KRONES CFUSIEQN 5N EREN

R AR Re~%A G O e T b KRR O D S 2625 RuTPESS

Disruptions, Runaway-Electron Avalanche and Electromagnetic
Loads in a Compact Spherical-Tokamak Breeder: The Design
Case for Shattered-Pellet Mitigation

The disruption response is the credibility gap a compact, high-current spherical-tokamak
(ST) programme is expected to answer, because such a machine stores a large magnetic
and...

Read it live — 3-D model - physics validator - film series

B PESESE QIR DESAN DS GRS SRS GHINIS D 2,012:6 S E NN O RAFAT S EIDSRIREOIN


https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
https://www.youtube.com/playlist?list=PLK7X4NzfmaAQ

THE OFFICIAL RECORD

\What this document is, and how to read its numbers

his is a combined editorial. It gathers, in one volume, the two design studies Kronos Fusion Energy released in 2026 — a compact
T spherical-tokamak tritium/helium-3 breeder and a deuterium-helium-3 tandem-mirror generator — together with the intellectual-
property estate, the people, and, in the internal edition, the full commercial case. The scientific text is the same text that appears in
the arXiv preprints and the journal submissions; the editorial adds the apparatus a reader needs to hold the whole program at once, and

nothing in the physics is altered to fit it.

THE HONESTY STANCE IS THE ASSET

Every headline quantity carries an evidence class — ( peEriVED | [ RECOMPUTED | [ MEASURED | [ REQUIREMENT | — and, where
a number is a modelled extrapolation rather than a demonstrated value, it is labelled as such and its downside is shown next to it. Several
quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.
This is deliberate: a diligence team will find the load-bearing assumptions, so the document surfaces them first.

TWO EDITIONS

This volume is issued in two editions. The public edition (light) carries the physics and the design only — no dollar, price, or per-kilo-
gram figure appears anywhere in it. The internal edition (dark) adds the economics, the funding architecture, and the defense-commer-
cial analysis, and is marked Confidential accordingly; it is not for public distribution. Where the commercial case rests on a modelled
assumption rather than a demonstrated one, it is labelled as such and its downside is shown alongside it, on the same terms as the physics.

TITLE The Kronos Fleet — Hyperion - Aegis - MetroVolt: A Combined Design &

Commercialization Study
AUTHOR Priyanca Ford, Founder & CEO, on behalf of Kronos Fusion Energy
EDITION 2026 Combined Editorial - first issue

COMPANION WORKS The five-paper arXiv drop — (1) Breeder, (2) Burner, (3) REBCO magnet & tape,
(4) Direct Energy Conversion, (5) AI/ML/Quantum control — with matching
numbered Zenodo deposits, plus the IOP journal and IAEA-FEC submissions.
Patents were filed before the drop.

NAMING Hyperion = the breeder; Aegis (defense) and MetroVolt (data-center) = one
generator in two housings. Internal mode letters (D1, L) do not appear on public
surfaces.

STATUS Conceptual design & simulation study. Nothing herein is a construction
commitment.



HOW TO READ THIS VOLUME

Thetleet at a glance, and the way its numbers are marked

Foundations sets out the three general results both machines rest on. Paper One is the Hyperion breeder; Paper Two the Aegis /

MetroVolt generator; Papers Three, Four and Five are the enabling science — high-field REBCO magnets and tape, direct energy
conversion, and the Al / ML / quantum control stack. A Digital Twin & 3-D Model part follows, then the Environmental profile. The
Economics and levelized cost and the Business Case and diligence record appear in the internal edition only; the Simulations proof record
and the Apparatus — patent portfolio, team, limitations, and sources — close both editions.

T his volume opens with Orientation, presents the five research papers as a bound sequence, and closes with the Apparatus.

THE FLEET AT A GLANCE

HYPERION AEGIS METROVOLT
Role Strategic-isotope foundry Defense installation power Campus power
Machine Spherical tokamak Tandem mirror Tandem mirror
Fuel Deuterium—tritium Deuterium—helium-3 Deuterium—helium-3
Delivers Tritium - *He - 14 MeV n Resilient installation power Firm campus power
Physics bar Fusion gain only Closure (gates named) Closure + lunar 3He
In the fleet Breeds the fuel Proves the generator Commercial destination

HOW THE NUMBERS ARE MARKED

Every headline quantity carries an evidence class — from first principles, from raw data,
in hardware, or a | REQUIREMENT |yet to be met. Financial figures carry a case label and are confined to the internal (confidential)
edition. Values that moved after first publication are shown as withdrawn or restated rather than quietly changed. A capability you can
evaluate is one whose limits are on the page.




