratio &€ = a/Ry = 0.40, the fast-alpha drift excursions are a substantial
fraction of the minor radius (section 2.3): the banana width is Ay ~ 16 cm and the near-axis potato width wp R 23 cm, i.e. Ap/a=0.33
and wp/a = 0.48. This is precisely the regime in which a conventional large- Ry scaling (Ap/a < 1) does not transfer, and the confine-
ment problem must be solved on the actual geometry.

PRIOR ART

The physics of energetic ions in tokamaks is a mature discipline. The reference frameworks — the ITER Physics Basis energetic-particle
chapter [/ and the ITER energetic-ion analysis of Pinches et al. [?! — establish that in a large device fusion alphas are confined at the 99.9%
level and that the residual first-wall loads from neutral-beam and fusion ions are handled by dedicated orbit-following calculations. The
computational tool of record is the guiding-centre/full-orbit Monte-Carlo follower: the ASCOT lineage '5°! and NUBEAM 7! propagate
marker ensembles through realistic three-dimensional fields and triangulated walls, and have been used to map fast-ion power loads onto
ITER plasma-facing components '*!. The theoretical scaffolding is the Hamiltonian guiding-centre theory of Littlejohn, White and Chance,
and Cary and Brizard [%'°), which reduces the fast gyromotion to a drift trajectory that conserves the magnetic moment y and, in axisym-
metry, the canonical toroidal momentum p,; and the ripple-loss theory of Goldston, White and Boozer 11 which sets the threshold for
stochastic ripple diffusion of trapped fast ions.

Two features distinguish the spherical torus. First, the strong field variation and low aspect ratio make the orbit topology qualitatively rich-
er: potato orbits near the magnetic axis, wide bananas, and a large trapped fraction f; ~ 0.76 !'>'7). Second, the small size shrinks the
absolute wall area over which any lost power is spread, so a given loss fraction maps to a higher wall load than in a reactor-scale device.
The dedicated review of energetic particles in spherical tokamaks by McClements and Fredrickson ! is the natural benchmark for the
present study.

CONTRIBUTION

This paper reports a first-principles, GPU-accelerated orbit-following assessment of fast-ion and alpha-particle confinement at the frozen
Hyperion design point and settles a specific internal disagreement. An analytic guiding-centre shell estimate, retained as a red-team flag,
predicted a 4.5% first-orbit loss and a ~ 21 kW /m? wall load — values that would have demanded first-wall armor and a re-examination
of the alpha-heating budget. We show, by integrating the full guiding-centre orbits with Coulomb collisions on the identical free-boundary
equilibrium, that the true prompt loss is 0.023% and the wall load 0.083 kW m~2 mean — roughly two orders of magnitude smaller — and
we trace the discrepancy to the shell argument's neglect of p,, conservation. We then close the two channels a nominal axisymmetric run
omits: finite toroidal-field ripple and its toroidal peaking. The contributions are: (i) a formal statement of the confinement problem and the
orbit-width hierarchy for this geometry (section 2); (ii) the numerical formulation, GPU-HPC campaign and cross-code verification (sec-
tion 3); (iii) the axisymmetric and collisional confinement result with its first-wall load map (section 4); and (iv) the ripple study and a
quantitative comparison against the published ITER and ST fast-ion literature (section 5). Every headline quantity is a frozen anchor (seri-
als BR-L1-A14 and BR-L2-A20) in the Kronos Physics De-Risking Register [3°!, and each is cited inline so the number is auditable.
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Governing equations and the Yormal confinement problem

GUIDING-CENTRE ORBIT DYNAMICS

A fast alpha of mass m, charge ¢ = Ze and energy E has a gyroradius small compared with the field-variation scale, so its motion reduces
to that of a guiding centre drifting across the field. Following the Hamiltonian guiding-centre theory '] the guiding-centre position

R and parallel velocity | evolve, with b= B/ B the unit field vector, as
o o m (o 1 9 A E x B
R=v, b+ W(v” +301) " bxVB+ —
; VB my ¢
mov| = — = = Cconst.
[ g = = 2B

The second term of equation (1) is the combined grad- B and curvature drift; the magnetic moment , is the lowest-order adiabatic invari-
ant, conserved to all orders in the guiding-centre expansion, and equation (1) is the parallel mirror force that traps particles in the low-field
region. We take the radial electric field to vanish in the base assessment ( E = 0), which is conservative for confinement because a
realistic £, < 0 well would only deepen the confining potential.

