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\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-
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nothing in the physics is altered to fit it.

THE HONESTY STANCE IS THE ASSET
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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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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
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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

[Hyperion as a Strategic-Materials Platiorm: Gain,
Tritium Breeding, He-5 Co-Production, and 11 MeV
Neutron OQutput from a Compact Spherical-Tokamal
self-sufficient closed fuel cycle at power-plant scale implies a dangerous standing tritium inventory. Both are consequences of

demanding electricity from a device whose neutrons are physically its most valuable output. We present the integrated physics of
Hyperion, a compact negative-triangularity spherical-tokamak breeder sized to a strategic-materials mission — tritium, helium-3, and

F usion breeders have historically foundered on two coupled obstacles: net electricity forces a large plasma and a large blanket, and a

14 MeV neutrons — and show that once the net-electricity requirement is dropped, both obstacles fall below their binding
thresholds. The frozen design point (I, = 9.66 MA, on-axis By = 8.0 T, centrepost peak field 16.84 T, § = —0.30, & = 2.0,
Ry=120m, A=25) closes its zero-dimensional power balance at a plasma gain @ =3.076 and fusion power
Pr,s = 85.04 MW, carried openly as a driven, sub-ignition design-point target reached at demonstrated confinement. We

state the governing equations of every subsystem as explicit mathematics — the Bosch—Hale power balance, the free-boundary Grad—
Shafranov equilibrium and its ideal-MHD margins, the Sauter neoclassical bootstrap, the nonlinear-gyrokinetic transport ratio, the
neutron-transport tritium-breeding functional, the tritium and helium-3 mass-balance ordinary differential equations, and the
Rosenbluth—Putvinski runaway avalanche — carry each derivation from its first principle to its discretized numerical form, and evaluate
them on a verification-first computational stack (Kronos toolkit, FreeGS/FreeGSNKE, NEO, nonlinear CGYRO, TGYRO, ASCOTS5,
OpenMC on ENDF/B-VIII.0, and a NIMROD-verified disruption model), with the nonlinear gyrokinetics and Monte-Carlo neutronics
executed on the NVIDIA GPU HPC campaign. Negative triangularity is the confinement lever: converged nonlinear gyrokinetics show it
suppressing ion-scale transport by 40-45% and electron-scale (ETG) transport by 79—-80% relative to a positive-triangularity twin, with
the operating point subcritical and the advantage robust (66—66%) across a factor-sixteen collisionality scan. The free-boundary equilib-
rium is Mercier-, ballooning- and external-kink-stable with a 1.64x normalized-beta margin to the no-wall Troyon limit; the current is
85% externally driven with a 15.5% bootstrap fraction; fusion-born alphas are 99.98% confined; and tritium breeding rises along a
confirmed ladder from a net surplus of 0.29 to ~2.0kg — T yr~! per unit at the advanced blanket (net breeding ratio 1.42), making a
single advanced unit a tritium exporter and a national-scale 4kg — T'yr~! supply an explicit fleet property. The inboard centrepost is a
quantified consumable cartridge, and the disruption response is answered directly and is demanding: a severe runaway-electron avalanche
makes shattered-pellet mitigation a hard design requirement. We close with a dedicated sensitivity/uncertainty section and an experi-
ment-and-theory benchmarking section. Every headline number is a frozen anchor with a gate serial, independently re-run and stamped in
the accompanying physics de-risking register.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645691 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: spherical tokamak tritium breeder helium-3 negative triangularity materials platform 14\
MeV neutron source consumable centrepost disruptions bootstrap current Grad--Shafranov equilibrium

uncertainty quantification
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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)



8§ 1

Introduction

Fusion breeders are not a new idea, and they have failed for a consistent reason. To make net electricity a device must be large — a large
plasma to hold the power, a large blanket to intercept it — and to close its own fuel cycle at that scale it must hold a standing tritium inven-
tory measured in kilograms, with all the licensing, safety, and proliferation weight that inventory carries (53738, Both burdens are down-
stream of one requirement: net electricity from a device whose neutrons are, physically, the most valuable thing it makes. Strip that
requirement away, size the machine instead to the materials its neutrons produce — tritium for the fusion economy, helium-3 for national-
security and quantum applications, and a fast 14 MeV neutron flux for isotope production and materials qualification — and
the two classical obstacles both drop below the thresholds that stopped the earlier concepts. The plasma can be compact, and the per-unit
tritium inventory a fraction of a power plant's.

The scale of the tritium problem is worth stating quantitatively at the outset, because it motivates the entire design. The world civilian
tritium inventory is of order 20—25 kg and declining, sourced almost entirely from a handful of ageing heavy-water fission reactors; a
single deuterium—tritium power plant of ~3 GW fusion power would burn of order 150kg — T'yr~! and must therefore breed essentially
all of its own fuel with a required breeding ratio comfortably above unity once one accounts for radioactive decay, sequestration in struc-

tures, processing losses, and the doubling inventory needed to fuel the next unit [373%!. The consensus of the tritium fuel-cycle literature is
that self-sufficiency for a power plant is achievable but tight, and that it forces both a large tritium-breeding blanket and a large in-vessel
inventory. A device that must supply its own gigawatt-scale burn is therefore boxed in from two sides at once. Hyperion escapes the box
not by solving the power-plant fuel cycle but by declining to pose it: a strategic-materials breeder burns Ar = 4.77kg — T fpy_l, roughly
thirty times less than a power plant, so its inventory is small, its blanket need only clear unity by a modest margin to become a net
exporter, and its success is measured in kilograms of product rather than megawatts to a grid.