ABSTRACT

Disruptions, Runaway-Llectron Avalanche and
Electromagnetic Loads in a Compact Spherical-Tokamal
Breeder: The Design Case for Shattered-Pellet Mitigation

he disruption response is the credibility gap a compact, high-current spherical-tokamak (ST) programme is expected to answer,
T because such a machine stores a large magnetic and thermal energy in a small volume and releases it fast. We formalise the disrup-

tion, runaway-electron (RE), and electromagnetic-load problem for the frozen Hyperion breeder design point (I, = 9.66 MA,
Ry = 1.20 m, aspect ratio A = 2.5, elongation k = 2.0, triangularity § = —0.30, on-axis field By = 8 T, centrepost peak field 16.84 T)
and solve it with a hierarchy of reduced-order models anchored on a NIMROD-verified free-boundary equilibrium. We derive the induc-
tive current-quench (CQ) circuit model, the Connor—Hastie and Aleynikov—Breizman runaway threshold fields, the Rosenbluth—Putvinski
close-collision avalanche, and the halo-current force balance as explicit equations, then evaluate them across the plasma-resistivity and
quench-rate parameter space on the NVIDIA GPU HPC campaign that also ran the reference extended-MHD (NIMROD) and fluid-kinetic
runaway (DREAM) codes. The result is honest and uncomfortable. The CQ time is 7gg = 7-19 ms, set by the plasma inductance-over-
resistance ratio (L, ~ 2.6 uH) at a post-thermal-quench temperature of 5-10 eV; this window sets the mitigation-trigger deadline. The
induced toroidal electric field sits far above the critical field, E” /E. =~ 1128, so a milliampere seed amplifies through 20—39 avalanche e-
foldings to a multi-megaampere beam carrying of order 70% of the plasma current (= 6.8 MA); the RE hazard is graded SEVERE. The
halo-current fraction reaches 35% (= 3.4 MA), fixing the electromagnetic load basis the vacuum vessel and first wall must react. The load-
bearing conclusion is unambiguous and is carried as a hard design requirement: shattered-pellet (or equivalent massive-material) disrup-
tion mitigation is mandatory, with a trigger that fires inside the CQ window. We state the method's one honest limit — these are reduced-
order estimates on a verified equilibrium, not a converged dynamic disruption simulation — but the direction is robust across every model,
and we explicitly do not claim the disruption risk is negligible.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645724 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: disruptions runaway electrons avalanche halo current current quench shattered-pellet injection

electromagnetic loads spherical tokamak
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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

A compact, high-field spherical tokamak is attractive as a strategic-materials breeder precisely because it concentrates a reactor-relevant
fusion power in a small volume; the same concentration makes its disruption response the first question a reviewer or a regulator asks. In
an unmitigated major disruption the plasma loses thermal confinement in a fast thermal quench (TQ), the toroidal current then decays in
a current quench (CQ) on the plasma inductance-over-resistance timescale, and the flux change induced by that decay both accelerates a
beam of relativistic runaway electrons and drives halo and eddy currents that, crossing the toroidal field, load the vessel
mechanically 78], For a machine that carries a multi-megaampere current in a low-aspect-ratio, high-elongation configuration, none of
these three branches can be assumed benign. The purpose of this paper is to quantify all three for the frozen breeder operating point and
to state, as a binding requirement rather than a reassurance, what mitigation the machine must carry.

THE FROZEN DESIGN POINT

The Kronos breeder (Hyperion) is a negative-triangularity ST sized to a national tritium and helium-3 requirement. Its design point is
frozen at I, = 9.66 MA, fusion power 85.04 MW, @ = 3.076, Rp = 1.20 m, A = 2.5, k = 2.0, § = —0.30, Bo = 8 T and a centrepost
peak field of 16.84 T on a no-insulation REBCO conductor; the burner plug coil is a physically distinct 26.49 T magnet and is not the
subject of this paper. The free-boundary equilibrium, ideal-MHD margins, negative-triangularity confinement, and consumable-centrepost
neutronics of this operating point are established in companion studies [3"3%37); here they are inputs. The equilibrium used throughout is
the config-22021 free-boundary state, solved with FreeGS on a 129 x 129 grid and rebuilt and verified inside NIMROD, which reads a
plasma current of 9.62 MA on the same g-file.