THE CONFINEMENT INVARIANT AND THE LOSS CONDITION

In an axisymmetric field (0, = 0) the toroidal canonical momentum is an exact constant of the guiding-centre motion,

RB,
Py = MU~ — g¥(R,Z) = const,

where ¥ is the poloidal flux. Equations (1) and (2), together with energy conservation E = %m’vﬁ + pB = const (collisionless), constrain
each orbit to a two-dimensional surface in the four-dimensional (R, Z, |, ) reduced phase space. A birth alpha is promptly lost only if
the surface labelled by its (i, E, p,) intersects the wall 8; it is confined otherwise. Formally, with {2 the plasma volume bounded by the
conformal wall, the prompt-loss set is

£ = {(mEp,): 3t €0, rom] with  E(t) ¢ 0},
and the prompt-loss fraction is the birth-weighted measure of £,
£

So(  R) o« npnr{ov)(Ty),

where 8, is the fusion-reactivity birth source with the deuterium~tritium reactivity (ow) taken from Bosch and Hale (4l and dT'j the birth
phase-space measure. It is essential that the loss condition (3) is evaluated on the true field: the invariant (2) can hold an orbit whose
instantaneous radial excursion is a large fraction of g inside the plasma, because the excursion oscillates about a flux surface rather than
accumulating outward. This is exactly the effect the analytic shell estimate below misses.

THE ORBIT-WIDTH HIERARCHY AND WHY THE ST IS THE HARD CASE

The relevant excursion scales follow from the drift ordering. The fast-alpha Larmor radius is

V2mE
ZCBO ’

pL =

which for a 3.5 MeV alpha at By = 8 T gives pr, = 3.37cm, i.e. pr,/a = 0.070. A trapped fast ion executes a banana orbit of radial width



with ¢ the safety factor and e = a/Ry; at ¢ ~ 3 and € = 0.40 this is A, = 16.0cm, or A;/a = 0.33. Near the magnetic axis the trapped

orbit degenerates into a potato orbit whose width scales as ['°!

2 2 1/3
Wy = (q PrL RO) )
giving wp = 23.1 cm =~ 0.48 a. The trapped-particle fraction at this aspect ratio is

2¢e

= 0.76.

Equations (6)—(8) locate the machine squarely in the large-orbit regime: three-quarters of the birth alphas are trapped, and their banana
and potato widths are one-third to one-half of the minor radius (figure 2). It is this hierarchy that makes a first-principles orbit integration
necessary; the conventional-tokamak expectation Ap/a < 1 is simply false here.

THE ANALYTIC SHELL ESTIMATE AND ITS FAILURE

The red-team flag proceeded from equations (6)—(8) by a shell argument: a trapped alpha born within one banana width of the last closed
flux surface is deemed lost, so

shell ~ ft S’a("')

loss
a—Ap

for a birth profile S’a (r) with flat density and parabolic temperature. This maps to a lost power flf)];:'uPa =~ 0.76 MW and a wall-averaged
load &~ 21 kW /m2. Equation (9) is an upper bound that neglects p, conservation (2): it counts every wide-banana birth in the outer shell
as lost, whereas the invariant confines most such orbits because their excursion oscillates rather than escaping. The full integration of
section 4 evaluates equation (4) directly and returns a loss two orders of magnitude smaller, quantifying the overcount. This is the paper's

central methodological point: in a large-orbit ST, orbit-width shell heuristics fail and only invariant-respecting integration is trustworthy.

