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ABSTRACT

First-Wall Thermomechanics and Fatigue Lite of Plasma-
Facing Components Under Combined Surface and Volumetric
Loading in a Compact Spherical-Tolkkamalk Breeder

he plasma-facing components (PFCs) of a compact breeder live simultaneously inside a hard 14 MeV neutron field, a cyclic surface
T heat load, and a demount-remate maintenance duty; the engineering question is not whether the wall is loaded but which mecha-

nism sets its life. We pose the coupled thermomechanical, radiation-damage and fatigue problem for the Hyperion breeder at its
frozen design point (Ppys = 85.04 MW, I, =9.66 MA, @ = 3.076, negative triangularity § = —0.30, first-wall neutron loading
I', = 1.885) and solve each failure mode from its governing equations. We write the conjugate heat-transfer problem with a combined
Neumann surface flux and a volumetric nuclear source and a Robin coolant condition; the thermoelastic stress from constrained thermal
expansion; the Norgett—Robinson—Torrens (NRT) and athermal-recombination-corrected displacement model folded against the primary-
knock-on spectrum; helium-bubble rate theory closed by a van der Waals equation of state; and the Coffin—Manson—Basquin strain—life
law with Palmgren—Miner accumulation. Solved on the NVIDIA GPU high-performance-computing (HPC) campaign with
OpenMC/DAGMC transport-and-depletion, LAMMPS molecular-dynamics cascades, RustBCA binary-collision sputtering, and a finite-
element conjugate-heat-transfer solver, the results are unambiguous. Every mechanical and materials mode carries margin: tungsten plas-
ma-facing swelling is 0.024 % per full-power year (fpy) and reduced-activation ferritic—-martensitic (RAFM) swelling 0.017 %/fpy against a
1-5 % tolerance; the cumulative Palmgren—Miner fatigue damage from pulsed operation is 3 x 107%; the demountable-joint fatigue life is
1.09 x 108 cycles, 5434 x the 200-mate design duty; the self-cooled lithium first wall runs at a RAFM structural temperature of 516 with a
34 margin, contingent on a < 6 mm channel depth. What binds is bulk neutron displacement damage: the wall accumulates 18.85 , which
sets a scheduled-replacement cadence rather than a thermomechanical failure. The lifetime case is therefore clean and legible — fatigue
and swelling sit orders of magnitude inside their limits — and the single design driver is a plannable, damage-limited replacement interval
sized by a first-principles calculation.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645850 + Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: first-wall thermomechanics thermal stress fatigue Miner damage NRT dpa helium swelling
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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 THE COMPACT-ST FIRST WALL IS THE INTERESTING CASE

A spherical tokamak (ST) confines a large plasma current in a small volume, which is exactly what makes it an attractive compact neutron
source and breeder platform %/, and exactly what concentrates fusion power onto a small first-wall area. At the Hyperion design point the
plasma delivers Pg,s = 85.04 MW with a neutron power P, = 67.79 MW behind a centrepost magnet at a peak field of 16.84 T, in a nega-
tive-triangularity (§ = —0.30) configuration 34!, The resulting first-wall neutron loading is I'y, = 1.885, comparable to that of a demon-
stration power plant but pressed into the geometry of a compact device. The plasma-facing components therefore see three loads at once: a
surface heat flux from charged-particle transport and radiation, a volumetric nuclear heating and displacement source from the neutron
field, and a cyclic mechanical and thermal duty from pulsed operation and from the demount—remate maintenance concept of a machine
built around a consumable centrepost. The negative-triangularity edge is quiet and free of the edge-localised-mode (ELM) cycle of conven-
tional H-mode 3%, which keeps the transient surface loads well-behaved [3%2%); the steady, coupled loading is what remains to be
answered.

The engineering question this paper settles is a comparative one: given the frozen operating point, which of the candidate failure modes —
thermal overrun, thermal-stress ratcheting, cyclic fatigue, radiation-driven swelling, sputter erosion, or bulk displacement damage — actu-
ally sets the plasma-facing- component lifetime? We answer it by writing each mode as a governing-equations problem, solving it on the
GPU high-performance-computing (HPC) campaign against the frozen anchors, and comparing the resulting margins on a single
normalised scale.