The earlier breeder concepts illustrate the trap and its shape. Fission-suppressed and tritium-assisted fusion breeders were proposed to
leverage a modest fusion neutron source into a large fissile or tritium yield, but were sized to net-power or satellite-power missions and
inherited either a large machine or a large fuel-cycle inventory [553); inertial-electrostatic and other low-power-density D—3He breeder
concepts avoided the inventory problem but could not reach a useful volumetric reaction rate 52, The spherical-tokamak pilot-plant stud-
ies 154! showed that the ST could deliver a compact, high-fluence neutron source, but framed the device as a step toward net electricity
and therefore re-imported the scale burden. The distinguishing move here is neither a new confinement concept nor a new blanket chem-
istry but the mission reframe: sizing the ST to the smallest self-consistent materials point, and treating breeding as an export lever rather
than a self-sufficiency constraint, is what lets the two obstacles fall together (§2).

Hyperion is the compact spherical tokamak (ST) that results. A spherical tokamak confines a large plasma current in a small volume
behind a high-field inboard centrepost, which is exactly what makes it an efficient neutron source and breeder platform 2345, The ST

line traces to Peng and Strickler's recognition 4! that retaining only the indispensable inboard conductor produces a very-low-aspect-ratio
configuration with naturally high elongation, high toroidal beta, and large plasma current per unit field — properties that are liabilities for
a reactor that must shield a superconducting central solenoid but are assets for a compact, high-fluence neutron source. We choose nega-
tive triangularity (6 = —0.30) because it accesses good core confinement without the edge pressure pedestal and the edge-localised-mode
cycle of conventional H-mode [©78911; the quiet, ELM-free edge is an operational asset for a nuclear device whose first wall cannot tolerate
repeated transient loads. The result is a machine that closes its power balance at demonstrated confinement, with the plasma gain carried
honestly as a design-point target rather than a demonstrated one.

Contributions and structure. Relative to a conventional design note, this paper is a review-article-length treatment intended to make every
headline number reconstructible from stated physics. It (i) states the governing physics of every subsystem as explicit mathematics, deriv-
ing each result from its first principle to its discretized form, and fixes a self-consistent compact operating point at @ = 3.076,
Prs = 85.04 MW (§2—-§5); (ii) describes the verification-first computational stack, its numerical schemes, and the role of the
NVIDIA GPU HPC campaign (§4); (iii) demonstrates, with converged nonlinear gyrokinetics, that negative triangularity suppresses turbu-
lence at both the ion and the electron scale into a quiet subcritical core, and that the advantage survives a collisionality scan (§6); (iv)
shows the point is an ideal-MHD-stable free-boundary equilibrium sustained at an 85%-driven current (§7—§8); (v) confines the fusion-
born alphas (§9); (vi) develops the tritium breeding ladder, the mass-balance surplus law, and the startup inventory that together make a
single advanced unit a net exporter (§11); (vii) treats the centrepost as a quantified consumable and answers the disruption question
directly (§12—§13); (viii) places helium-3 and the strategic products, and shows the deuterium—helium-3 loop does not close indigenously
(§14); and (ix) quantifies sensitivity and uncertainty (§15) and benchmarks each subsystem against published experiment and theory (§16).
Every number is a frozen anchor, independently re-run and stamped in the de-risking register!®/,

Scope. This is a strategic-materials paper. Its success metric is fusion gain, breeding ratio, helium-3, and 14 MeV neutrons —
not megawatts to a grid. No net-electricity claim is made for the breeder, and no economic analysis appears here; economics is reported
separately and is not part of the public record of this work.



§ 2

The strategic-materials mission and the design reframe

Before writing equations it is worth stating precisely what mission the equations are being solved against, because the mission — not any
single physics choice — is what places both classical obstacles below threshold.

WHY NET ELECTRICITY IS THE WRONG REQUIREMENT FOR A BREEDER

A deuterium—tritium reaction releases Epy = 17.59 MeV, of which E, = 3.52 MeV (20%) is carried by the
charged alpha and E,, = 14.06 MeV (80%) by the neutron. In a power reactor the neutron energy is a means to an end: it is
thermalized in a blanket, converted to heat, and run through a Rankine or Brayton cycle at ~35-40% efficiency to make electricity, and
the tritium bred in the same blanket exists only to refuel the plasma. In a strategic-materials breeder the ranking is inverted. The neutron
itself is the product — it transmutes ®Li into tritium, it can be captured to make medical and industrial isotopes, and it qualifies structural
materials at fusion-relevant damage rates — and the tritium and helium-3 are bankable commodities. Demanding electricity from such a
device would force a larger plasma (to raise absolute power) and a fully self-sufficient blanket with a large inventory, re-importing exactly
the two burdens that the materials framing removes. The design logic of Hyperion is therefore to size the plasma to the smallest self-
consistent point that (a) closes its power balance at demonstrated confinement and (b) produces a materials-relevant
14 MeV flux, and to let the blanket breeding ratio be a lever tuned for export rather than a fixed self-sufficiency constraint.

THE TWO OBSTACLES, QUANTIFIED

Table 1 states the two historical obstacles and the threshold each must clear, together with where Hyperion lands. The scale obstacle is
expressed through the fusion power and major radius; the inventory obstacle through the per-unit burn rate and the in-vessel inventory.
In both cases the materials mission moves the operating point from “above threshold” (binding) to “below threshold” (non-binding), and
the rest of the paper is the demonstration that the compact point so obtained is physically self-consistent.

@L>X>X@ POWER-PLANT FRAMING (BINDING) HYPERION MATERIALS FRAMING (BELOW THRESHOLD)

OBSTACLE

machine scale GW-class Py, Ry = 3—-6 m to hold and 85.04 MW, Ry = 1.20 m compact ST; power set
intercept the power by materials flux, not by grid demand

tritium kg-class standing inventory; self-sufficiency burn4.77kg — T fpy_1 (~30x smaller); inventory a fraction of

inventory mandatory and tight [37,38] a plant's; export not self-sufficiency is the goal

blanket TBR > 1 mandatory with decay/loss/doubling  TBR is a design lever; a modest surplus makes one unit an
margin [°7) exporter

The two classical breeder obstacles and how the strategic-materials reframe places each below threshold.