COLLISIONAL SLOWING-DOWN

Beyond the prompt window, a confined alpha thermalises by Coulomb collisions. The evolution of the fast-ion distribution f is governed
by the Fokker—Planck operator, written in the Landau form with a slowing-down drag A and a velocity-space diffusion tensor D
[13]

(%)sz o[- Af+iv . ( Dy

Above the critical energy E., electron drag dominates and the energy decays with a characteristic Spitzer slowing-down time 7,; the mean
alpha energy then obeys, to leading order, dE/dt ~ —E /7, giving an e-folding drag time 7; =~ 44 ms at the design electron density
n, = 420 /m3. Over the millisecond-scale integration window a confined alpha sheds only a few per cent of its energy (a calibration
marker set falls 3.50 MeV —3.34 MeV in 2ms; figure 6), confirming that the first-orbit loss is decided long before collisions matter.
Collisions can, however, deconfine a slowing-down alpha whose orbit is pushed onto a lost surface, which the collisional ensemble of
section 4 captures by integrating equation (10) to a floor Epy = max(50 keV, 2T3).

TOROIDAL-FIELD RIPPLE

A finite number N of toroidal-field coils breaks axisymmetry, modulating the field as B(R, Z, @) = B(R, Z) [1 + éyp(R, Z) cos N¢] and
destroying the exact conservation of p,,. Two ripple channels then act on fast ions. Locally, a banana tip that falls in a ripple well is trapped
between adjacent coils; the ripple-well condition is

€

op(R, Z N ooal?
o(B,2) > Ngq|sin|

with 6 the poloidal angle. Globally, successive banana tips undergo a random-walk in radius once the Goldston—White—Boozer stochastic-

ity threshold is exceeded "),
3/2
€ 1
(srip > 6GWB = ( ) 271'qu ’




where ¢’ = dg/dr; above dgwp the trapped fast ions diffuse with a stochastic ripple diffusion coefficient Dy, o< (Sﬁp)z. Because both
channels scale steeply with & and inversely with IV, the ripple study of section 4.4 sweeps 0rip over representative amplitudes rather than
assuming a single coil-set value, and reports both the loss increment and its toroidal peaking.

FIRST-WALL LOAD FUNCTIONAL

The quantity that decides survivability is not the loss fraction but the surface power density where the lost alphas strike. For a wall triangu-
lated into facets {F}} of area Ay, the load on facet k is the Monte-Carlo sum over markers j that terminate on it,

P, E;

Gwar(Fe) = e 3wy
" Nk A j;k ' By’
with Ny the marker count, w; the birth weight, E; the impact energy and Ej the birth energy. The mean load is Gwai = fioss P/ Awall
and the peak is maxy gwan(Fy); the toroidal peaking factor is the ratio of the maximum toroidal-bin load to the toroidal mean.

Equation (13) is evaluated on the 46.4 m? conformal wall (separatrix +6 cm).
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Computational methodology: the GPU-HPC orbit-following campaign

CODES AND THE FROZEN EQUILIBRIUM

The confinement result was produced by the NVIDIA GPU HPC campaign using two independent orbit-followers on one frozen equilibri-
um, so that a cross-code agreement — not a single code — underwrites the number. The reference follower is ASCOT5, the guiding-
centre/full-orbit Monte-Carlo code for fast-ion and alpha transport in realistic fields and wall geometry [>®). The independent cross-check
is an in-house guiding-centre follower implemented on GPU (CuPy) that advances 108 markers with toroidal-field ripple. Both run on the
identical magnetic equilibrium: a FreeGS 129 x 129 free-boundary Grad—Shafranov solution 3?4 at Ry = 1.20m, a = 0.48m, k = 2.0,
0 =—0.30, I, = 9.66 M A, By =8T and poloidal beta 8, = 0.371 — byte-for-byte the same equilibrium used by the equilibrium and
turbulent-transport gates of the register, so the orbit calculation and the confinement/stability calculations share one plasma. The birth
source is sampled from the local fusion reactivity S, o< npnr{ov)(T;) of equation (4); the fusion-profile-weighted births extend to
p = 0.864 (figure 6).

NUMERICAL FORMULATION AND DISCRETIZATION

Equations (1)—(1) are integrated in ASCOT5 guiding-centre mode (SIM_MODE 2) by an adaptive-step Runge—Kutta scheme, with the
Coulomb operator (10) applied by an operator-split Monte-Carlo collision step (pitch-angle scattering plus energy drag) each timestep.
Three tolerances control accuracy: the maximum guiding-centre toroidal advance per step Ag, the orbit-integration tolerance TOL gt
and the collision-step tolerance TOLco . Markers are followed until they thermalise below Emi, = max(50 keV, 2T;) or intersect the
triangulated conformal wall. The loss fraction fiess of equation (4) is estimated as the birth-weighted fraction of wall-terminated markers, a

binomial functional whose statistical error scales as 0§ = v/ fioss(1 — fioss)/Nmi; reporting a prompt loss at the 10~* level to ~10% rela-
tive accuracy therefore requires Ny > 10° markers, which sets the ensemble size. Confidence intervals in figure 4 use the Wilson score
interval, appropriate for the small- fioss regime where the normal approximation fails.