PRIOR ART

The mechanics and materials science underlying each mode are individually mature. Steady-state and transient first-wall thermal-
hydraulics and the associated temperature-window constraints for fusion structural materials were placed on a quantitative footing by
Zinkle and Ghoniem 7!, who defined operating windows bounded below by radiation embrittlement and above by thermal creep for the
reduced-activation ferritic—martensitic (RAFM) steels, copper alloys and refractory metals of interest here. The reference RAFM steel
EUROFER and its oxide-dispersion-strengthened variant carry a conservative 250—550 window that directly bounds the structural
design ). Tungsten as a plasma-facing armour, its thermophysical envelope, and its neutron-transmutation behaviour have been reviewed
comprehensively [2'°). Radiation damage is quantified through the Norgett—Robinson—Torrens (NRT) displacement standard ', now
refined by the athermal-recombination-corrected (arc-dpa) model of Nordlund et al. (6] which shows that the surviving defect count in an
energetic cascade is only about one third of the NRT value — a correction we carry explicitly. Helium accumulation and bubble-driven
swelling, the materials mode most feared at high displacement dose, were framed by Trinkaus and Singh ["' and set in the broader radia-
tion-resistance context by Zinkle and Snead [?! and Odette et al. ['3!. Sputter erosion and the wider plasma—material-interaction picture
are reviewed by Federici et al. "4, with the physical-sputtering yield captured by the Bohdansky formula 5!, Low-cycle fatigue rests on the

Coffin—Manson strain—life law and the Palmgren—Miner linear-damage rule °,

What the literature does not supply is an integrated, frozen-design-point answer for a compact ST breeder: a single calculation that (i)
states each mode as a governing-equations problem at one operating point, (ii) solves it with production nuclear- and materials-physics
codes on a common GPU campaign, and (iii) places the resulting margins on one comparable scale so that the binding constraint is identi-
fied rather than asserted. This paper contributes exactly that. It sits alongside the companion neutron-damage-lifetime study [**! and plas-
ma-material-interaction study 2%/, the blanket and divertor thermal-hydraulics paper [3°!, the RAFM-qualification paper 3! and the
centrepost fluence-and-shielding 3% and remaining-useful-life 33! papers, to which the reader is referred for the modes treated in depth
elsewhere.

CONTRIBUTION

We (i) pose the coupled surface-plus-volumetric conjugate-heat-transfer and thermoelastic problem for the first wall and reduce it to a
solvable one-dimensional heat-path model calibrated to the two-dimensional frozen result (§2); (ii) write the displacement-damage source
from the NRT/arc-dpa model folded against the molecular-dynamics primary-knock-on spectrum, and the helium-swelling rate-theory
closed by a van der Waals bubble equation of state (§2); (iii) state the fatigue and erosion laws and the formal lifetime-minimisation prob-
lem that selects the binding mode (§2); (iv) describe the numerical formulation and the NVIDIA GPU HPC campaign that produced every
number (§3); (v) report the solved margins with nine figures and three tables (§4); and (vi) benchmark the results against the published
thermomechanics, damage and swelling literature (§5). Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking
Register [*7) through the serial identifiers (e.g. BR-L1-A13) cited inline, so each number is auditable.



§ 2

Governing equations and the Yormal problem

COMBINED SURFACE AND VOLUMETRIC LOADING

Let Q C R3 be the plasma-facing-component domain with plasma-facing surface I’y and coolant surface I'c (figure 1). The wall is loaded
by a surface heat flux g” deposited on I'p and a volumetric nuclear heating density ¢”’( ) deposited throughout by the neutron and
secondary-gamma field. The volumetric source scales with the wall neutron loading; writing u( r) for the local nuclear-heating
response,

¢"( r=p( Ty, T,=1885 MWm~?,

so that the same neutron current that heats the wall also displaces its atoms and breeds its transmutant gas (§2.4—§2.5). This coupling —
one field driving heat, damage and gas together — is what makes the first-wall problem irreducibly multi-physics.

