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ABSTRACT

Vacuum-Vessel and Support Structural Mechanics
Under Electromagnetic, Halo-Current, and Seismic
Loads 1or a Compact Spherical-Tokamalk Breeder

breeder into the ground, and in a high-power-density device the impulsive disruption load, not the steady field or the seismic base

excitation, sets the design. We formalise the vessel-and-support structural-mechanics problem for the Hyperion breeder (design
point I, = 9.66 MA, Q =3.076, Pr,, = 85.04 MW, negative triangularity 6 = —0.30, By = 87, elongation & = 2.0, major radius
Ry = 1.20m, aspect ratio A = 2.5, centrepost peak field 16.84 T') as a coupled thermo-electro-mechanical continuum problem, and we
solve it load case by load case with retained margin. We write the governing momentum balance, the Maxwell-stress electromagnetic body
force, the thermoelastic constitutive law, the halo-current and eddy force integrals, the modal response-spectrum seismic formulation, and
the linear-elastic-fracture-mechanics flaw criterion as explicit equations, and we cast the qualification as a ladder of inequalities against
the 800 MPa structural allowable. Under the electromagnetic self-load the 16.84 T field produces a 113 M Pa magnetic pressure and a
near-hydrostatic —190 M Pa compression that holds the equivalent von Mises stress to 84 M Pa; a combined cooldown-plus-quench-plus-
electromagnetic transient with fast quench detection caps the hot-spot at 63 K and the combined von Mises at 245 MPa (3.3 %), so detec-
tion speed is structural margin; the highest-fidelity finite-element model on the real centrepost CAD keeps the structural jacket to
579 M Pa (1.38%) and the conductor hoop strain to 0.151% (2.65x), and an engineered per-turn precompression winding cuts the peak
REBCO hoop strain by 52.4% and flattens its profile 4.8 x. The disruption halo/eddy envelope — halo current ~ 2.9 M A, vertical force
~ 23 M N over a T-19ms current quench — dominates the support design, standing two orders of magnitude above a design-basis seis-
mic base shear of ~ 0.2 M N; the cryogenic 316LN jacket is leak-before-break, with a critical flaw of 333 mm at operating stress against a
2 mm inspection threshold and a Paris-law fatigue life of order 108 cycles. Every result is grounded in the Kronos Physics De-Risking
Register and was produced on a GPU-accelerated finite-element campaign. The binding constraint on the structure is neutron lifetime, not
stress; the burner plug coil at 26.49 T is a distinct magnet, analysed separately.

T he vacuum vessel and its support carry the entire electromagnetic, thermal and inertial load path of a compact spherical-tokamak

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645838 + Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: structural mechanics vacuum vessel disruption halo current seismic response spectrum

leak-before-break REBCO magnet 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)



structural mechanics; vacuum vessel; disruption halo current; seismic response spectrum; leak-before-break; REBCO magnet; spherical-
tokamak breeder
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Introduction

THE STRUCTURAL PROBLEM OF A COMPACT SPHERICAL-TOKAMAK BREEDER

A spherical tokamak (ST) confines a large plasma current in a small volume, which is what makes it an attractive neutron source and
breeder platform 2! and, at the same time, what concentrates its mechanical loads. The Hyperion breeder holds I, = 9.66 M A at a major
radius of only Ry = 1.20m behind a centrepost magnet at a peak field of 16.84 T, in a negative-triangularity (6 = —0.30) regime that
accesses good confinement without the edge pressure pedestal and the associated edge-localised-mode cycle of conventional H-mode 34!,
The vacuum vessel is the pressure and vacuum boundary, the first structural ring outside the plasma, and the member that carries every
load the machine generates — the steady electromagnetic self-load of the magnets, the thermal excursions of cooldown and of a quench,
the impulsive forces of a plasma disruption, and the seismic base excitation of the site — into the support and the ground, while a 14 MeV
neutron flux slowly consumes the material of the innermost members.

Three features make this problem distinct from that of a conventional aspect-ratio tokamak. First, the compactness that gives the ST its
high power density leaves little radial room for structure precisely where the field and the current density are highest, so the vessel and its
support cannot be sized by strength margin alone — they must be reconciled with a tight radial budget. Second, the high plasma current in
a small volume makes the disruption the governing mechanical event: at I, = 9.66 M A a vertical displacement event drives halo currents
of mega-ampere scale through the vessel and the support in milliseconds, and the resulting Lorentz forces dwarf the steady loads. Third,
the small seismic mass of a compact machine makes the seismic base shear small in absolute terms, so that the seismic case — which sizes
the support of a large light-water reactor — is here a subdominant check rather than the governing load. Quantifying that hierarchy, and
closing every load case against a single allowable, is the purpose of this paper. Figure 1 orients the load path: the electromagnetic self-load,
the disruption halo force, and the seismic base excitation all resolve through the vacuum vessel and the bucked-and-wedged support into
the ground.

Vacuum vessel, support, and centrepost load path (Schematic.)