INTEGRATOR CALIBRATION AND THE TWO-ENSEMBLE CHAIN

A naive high-fidelity setting is computationally intractable: a strict configuration (Ay = 2 degree, TOLypit = 107%) integrates 3.25 ms of
orbit per 60 s of CPU per marker, so 10° markers would cost of order CPU-years. A calibration study (300 markers) established that a
relaxed configuration (Ag = 20 degree, TOLgpi = 1077, TOLce = 1071) returns an identical prompt-loss answer (0 /300 markers lost
in both settings, and a physical slowing rate consistent with 7, ~ 44 ms) at 2ms per 0.83 s of CPU — a 70x speed-up at no loss of the
confinement observable. The 0/300 calibration alone bounds the prompt loss at fioss < 1.0% (95% CL), already refuting the 4.5% esti-
mate. The production run is a two-ensemble chain (figure 8):

Ensemble A — 10° guiding-centre markers x 3ms, collisionless, for the prompt (first-orbit) loss to 10™*-class statistics;

Ensemble B — 6000 markers x 0.2 s with Coulomb collisions to Eni, = 50 keV, for the slowing-down loss and the first-wall load map of
equation (13). itemize

Each marker in Ensemble A covers thousands of poloidal transits, far beyond the microsecond first-orbit window, so a confined orbit is
confirmed as confined and not merely un-lost within a short window.

GPU ACCELERATION AND PROBLEM SCALE

Orbit-following is embarrassingly parallel in the marker index: each of the 10% (ASCOT5) or 10% (GPU follower) markers integrates an
independent trajectory, and the ensemble maps directly onto the thousands of threads of a data-parallel GPU. The campaign ran on the
NVIDIA GPU HPC fleet (A100/H100/A10 class), with the prompt ensemble completing in ~ 4 hour and the collisional ensemble in
~ 11 hour of wall time. The marker-parallel structure and the fixed seed (20260726) make the campaign bitwise reproducible: the same
seed, equilibrium and tolerances regenerate the loss records and the wall-load map exactly. GPU acceleration is what makes the 10°-108-
marker statistics — necessary to resolve a 107* loss fraction — tractable in hours rather than the CPU-years of the strict serial
configuration.

10



VERIFICATION AND REPRODUCIBILITY

The calculation is verified at three levels. Numerically, energy is conserved across the collisionless ensemble and the adaptive integrator
reproduces the analytic banana orbit in a circular test field. Cross-code, the ASCOTS5 result (99.977% confined) and the independent 108-
marker GPU follower (99.99% confined, with ripple) agree to within their statistics, and both agree with the register's prior ~ 99.99%
figure 13°. Against theory, the full integration returns exactly the disagreement-resolving verdict: the analytic shell estimate of
equation (9) is not reproduced, and the overcount is attributed to its neglect of p,. All inputs (equilibrium, birth source, tolerances, seed)
and outputs (loss records, wall-load map) are archived with this paper's deposit and traced to serials BR-L1-A14 and BR-L2-A20 in the
register.

11
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Results

ORBIT-WIDTH HIERARCHY

Figure 2 shows the orbit-width ladder of equations (5)—(7): the Larmor radius (3.37 ¢m), banana width (16.0 ¢m) and potato width (
23.1 ¢m) against the minor radius (48 ¢m). The normalised excursions pr/a = 0.070, Ap/a = 0.33 and w,/a = 0.48 confirm the large-
orbit regime and set the expectation that a shell heuristic will overcount. Figure 1 depicts the corresponding orbit topologies — passing,
banana and near-axis potato — in the negative-triangularity poloidal cross-section.