WHY A SPHERICAL TOKAMAK, AND WHY NEGATIVE TRIANGULARITY

Two configuration choices follow from the mission. The ST is chosen because, at fixed engineering field on the inboard conductor, its low
aspect ratio maximizes plasma current and toroidal beta and therefore the volumetric fusion (and neutron) rate per unit machine

size [415): a compact, high-fluence neutron source is precisely what a materials breeder wants. The price — no room for a shielded central
solenoid, and an inboard conductor exposed to the source — is paid by making the centrepost a consumable cartridge (§12), which is an
acceptable trade for a device whose mission is neutron production rather than decades of uninterrupted electricity. Negative triangularity
is chosen because it delivers core confinement comparable to H-mode while remaining in an L-mode-like, ELM-free edge [®7%: it
suppresses turbulent transport (§6) without the pedestal and the periodic edge-localised-mode heat pulses that would otherwise threaten
the first wall of a nuclear device. The two choices are complementary — the ST gives the neutron economy, negative triangularity gives the
quiet, high-confinement core — and together they are what let a 1.20-m machine close its power balance.



§ 3

Governing equations and the Yormal problem

The design is the simultaneous solution of a coupled set of physics constraints. We state each governing equation here so that every head-
line number in §5—§14 traces to a defined quantity rather than an assertion, and we carry each derivation to the point where its numerical
evaluation is unambiguous.

FUSION POWER BALANCE, THE LAWSON CRITERION, AND GAIN

On a deuterium-—tritium plasma of total density m =mnp+ny with np = nr =n/2, the volumetric fusion power density is
Prus = npnr{ov) prEpr = %n2 (ov) prEpr, so the total fusion power is

Pfus = / npnrt <O"U>DT(T,) EDT dV = % n? <0"U>DT EDT V, EDT =17.59 MeV,
14

where (ov) pr(T;) is the Maxwellian-averaged reactivity and the overbar denotes a profile-weighted volume average. Writing profiles as
n(p) = ng(1 — p?)® and T(p) = To(1 — p?)°T over the normalized minor radius p = r/a, the volume average that enters 1 is

— 1 (1 dv dv
o) = 3 [ 0 eNTe) Todn = 4R,

which defines the profile form factor g = n?{ov)/(A?(ow)(T)) used in the POPCON of §5. We evaluate (o) pr with the Bosch—Hale para-
meterization '?), valid over 0.2—-100 keV,

. B2 \!/3
<0"U>DT =C10 L exp(—3§), 0= = ’ 5 =2 ’
m,c? Ti3 1 Ti(Cz aF T,;(C4 aF T,Cs)) 40

1+ Ti(Cs + Ti(Cs + TiCr))

with Gamow constant Bg = 34.3827 keVY/ 2 reduced mass m,c? = 1.124656 x 10° keV, and the tabulated
C;...Cq7 (Appendix ?); the curve peaks near 64 keV (Fig. 3), while the economically accessible operating window sits near
13-17 keV where (o) pr Ti2 approximately and the pressure-limited fusion power is maximized. The fraction of fusion
energy carried by the alpha particle,

E 3.52

fa = a = — = 0.200,

Epr 17.59

heats the plasma; the complementary 0.800 leaves as 14.06 MeV neutrons — the device's product. Writing the plasma stored

energy W = % fV n(T, + T;) AV and the energy-confinement time 75 = W / Piogs, the steady-state power balance is

w
fanus + Pext = -Ploss+Prad: _+Prad7
—— TE
alpha heating

and the plasma gain is @ = Pgys/Peyt. Combining 5 with the definition of @ and neglecting radiation for the moment gives the compact
relation

1 Pext _ W/TE

Q=Pfus_ Pfus

which shows explicitly that gain is set by the ratio of stored energy to fusion power divided by the confinement time, offset by the alpha
self-heating fraction fo. Writing W = 3aTV (for Te = T; = T) and Prys = % gi?(ov) EprV, 6 becomes the Lawson-type condition 374!

_ 19157 1 -1
M= —"——(7+fa) >

_fa7

9{ov)Epr \ Q
so that the triple product 7775 required for a target @ is minimized near the temperature that maximizes (ov) /T2 — the physical origin
of the ~13-15 keV operating window. Equations 1-7 close the zero-dimensional operating point once the confinement qual-

ity (the H-factor multiplying a confinement scaling for 7g) and the profiles are fixed; the resulting frozen values are given in §5 and their
derivation to a self-consistent point is gate BR-L1-Al.



FREE-BOUNDARY EQUILIBRIUM AND STABILITY LIMITS

The axisymmetric equilibrium is the Grad—Shafranov equation for the poloidal flux (R, Z). It follows from force balance
J X B=Vp together with V. B=0 and Amp)\'ere's law; writing the axisymmetric field as
B = V¢ x Vi + F(¢)V¢ with F = RBy and using that p and F are flux functions, the toroidal component of force balance reduces
to

0 (1 oy 0%y
A*Y=R——|=+5 | + 255 = —wR*P'(¥) — F(¥)F' F=RB
=R ( ok )+ ops =~ WE W) - FOF), >
solved as a free-boundary problem so that the coil currents, not a prescribed boundary, set the shape; the plasma boundary is the outer-
most closed flux surface consistent with the external poloidal-field-coil currents. The relevant global stability limit is the Troyon normal-
ized-beta limit *7): with 8 = 2o (p) /B3 and

ﬂ _ ﬂ[%]aBg
N T MA]

ideal-MHD sets a no-wall ceiling S%; the operating margin is S5**/Bn. Local interchange stability is tested by the Mercier criterion,
which for a flux surface can be written as Dys = Dy + Dg > 0 with the interchange term

/
Hop 1l
Di=———|...]— —
e
where the bracket collects the field-line-averaged magnetic-well and current terms; the s—a ballooning condition on each flux surface tests
high-n pressure-driven modes, and the low-n external kink is tested by an energy-principle metric JW > 0. We evaluate all three (gate
BR-L2-A19) and report the margins in §7.