_-céntrepost- .
16.84T

16.84T
Jx B F, ~ 23 MN i,



PRIOR ART

Tokamak vessel and support structural mechanics is a mature engineering discipline. The ITER vacuum vessel is a double-walled, code-
qualified structure whose design and construction have been documented in detail !5, and the disruption electromagnetic-load basis for
large tokamaks is codified in the ITER Physics Basis [°! and in the disruption-mitigation strategy that follows from it |7%], Halo currents —
the poloidal currents that flow through the plasma scrape-off layer and close through the conducting vessel during a vertical displacement
event — have been characterised experimentally, notably on the National Spherical Torus Experiment, where their toroidal asymmetry and
rotation set the local force peaking ), and the vertical forces they generate in an ITER-scale plasma have been quantified with three-
dimensional magneto-hydrodynamic modelling "°!. The eddy-current and passive-conductor problem that accompanies the halo load is
now addressed with dedicated thin-wall electromagnetic codes ["!!. On the magnet side, the structural design of a spherical-tokamak centre
stack under combined electromagnetic, thermal and structural loading was worked out in detail for the NSTX-Upgrade ohmic-heating coil
and centre stack ['?], and the cryogenic structural materials that carry these loads — austenitic stainless steels at 4 K — have an established
fracture-toughness and fatigue database. The mechanics of the REBCO coated conductor that the field acts on, including its strain toler-
ance, is likewise well characterised 3!,

What the literature does not yet provide, for a compact high-field ST breeder, is a single continuum formulation that (i) writes the electro-
magnetic, thermal, halo/eddy and seismic loads on the vessel and support as a coupled thermo-electro-mechanical problem with the load
cases superposed against one allowable, (ii) ranks those load cases quantitatively so that the governing case is identified rather than
assumed, and (iii) closes the fracture-mechanics argument that makes the cryogenic structure leak-before-break rather than merely below
yield. This paper contributes that formulation and its solution.

CONTRIBUTION

We give a formal statement of the vessel-and-support structural problem as a coupled continuum boundary-value problem (§2), deriving
the electromagnetic body force from the Maxwell stress tensor, the thermoelastic stress from the constrained-cooldown-plus-quench
temperature field, the halo/eddy force envelope from the disruption current path, the modal seismic response from a design response
spectrum, and the flaw criterion from linear-elastic fracture mechanics. We describe the GPU-accelerated finite-element campaign that
produced the results, naming the codes actually run and the verification and reproducibility protocol (§3). We then present the qualifica-
tion load case by load case (§4): the electromagnetic self-load, the load-case ladder with detection speed as margin, the engineered
precompression winding, the disruption halo/eddy envelope, the design-basis seismic response, the governing-load hierarchy, the leak-
before-break fracture argument, and the retained-margin summary. We compare each result quantitatively to the published tokamak and
cryogenic-structures literature (§5), state the one open confirming calculation (§6), and conclude that the structure is a solved problem
whose binding constraint is neutron lifetime. Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking
Register [3°]; the serial identifiers (e.g.\ QS-14, P3-FEA-01) are given inline so that each number is auditable. The breeder centrepost at
16.84 T and the burner plug coil at 26.49 T are treated throughout as the two distinct magnets they are, and are never conflated.



§ 2

Governing equations and the Yormal problem

CONTINUUM BALANCE AND THERMOELASTIC CONSTITUTION

The vessel and support are treated as a thermoelastic continuum occupying a domain {2 with boundary 2. Writing u( z,t) for
the displacement field, o for the Cauchy stress and p,, for the mass density, the balance of linear momentum is

0? U
o2’
with fv the body-force density. For the steady and quasi-static load cases the inertial term is dropped and (1) reduces to

V- o+ = 0; it is retained in full for the seismic case of §2.6. The kinematics are linear (small strain), so the strain tensor
is the symmetric gradient

V. o+ .szpm

e=3(V u+V uT).

The material is isotropic and thermoelastic, so the constitutive law couples mechanical strain and a temperature excursion AT = T — Tt
through the linear-thermal-expansion coefficient ¢,

o=2u e+ Atr( ¢€) I—(32\+2u)aAT I,

with Lam\'e parameters u = E/[2(1 + v)] and A = Ev/[(1 + v)(1 — 2v)] in terms of Young's modulus E and Poisson's ratio ». The
scalar quantity that drives yielding is the von Mises equivalent stress, built from the deviatoric stress 8= o— %tr( o) I,

O'VM:\/% §: 32\/%[(01—02)24-(02—03)2"‘(‘73_01)2]’

with o1, 02, 03 the principal stresses. Qualification requires oym < Galiow With Tanew = 800 M Pa for the steel-fraction structural members
analysed here (QS-09). Equation (4) makes explicit why a near-hydrostatic state is benign: when o1 = 02 = 03 the deviator vanishes and
oym — 0 regardless of the pressure magnitude.

ELECTROMAGNETIC BODY FORCE AND THE MAXWELL STRESS

The steadiest load is the magnet field acting on its own current. In the magnetoquasistatic limit the body force is the Lorentz density

fb = J x B,
which, using Amp) “ere's law pg J=Vx B and a vector identity, is the divergence of the Maxwell stress tensor
1
Ty = E(B,.Bj - 15,;B%), fi=V- T

The normal traction that (6) exerts across a surface tangent to the field is the magnetic pressure

B2
Pmag = 2_110’
which at the centrepost peak field evaluates to
16.84)2
0

Because the centrepost is held in compression by a bucked-and-wedged support (§2.4), the resulting stress state is near-hydrostatic — a
—190 M Pa compression — so by (4) the equivalent stress is only aym = 84 M Pa, far below o ,p0- The electromagnetic self-load is not
the binding case; it establishes the compressive baseline on which the thermal and disruption cases superpose. The burner plug coil, a
distinct magnet, reaches pmag(26.49 T) = 279 M Pa by the same equation (7) and is qualified separately (§4.8).