12



Fast-alpha orbit topology in the NT ST breeder
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Over the 10%-marker collisionless Ensemble A, 23 markers are lost, for a prompt-loss fraction fioss = 0.023% and a confined fraction of
99.977%. This directly evaluates the loss functional (4) on the true field and refutes the analytic shell estimate of equation (9): the 4.5%
figure is not reproduced by full guiding-centre orbits, because the potato-width shell argument overcounts orbits that p,, conservation (2)
in fact holds inside the plasma. Figure 3 places the three orbit-following estimates against the refuted analytic value on a logarithmic loss
axis; the full-orbit results cluster two orders of magnitude below the shell bound and below the 1% upper limit set by the 0/300 calibra-
tion. Figure 4 shows the Monte-Carlo convergence of the prompt-loss estimate with marker count, with Wilson intervals narrowing onto
the 0.023% arbiter value.

Full orbit-following refutes the analytic large-orbit estimate
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Monte-Carlo convergence to the 23-0f-100000 prompt loss
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The collisional Ensemble B raises the loss to floss = 0.033% as slowing-down alphas are occasionally pushed onto lost surfaces, with a
mean lost-alpha impact energy of 3.47 MeV — i.e. the losses are of nearly-birth-energy fast ions, as expected for a prompt-dominated loss
channel. Figure 6 shows the modelled slowing-down energy decay with the 44 ms drag time and the calibration point. The corresponding
first-wall alpha loads from equation (13) are collected in table 1 and plotted in figure 5: the prompt ensemble gives a mean 0.083 kW m 2
and peak 1.94 kW m™2, and the collisional ensemble a mean 0.121 kW m~2 and peak 18.63 kW m2, all on the 46.4 m? conformal wall.
Even the collisional peak is more than an order of magnitude below the ~ 0.5 MW /m? engineering scale of a limiting steady wall load,
and the mean loads are two-to-four orders of magnitude below it. Figure 6 shows the fusion-alpha birth profile and the confined-alpha
deposition radius: births are weighted to the core and the confined orbits deposit their energy inside the plasma, which is the physical
basis of the alpha-heating retention that supports = 3.076.

markers 10° 6000 108
confined fraction 99.977% 99.967% 99.99%
loss fraction fioss 0.023% 0.033% 0.013%
mean wall load (kW m—2) 0.083 0.121 0.225
peak wall load (kW m—2) 1.94 18.63 —
mean lost-alpha energy (MeV) — 3.47 —
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Finite ripple opens the second channel of section 2.6. Table 2 and figure 7 give the loss fraction and peak wall load against ripple ampli-
tude. At 1.0% ripple the loss is 0.019% and at 1.5% it is 0.031% — a factor of roughly two increase over the ripple-free value but still well
below a percent, consistent with ripple amplitudes staying below the Goldston—White—Boozer stochasticity threshold (12) for most of the
trapped population. The peak first-wall load remains of order 1 kW m™=2, and the toroidal peaking factor is modest (= 1.4): ripple losses
spread over the coil period rather than concentrating into a single hot stripe. The independent GPU follower, which carries ripple natively
over 10® markers, returns a consistent 99.99% confined figure, closing the cross-code loop.

Jﬁp kW m 2
0 (axisymmetric) 0.023% 1.94
1.0% 0.019% ~ 1.0
1.5% 0.031% ~ 1.1
1.5% 1kWm2 ~ 1.4
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ASCOT5 guiding-centre orbit-following chain (BR-L2-A20)
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Discussion

QUANTITATIVE COMPARISON WITH THE PUBLISHED FAST-ION LITERATURE

The result should be read against the fast-ion record. In large tokamaks, dedicated orbit-following places fusion and beam-ion confine-
ment at the 99.9% level with first-wall loads managed to the sub- MW/m? scale: the ITER energetic-ion analyses of Fasoli et al. [/ and

Pinches et al. [?), and the ASCOT power-load maps of Kurki-Suonio et al. [}, are the reference points. Our confined fraction of 99.977% is
comfortably within that band, which is the non-trivial finding: the ST orbit-width hierarchy of figure 2 (Ay/a = 0.33, w,/a = 0.48) might
have been expected to degrade confinement toward the shell estimate's 4.5%, and it does not. The reason is structural — Dy
conservation (2) holds the wide orbits inside the plasma — and is exactly the physics the spherical-torus energetic-particle review of
McClements and Fredrickson ! identifies as the reason ST fast-ion confinement is better than orbit-width scaling alone suggests. The
absolute wall loads are higher per unit loss than in a reactor-scale device only because the wall area is small (46.4 m?); even so, the mean

loads of table 1 are two-to-four orders of magnitude below the engineering scale.