CONJUGATE HEAT TRANSFER

The temperature field T'( 7,t) obeys the heat equation with an anisotropic, temperature-dependent conductivity k(T, T),

PCp % = V-( k(T, 7) VT) +4"( r),

closed by a Neumann condition on the plasma-facing surface, a Robin (convective) condition on the coolant surface, and adiabatic side
faces,

— KV Tnlp=4¢", - kYT nly = h(T - Tua), KVT- " nl, =0,

with film coefficient k and coolant temperature T¢oo1. For the layered first wall (tungsten armour of thickness ¢w over a RAFM structure of
thickness tg) the transverse gradients dominate and equation (2) reduces at steady state to the one-dimensional two-region problem

d(, dT\ ., _ )
dw(kz dw)+q =0, i € {W,R},

m

with continuity of T" and of heat flux kdT'/dz at the armour—structure interface. The local conductive flux is g(z) = ¢” + ¢"'z, and inte-

grating equation (4) from the coolant face inward gives the closed-form profile

q// L //+ Illxl
76) =T+ S 4 [P T =
T

where L = tw +tg and g is the total flux delivered to the coolant. The peak structural temperature TF*** = T'(tw) occurs at the

armour—structure interface and must satisfy the RAFM window constraint [7-®]

T < Ty = 550 °C.

THERMOELASTIC STRESS

The temperature field drives thermal strain eh=q (T — Tref) I. With o the Cauchy stress, quasi-static mechanical equilib-
rium and the thermoelastic constitutive law are

Ea(T — Tyer)

: _ —C: _ A
\ o 0, c=C:( ¢ e =2G e+ Atr( e I =

I,

with Lam)'e parameters (A, G), Young's modulus E and Poisson's ratio v. For a thin wall whose in-plane expansion is constrained by the
cooler bulk, the through-thickness temperature excursion T'(z) — T (with T the wall-averaged temperature) generates the biaxial thermal
stress

Ea

E
o AT,
1—v

1—v

owm(z) = — (T(z) - T), Aoy =



so the peak thermal-stress range Aoy, is set by the through-thickness temperature drop AT. Equation (8) is the bridge from the thermal
solution to the fatigue driver of §2.6: the per-pulse mechanical strain range is Ae = Aoy /E = a AT/(1 —v).

DISPLACEMENT DAMAGE: NRT AND ARC-DPA

A 14 MeV neutron transfers energy to a lattice atom, creating a primary knock-on atom (PKA) of recoil energy T} that initiates a displace-
ment cascade. The number of stable Frenkel pairs produced is given by the Norgett—Robinson—Torrens standard '*/

0, Taam < Eg,
2E,;
1 E; <T < —
VNRT(Tdmn) — b} d > dam 0.8 b
0.8 T3am 2E,
it C2LTTTY > i 1
2E; ' Taam 2 %

where Ej is the effective displacement threshold and Tgam = T; — Q(T}) is the damage energy remaining after electronic losses (Lindhard
partition). The displacement rate per atom is the neutron flux folded with the displacement cross-section,

do

Rapa — /0 " () 0apa(B)dB,  apa(E) = / vne (Toam) g AT

Molecular-dynamics cascades show that a large fraction of NRT pairs recombine athermally within the cascade; the arc-dpa model [©’
replaces UNRT bY Vare = &(Tdam) NrT With a surviving-defect efficiency £~1/3 at cascade energies, which we carry as the physical
damage source while reporting the NRT value as the standard-referenced quantity. Anchored to the wall neutron loading, the frozen first-
wall displacement rate is (BR-L1-A13)

Rips = 18.85 dpafpy ' at Ty =1.885 MW m ™2,

an essentially linear proportionality Rgps ~ Kdps I'w With Kapa ~ 10 dpa MW 1m? fpy_1 that holds across the ST design box and makes
displacement damage a simple function of the operating point. The damage source is anchored to the wall loading rather than to an uncol-
lided flux scalar; the archived flux normalisation was audited and corrected without changing the wall-anchored dpa (BR-SX-02).

HELIUM TRANSMUTATION AND BUBBLE SWELLING

The same neutron field drives (n, «) transmutation, generating helium at a rate that tracks the displacement rate through a spectrum-
dependent gas-to-damage ratio,

Ghe = (dH_;;) Rapa, Gre = 226 appm fpy ' = (dH_;;) ~ 12 appmdpa ",

for the tungsten plasma-facing surface (BR-L2-A26). Helium is nearly insoluble and precipitates into nanometre bubbles. In the rate-
theory picture the mobile-helium concentration Cge evolves as

dCHe

dt = GHe — 2knucCI?Ie - ﬂabsNb'rbCHea

balancing generation against di-helium nucleation (knuc) and absorption by the existing bubble population of number density Nj and
radius 7 (Babs the capture efficiency). Each bubble holds 7 helium atoms at a pressure fixed by mechanical equilibrium with its surface
tension vy and by a van der Waals equation of state,