THERMOELASTIC STRESS AND THE DETECTION-SPEED COUPLING

The temperature excursion AT in (3) has two sources: the steady cooldown from ambient to the 4.5 K operating point, and the transient
hot-spot of a quench. For a fully constrained member the thermoelastic stress magnitude is

EaAT

Oth = —/———
1—v

)

so the quench contribution scales linearly with the hot-spot temperature rise ATy = Ths — Top. The hot-spot temperature is set by the
adiabatic heat balance during the detection-and-dump delay: neglecting conduction over the delay, the local current density J heats the
conductor according to the “MIITs” integral

Tdet+Tdum T C (T
/ "72(t) dt = / @) 47,
1} Top p e(T)

with Cy the volumetric heat capacity and p, the electrical resistivity of the normal zone. Equation (10) is monotone in the delay, so a faster
detection T4e; produces a lower Thg, a lower oy, by (9), and a lower combined von Mises by superposition on the electromagnetic baseline.
Concretely (QS-11): an unmitigated quench that lets the hot-spot reach 200 K produces a 550 M Pa thermal stress and drives the
combined von Mises to 476 M Pa (1.7 %), whereas fast detection that caps the hot-spot at 63 K holds the combined von Mises to 245 M Pa,
(8.3x). Detection speed is therefore not a diagnostic nicety but a direct structural margin, and it ties the structural case to the demon-
strated quench-precursor detection of the magnet twin.

SUPPORT, PRELOAD AND THE DEMOUNTABLE JOINT

The compressive baseline that keeps (4) small is not free; it is maintained by an engineered preload. The bucked-and-wedged support
carries a demountable joint whose electrical resistance is contact-pressure-limited. Requiring a joint resistivity p. = 11 nf2em? sets a
minimum contact pressure

Pc 2 91MPa <=  Famp 5 93 MN,

and this preload exceeds the vertical-share stress of ~ 83 M Pa that the joint must react, so the joint never gaps and the electromagnetic
load stays compressive through the entire thermal and disruption cycle (QS-13). In the negative-triangularity configuration a Weggel-
flared centrepost relieves the ends — the magnetic pressure (7) at the flared end is = 42% lower at the same current — while the throat
governs at 81 M Pa and is unchanged if preserved; the ohmic-solenoid stack (251 M Pa hoop) bucks outward against the toroidal-field set,
and the two are mutually relieving (QS-15).

At the conductor scale the Lorentz strain is flattened by an engineered per-turn precompression winding. Grading the preturn precom-
pression redistributes the hoop strain that (5) drives into the no-insulation REBCO pack, cutting the peak REBCO hoop strain by 52.4%
(from 0.595% to 0.283%) and reducing the strain-profile peaking factor by 4.8 x (SC-BR-4). On the real centrepost CAD this graded
preload delivers a finite-element peak conductor hoop strain of 0.151% at a 2.65X margin and a structural-jacket von Mises of 579 M Pa
at 1.38 x (P3-FEA-01), with the canonical magnet dimensions unchanged.

DISRUPTION HALO AND EDDY FORCES

The impulsive load is a plasma disruption. During a vertical displacement event the plasma current partially converts to a halo current
Italo = fr Ip that flows through the scrape-off layer and closes through the conducting vessel and support; the halo fraction fj and the
toroidal peaking factor together set the local force. At I, = 9.66 M A the envelope halo current is Jhalo = 2.9 M A (fn = 0.30). The net
force on a conducting member is the volume integral of the Lorentz density (5) over the halo path,

F =/ Jhalo X B dV,
\4

whose vertical component — the halo current crossing the toroidal field — sets the design envelope. A second contribution arises from the
eddy currents induced by the collapsing poloidal field during the current quench. Faraday's law V X E=-0 B/dt drives a wall
current density Jeddy = 0 E in the conducting shell of conductivity o, and the induced force scales with the quench rate
0  B/0t ~ By/Tcq. For a current-quench time in the window 7gq = 7-19ms the reduced electromagnetic force envelope on the
centrepost and vessel is (QS-14)

F, ~ 23MN (vertical), Fg, ~ 19MN (sideways), Fedqy ~16MN,

with the vertical component setting the ~ 23 M N design envelope. This envelope is carried by a conductive shell with a defined halo-
current path and disruption mitigation, keeping the impulsive load within the compressive structural regime of §2.2.

10



SEISMIC BASE EXCITATION AND THE MODAL RESPONSE SPECTRUM

The seismic load is a base excitation i4(t) applied through the support. Discretising (1) in space gives the structural equation of motion for
the nodal displacement vector U,

M u+ C u+ K u=— M riyt),
with mass, damping and stiffness matrices M, C, K and influence vector 7. The free-vibration modes (wy, dn)
solve the generalised eigenproblem
( K-w: M) ¢,= 0,

and expanding u= E" ®rqn(t) decouples (14) into modal oscillators
¢ M r
on M ¢

with modal participation factor I';, and damping ratio (. The peak modal displacement is read directly from the design response spectrum
Sa(wny Cn) a8 @nmax = ['nSa(wn, (n)/w?, and the peak effective modal base shear is

(¢ M o)
b M 4

with M} the effective modal mass. Modal peaks are combined by the complete-quadratic-combination (CQC) rule
rated modes reduces to the square-root-of-sum-of-squares,

q'n aF 2annQn aF WE;Qn = _I‘n ﬁg(t)a I‘n =

Vo = M; Sa(wm Cn), M,: =

1161 which for well-sepa-

1/2

1/2
V=[S | = ]

with p,,,,, the CQC cross-correlation coefficients. For a stiff, compact structure dominated by a single fundamental mode of effective mass

M3 =~ Myeis, (17)—-(18) collapse to V = Mgeis So(f1,€). This is the standard nuclear response-spectrum method '7); its numerical evalua-
tion for the vessel and support is in §4.5, and the key result is that the small seismic mass of a compact machine makes V' two orders of
magnitude below the halo envelope of (13).