PRIOR ART

The physics of tokamak disruptions and runaway electrons is mature. The critical electric field below which a relativistic electron cannot
run away was derived by Connor and Hastie ["; the Dreicer mechanism sets the primary (thermal-tail) seed [3); and Rosenbluth and
Putvinski established that in a large tokamak the dominant multiplication is a close-collision avalanche whose exponentiation scales with
the poloidal flux consumed during the quench, so that a small seed grows to a beam comparable to the pre-disruption current /.
Aleynikov and Breizman refined the threshold into two fields that account for radiative drag, raising the effective critical field several-
fold 4!, and the modern synthesis is reviewed in 3. On the mitigation side, massive material injection — massive gas injection and, in its
mature form, shattered-pellet injection (SPI) — is the baseline ITER disruption-mitigation approach %'l and the safe dissipation of a
multi-megaampere runaway beam has been demonstrated on JET ['?!. Reactor-scale and spherical-torus specific runaway dynamics have
been modelled with the fluid-kinetic framework DREAM ['®'5 and with the ITER deuterium—tritium seed inventory in mind "4/, Halo
currents and the vessel forces they carry have been characterised experimentally, and notably in the ST geometry on NSTX 2!, and simu-
lated self-consistently for vertical displacement events (VDEs) with the extended-MHD codes NIMROD, M3D-C1 and JOREK [17:18:20],
Compact high-field concepts such as SPARC have made the disruption and MHD-stability case an explicit part of their design basis [2223/,
and machine-learning disruption prediction has become a practical tool for prevention [2:3°1,

CONTRIBUTION

Against this backdrop our contribution is fourfold. (i) We assemble a single, internally consistent reduced-order model chain — CQ circuit,
RE threshold and avalanche, halo-current force balance — and derive each element from first principles for the specific frozen ST breeder
point, rather than importing scalings. (ii) We evaluate the chain on the NVIDIA GPU HPC campaign that also produced the NIMROD-veri-
fied equilibrium and the DREAM fluid-kinetic corroboration, so that every headline number traces to a named code and a frozen anchor
(gate BR-L2-A10 of the de-risking register). (iii) We report the result without softening: the CQ is fast, the avalanche is severe, and the halo
load is large, and we quantify each. (iv) We convert the physics into an engineering requirement — SPI-class mitigation triggered inside

the CQ window — and connect it to the vessel-structure, vertical-stability, ramp-access and control companions [3332343%! that carry the
requirement forward. We are explicit about the one honest limit throughout: the CQ time is an inductance-over-resistance estimate
grounded in the verified equilibrium, not a converged dynamic disruption simulation. The finding is robust to that limit; the precise digits
are not final.
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Governing equations and Yormal problem

We treat the disruption as a sequence: (a) loss of control and a fast TQ that collapses the electron temperature; (b) an inductive CQ during
which the toroidal current decays and induces a toroidal loop voltage; (c) runaway seeding and avalanche driven by that voltage; and
(d) halo and eddy currents driven by the same flux change. The equilibrium on which all of this rides is the axisymmetric Grad—Shafranov
state, and the stability margins that determine whether the design point is disruption-prone at all are established in the companion equi-
librium study 3. Table 1 collects the operating-point inputs.

LLLL@ SYMBOL QUANTITY VALUE SOURCE

I, plasma current (design) 9.66 MA frozen anchor
? current read by NIMROD equilibrium 9.62 MA NIMROD (nimeq)
Ry major radius 1.20 m frozen anchor
a minor radius 0.48 m A=25

K elongation 2.0 frozen anchor
() triangularity —0.30 frozen anchor
By on-axis toroidal field 8T frozen anchor
s internal inductance (£;3) 1.40 FreeGS [31]

TNe electron density (~0.30ng) 4%x100m3 operating point
L, plasma inductance ~ 2.6 uH Eq. (1)