2
P= r_’y’ P(V, — mbwaw) =mkgT, V= g7},
b

which closes the bubble radius given its helium content. The volumetric swelling is the bubble volume fraction

AV 4 4
—— = —xr}y Np.
v g el
With the frozen steady-state microstructure (N = 2.3 X 102 m-3, rp = 0.63nm; BR-L2-A26) equation (15) evaluates to
AV /V = 0.024 % per full-power year for the tungsten surface and 0.017 %/fpy for the Fe-9Cr structure — both far below the 1-5 % PFC
tolerance. The swelling constraint is

yAN4
? e S Stol € [1, 5] %
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FATIGUE: STRAIN-LIFE AND LINEAR DAMAGE

Pulsed operation and the demount-remate maintenance duty impose cyclic strain. The total strain amplitude partitions into elastic and
plastic parts and follows the Coffin—Manson—Basquin law

A&'t o'_if

b
— = g (N7)" +¢5 (2Ny)%,
with fatigue strength coefficient a} and exponent b, and fatigue ductility coefficient a'f and exponent ¢. Inverting equation (17) gives the
allowable cycles Ny(Ae;) for each load class ¢ — the pulsed thermal cycle with strain range Aey, = a AT/(1 — v) from equation (8), and

the mechanical demount—remate cycle of the joint. Damage accumulates by the Palmgren—Miner rule !°/

b= ZNf,

with n; the applied cycles of class 4. The frozen results (QS-12) are a cumulative pulsed-cycling Miner damage of D =3 x 1078 and a
demountable-joint fatigue life Ny = 1.09 x 108 cycles against a 200-mate design duty — a 5434X margin — so operation is not fatigue-
limited and the joint's practical limit is wear and contact resistance, not fatigue.

SPUTTER EROSION

Charged-particle bombardment of the plasma-facing surface removes atoms by physical sputtering. The recession rate is the sputter yield
Y (E) times the ion flux T'j,, converted to a thickness rate,

A Y(E)Tion M
ero o N4

with atomic mass M, mass density p and Avogadro constant N 4. The physical-sputtering yield follows the Bohdansky threshold form 5!

Y(E) = Q sn(e) ll - (%) 2/3] (1 - %) ,  E>Ey,

with yield factor @), nuclear stopping s, and threshold energy Ey,. Below Ey, the yield vanishes; above it the yield rises steeply, so edge-
energy control is the governing lever. At the nominal sub-500 eV edge the frozen tungsten recession is 0.1-0.3 mm yr—! (AG-CX-27).

THE FORMAL LIFETIME PROBLEM

The plasma-facing-component lifetime is the shortest time at which any constraint is first violated,

tiite = min { tdpa.7 tswe]b tfatiguea tthermala tero }7

where t4p, is set by the displacement-dose allowable, tswen by equation (16), Zfatigue by D = 1 in equation (18), £thermal is instantaneous
feasibility of equation (6), and %ero by the armour recession budget. The remainder of the paper evaluates each argument of equation (21);
the result (§4) is that t4p, is by far the smallest, so the wall is a displacement-damage-limited scheduled-replacement component and every
other mode carries margin.



(Schematic.) Combined surface and volumetric loading of the first-wall heat path
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§ 3

Computational methodology: the GPU HPC campaign

SOLVER STACK AND ROLES

Every number in this paper was produced by production nuclear- and materials-physics codes run on the NVIDIA GPU HPC campaign,
each solving one of the governing problems of §2. Table 1 summarises the stack. Neutron and photon transport with full-chain depletion —
the source of the volumetric heating ¢", the displacement cross-section 0'4pa, the helium generation Gg, and the activation inventory — is
computed with OpenMC ['”) on ENDF/B-VIIL.0 evaluated nuclear data '), with CAD-faithful geometry via DAGMC. The displacement-
cascade source term of equation (10) is resolved from first principles by molecular-dynamics PKA cascades at 15keV in Fe-9Cr and tung-
sten with LAMMPS "), reduced to surviving-defect counts by automated Wigner—Seitz analysis and referenced to the NRT standard (BR-
L2-A24). The sputter yield of equation (20) is computed by the RustBCA binary-collision-approximation code ?°! (AG-CX-27, and the
companion PMI study [%). The conjugate-heat-transfer problem of equations (2)—(3) is solved by a two-dimensional finite-element solver
(BR-SX-15), and the helium-bubble rate theory of equations (13)—(15) by a reduced zero-dimensional integrator corroborated by a fleet
kinetic-Monte-Carlo model (BR-L2-A26).