FRACTURE MECHANICS AND THE LEAK-BEFORE-BREAK CRITERION

Yielding is a necessary but not sufficient qualification for a cryogenic pressure boundary; the structure must also be shown to tolerate the
largest flaw that could escape inspection. Linear elastic fracture mechanics gives the mode-I stress-intensity factor at a crack of depth a
under remote stress o,

K;=Yo+/7a,

with geometry factor Y of order unity. Fast fracture is precluded while K7 < Kj¢, the plane-strain fracture toughness; the critical flaw

size is therefore
2
a. = l —KIC x o2
T a\Yo ’

For the 316LN jacket at 4K, | so ot the operating stress oop = 151 MPa the critical flaw is
a. = 333 mm, and even at the full 800 M Pa allowable it is 12 mm — both far above the 2 mm non-destructive-inspection threshold (QS-

16). Because a. at operating stress vastly exceeds the wall thickness, a growing flaw penetrates the wall and leaks a detectable signal before
it reaches the length for unstable fracture: the structure is leak-before-break. Sub-critical growth under cyclic load follows the Paris law

which integrates from an initial flaw ag to a. in
N / de da a[l,_m/ ’_a
= e Cbovma)”  Chaym)™ (2 —1)
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which for growth from a 2 mm flaw to a, gives Ny of order 108 cycles — orders of magnitude beyond the service cycle count (QS-16). The
jacket is therefore not flaw-limited; the governing controls are the 2 mm inspection standard and weld-residual-stress management.

LOAD COMBINATION

The load cases above are superposed following the stress-category logic of nuclear pressure-vessel practice. The electromagnetic self-load
(8) is a primary membrane stress P,; the thermal excursion (9) is a secondary stress @, self-limiting and evaluated against a 35y, range
rather than a membrane allowable; the halo/eddy envelope (13) and the seismic base shear (17) are faulted (Level D) primary loads. The
governing service combination is

b
oot < Pn+ Py + Q + Fuao/Aess + V/Aegt < Oallow,
EM bending  thermal disruption seismic

where A is the effective load-bearing section. The results of §4 evaluate each term of (23) and show that the combination stays below
O allow With margin at every load case, the disruption term dominating the two faulted contributions.

12



§ 3

Computational methodology: the GPU-HPC finite-element campaign

WEAK FORM AND FINITE-ELEMENT DISCRETISATION

The boundary-value problem of §2 is solved by the finite-element method. Multiplying the equilibrium form of (1) by a test displacement
v and integrating by parts gives the weak form: find u in the trial space such that

/ e( o) C: e( u)dV:/ v- fde+/ v- tdS+/ e( o) C: aATdV V v,
Q ) o0 o

with C the fourth-order elasticity tensor, t the prescribed surface traction and the last term the thermal load vector. Discretising
u=Y,N, U, in quadratic (20-node) hexahedral shape functions N, yields the linear system

K U= Fo+ Fat Fuot  Fum k=Y [ B ¢ B,
e e
with B, the strain-displacement operator. The electromagnetic body force FEgnm is assembled from the Lorentz density (5) evalu-
ated on the field map; the thermal vector F}y, from the cooldown-plus-quench temperature field; the halo/eddy vector Fhalo from

the disruption current path of (12); and the seismic contribution from the modal reduction (16). The engineered per-turn precompression
enters as an initial-stress (prestress) field added to F, so that the graded preload of §2.4 is applied turn by turn.

SOLVERS, CODES AND CONVERGENCE

Three solver classes were run. The steady and transient structural cases on the real centrepost CAD were solved with the open-source
three-dimensional structural finite-element program CalculiX (ccx) [22] " which assembles and factorises (25) with a graded per-turn
preload (P3-FEA-01). The conductor-scale precompression-winding mechanics — the thick-wall REBCO-pack strain redistribution — were
solved with the Python finite-element library SfePy [?3/ (SC-BR-4). The analytic magnet-mechanics envelope, including the Lam\ e thick-
wall relations used to cross-check the finite-element anchors, was evaluated in a NumPy code (HX-11). For the large sparse systems the
linear solve (25) was carried by a preconditioned conjugate-gradient iteration whose sparse matrix—vector product and preconditioner
apply are the dominant cost and are GPU-resident; the modal eigenproblem (15) was solved by a shift-and-invert Lanczos iteration. Mesh
convergence was established by uniform refinement until the peak von Mises changed by less than 1% between the two finest meshes, and
the reported 579 M Pa jacket stress and 0.151% conductor strain are the converged values.

GPU ACCELERATION, PROBLEM SCALE AND THE NVIDIA HPC CAMPAIGN

The results were produced on the NVIDIA GPU HPC campaign that underpins the Kronos de-risking programme — an in-house cluster of
NVIDIA A100- and H100-class accelerators. The campaign is organised in three latency tiers: a microsecond edge tier for protective logic,
a millisecond GPU tier for the digital-twin surrogates, and an hours-scale HPC back end for the offline multi-physics finite-element and
Monte-Carlo runs that produced the structural anchors of this paper. GPU acceleration enters the structural campaign in two places: the
parametric load-case sweeps — the grid of field, quench-detection-time and current-quench-time combinations that map the load-case
ladder and the halo envelope — are embarrassingly parallel across accelerators, and the per-case sparse linear solve of (25) is accelerated
by a GPU-resident preconditioned conjugate-gradient kernel. The problem scale is set by the quadratic-hexahedral discretisation of the
real centrepost and jacket CAD, refined to mesh convergence, and by the ensemble of load-combination cases required to evaluate (23). No
compute-cost figures are reported; the methodological point is that the GPU campaign made the converged, real-CAD, multi-load-case
structural qualification tractable at the fidelity reported here.
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VERIFICATION, VALIDATION AND REPRODUCIBILITY

The campaign is verification-first. Each frozen structural anchor is reproduced against an independent route: the analytic Lam\ e envelope
reproduces the finite-element magnet-mechanics anchors exactly (HX-11), and the electromagnetic, thermal, halo and fracture results are
cross-checked between the closed-form relations of §2 and the finite-element solution. Every anchor is regenerable from the archived
finite-element decks through a byte-exact cold-start reproduction runbook, so that the claim on each number is “re-run it” rather than

“trust it”. The verification status of each governing quantity is collected in table 1.