Winag poloidal magnetic energy =~ 119 MJ Eq. (2)

Win plasma thermal energy ~ 21 MJ Sec. 2.1

Frozen breeder operating-point inputs and derived quantities used in the reduced-order disruption models. Anchored values trace to the de-

risking register (gate BR-L2-A10) and the equilibrium companion 3. tab:params tabular

STORED ENERGY AND PLASMA INDUCTANCE

The energy released in a disruption is the sum of the plasma thermal energy and the poloidal magnetic energy of the plasma current. The
plasma self-inductance of a large-aspect-ratio torus is

8Ry 4;
[, — n=—— _24
D /J'ORD [ . 2 ] )

which for the frozen point (8Rp/a = 20, £; = 1.40) gives L, ~ 2.6 uH; the low aspect ratio and high elongation of the ST modify the
geometric term at the tens-of-percent level, which we carry as a parametric uncertainty in L,. The poloidal magnetic energy is

Wnag = 3 LpI? ~ 119 MJ,

and the volume-averaged thermal energy Wi, = 37 (T) V,, with V,, = 27r2Rpa’s ~ 10.9 m® and (T') ~ 10 keV gives Wy, =~ 21 MJ. The
magnetic energy therefore dominates by roughly six-to-one (figure 1); it is the quantity a mitigation system must radiate benignly during
the CQ, and its dominance is the reason CQ physics — not TQ physics — sets the disruption design margin.



Disruption energy budget the mitigation system must radiate
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After the TQ collapses the temperature, the plasma is a hot-then-cold conducting loop whose current decays against its own resistance.
Treating the plasma as a single circuit with no external drive,

dI,

Li”ﬂ +Ry(t)[,=0 = I,(t) =I,(0)exp {—/Ot B () dt'} ,

Ly

so the local CQ time is 7¢g = L,/ R,,- The plasma resistance is set by the parallel Spitzer resistivity of the post-TQ plasma,
N ~52x107° ==——Qm (T.ineV),

which makes T¢g a steep function of the post-TQ electron temperature, Tcg o Te3/ 2 Solving Egs. (3)—(4) for the frozen L, (figure 2)
shows that the frozen 7¢g = 7-19 ms band corresponds to a post-TQ temperature of T, & 5—10 eV at Zggs ~ 1-2, the standard cold post-
quench state. The fastest credible quench sets the shortest deadline; the mitigation system must sense and act well inside 7 ms.



Inductive current quench on the NIMROD-verified equilibrium (L,=2.6 uH)
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INDUCED ELECTRIC FIELD AND THE RUNAWAY THRESHOLDS

The decaying current changes the poloidal flux linked by the plasma, inducing a toroidal loop voltage Vigep = Lyp|dI,/dt| = LypI,/Tcq and
a parallel electric field

By — Vioop - Lyl
= 27 Ry = 2wRy Tcq ’

For 7o = 10ms, Ej =~ 345V m™!. An electron runs away when the accelerating force exceeds the collisional drag, i.e. above the Connor—
Hastie critical field

nee3ln A
Ec = 2. 2!
dmegmec

which forn, =4 x 10® m—3andIn A = 15 is E, ~ 0.31 Vm~!. The thermal-tail (Dreicer) field, above which bulk electrons run away, is
larger by the ratio of rest-mass to thermal energy,

Ep mec?
E,  kgT.’

so pre-TQ (T, ~ 17 keV) Ep =~ 30 E. and post-TQ (7, ~ 10 eV) Ep is enormous; the Dreicer seed is therefore small and the seed budget
is dominated by hot-tail electrons surviving the TQ and — specific to a tritium-breeding, neutron-activated machine — by tritium S-decay
and Compton electrons from 7 emission of the activated structure, exactly the mechanisms that make the ITER deuterium—tritium phase a

demanding runaway case ['#'3), Radiative drag raises the threshold to an effective critical field

ngf — Ec (1 aF Arad)a Araud ~ 3"47



following the two-field theory of Aleynikov and Breizman 4. The field hierarchy is shown in figure 3. Even against the conservative effec-
tive field, E“ / Efff ~ 280; the plasma is far into the avalanche-unstable regime.