NEOCLASSICAL BOOTSTRAP CURRENT

A solenoid-free ST must sustain its current non-inductively, and the pressure-gradient-driven bootstrap current sets the floor. The boot-
strap current arises from the momentum transferred between trapped and passing electrons across a density/temperature gradient; it
scales as jps ~ —€'/2(1/By) dp/dr in the banana regime. We use the Sauter neoclassical formulation [*>?3), in which the flux-surface-aver-
aged parallel bootstrap current is

1 aln 8].IlTe N BlnT,
(j1B)bs = — I(¥) pe | Lx in a5+ Luc % =

with the coefficients Lg;, Lsa, L34 (Vy, €) and a(v) functions of collisionality and inverse aspect ratio (Appendix ?); the bootstrap fraction

+ L32

is fos = Ibs/Ip, and the balance I, — I} is supplied by external current drive. We evaluate 11 with the drift-kinetic code NEO '*'! (gate BR-
L2-A6), cross-checked against the analytic Sauter formulas (gate BR-L2-A16).

TURBULENT TRANSPORT AND THE TRIANGULARITY LEVER

Core confinement is set by drift-wave turbulence, governed by the nonlinear gyrokinetic equation for the perturbed distribution éf; of
species s,

95fs

5 fs
5 T b+ vt vE) V8, + o) 2o

)\ (91)”

— C[6£,] + 5., ve=2  bxV(g),

closed by the gyrokinetic Poisson—Amp) “ere field equations, where v4 is the magnetic drift and C the collision operator. The turbu-
lent heat flux of species 8, Q,= (fd3v im,v?df, vg-V4), is reported in gyro-Bohm units Qg = neTecs(ps/a)? (with
¢s = \/Te/m;, ps = cs/S2;). Because drift-wave transport is stiff — the flux rises steeply once the driving gradient exceeds a critical value
@/L7 crie — the design lever is the effect of shaping on both the critical gradient and the stiffness. We quantify it through the ratio of the
saturated flux between a negative- and a positive-triangularity plasma at matched gradients,

<0
_ 9"

= s € i€
Q§>° matcheda/LT, {, },

8

evaluated separately at the ion (ITG+TEM) and electron (ETG) scales with nonlinear CGYRO !'®'5) (gates BR-L2-A1c, REG-P13), and
cross-checked against the quasilinear TGLF model (18] (gate BR-L2-A17).



NEUTRONICS AND THE TRITIUM BREEDING FUNCTIONAL

The neutron field obeys the steady linear Boltzmann transport equation

S r)

QV( B, Q)+ r,E)¢=// S nEoB 0o Q¢ nE, agd o0
47/ 0

with a 14.06 MeV source S, set by the neutron production of 1. The net tritium breeding ratio is the tritium produced per
source neutron,

TBR:Si / / B8 B)+ 20V pB)&( v, E)dEQV,
n JVJO

with® = [, ¢d  Q the scalar flux. The exothermic ®Li(n, @)t channel dominates at thermal energy while the threshold “Li(n, n'a)t
channel adds tritium and a returned neutron above ~2.5 MeV; a neutron multiplier (beryllium, via (n,2n) above
~1.85 MeV, or Be12Ti) raises the available neutron budget so that TBR > 1 is reachable despite parasitic absorption and

the inboard coverage lost to the centrepost. We solve 14—15 with OpenMC [33/ on ENDF/B-VIIIL.o (34 (gates BR-L1-A5, BR-L2-A7), with a
CAD-faithful STEP—DAGMC check (gate BR-L2-A22).

TRITIUM AND HELIUM-3 MASS BALANCE

The per-unit tritium burn rate follows from 1: one triton is consumed per E pr of fusion, so

P,
Ar = E—fus my (3.156 x 107 s) = 4.77kg — T fpy ! per unit,
DT

and the in-vessel tritium inventory evolves as

dNp
dt

: In2
= (TBR — 1) Npwa — ArN7,  Ap = tn—, typ = 12,32y,
1/2

whose steady net surplus rate is § = (TBR — 1) Ay once the decay term is small against the source (Appendix ?). Helium-3 is bred not in
the blanket but through the beta decay of banked surplus tritium,

ﬂ_, t1/2=12.32 yr
SH— " """ ,3He,  —He _ ANy,

so the helium-3 production rate is capped by the decay of the banked inventory — a slow source, as §14 makes quantitative. The startup
inventory needed to fill the plasma and processing loops before breeding overtakes burn scales with the tritium residence (particle-
confinement plus processing) time 7,; integrating 17 with a required in-vessel hold-up gives the startup values quantified in §11 (gate BR-
L1-A6).

DISRUPTION DYNAMICS AND THE RUNAWAY AVALANCHE
A disruption terminates the current on the current-quench time 7¢q; the induced toroidal electric field can seed and then avalanche a

runaway-electron beam. The threshold is the Connor—Hastie critical field 4%/

nee3ln A
c— , o o
4melmc?

and above it the runaway population grows by close-collision (secondary) avalanche (443,

dIgg o Irg 1 o E/E. -1 c
dt To @ InA L’
so that the number of e-foldings scales with (E/E, — 1) times the current-decay time. Because the avalanche multiplication is exponential

in the flux consumed, and the flux consumed scales with I,,, high-current devices are especially exposed. As §13 shows, at E /E, ~ 1128
this avalanche is severe, and the mitigation requirement is a first-class design fact 4546:44],

10



§ 4

Conliguration, codes, and computational methodology

CONFIGURATION
Hyperion is a compact ST: major radius Ry = 1.20 m, minor radius a = 0.48 m, aspect ratio A = 2.5, elongation & = 2.0, on-axis field
By = 8.0 T with a centrepost peak field of 16.84 T, plasma current I, = 9.66 MA, and negative triangularity § = —0.30

(Fig. 2). The plasma volume implied by the shape is V = 2n2Rpa?k = 10.9 m®. The configuration label is 22021; it is the frozen design
point of the series. The high inboard field is delivered by a no-insulation REBCO centrepost magnet, treated in the companion conductor

paper [7Y; it is a distinct device from, and operates at a lower field than, the 26.49 T plug coil of the separate D—®He tandem-mirror burner

products 172!, The two magnets are never conflated: the breeder centrepost is a toroidal-field conductor at 16.84 T, the burner plug is a
mirror coil at 26.49 T.