QUANTITY VALUE PRIMARY CODE CROSS-CHECK SERIAL

EM von Mises 84 MPa analytic + FE Maxwell stress, eq. (7) QS-09

combined vM (fast) 245 MPa quench/stress FE MIITs, egs. (9)-(10) QS-11

real-CAD jacket vM 579 MPa CalculiX ccx mesh convergence < 1% P3-FEA-01
conductor hoop strain 0.151% CalculiX ccx SfePy precompression P3-FEA-01/SC-BR-4
halo envelope 23 MN quench/stress FE Lorentz integral, eq. (12) QS-14

critical flaw a. 333 mm LEFM eq. (20) QS-16

plug-coil ratio 0.66 analytic/ FEA Lam) e envelope, HX-11 BU-L1-A2

Verification of the governing structural quantities. Each anchor is a frozen result in the Kronos Physics De-Risking Register [3°], reproduced

against the independent route shown. Serials identify the register entry.
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§ 4

Results

The design and canonical parameters that fix the load cases are collected in table 2. We present the qualification load case by load case,
following the governing-equations order of §2.

SYMBOL QUANTITY VALUE

I, design plasma current 9.66 MA

(4] breeder gain 3.076

Prys fusion power 85.04 MW
Ry major radius 1.20m

A aspect ratio 2.5

K, elongation, triangularity 2.0, —0.30
By on-axis field 8T

B centrepost peak field 16.84T
12w burner plug coil field (distinct magnet) 26.49T
Tallow structural allowable 800 MPa
Ko 316LN fracture toughness at 4 K 170 MPamtothe
ToQ current-quench window 7-19 ms

Design point and structural parameters. Plasma and geometry values are the frozen Tier-2 canon; structural allowables and material properties

are the register values used in the finite-element campaign.
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Figure 2 shows the electromagnetic self-field stress state at 16.84 T'. The magnetic pressure of (8) is 113 M Pa; the bucked-and-wedged
support converts it into a near-hydrostatic —190 M Pa compression, and the deviatoric part that (4) measures is only 84 M Pa — a 9.5%
margin against the allowable. The electromagnetic self-load is the compressive baseline, not the binding case.

Electromagnetic self-field stress state at 16.84 T (QS-09)

800 1+compressiomrkeeps o =—uHownbler = = = = == = —— o bie 560 NP

‘©
A
g
»
8
8

magnetic near-hydrostatic equivalent
pressure compression von Mises
B?/2 Ho Thydro Owm
16.84T 113 MPa
—190 M Pa 84 M Pa 800 M Pa
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Superposing the thermal excursion of §2.3 on the electromagnetic baseline produces the load-case ladder of figure 3 and table 3. The
governing von Mises rises from the electromagnetic self-field case (84 M Pa) through the combined thermal-plus-electromagnetic tran-
sient to the highest-fidelity real-CAD structural jacket (579 M Pa), all held below the allowable. The transient rung is where detection
speed enters: an unmitigated quench (200 K hot-spot) reaches 476 M Pa at 1.7 X, while fast detection (63 K hot-spot) holds it to 245 M Pa,
at 3.3 x. The reduction is the direct structural consequence of the monotone MIITs relation (10): faster 74, lower T}, lower o4y, higher

margin.

Centrepost structural load-case ladder against the 800 MPa allowable

allowable 800 MPa

245 MPa
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EM self-field fast-detected unmitigated real-CAD
(QS-09) quench 63 K quench 200 K jacket
(QSs-11) (QS-11) (P3-FEA-01)
800 M Pa 3.3x
1.7x 1.38%
o'a]low/o'vM

electromagnetic self-field von Mises 84 MPa (9.5x%) QS-09
magnetic pressure at 16.84 T pressure 113 MPa QS-09
fast-detected quench (63 K hot-spot) combined von Mises 245 MPa (3.3%) QS-11
unmitigated quench (200 K hot-spot) combined von Mises 476 MPa (1.7x) QS-11
real-CAD structural jacket von Mises 579 MPa (1.38%) P3-FEA-01
real-CAD conductor peak hoop strain 0.151% (2.65x) P3-FEA-01
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Figure 4 shows the effect of the graded per-turn precompression winding of §2.4. Panel (a) is the frozen anchor: the peak REBCO hoop
strain falls from 0.595% (uniform winding) to 0.283% (graded preload), a 52.4% reduction (SC-BR-4). Panel (b) shows the corresponding
flattening of the radial strain profile, whose peaking factor drops 4.8 x; the profile shape is a representative reconstruction consistent with
the frozen peak and peaking-factor anchors. Flattening the Lorentz strain at the conductor scale is what lets the real-CAD finite-element
model hold the conductor to a 2.65 x strain margin at the canonical dimensions.