Field hierarchy: E/E. = 1128, E|/ES" = 280

E- (Connor--Hastie) 0.306 V/m

EST (radiative, ~4E,) -I 1.22 V/m

Ep pre-TQ (Te=17 keV) 9.19 V/m

E) during CQ (anchor) 345 V/m

1071 10° 10! 102
parallel electric field (V. m~1, log scale)

E, ngf
E” /E. ~ 1128

Above threshold, an existing runaway can knock a bulk electron into the runaway region by a close Coulomb collision, doubling the popu-
lation; iterated, this is the Rosenbluth—Putvinski avalanche [?!. The population obeys

dngg _ nRE 1 E|/E. -1 T
a 1’ 7.  T.ImA 3(Zegs +5)°

with 7, = 4ne2m2c3/(n.e* In A) the relativistic collision time, so the population amplifies as ngg(t) = nrg(0) exp ( fot dt'/ Ta). The expo-
nent is the number of e-foldings N = f dt/7,, and because f E) dt over the quench equals the consumed poloidal flux per unit length, N
scales linearly with the pre-disruption current: for a multi-megaampere ST this is large. Integrating Eq. (9) over the quench with the frozen
B, /E_ history gives N ~ 20-39 e-foldings, i.e. a gain of e’ to e3? (5 x 108 to 10'7). A milliampere seed therefore saturates the beam: the
runaway current grows until it replaces the Ohmic current, so that

Irg — frelp, fre =~ 0.70,

a beam of order 6.8 MA (figure 4). Saturation at a fraction of I, rather than unbounded growth, follows because the runaways carry
current that reduces the loop voltage that drives them — the self-limiting feature that nonetheless leaves a component-damaging beam.

10



Close-collision avalanche: milliampere seed to multi-megaampere beam

<
L
-
c
[«H]
E
=
[
£
o
o
.?
2
]
=
©
c
=3
—

frozen 20--39 e-foldings
beam saturation =0.70/, =6.76 MA
T oy G R e
10 15 20 25 30 35
number of avalanche e-foldings N = [dt/t,

1 20-39
frel, ~0.701, = 6.8

HALO CURRENTS AND ELECTROMAGNETIC LOADS

When vertical control is lost the plasma drifts into the wall (a VDE); the scrape-off/halo region then carries a poloidal current I that
closes through the vacuum vessel and first-wall structure. Defining the halo fraction f = I5/I, and the toroidal peaking factor

TPF = I;?**/(I), the mechanical severity is governed by the product fj,-TPF, the standard vessel-load design metric 16:21] The poloidal
halo current crossing the toroidal field produces a body force density

Ry
0 R ’
so that the frozen halo current I, = f3I, = 0.35 x 9.66 MA = 3.38 MA, crossing the outboard field B4 ~ 5 T, gives a line force of order
17 MN m~! on the contacted structure; the same flux change d¥/dt drives eddy currents in the vessel and support. This is the load basis
the vessel and first-wall mechanical design must react, and it is passed as an input to the vessel-structure companion 33/ and bounded

operationally by the vertical-stability and VDE-avoidance study 32/, The frozen halo fraction and its context against ITER, JET and the ST
device NSTX are shown in figure 5.

F
f= Jdwx By o~y By(Rwan), By(R)=B

11



Halo-current load basis in context
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§ 3

Computational methodology: the NVIDIA GPU HPC campaign

Every number in this paper was produced on the Kronos NVIDIA GPU HPC campaign, run on an NVIDIA GPU fleet (A100/H100/A10
class), which executed both the reference codes that establish the equilibrium and the reduced-order model chain that evaluates the
disruption. We name the codes and the problem scale, and we are explicit about what is converged and what is estimated.

REFERENCE CODES

NIMROD ""7!is the 3-D nonlinear extended-MHD initial-value code used as the disruption and stability arbiter. The free-boundary equilib-
rium was built directly from the config-22021 g-file with the fgnimeq tool (fluxgrid.in + nimeq. in), replacing a generic transfer step;
non-zero p' and F'F' at the last closed flux surface were handled by adding a scrape-off-layer current with X-points located by field-line
analysis, and the fields were then evolved from the Grad—Shafranov state at modest resistivity with dissipation matched (
Noum = Vvise = k1 = 10 m? s71, iterated downward toward a Spitzer profile). NIMROD reads I, = 9.62 MA on this equilibrium. This
established a verified equilibrium on which the reduced-order estimates ride. DREAM ['®! is the fluid-kinetic runaway-electron/disruption
framework used, in its reduced 1-D fluid configuration, to corroborate the severity of the avalanche independently of the reduced-order
estimate. FreeGS [*72%! produced the 129 x 129 free-boundary Grad—Shafranov equilibrium (4;3 = 1.40) that NIMROD verified, and
OpenMC 28] provides the activated structure inventory that sets the y-Compton runaway-seed context for a breeding machine. The refer-
ence higher-fidelity disruption arbiters M3D-C1 ") and JOREK *°! are named as the codes that a converged dynamic study would use.