CODE GOVERNING PROBLEM SERIAL

OpenMC + DAGMC [17:18] transport/depletion: ¢", odpa, GHe, activation BR-L1-A13, BV-04
LAMMPS + NRT [19] MD PKA cascades — arc-dpa survival (eq. 10) BR-L2-A24
RustBCA [20] BCA sputter yield Y (E) (eq. 20) AG-CX-27
finite-element CHT conjugate heat transfer (eqs. 2—3) BR-SX-15

rate theory + KMC He-bubble swelling (egs. 13—-15) BR-L2-A26

FE structural/fatigue thermoelastic stress and strain—life (egs. 7, 17) Qs-12

The solver stack of the GPU HPC campaign and the governing problem each code solves. Serial identifiers refer to the Kronos Physics De-Risking

Register [27],

GPU ACCELERATION AND PROBLEM SCALE

The campaign exploits GPU acceleration where each solver admits it. The Monte-Carlo transport uses GPU-resident, event-based particle
tracking so that the 108-10° histories required to converge the first-wall damage-energy and heating tallies to sub-percent statistical error
complete within a single allocation; the depletion chains are integrated on the same fleet. The molecular-dynamics cascades run on the
GPU-accelerated (Kokkos) build of LAMMPS, with multi-million-atom simulation cells large enough to contain a 15 keV cascade and its
recombination volume without periodic-image self-interaction, executed as detached multi-rank ensembles to sample the PKA spectrum.
The binary-collision sputter matrix and the rate-theory and finite-element solvers are lighter and run on the same nodes. The heavy first-
principles work is carried on the NVIDIA GPU fleet (A100/H100/A10 class), the same campaign that produced the negative-triangularity

nonlinear gyrokinetics of the confinement paper [3%; no cost or budget figures are reported here or elsewhere in this paper.

11



NUMERICAL FORMULATION AND CONVERGENCE

The conjugate-heat-transfer problem is discretised by the Galerkin finite-element method. Multiplying equation (2) at steady state by a
test function w € H () and integrating by parts gives the weak form

/Vw- kVTdV+/ 'thdS=/wq’”dV— wq"dS+/ wh Teoo dS,
Q Q

c Fp ®

which, with the interpolation T' =~ ) ;T ¢j, yields the linear system ( K+ H) T= f where K is the conductivity
stiffness, H the convective boundary matrix and f the combined surface-plus-volumetric load vector. Temperature dependence
of K(T) is resolved by Picard iteration to a relative residual | r||/||  f|| < 107%. Mesh convergence is established by uniform
refinement until the peak structural temperature T¢*** changes by less than 0.5 between successive levels; the reported profile (figure 3) is
the converged solution. The structural/thermoelastic problem of equation (7) is solved on the same mesh, and the strain ranges feed equa-
tion (17). For the damage source, the MD cascades are integrated with a velocity-Verlet scheme under an adaptive timestep bounded by the
fastest recoil, and the surviving Frenkel pairs are extracted by Wigner—Seitz cell occupancy once the cascade has cooled to thermal equilib-
rium; the NRT reference counts at 15 keV are 108.8 (Fe-9Cr) and 52.7 (W), against which the MD survival efficiency £ is measured.

VERIFICATION AND REPRODUCIBILITY

The design point is reproduced end-to-end before any lifetime number is computed: the zero-dimensional anchor returns @ = 3.076,
Prys = 85.04 MW, I, = 9.66 MA and 18.85 (BR-L1-A13), and the displacement rate is confirmed against the wall-loading anchor rather
than the audited flux scalar (BR-SX-02). The transport tallies are converged in the statistical sense above; the MD survival is corroborated
by the independent arc-dpa literature efficiency [’; the swelling is corroborated by an independent kinetic-Monte-Carlo model (two meth-
ods agreeing on nanometre bubbles and sub-percent swelling, BR-L2-A26). The figure-generation script and the frozen inputs are archived
with the deposit (§7).