Engineered per-turn precompression winding flattens the Lorentz strain
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THE DISRUPTION HALO/EDDY ENVELOPE

The impulsive case of §2.5 is shown in figure 5. At I, = 9.66 M A the vertical-displacement-event halo current is ~ 2.9 M A, and the
reduced electromagnetic force envelope of (13) is 23 M N vertical, 19 M N sideways and 16 M N eddy-induced, the vertical component
setting the ~ 23 M'N design envelope over the 7-19ms current quench (QS-14). This envelope is carried by a conductive shell with a
defined halo-current path and disruption mitigation, keeping the impulsive load within the compressive regime of §4.1.

(a) disruption force envelope
I,=9.66 MA, halo =2.9 MA (QS-14) (b) current-quench waveform

= 23 MN design envelope

force (MN)

'___‘Q
=
=
-
]
£
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jh

vertical sideways
F, Fow

~ 23 MN
7-19ms

DESIGN-BASIS SEISMIC RESPONSE

The seismic case of §2.6 is evaluated with the standard nuclear response-spectrum method '7'°! against the design-basis spectrum of
figure 6, anchored to a representative hard-rock zero-period acceleration of 0.30 g at 5% damping. These are design-basis engineering
inputs for a representative siting envelope, not register-frozen anchors. For the stiff, compact vessel-and-support structure the estimated
fundamental frequency is f1 = 18 Hertz, atwhichthespectralaccelerationisS_a\approx0.51 g
. Withadesign — basissupportedseismicmassM__seis\approxs4es kg, the single-mode base shear of (17) is

V = Mgeis Sa(f1,¢) =~ (4e4kg)(0.51 g) ~ 0.20 MN.
The seismic base shear is thus =~ 0.2 M N — more than two orders of magnitude below the halo envelope. The physical origin is the

compactness that gives the ST its high power density: a small machine has a small seismic mass, and by (17) a proportionally small seismic
load.
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Design-basis seismic response spectrum (this work)

design spectrum (5\% damping)

>

=
)
'-g
fee!
—
o
=
o
Q
a}
oo
®
B
o
o
&

ative hard-rock sit

frequency (Hz)

5% 0.30g
fix18 sees

20



Figure 7 places the three faulted mechanical loads on a common logarithmic axis: the design-basis seismic base shear (= 0.20 M N), the
halo vertical envelope (23 M N, QS-14), and the full vessel-and-support vertical-displacement-event/halo load (40.5 M N) that the
confirming three-dimensional analysis carries (BV-02). The seismic base shear is & 115x below the halo envelope, so the electromagnetic
disruption case, not the seismic case, governs the support design of a compact ST breeder — inverting the load hierarchy of a large light-
water reactor, where seismic sizes the support. This is the central quantitative result of the load-combination analysis of §2.8.

Governing-load hierarchy: the electromagnetic disruption case dominates

seismic base shear .20 MN
(design-basis, this work) 0.20

halo vertical envelope

(QS-14)

full vessel+support

VDE/halo (BV-02)

107! 10° 10!
mechanical load on the support (MN, log scale)

~ 115%
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FRACTURE AND FLAW TOLERANCE

The leak-before-break argument of §2.7 is shown in figure 8. The critical flaw size (20) scales as o~2; anchored to the register values, it is
333 mm at the 151 M Pa operating stress and 12 mm at the full 800 M Pa allowable, both far above the 2 mm inspection threshold (QS-
16). Paris-law growth (22) from a 2 mm flaw to the critical size takes of order 108 cycles, orders of magnitude beyond service. The jacket is
not flaw-limited; the governing controls are the 2 mm inspection standard and weld-residual-stress management.

Lgéﬁfﬁ%géﬁgmak: critical flaw size vs stress, 316LN jacket at 4 K (QS-16)
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RETAINED-MARGIN SUMMARY AND THE TWO DISTINCT MAGNETS

Figure 9 collects the safety factors across every governing load case: the electromagnetic self-load at 9.5%, the fast-detected quench at
3.3 %, the real-CAD conductor strain at 2.65X, the real-CAD jacket at 1.38 %, and the integrated centrepost integrity synthesis, which finds
the centrepost stress at 181 M Pa with a 6 X margin and concludes that the centrepost is neutron-lifetime bound, not stress-bound (BR-
SX-16). The burner plug coil is a distinct magnet with its own structural case: it operates at 26.49 T', where the magnetic pressure (7)
reaches 279 M Pa; a Lam) e thick-wall analysis gives a required wall of 0.48 m against a 667 M Pa allowable, and the three-dimensional
finite-element analysis returns a 0.66x stress ratio — a structural pass (BU-L1-A2) — with the analytic envelope reproducing the finite-
element anchors (115/279/358 M Pa at 17/26.49/30T) exactly (HX-11). Keeping the 16.84 T centrepost and the 26.49 T plug coil as
separate analyses, with separate allowables and separate margins, is a load-bearing element of the integrity case.

Retained structural margin across every governing load case

EM self-field vM (QS-09)

fast-detected quench (QS-11)

real-CAD conductor strain (P3-FEA-01)

real-CAD jacket vM (P3-FEA-01)

plug coil FEA (BU-L1-A2)

centrepost integrity (BR-SX-16)

2 3 4 5
safety factor / margin (x allowable)

1/0.66 = 1.5x 6x
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Figure 10 summarises the coupled electromagnetic-to-thermal-to-structural finite-element workflow and its GPU-HPC tiers. The electro-
magnetic and thermal loads are assembled as the body-force and thermal vectors of (25), the structural solve is carried by CalculiX on the
real CAD, and the fracture and modal checks close the qualification; the parametric sweeps and the sparse solves run on the NVIDIA GPU
HPC campaign, with every anchor regenerable from the archived decks.

Coupled electromagnetic — thermal — structural FE workflow and GPU-HPC tiers (Schematic.)