GOVERNING DISCRETISATION

The equilibrium solve is the axisymmetric Grad—Shafranov equation

dp dF 1
* 0 2°F P2t * — P27, _—
AT ,u,ngIp Fd¢, A_RV< 2V),

solved by Picard iteration to a normalised residual || A* — RHS||/||RHS|| < 1073 on the 129 x 129 mesh, then re-solved in NIMROD on
its high-order finite-element grid. The reduced-order disruption chain is a stiff system of ordinary differential equations — the circuit
Eq. (3) with the temperature-dependent resistance Eq. (4), the avalanche Eq. (9), and the halo force balance Eq. (11) — integrated with an
adaptive, error-controlled implicit stepper. The 1-D DREAM model couples the electric-field diffusion equation

110/( OF 0
E;E(TW) = E(O’E" +CCTLRE),

to the runaway density evolution and a temperature model on a finite-volume radial grid.

13



PROBLEM SCALE, GPU ACCELERATION AND VERIFICATION

The reduced-order chain was swept across the physically relevant parameter space — post-TQ temperature T, € [3, 30] eV, effective charge
Z € [1,3], and quench rate spanning the 7¢g = 7—19 ms band — as an embarrassingly parallel ensemble mapped across the GPU fleet,
with the NIMROD and DREAM reference solves carried on the same campaign. Reproducibility is enforced by a fixed random seed
(20260726) and by byte-level regression of reference outputs where a bundled reference exists. We record two honest operational notes
carried in the register: single-rank (np = 1) NIMROD runs are reliable, whereas a four-rank run on the small periodic test slab segfaulted
during setup (a block-decomposition/solver interaction that was not debugged), and production multi-rank scaling was therefore not
established; and the seeded validation perturbation is a compressional-Alfv\ 'en disturbance used for functional validation, not a resonant
tearing eigenmode tuned to a published growth rate, so no growth-rate reproduction is claimed. No compute-cost figure is reported. The
codes and their roles are summarised in table 2.

LLL@ CODE ROLE IN THIS WORK REFERENCE
NIMROD free-boundary equilibrium (nimeq); disruption/stability arbiter [17]
DREAM 1-D fluid runaway-electron corroboration [16]
FreeGS 129 x 129 Grad—Shafranov equilibrium (¢;3 = 1.40) [27,26]
OpenMC activated-structure inventory (7y-Compton seed context) [28]
M3D-C1 named higher-fidelity VDE /halo arbiter (owed dynamic study) [18]
JOREK named higher-fidelity nonlinear-MHD arbiter (owed) [20]

Codes run on the NVIDIA GPU HPC campaign for this paper and their roles. All are established, peer-reviewed community codes. tab:codes
tabular

14
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Results

The three disruption branches and the mitigation requirement are collected in table 3 and the scorecard of figure 9, and detailed below.
Figure 6 shows how the branches descend from a single loss-of-control event.

Disruption causal chain and the three quantified branches

Thermal RE seed +
quench ’ g avalanche

Loss of
control

Current
quench L/R »

Current-quench time TCQ 7—19 ms Egs. (3)—(4); anchor
Post-TQ temperature (implied) 5-10eV figure 2

Critical field E, ~0.31Vm Eq. (6)

Induced field E|| ~ 345V m1! Eq. (5)

Field ratio E|/E, ~ 1128 anchor

Avalanche e-foldings N 20-39 Eq. (9); anchor
Runaway-beam fraction fzp ~ 0.70 I, (~ 6.8 MA) Eq. (10); anchor
Halo-current fraction fj 0.35 I, (~ 3.4 MA) Eq. (11); anchor
Magnetic + thermal energy ~ 119+ 21 MJ Egs. (2); Sec. 2.1

15



CURRENT QUENCH AND THE MITIGATION DEADLINE

The CQ time is Tcg = 7-19 ms. Because 7¢g T,f'/2 (Eq. 4), the band is set by the post-TQ temperature, and the fast end (7 ms) is the
binding deadline. A mitigation system must sense a disruption and inject before the current has substantially decayed, i.e. within a few
milliseconds; the disruption timeline and the trigger budget are shown in figure 7. This deadline is the primary engineering driver: it sets
the required speed of the precursor detector, the fire-control decision, and the SPI fragment flight and assimilation.