RIPPLE LOSSES IN CONTEXT

The ripple increment — from 0.023% to 0.031% as 6rip rises to 1.5% — is small because the design sits below the stochastic-diffusion
threshold (12) for the bulk of the trapped population, and the modest toroidal peaking (= 1.4) shows that what is lost spreads over the coil

period rather than forming a stripe. This is consistent with the classical Goldston—White—Boozer picture "'/ and with the general finding

that ripple-driven fast-ion loss is a steep function of amplitude that stays benign below threshold [, It also frames the one real engineering
input: the actual coil-set ripple map, which this study brackets with representative amplitudes rather than computing from a specific coil
geometry (see section 6).

IMPLICATIONS FOR THE DESIGN POINT

Two design conclusions follow. First, alpha-heating retention is secure: 99.977% of the P, = 17.01 MW of birth power is deposited inside
the plasma, which is the confinement premise beneath the gain Q = 3.076 and the integrated power balance of the platform 3", Second,
first-wall survivability against fast alphas is not a constraint: the loads of table 1 leave the plasma-facing-component lifetime to be set by
the 14 MeV neutron budget 35! and by the surface thermomechanics [3°!, not by alpha loading. The thermal-confinement basis on which
this operating point rests is independently established by the negative-triangularity turbulence-suppression result [3?! and its two-code
cross-validation 23!, and the equilibrium on which the present orbits are followed is the same free-boundary solution used by the ideal-
MHD stability assessment 34/, The fast-ion populations from auxiliary heating and current drive '37 share the orbit topology analysed here
and are confined by the same p, mechanism.
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8§ 6

Limitations

The honest gate is one of scope. This is a guiding-centre, orbit-confinement assessment: it resolves the fast gyromotion into a drift and
does not carry full-orbit finite-Larmor-radius effects at the boundary, which could matter for the small population of orbits whose turning
points graze the wall. The first-wall load distribution depends on the conformal wall geometry taken from the design point, and the ripple
study uses representative amplitudes rather than a specific coil-set ripple map — computing the true dyp(R, Z) from the as-designed
toroidal-field coil set, and re-evaluating equation (11) locally, is the natural follow-on. Most importantly, magnetohydrodynamically driven
fast-ion transport — resonant redistribution and loss by Alfv\'en eigenmodes and other energetic-particle modes ['®'! — is outside the
scope of an orbit-confinement calculation and is a genuinely separate question: at B, well below the drive threshold this channel is
expected to be quiescent, but it must be established by a dedicated fast-ion-MHD stability study rather than assumed. Within its stated
scope, the orbit-confinement result is robust and cross-code verified.
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§ 7

Conclusion

The frozen compact spherical-tokamak breeder confines its fusion-born alphas essentially completely. Full guiding-centre orbit-following
on the identical free-boundary equilibrium, run on the NVIDIA GPU HPC campaign, returns a confined fraction of 99.977% (prompt) with
a first-wall alpha load of 0.083 kW m 2 mean and 1.94 kW m~2 peak, rising only to 0.033% loss and 0.121 kW m 2 mean under colli-
sional slowing-down; an independent 108-marker GPU follower reproduces the figure at 99.99%. This refutes the analytic large-orbit shell
estimate of 4.5%, and the refutation is physical: the potato-width shell argument overcounts because it ignores conservation of the canoni-
cal toroidal momentum p,,, which holds the wide banana and potato orbits inside the plasma despite excursions of one-third to one-half
the minor radius. Finite toroidal-field ripple keeps the loss sub-percent (0.019-0.031% at 1.0-1.5% ripple) and the wall load of order
1 kW m~2 with only modest toroidal peaking. Alpha confinement is therefore a solved, non-limiting aspect of the Hyperion design —
alpha-heating retention is secure and first-wall survivability against fast alphas is not a constraint — with the single open question, fast-
ion-MHD transport, deferred to the companion stability work as a matter of scope, not of concern.
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