12



8§ 4

Results

DISPLACEMENT DAMAGE SETS THE REPLACEMENT CADENCE

The first wall accumulates 18.85 at I'y, = 1.885 (equation 11; BR-L1-A13), with a co-produced 226 appm of helium per full-power year
(equation 12). Figure 2 shows the linear accumulation against an illustrative RAFM design allowable: the wall reaches a replacement
threshold on a timescale of order one full-power year, fixing it as a scheduled-replacement component. This is the same cartridge logic that
governs the inboard centrepost (§4.5), and it is the smallest argument of the lifetime minimisation (21).

First-wall displacement-damage accumulation

transmutation helium (appm)

g
2
Qo
=2
:
=
=
o
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Q
©
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>
ﬁ
g
o

1.0 1.5 2.0
full-power time (fpy)

I'y; =1.885 (18.85
226

THERMOMECHANICS OF THE HEAT PATH

Solving the conjugate-heat-transfer problem of equations (2)—(5) for the self-cooled lithium first wall gives the through-thickness tempera-
ture profile of figure 3. The peak RAFM structural temperature is 516 at the armour—structure interface — a 34 margin to the 550 limit of
equation (6) — provided the first-wall coolant channel is held to < 6 mm depth at < 15 mm pitch (BR-SX-15). The implied lithium coolant
temperature from equation (5) is = 409, comfortably inside the RAFM window. A helium-cooled HCPB configuration, by contrast, over-
runs to 712 as configured and is rejected; figure 3 shows the coolant down-select as the peak structural temperature versus channel depth
for the two coolants against the 550 limit. The thermal design therefore selects the coolant and the channel geometry, and the structure
then runs with margin. The divertor, a distinct component, is copper-alloy (CuCrZr) limited with a coolable surface-flux capability of order
5-10 (BR-SX-15); keeping the divertor inside that band is a requirement carried by the edge and exhaust control 2°! and is not a first-wall
constraint.
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FATIGUE UNDER PULSED OPERATION AND THE DEMOUNT DUTY

The cyclic strain from pulsed thermal cycling and from the demount—remate maintenance duty is evaluated through equations (17)—(18).
Figure 4 places the two load classes on the RAFM strain—life curve. The cumulative Palmgren—Miner damage from pulsed thermal cycling
is D = 3 x 10~% — twelve orders below the unity failure criterion — so operation is not fatigue-limited. The demountable magnet joint,
the most-cycled structural interface, has a fatigue life of Ny = 1.09 x 108 cycles, 5434 x the 200-mate design duty (QS-12), so its practical
limit is set by wear and contact resistance rather than by fatigue. Fatigue is by a wide margin the least binding argument of equation (21).

Fatigue: strain--life with design operating points

w== RAFM strain--life (Coffin—-Manson--Basquin)
[ demount joint Ny=1.09 x 108 (QS-12)

@ pulsed thermal cycling, Dyiner = 3 X 1078 (QS-12)

=
o
=

5434 x duty

: 200-mate
: design duty

-
o
N

S
3
2
2
g
3
g
8

104 10° 106 107
cycles to failure Ny

D=3x10"% N; =1.09 x 108 200
5434 x

SWELLING AND EROSION

Radiation-driven swelling, evaluated from the bubble rate theory of equations (13)—(15) with the frozen microstructure, is small: 0.024 %
/fpy for the tungsten plasma-facing surface and 0.017 %/fpy for the Fe-9Cr structure (figure 5), both far below the 1-5 % tolerance of
equation (16) and corroborated by the independent kinetic-Monte-Carlo model (BR-L2-A26). Even at ten full-power years the tungsten
surface reaches only 0.24 %, still a factor of four inside the conservative lower bound. Sputter erosion of the tungsten surface, from equa-
tions (19)—(20), is 0.1-0.3 mm yr—" at the nominal sub-500 eV edge (figure 5; AG-CX-27), steep only above the Bohdansky threshold, so
edge-energy control keeps it manageable. On the back end, the replaced first wall is fixed to Class-C waste by holding niobium below 5
wppm, with component-resolved shutdown-dose and decay-heat source terms established by depletion (BV-04) 5/ — a materials choice,
made at the composition level, that keeps the waste stream manageable.
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THE CENTREPOST TRADE

The inboard centrepost shares the wall's displacement-limited character but at a far harder fluence, and it is protected by an inboard shield
rather than replaced with the first wall. Figure 6 shows the frozen life-versus-shield trade (BR-L1-A13b): as the inboard tungsten-carbide
shield grows from 0 to 45 cm the fast neutron fluence (E > 0.1 MeV) falls from 2.9 x 10% to 1.7 x 10?3 n m~2 per full-power year, and
the centrepost life extends from 0.003 to 0.58 fpy, approaching a ~one-fpy swap cadence. The centrepost is thus a demountable, sched-
uled-replacement cartridge that breeds from the outboard side; it is treated in full in the centrepost fluence-and-shielding 3?! and remain-

ing-useful-life 133! papers of this series. The two magnets of the platform — the breeder centrepost at 16.84 T and the separate burner plug
coil — are distinct devices and are never conflated; only the breeder centrepost is relevant here.