Disruption timeline and the mitigation-trigger budget

Current quench (CQ)

Tcg = T==15 ms

10
time from disruption onset (ms)

TCcQ = 7-19

16



RUNAWAY-ELECTRON AVALANCHE

The avalanche is SEVERE. The induced field sits far above threshold, B /E. ~ 1128 (figure 3); even against the radiative effective field
the ratio is ~ 280. A milliampere seed — and in a tritium-breeding, activated machine the seed is not optional — amplifies through 20-39
e-foldings (figure 4) to a beam carrying of order 70% of the plasma current, ~ 6.8 MA. The dependence of the drive on quench rate is
direct: because Ej o< 1 / Tcq (Eq. 5), a faster quench raises E) /E., as shown in figure 8. A 6.8 MA relativistic beam that strikes the first
wall or the centrepost is a component-damaging event, which is precisely why mitigation is a requirement and not an option.

Faster quench = stronger drive: E/E. « 1/T¢q

—-== anchor E/E. =1128
frozen T¢q band

10 15 20
current-quench time T¢o (Ms)

E"/Ec TCQ
.E'“/.Ec ~ 1128

ELECTROMAGNETIC LOADS

The halo-current fraction is 35% of the plasma current, &~ 3.4 MA. Crossing the toroidal field during a VDE (Eq. 11), this current sets the
mechanical load the vacuum vessel and first wall must react, with a representative outboard line force of order 17 MN m~! and an accom-
panying eddy-current load from the flux change. Placed against ITER-design, JET and the spherical-torus device NSTX (figure 5), the
frozen fraction is high but not out of family; the value, and its toroidal peaking, are the inputs the vessel and support structure are sized

to 331,
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THE MITIGATION REQUIREMENT

The three branches combine into one requirement, summarised in the scorecard of figure 9 and realised by the architecture of figure 10:
shattered-pellet (or equivalent massive-material) injection is mandatory, and its trigger must fire inside the CQ window. The injected
impurities radiate the ~ 140 MJ of stored energy isotropically (converting a localised conduction load into a distributed radiation load),
collisionally suppress the runaway seed, and control the CQ rate. The trigger is furnished by a disruption predictor and precursor detector;
the cross-machine transfer-learning disruption model of the companion suite 3%/ supplies the lead time, and the certified control-barrier

safety filter [3°! guarantees that the fire-control action is admitted only inside the validated safe set.

Disruption assessment scorecard (frozen anchors, gate BR-L2-A10)

Metric Value Verdict

Current-quench time T¢o 7--19 ms Sets trigger deadli
Peak field ratio E/E. ~ 1128 Far above thresho
Avalanche e-foldings 20--39 e?%--e3 gain
Runaway-beam fraction =~0.70 I, 6.8 MA beam
Halo-current fraction 0.35 1/, 3.4 MA in vessel

Mitigation requirement SPI mandatoriigger inside Tco Ao :13)]

18



Shattered-pellet disruption mitigation, triggered inside the CQ window

vacuum vessel
r

fire-control
(< Tco)

plasma
I, =9.66 MA

precursor
detector

TCQ
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SPI barrel
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)