VERIFICATION-FIRST COMPUTATIONAL STACK

Every headline quantity is a frozen anchor carried in a declared-parameter registry, regenerated by a named script, and tagged by evidence
class (Fig. 1). The physics codes and their gate serials are: the Kronos toolkit reduced-order evaluator for the zero-dimensional power and
particle balance (gate BR-L1-A1); the free-boundary Grad—Shafranov solvers FreeGS and FreeGSNKE [?4?5! for the equilibrium (BR-L1-
A12), with EFIT-style reconstruction conventions (261, Mercier, s—a ballooning and a reduced external-kink metric for ideal-MHD stability,
with the full n=1 energy-principle solve carried as owed work (BR-L2-A19); the drift-kinetic code NEO [21] for the neoclassical bootstrap
current (BR-L2-A6); nonlinear CGYRO ['5! at ion and electron scale for turbulent transport (BR-L2-A1lc, REG-P13), with TGYRO !'7! for
the flux-driven profile check (BR-L1-A11) and TGLF "®! for a quasilinear cross-check (BR-L2-A17); the ASCOT5 guiding-centre orbit
follower 13321 for alpha confinement (BR-L2-A20); OpenMC 33! on ENDF/B-VIILo 34! for neutronics, breeding, damage (NRT-dpa
convention 393°)) and activation (BR-L1-A13, BR-L1-A13b, BR-L2-A7u); a CAD-faithful DAGMC neutronics chain (BR-L2-A22); the
systems-code cross-check with cfspopcon/PROCESS-class tools 3%/ (BR-L2-A30); and a reduced-order disruption model on a NIMROD-
verified [3%! equilibrium, cross-referenced to DREAM [4°! for the runaway population (BR-L2-A10). Nuclear-data processing and uncer-
tainty use NJOY/TALYS (BR-L2-A28).

THE NVIDIA GPU HPC CAMPAIGN

The computationally dominant workloads — the converged nonlinear gyrokinetic transport runs (ion-scale at the real electron-mass ratio
and electron-scale ETG), the Monte-Carlo neutron transport for the breeding, damage, and centrepost-life scans, and the orbit-following
alpha study — were executed on the NVIDIA GPU HPC campaign, an A100/H100/A10 accelerator fleet. Nonlinear CGYRO is a spectral
Eulerian solver whose flux-tube and global runs map efficiently onto GPU accelerators; the neutronics scans are embarrassingly parallel
over independent particle histories and shielding-thickness cases; the orbit-following study parallelizes over an ensemble of 10° markers.
The reduced-order evaluators, the free-boundary equilibrium, and the neoclassical solve run on commodity CPU. A subset of the physics
gates — and, for the neutronics, the breeding ratio — was independently re-run on separate hardware and on an independent nuclear-data
evaluation (ENDF/B-VIII.0 versus FENDL), reproducing the frozen values within stated tolerance. The full per-gate provenance, including

the byte-level record and the honest gates with their named next experiments, is the physics de-risking register®°! [54,
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Each physics module is verified against a discretization or statistical convergence criterion before its result is frozen. The free-boundary
equilibrium is solved by Picard iteration of 8 on a 129 x 129 (R, Z) grid with the toroidal-current density J, = Rp' () + FF'(¢)/(1oR)
updated from the profile functions until the normalized flux residual falls below 10~%; the reported shape parameters are grid-converged
(gate BR-L1-A12). The nonlinear gyrokinetic runs are advanced until the gyro-Bohm heat flux reaches a statistically stationary saturated
state, with the reported flux the time average over the saturated window and the numerical resolution (radial and binormal wavenumber
grids, parallel and velocity-space points) refined until the saturated flux changes by less than the run-to-run scatter (gate BR-L2-A1c). The
Monte-Carlo neutronics are run to 1.2 x 10® source histories, at which the statistical standard error on the CAD-faithful breeding ratio is

+0.004 (Fig. 20); the 1/+/ N convergence is explicit and the tally uncertainty is propagated into the TBR ladder. The orbit-following alpha
study uses 10° markers, sufficient to resolve a sub-percent loss fraction with adequate counting statistics on the small lost population.
Appendix ? collects the discretization parameters.

Verification-first computational stack (each block — a frozen gate)

P

0-D power/particle
Kronos toolkit

BR-L1-A1 BR-L1-A12

—

Profile prediction Orbit following
TGYRO ASCOTS5 (GPU)

BR-L2-Alc BR-L1-A11 BR-L2-A20 BR-L1-A13

Disruption / runawa Nuclear-data UQ
NJOY / TALYS

BR-L2-A10 BR-L2-AZ28

orange = NVIDIA GPU HPC campaign (A100 / H100 f A10)

[RO]
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The design point and power balance

Solving 1-7 at the frozen configuration returns Q = 3.076 at P, = 85.04 MW (Table 2, gate BR-L1-A1). Of the fusion
power, fo = 0.200 (4) is retained as alpha heating and 0.800 leaves as 14.06 MeV neutrons (Fig. 5); the neutron power is
67.79 MW and the volumetric source strength S, = 3.01 x 10°ns~! (gate BR-OUT-3). The neutron wall loading is
1.885 MW m~2 and the first-wall damage rate 18.85 dpafpy~! (BR-L1-A13; Fig. 7, right). An independent systems-code

evaluation (cfspopcon, gate BR-L2-A30) places the configuration inside the feasible operating region with a 3x Greenwald-density margin

(fow = 0.30), Psor/Prg=1.81 above the L-H threshold 291 and a comfortable normalized-beta margin, returning
Pris = 90.8 MW within 7% of the toolkit anchor — an independent-code consistency check on the operating point.