Consumable-centrepost life vs inboard shield (BR-L1-A13b)
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Table 2 collects the solved margins, and figure 7 normalises each mode to its allowable limit on a single logarithmic scale. The picture is
unambiguous: fatigue sits twelve orders inside its limit; swelling a factor 40—60 inside; erosion a factor of ten inside its recession budget;
the RAFM structural temperature is the tightest of the thermomechanical modes at 94 % of its limit yet still with a 34 margin; and bulk
displacement damage is the binding constraint that defines the replacement cadence. Every argument of the lifetime minimisation (21)
except tap, carries comfortable margin.

He-bubble swelling (W PFC) 0.024 %/fpy 1-5 % tolerance BR-L2-A26
He-bubble swelling (Fe-9Cr) 0.017 %/fpy 1-5 % tolerance BR-L2-A26
cyclic fatigue (Miner sum) 3x10°6 <1 QS-12
demount-joint fatigue life 1.09 x 108 cyc 5434 the 200-mate duty QS-12
RAFM structural temperature 516 34 margin to 550 BR-SX-15
W sputter erosion 0.1-0.3 mm/yr sub-500eV edge AG-CX-27
first-wall neutron damage 18.85 scheduled replacement (binding) BR-L1-A13

[27]

Plasma-facing-component lifetime-mode utilization

neutron dpa (binding)
RAFM temperature (516/550) -
W erosion (0.3 mm/yr vs 3 mm) AG-CX-27
He swelling, W PFC BR-L2-A26

He swelling, Fe-9Cr BR-L2-A26

e Imit

demount-joint duty/life

allowabl

a

cyclic fatigue (Miner)

10-6 1075 104 103 102 101 100
utilization = value / allowable limit (log scale)
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Discussion

AGAINST THE PUBLISHED THERMOMECHANICS AND MATERIALS BENCHMARKS

The results place the compact-ST first wall squarely inside the envelope established by the fusion-materials literature. The 516 structural
temperature against a 550 RAFM limit is exactly the upper bound of the conservative EUROFER operating window reported by Lindau et

al. '*' and by the operating-temperature-window analysis of Zinkle and Ghoniem 7); the 34 margin is thin by design, and it is the thermal
solution — not any radiation-damage mode — that would tighten first if the surface load rose, which is why the coolant and channel geom-
etry are treated as the primary thermal design variables (figure 3). The helium-to-damage ratio of ~ 12appm dpa~! (equation 12) is char-
acteristic of a first-wall 14 MeV spectrum and consistent with the transmutation behaviour reviewed for tungsten by Gilbert and Sublet [°);
the resulting sub-percent swelling is well below the levels at which helium embrittlement and bubble-driven swelling become design-limit-
ing in the analyses of Trinkaus and Singh "' and Zinkle and Snead ["?. The finding that displacement damage — not swelling, fatigue or
thermal margin — is the binding constraint matches the broad conclusion of the structural-materials community that neutron dose,
expressed in dpa, is the fundamental life-limiter for fusion structures >3],

THE ARC-DPA CORRECTION AND WHY THE CADENCE IS ROBUST

Carrying the arc-dpa efficiency € ~ 1/3 [°! does not change the design conclusion: the NRT-referenced 18.85 is the standard-comparable
damage metric that sets the scheduled cadence, while the arc-dpa survival is the physical defect-production rate that the swelling and
embrittlement models consume. Because the cadence is anchored to the wall neutron loading through the near-linear proportionality
Kdpa ~ 10 dpa MW~! m? fpy~! (equation 11), it is a simple, auditable function of the operating point rather than a sensitive model output,
and it moves predictably with Pg,s across the ST design box. This is the right kind of limit to have: a scheduled maintenance interval sized
by a first-principles damage calculation, feeding the first-wall remaining-useful-life monitor and the centrepost prognostics of the compan-