Discussion

COMPARISON WITH PUBLISHED MACHINES

The frozen results sit consistently within the disruption literature. The CQ time of 7—19 ms is comparable to the current-quench times
observed and projected across the tokamak database, which for a machine of this size and post-quench temperature is the expected
range [%8); the CQ, not the TQ, dominates the load because the magnetic energy dominates the thermal energy (figure 1), the same ordering
that drives the ITER and SPARC disruption cases (%22, The avalanche severity is the generic reactor-scale result: Rosenbluth and Putvinski
predicted, and subsequent work confirmed [»3'4'5], that a multi-megaampere machine amplifies a small seed into a beam comparable to
the plasma current, with the ITER deuterium—tritium phase being the canonical demanding case; a compact ST with 9.66 MA is squarely
in that regime, and the spherical-torus-specific runaway modelling of 5! shows no reason to expect relief from the geometry. The halo
fraction of 0.35 is consistent with the tokamak halo-current database and, encouragingly, with the ST measurements on NSTX, where the
localised halo-current product was found to be below conventional worst-case expectations [?!!. The mitigation requirement we state is the
1811 and the demonstrated safe termination of multi-megaampere runaway beams on JET !'?) is the existence
proof that the requirement is achievable.

same one ITER adopted

WHY THE SPHERICAL TORUS DOES NOT ESCAPE THE REQUIREMENT

It is sometimes hoped that a compact, high-field machine disrupts more gently. The physics here says otherwise for the runaway branch:
the avalanche exponent scales with the plasma current, and a compact machine reaches a reactor-relevant current in a small volume, so
the e-folding count is large regardless of size. The halo branch is more favourable in the ST than in a conventional aspect ratio [*!], but
0.35 I, is still a multi-megaampere mechanical load. The CQ branch is intermediate: the small plasma volume and low inductance give a
short 7¢q, which is helpful for energy handling but shortens the mitigation deadline. The net of the three is that the requirement stands.

PLACEMENT IN THE DESIGN

The disruption requirement threads through the machine. The equilibrium and ideal-MHD margins that keep the design point away from
the disruption boundary in the first place are established in [3'; vertical-stability authority and VDE avoidance — the first line of defence
against the halo load — are quantified in 3?); disruption-free ramp access, which minimises the disruption rate during the most vulnerable
phase, is designed in 34); the vessel and support structure that must react the halo and eddy loads are sized in [33); the REBCO centrepost
and its quench margin under these transients are the subject of [37); and the closed-loop fire-control that must act inside ToQ Tests on the

certified safety filter of [3°! and the cross-machine disruption predictor of (35, This paper supplies the load and timing basis those studies
consume.
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8§ 6

Limitations

There is one honest gate, and we state it plainly. The results are reduced-order estimates evaluated on a NIMROD-verified free-boundary
equilibrium; they are not a converged dynamic disruption simulation. In particular, the CQ time is an inductance-over-resistance estimate
grounded in the verified equilibrium, and must be cited as such and not as a “NIMROD-simulated” quench: the converged dynamic
current-quench run remained blocked on an equilibrium-initialisation/discrete-force-balance issue, and mode growth, the self-consistent
halo/eddy-current distribution and the kinetic runaway seeding were not reached in the 3-D dynamic run. The E) / E, and avalanche-gain
figures are model estimates that establish severity, not a converged runaway-current prediction, and the 1-D DREAM fluid corroboration
shares the reduced dimensionality. The mitigation requirement is robust to these refinements — every model, at every fidelity we ran,
points the same way — but the precise digits (t¢g band, e-folding count, halo peaking) are not final. The natural next step is a converged
NIMROD/M3D-C1 dynamic disruption with a DREAM-class kinetic runaway module and a self-consistent VDE /halo solve, which would
sharpen the band, the gain, and the halo distribution. We explicitly do not claim the disruption risk is negligible: the opposite is the
finding.
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§ 7

Conclusion

For the frozen breeder design point (I, = 9.66 MA) the disruption response is fully characterised at reduced order and is demanding. The
current quench is 7¢g = 7-19 ms, set by the plasma inductance-over-resistance ratio at a 5-10 eV post-quench temperature, and it sets
the mitigation-trigger deadline. The runaway-electron avalanche is SEVERE: with B/ E, ~ 1128, a milliampere seed amplifies through
20-39 e-foldings to a beam of order 0.70 I, = 6.8 MA. The halo-current fraction is 35% of the plasma current, ~ 3.4 MA, fixing the elec-
tromagnetic load basis for the vessel and first wall. The load-bearing conclusion is a hard design requirement, not a reassurance: shat-
tered-pellet-class disruption mitigation, triggered within the current-quench window, is mandatory. The disruption question is answered
directly, its answer is quantified, and its answer is a requirement.
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