EM / Lorentz thermal field fracture / modal
hnalytic + numpyjgholdown + quencd sfepy + LEFM

ametric load-case swedllk iterative sparse solve byte-exact cold-start
DIA GPU HPC (A100/H PU-accelerated PCG reproduction runbook

verification-first: frozen anchors regenerable from archived FE decks
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Discussion

THE LOAD HIERARCHY IN CONTEXT

The central finding — that the electromagnetic disruption case, not the seismic case, governs the support of a compact ST breeder — is a
direct consequence of scale. The halo forces of (13) are set by the plasma current, which is large (9.66 M A) in a small volume; the seismic
base shear of (26) is set by the structural mass, which is small in a compact machine. The published halo-current basis supports the magni-
tude: Gerhardt et al. measured mega-ampere-scale halo currents with strong toroidal asymmetry on NSTX !9/, and the ITER-scale vertical-
force analysis of Clauser et al. confirms that the halo current crossing the toroidal field is the dominant vertical-force mechanism in a
disruption %!, Our & 23 M'N centrepost-and-vessel envelope at 9.66 M A is consistent with this basis scaled to the compact ST geome-
try. The inverted hierarchy has a practical consequence: the support is sized by a millisecond electromagnetic transient with disruption
mitigation as the primary control [7*'] and the seismic qualification, which dominates the design of a large fission plant, is here a readily-
met subordinate check.

THE VESSEL AND CENTRE STACK AGAINST THE ENGINEERING LITERATURE

The vessel-and-support structural case is consistent with the established tokamak engineering literature. The ITER vacuum vessel is a
code-qualified double-walled structure carrying comparable disruption electromagnetic loads ', and the NSTX-Upgrade centre-stack
analysis worked out exactly the combined electromagnetic, thermal and structural qualification of a spherical-tokamak centre column that
we reproduce here at higher field [\, The distinctive element of the present case is the near-hydrostatic compressive state (4) engineered
by the bucked-and-wedged preload (11), which keeps the equivalent stress low despite the 113 M Pa magnetic pressure — the same design
philosophy as demountable-magnet high-field concepts [»'4'5) applied to a compact breeder. The conductor-scale strain that the field

drives into the REBCO pack, and the strain tolerance that bounds it, are consistent with the coated-conductor mechanical database 3!,
and the 52.4% peak-strain reduction from the engineered precompression winding is what brings the conductor to a 2.65x margin.

THE FRACTURE CASE AGAINST THE CRYOGENIC-STRUCTURES DATABASE

The leak-before-break argument rests on the fracture toughness of austenitic stainless steel at 4K. The
I uscd here is within the established 316LN cryogenic database and above the ITER magnet-structure
requirement, and the resulting critical flaw of 333 mm at operating stress is more than two orders of magnitude above the 2 mm inspec-
tion threshold. The Paris-law life of order 108 cycles from (22) is consistent with the fatigue-crack-growth rates measured for these steels
and their welds. The governing controls that follow — a 2 mm inspection standard and weld-residual-stress management — are the same
controls that govern the ITER magnet-structure fracture case, and they place the qualification on inspection and fabrication quality rather
than on raw strength.

RELATION TO THE KRONOS DESIGN SERIES

This structural case sits inside a coupled design campaign. The disruption electromagnetic-load basis, including the shattered-pellet miti-
gation that bounds the halo envelope, is developed in the disruptions and runaway-electron paper [doi:10.5281/zenodo.22645724; disrup-
tions-and-runaway-electrons]. The distinct burner plug coil, analysed separately throughout this paper, is qualified in the plug-coil engi-
neering paper [doi:10.5281/zenodo.22645915; engineering-the-26-49-t-plug-coil]. The cold-mass thermal budget that the support must
also carry is set in the balance-of-plant paper [doi:10.5281/zenodo.22645901; balance-of-plant]. The conclusion that the centrepost is
neutron-lifetime bound rather than stress-bound is quantified in the centrepost prognostics paper [doi:10.5281/zenodo.22645788; centre-
post-prognostics-and-rul-control] and situated in the lifetime-constrained operating-window synthesis [doi:10.5281/zenodo.22645799;

admissible-operating-window-synthesis]. The structural quantities are shadowed in real time by the thermomechanics twin of the four-
coupled-twins control architecture [doi:10.5281/zenodo.22645805; four-coupled-digital-twins], which reads the detection-speed-as-
margin coupling of §2.3 as a protective observable.
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8§ 6

Limitations

One honest gate bounds the claims. The disruption forces reported here are the analytic/reduced halo-eddy envelope on the centrepost
and vessel (QS-14), closed at &~ 23 M N. The confirming calculation is the full three-dimensional vessel-and-support finite-element analy-
sis under the 40.5 M N vertical-displacement-event/halo load (BV-02), which extends the closed centrepost envelope to the complete
vessel structure with its ports, supports and passive conductors, and which is in progress on the same finite-element toolchain. The seismic
result is likewise a design-basis analysis with representative siting inputs; a site-specific spectrum and a full modal model would replace
the single-mode estimate of (26), though the two-order-of-magnitude margin over the halo envelope leaves ample headroom for any real-