THE OPERATING WINDOW AND POPCON

Figure 6 (right) places the frozen point on a zero-dimensional POPCON of fusion-power contours in the density—temperature plane,
computed from 1-2 with the profile form factor of §3.1. The 85.04 MW contour passes through the anchor at
fi ~ 4.0 X 1020 m=3 (few = 0.30) and T; ~ 13 keV, well inside the Greenwald density limit 2%/, A re-optimization of the
mission point (gate BR-L1-A2) shows the neutron source strength and the wall loading trade one-for-one (an invariant), with a peak acces-
sible source strength of 5.39 x 10 ns~! at higher density; the frozen point is chosen for margin rather than peak flux. The confinement
time entering the balance is anchored twice: a reduced-order evaluation gives 7g = 0.358 s at Hgg = 1.0 (gate BR-L1-A4) and a flux-
driven TGYRO evaluation gives 7g = 0.410s at effective Hgg =~ 0.94 (gate BR-L1-A11); the two agree to within the model spread (Fig. 7).

NEUTRON SOURCE STRENGTH, WALL LOADING, AND DISPLACEMENT DAMAGE

The strategic product is quantified by three derived quantities that follow directly from the power balance. The 14.06 MeV
neutron production rate is one neutron per fusion reaction, so

P, 85.04 x 106 W
Sn — fus = 13 = 3.01 X 1019115_1,
Epr 17.59 x 1.602 x 10~°J
with the neutron power P, = 0.800 Py,s = 67.79 MW (gate BR-OUT-3). Averaging the neutron power over the first-wall
area Agy gives the neutron wall loading
12
Tyal = —— = 1.885 MW m 2,
Afw

which is the pacing quantity for first-wall and centrepost life. The wall loading maps to a displacement-damage rate through the material's
damage cross section: in the NRT convention 35! the displacements per atom per full-power year are d= Osast Tapa tipy, and for the frozen
first-wall spectrum this evaluates to 18.85 dpa fpy~! (gate BR-L1-A13), a factor ~2 above ITER first-wall rates and characteristic of a
compact, high-fluence source. The more recent arc-dpa/rpa models 2*) would revise the absolute displacement count downward by the
athermal-recombination factor but leave the wall-loading and fast-fluence quantities of Egs. 21-22 — and hence the centrepost coverage-
versus-life trade of §12 — unchanged, because those depend on the fluence rather than on the displacement bookkeeping. The wall loading
is deliberately not minimized: a materials breeder wants flux, and the re-optimization of gate BR-L1-A2 shows the source strength and the
wall loading trading one-for-one, so the frozen point is a margin choice rather than a flux-maximizing one.

GAIN CARRIED HONESTLY

We carry the gain as a design-point target: no magnetic device has exceeded @ = 0.7 in a controlled D-T experiment (Fig. 6) [/ and the
value is reached at demonstrated confinement rather than demonstrated on a machine. Critically, the target is a driven, sub-ignition gain
— a materially easier requirement than net electricity, and the one a breeder actually needs, since from 6 alpha heating supplies only
Fa@ = 0.62 of the external power at this point and the plasma is nowhere near an ignition runaway. The distinction matters for a materi-
als mission: a breeder does not need to reach ignition, it needs to sustain a 14 MeV flux economically, and a sub-ignition
driven point is both easier to reach and easier to control.

13



Harperinn poloidal cross-section (schematic)
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Fusion reactivities: the breeder burns D--T

Hyperion (breeder): D--T
Burner products: D--*He

10?
ion temperature T; (keV)

—_—

3 3 [72,49]
major / minor radius 1.20 / 0.48 m 22021
aspect ratio A / elongation K 2.5/ 2.0 (2.47 free-boundary) BR-L1-A12
triangularity ¢ —0.30 (—0.334 free-boundary) BR-L1-A7
plasma current I, 9.66 BR-L1-A1
on-axis field By / centrepost peak 8.0/16.84T BR-L1-A12
plasma volume V' 10.9m3 Eq. 2
plasma gain @ 3.076 BR-L1-A1l
fusion power Pgyg 85.04 BR-L1-A1
neutron fraction / power 0.800 / 67.79 Eq. 1, BR-OUT-3

source strength S,

3.01 x 10 ns™!
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wall loading / damage rate 1.885 MW m~2 / 18.85 dpa fpy ! BR-L1-A13

confinement time 75 0.358-0.410s (Hgg 0.94-1.0) BR-L1-A4/A11
Greenwald fraction fgw 0.30 (3% margin) BR-L2-A30
normalized beta By 2.13 BR-L1-A12
bootstrap fraction f 0.155 BR-L2-A6

Fusion power split at the design point (Pgs = 85.04 MW)

a heating 14.06 MeV neutrons
7.0 MW (20%) 68.0 MW (80%) -- product

30 40 50 60 70
fusion power (MW)

20% 80%
14.06 MeV
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A driven, sub-ignition design-point target

3.08

=Pfusfpext
}\J [
o o

-
ol

scientific breake

plasma gain Q
-
(=

e
&

o
o

Hyperion
target

0 D operating contours (POPCON) with the frozen ancha
[ | Ifow = 0.30 ‘

I{S X margin)

ion temperature T; (keV)




Confinement anchor: two independent evaluations
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8§ 6

Conlinement: the negative-triangularity lever

The power balance closes only if turbulent transport does not cap the pressure below the operating gradient. Negative triangularity is the
design's confinement lever, and we establish it at both turbulence scales with nonlinear gyrokinetics, computing the flux ratio R, of Eq. 13.