ion papers [3328],

EROSION, REDEPOSITION AND THE EDGE-ENERGY LEVER

The 0.1-0.3 mm yr—" recession is manageable precisely because the negative-triangularity edge holds the impact energy below the steep

part of the Bohdansky curve (figure 5); above threshold the yield rises as [1 — (Ew/E)?3)(1 — Ey/E)?, so a modest rise in edge energy
would matter. Net erosion is further mitigated by prompt local redeposition, treated quantitatively in the companion plasma—material-

interaction study [?°!; the gross-recession figure here is therefore a conservative bound. This is consistent with the erosion/redeposition
framing of Federici et al. "'/ for next-step devices.

LEGIBILITY OF THE LIFETIME CASE

The most useful property of the result is not any single margin but its legibility: the mechanical and materials modes each carry a comfort-
able, separately verifiable margin, so none of them is the thing that ends a wall's life, and the design driver collapses to a single well-under-
stood mechanism whose consequence is a plannable interval. For a first-of-a-kind nuclear system this converts an open failure-risk ques-
tion into a scheduled-maintenance line item.
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8§ 6

Limitations

One honest gate bounds the swelling claim. The helium-swelling values of equations (13)—(15) are computed with a reduced zero-dimen-
sional rate-theory model closed by the van der Waals equation of state; the confirming calculation is a high-fidelity cluster-dynamics
arbiter (Xolotl-class) that resolves the full bubble-size distribution and its temperature dependence, which is routed to the HPC campaign
as the follow-on. The reduced model and the independent kinetic-Monte-Carlo corroboration agree on nanometre bubbles and sub-
percent swelling (BR-L2-A26), so the design conclusion is not expected to move; but the sub-percent number should be read as reduced-
model-plus-KMC until the cluster-dynamics arbiter closes it. The reported temperature profile (figure 3) is likewise a one-dimensional
reduction whose peak value is pinned to the two-dimensional CHT anchor; a full three-dimensional thermomechanical pass on the as-built
vacuum-vessel heat path is the natural next step.
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§ 7

Conclusion

At the frozen Hyperion design point (Pgys = 85.04 MW, I'y, = 1.885, § = —0.30) the first wall carries margin in every mechanical and
materials mode. Solving each governing problem on the NVIDIA GPU HPC campaign gives helium swelling of 0.024 %/{py against a 1—
5% tolerance, Palmgren—Miner fatigue damage of 3 x 1078, a demount-joint life 5434x its 200-mate duty, a RAFM structural tempera-
ture of 516 with 34 to spare, and 0.1-0.3 mm yr~! erosion at the nominal sub-500 eV edge. The single argument of the lifetime minimisa-
tion (21) that binds is bulk neutron displacement damage at 18.85 , which the machine handles as a scheduled-replacement cadence sized
by a first-principles calculation. The plasma-facing-component lifetime case for a compact spherical-tokamak breeder is therefore thermo-
mechanically comfortable and damage-limited by design.
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tal-twin control provisional, a registered trademark application, and the original 2022 provisional family. Every patentable disclo-

sure in the five-paper arXiv drop was protected before publication: the breeder and burner provisionals were filed 1-2 August, and
a publication-gap omnibus filing the evening before the drop swept up the DEC, plasma-control, and REBCO-winding matter of the three
otherwise-unprotected papers. Patent numbers and application serials are matters of public record; claim scope is summarised, not
reproduced.
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64/128,097 Publication-gap omnibus — quasineutral two-species expander DEC - provenance-gated | latency-split plasma FILED

control - as-built high-field winding & conductor architecture - filed 7 Aug 2026, the evening before the arXiv drop

TRADEMARK & ORIGIN
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The narrow, defensible magnet novelty — the specific conductor and the digital-twin winding optimisation, not high-field REBCO as a
category — is the commercial core that can earn ahead of any Q > 1 milestone, with markets in fusion magnet supply, MRI/NMR, accelera-
tors, and proton therapy. The claim is scoped honestly: the high field is a system field result, not a stand-alone-coil record; the small-bore
plug coil is structurally infeasible as a bare winding but resolved by a stress-managed structural shield (feasible-pending-FEA); and the
winding-tape experiment returned a null result. The value is the method, not a field record.
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