istic site.
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§ 7

Conclusion

The vacuum vessel and support of the Hyperion breeder are structurally qualified across electromagnetic, combined thermal-electromag-
netic, disruption halo/eddy and seismic loads, closed against a single 800 M Pa allowable through the coupled continuum formulation of
§2. The electromagnetic self-load leaves the centrepost near-hydrostatically compressed at 84 M Pa; fast quench detection holds the
combined transient to 245 M Pa (3.3%), so detection speed is structural margin; the highest-fidelity real-CAD model keeps the jacket at
579 M Pa (1.38x) and the conductor strain at 2.65 X, with an engineered precompression winding cutting the peak REBCO hoop strain by
52.4%; the disruption halo envelope of &~ 23 MN dominates the support design, standing =~ 115x above a design-basis seismic base
shear of =~ 0.2 M N; and the cryogenic 316LN jacket is leak-before-break, with a 333 mm critical flaw and a ~108-cycle fatigue life. The
electromagnetic disruption case, not the seismic case, governs the support of a compact ST breeder — inverting the hierarchy of a large
fission plant — and the binding constraint on the structure is neutron lifetime, not stress. The burner plug coil at 26.49T is a distinct
magnet, qualified separately at a 0.66x stress ratio. Structurally, the vessel and support are a solved problem with margin at every load
case, and the engineering attention they earn is directed at inspection standards and weld-residual control rather than at raw strength; the
one open confirming calculation is the full three-dimensional vessel-and-support finite-element analysis (BV-02).

Acknowledgments tocsectionAcknowledgments Part of the Kronos Fusion Energy 2026 design series. The authors thank the Kronos
physics de-risking programme for the frozen result set underlying every quantitative claim.

Reproducibility. The structural load cases, halo envelope, seismic base shear and fracture results are frozen anchors in the Kronos Physics

De-Risking Register 3°! (doi:10.5281/zenodo.22133057): the electromagnetic self-field stress (QS-09), the combined thermal-electromag-
netic transient (QS-11), the support and preload analysis (QS-13), the disruption halo/eddy forces (QS-14), the negative-triangularity
flared-post and ohmic-stack integration (QS-15), the fracture and flaw-tolerance study (QS-16), the real-CAD structural finite-element
analysis (P3-FEA-01), the engineered precompression winding (SC-BR-4), the plug-coil structural qualification (BU-L1-A2), and the inte-
grated magnet-integrity synthesis (BR-SX-16). Each is regenerable from the archived CalculiX and SfePy decks through a byte-exact cold-
start runbook and the figure-generation script deposited with this paper. This paper is archived at doi:10.5281/zenodo.22645838; official
version: https://www.kronosfusionenergy.com/publications/vacuum-vessel-and-support-structural-mechanics-under-el.html and its offi-
cial version is at kronosfusionenergy.com/publications/vacuum-vessel-and-support-structural-mechanics-under-el.html.

Data availability tocsectionData availability The load-case ladder, halo-force envelope, seismic spectrum, precompression-winding strain,
fracture-flaw curve and margin-summary data used for figures 2—9 are archived with the deposit at doi:10.5281/zenodo.22645838, which

references the Kronos 2026 series and the Kronos Physics De-Risking Register [3°! by the serial identifiers cited inline. Any economic
analysis is reported separately and is not part of the public deposit. The official version of record is at https://www.kronosfusionenergy.-
com/publications/vacuum-vessel-and-support-structural-mechanics-under-el.html

Competing interests tocsectionCompeting interests Provisional patent applications relating to aspects of this work, including the engi-
neered per-turn precompression winding, have been filed.

tocsectionReferences

27


https://doi.org/10.5281/zenodo.22133057
https://doi.org/10.5281/zenodo.22645838
https://www.kronosfusionenergy.com/publications/vacuum-vessel-and-support-structural-mechanics-under-el.html
https://doi.org/10.5281/zenodo.22645838

APPARATUS

Portfolio, People & Record

The intellectual-property estate, the people who built it, the limitations

that gate it, and the sources it rests on.
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INTELLECTUAL PROPERTY

The patent portiolio

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.

T he estate spans a granted high-field magnet patent, pending utility and 2026 provisional filings that map to the two products, a digi-

GRANTED & PENDING UTILITY

US 12,009,112 High-field tilted graded-REBCO magnet architecture (KRONO-002A) - app. 17/878,550 GRANTED

US 17/878,507 Core device / method (KRONO-001A) - utility

2026 PROVISIONAL FILINGS — MAPPED TO THE PRODUCTS

64/124,209 Hyperion — spherical-tokamak tritium / helium-3 foundry - breeder - filed Aug 2026 FILED
64/124,220 Aegis [ MetroVolt — synchrotron-cutoff, fuel-selection & plug-winding - generator - filed Aug 2026 FILED
64/115,167 KRONOS-CTRL digital-twin plant control - provisional - filed Jul 2026 FILED
64/005,440 Integrated spherical-tokamak fusion architecture - early integrated-architecture filing - filed Mar 2026 FILED
64/105,530 Negative-triangularity spherical-tokamak architecture - foundational ST filing - filed Jul 2026 FILED
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

FTK-98801894 Kronos Fusion Energy — trademark application FILED

KR-2022-% Original provisional family (KR-2022-00001 ... 00027) - 27 filings, 2022 PRIORITY

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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THE TEAM

Founding partners, board, advisors & auditors

operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or

K ronos is built by a bench of advanced-fuel-fusion, high-field-magnet, direct-conversion, and materials specialists, with a board and
is term-ending, the range says so.

FOUNDING PARTNERS — SCIENCE
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Patrick Schweiger
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Dr. Donald A. Spong
Plasma Theory & Confinement
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RADM (Ret.) David Goggins
Naval Engineering & Power-Plant Design
U.S. Navy - 2023-2026
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Dr. Ruben Fair
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Dr. Gary S. Was
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Michael Laughlin
Chief Operating Officer
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Chief Contracting Officer
Army Contracting Command - 2022—Present

Sushma Bhatia
Environmental & Legislative
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