METHOD

We evolve the nonlinear gyrokinetic equations 12 with CGYRO !®! at the frozen equilibrium, carrying kinetic electrons, and compare a
negative-triangularity case against a positive-triangularity twin at matched gradients. Ion-scale runs resolve the ITG and TEM branches at
the real electron-mass ratio (u = m;/m. = 3672; gate BR-L2-Al1c, converged and saturated); electron-scale runs resolve the ETG branch
at the standard reduced mass ratio g = 400 (REG-P13). Transport is reported as the saturated gyro-Bohm-normalized heat flux, and the
negative-to-positive ratio R ; is the headline. A linear stability spectrum (gate BR-L2-A18) locates the dominant branch and its growth rate
before the nonlinear runs.

RESULTS: ION AND ELECTRON SCALE

At the operating gradient the converged ion-scale run returns Q;.bo = 64.2 and Qf<0 = 37.2 (gyro-Bohm units), a suppression of
R; = 0.58, i.e. 42%, squarely within the frozen 40-45% band (gate BR-L2-A1c; Fig. 8 left); the operating point sits below the nonlinear
threshold, so the core is quiet and subcritical, the confinement-favourable regime. At the electron scale, negative triangularity suppresses
ETG transport by 79-80% (gate REG-P13; Fig. 8 right): the electron heat flux falls by roughly a factor of five at both sampled gradients.

[9,6,10,11]

The direction and approximate magnitude are corroborated against the TCV and DIII-D negative-triangularity campaigns and are

the subject of a dedicated gyrokinetic companion paper !5, with a two-code quasilinear TGLF cross-check reported separately.

STIFFNESS AND THE UP-SHIFTED THRESHOLD

The physical mechanism is a combination of a raised critical gradient and reduced stiffness. Figure 9 plots the schematic stiff-transport
curves through the two converged points, with the critical gradient a/ L7 it = 2.11ocated by the two-dimensional flux map of gate BR-L2-
A1e; negative triangularity shifts the threshold outward, so at the fixed operating gradient the plasma sits lower on a shallower curve. A
flux-driven TGYRO evaluation returns 75 = 0.41s (Hgg =~ 0.94), consistent with the zero-dimensional balance (BR-L1-A11), and TGLF
quasilinear transport at p = 0.6 reproduces the direction of the shaping effect (BR-L2-A17).
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A confinement lever is only useful if it is not an artifact of a single operating regime. Scanning the collisionality over a factor of sixteen (
Vi /Uy = 0.25-4; gate BR-L2-A13) shows the negative-triangularity transport advantage persisting at 56-66% across the whole range
(Fig. 9) — larger than the conservatively frozen 40-45% headline, confirming that the benefit is structural rather than a collisionality coin-
cidence. We carry the smaller, saturated ion-scale value as the design number and report the scan as the robustness envelope.

Negative-triangularity turbulence suppression (nonlinear CGYRO)
Ion-scale ITG+TEM (converged, real m;/m,) Electron-scale ETG (=79 to —80%)
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8
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Q
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ETG heat flux (normalized, PT=100)
b [=)]
o =)
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8§ 7

Free-boundary equilibrium and ideal-MTD stability

A free-boundary Grad—Shafranov solution of Eq. 8 ?4%5! reproduces the design point on a 129 x 129 grid, with poloidal beta Bp = 0.371,
edge safety factor ggs = 2.90, internal inductance ¢; = 1.40, free-boundary triangularity § = —0.334, and normalized beta Sy = 2.13
(Eq. 9). Against the no-wall Troyon limit B3* = 3.5 this is a factor 1.64 of margin (gate BR-L1-A12; Fig. 10). The equilibrium is Mercier- (
Djs > 0, Eq. 10) and ballooning-stable on all confinement surfaces (¢ > 1; a core ¢ < 1 sawtooth pocket is the only exception), and the
low-n external kink carries a margin of 1.15-1.31% on the reduced metric evaluated over By = 2.13—2.44 against a no-wall limit of ~ 2.8
(BR-L2-A19). Two items are flagged rather than smoothed: the free-boundary elongation reaches k = 2.47, above the nominal 2.0,
coupling to vertical stability; and the kink margin is a reduced metric pending a full resistive-wall n=1 energy-principle (6W) solve. The
equilibrium and stability study is a companion paper 5%/, and the vertical-stability question is treated separately in the series.

Ideal-MHD, margins-at By =2.13

Troyon Bn

external kink 1.15--1.31 x

Mercier Dy, Dy > 0 (all surf.)

ballooning stable (all surf.)

0.00 0.25 050 0.75 1.00 1.25 1.50 1.75 2.00
margin to limit (> 1 = stable)

iy = 2L 1.64x
By = 2.13-2.44 band (1.31-1.15%
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§ 8

Current drive, bootstrap, and sustainment

A solenoid-free ST must sustain its current non-inductively. Evaluating the Sauter bootstrap integral 11 with NEO 2" at the design profiles
returns fps = 0.155 (1.50 MA; gate BR-L2-A6), cross-checked against the analytic Sauter formulas (gate BR-L2-A16), so the
plasma current I, = 9.66 MA is 85% externally driven (8.16 MA) plus the 15.5% bootstrap (Fig. 11). The
driven fraction is supplied by neutral-beam and radio-frequency current drive; the bootstrap fraction, while modest at this beta, aligns
favourably with the negative-triangularity pressure profile. The steady-state current-drive study — source technology, coupling, and the

path to a higher bootstrap fraction — is developed separately [°7/,

I, =9.66 MA composition

1.50 MA (15.0%)

8.16 MA
(84.5%)

-
=
:
2
W
:
<
2,

8.16 MA 1.50 MA (15.5%
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g§ 9

Fast-ion and alpha-particle confinement

Fusion-born alphas must deposit their energy in the plasma and must not concentrate on the first wall. A guiding-centre orbit-following

calculation with ASCOTS5 3932 over 10° markers returns 99.98% confinement with a prompt loss of 0.023% and a mean first-wall alpha
load of 0.083kW m 2 (peak 1.94), far below any engineering limit (gate BR-L2-A20). Finite toroidal-field ripple opens a second channel
but keeps the loss sub-percent (Fig. 12): 0.019% at 1.0% ripple and 0.031% at 1.5%, with the peak wall load of order 1 kW m ™2, and a
collisional channel contributing a further 0.033%. This closes a prior analytic estimate that had suggested a ~4.5% loss; the orbit-follow-
ing result refutes it and agrees with an independent GPU evaluation (BR-L1-A14). Alpha confinement is not a limiting concern; the

detailed study is a companion paper 157!,

1ﬁélpha confinement: 99.98% (ASCOTS5, 10° markers)
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§ 10

Power exhaust, the density limit, and the radiative boundary

The negative-triangularity edge removes the transient edge-localised-mode heat pulse, but the steady power crossing the separatrix must
still be handled. The scrape-off-layer power is Psor, = faPrus + Pext — Prad, and the exhaust challenge is conventionally posed through
the figure of merit Psor,Bo/(Rog9s) against the achievable target heat flux. At the operating point Psor,/Prg = 1.81 (gate BR-L2-A30)
places the plasma above the L-H threshold scaling [*°! while remaining L-mode-edge, and the density sits at a Greenwald fraction
few = i/ngw = 0.30 with ngw = I,/(ma?) = 13.3 x 1020 m3, a factor ~ 3 below the empirical density limit '**). This margin is delib-
erate: it keeps the core well away from the radiative density-limit boundary and leaves headroom for the edge-radiation solution.

Edge modelling (SOLPS-ITER and UEDGE, gates BR-L2-A11, BR-L2-A21) finds that detachment is seeding-mandatory: a one-dimensional
SOL scan with impurity seeding returns target electron temperatures of 14.4/5.3/1.05 €V across the seeding sequence, with an upstream-
to-target density ratio n¢/n, ~ 31 — consistent with a partially detached target once an argon-class seed is added. The impurity-radiation
budget (gate BR-L2-A29) supplies the cooling: the tungsten and argon cooling factors of Fig. 21 give a tungsten tolerance of
~0.19 MW ppm~! and a bremsstrahlung floor of ~15% of the radiated power, so a modest seed fraction radiates the
required boundary power without quenching the core. The design consequence is that the divertor is a mandatory, stacked-lever detach-
ment solution — super-X, double-null, and snowflake geometries each reduce the required seed fraction — rather than an optional refine-
ment; the exhaust portfolio and its two-dimensional arbiter are companion work [°®!. The exhaust question is therefore not a show-stopper
but a firmly bounded engineering requirement, and it is the counterpart to the ELM-free-edge asset that negative triangularity buys.
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8§ 11

Blanket, tritium, and the breeding ladder

Tritium breeding is a design lever along a confirmed ladder, not a fixed number. The per-unit burn rate is Az = 4.77kg — T fpy * from
Eq. 16 (gate BR-OUT-2), and the net surplus per unit is § = (TBR — 1) A7 from the mass balance 17.

THE BREEDING LADDER ACROSS BLANKET CONFIGURATIONS

Evaluating the breeding functional 15 with OpenMC on ENDF/B-VIIL.0 across blanket configurations (gates BR-L2-A7, BR-L2-A11h)
traces the ladder of Figs. 13—15. The literal frozen recipe (beryllium packing 9.6-11.8 vol%) gives net TBR = 1.026 (Beg g5) to 1.062 (Be
0.80); adding a dedicated 5 cm solid-beryllium multiplier raises it to TBR = 1.1775-1.2039; thickening the breeder to 65 and 80 cm
reaches 1.2407 and 1.2545; and the advanced blanket — a void-reduced breeder with a solid-beryllium multiplier and a steel reflector —
reaches net TBR = 1.42. The 1kg-T yr—! export bar corresponds to TBR = 1.2097 at 85 MW, so every rung above the 65
cm breeder is already an exporter. This TBR = 1.42 is the confirmed per-unit ceiling across the surveyed blanket configurations: a lithi-
um-lead alternative does not beat it, and the ST centrepost caps the inboard coverage that sets the ceiling. The CAD-faithful DAGMC
check returns (n, Xt) = 1.014 & 0.004 (gate BR-L2-A22), and the cross-library check (ENDF/B-VIII.0 versus FENDL) reproduces the
breeding ratio within tolerance and is the load-bearing verification of the export claim.

THE SURPLUS LAW AND STARTUP INVENTORY

The mass balance 17 gives the surplus as a linear function of TBR at fixed burn (Fig. 14): the literal blanket yields S = 0.29, the solid-beryl-
lium rung § = 0.9, and the advanced rung S ~ 2.0kg — T'yr !, with the two register anchors S = 1.6215 (TBR 1.34) and § = 3.8152
(TBR 1.80) falling on the same line (gates BR-L1-A6, BR-OUT-1). The startup inventory needed before breeding overtakes burn scales with
the tritium residence time: 2.38, 4.77, and 9.54 kg for 7, = 0.5, 1, and 2yr (Fig. 14, right; gate BR-L1-A6) — a fraction of a power plant's
standing inventory, which is the inventory-obstacle result of §2 made quantitative.
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ONE UNIT EXPORTS; NATIONAL SCALE IS A FLEET PROPERTY

A single advanced unit is therefore a tritium exporter at the ~2.0kg — T yr~! scale (Fig. 15, left). A national-scale 4kg — T'yr~! supply is
explicitly a fleet number (3.6-4.5kg — Tyr‘1 from four to five units, or two advanced units), never a single-unit claim; the frozen fleet law
returns T' = 3.68kg — T'yr~! at the intermediate rung (gate BR-OUT-1). The blanket and fuel-cycle study, the beryllium-multiplier down-

select, and the fleet path to self-sufficiency are companion papers 5%
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Per-unit tritium surplus law (Ar=4.77 kg-T fpy 1)
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The per-unit tritium breeding ladder
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§ 12

The consumable centrepost

The inboard centrepost sits closest to the source and is the machine's dominant lifetime risk. Rather than pretend it is a lifetime compo-
nent, the design treats it as a consumable, scheduled-replacement cartridge. Figure 16 shows the coverage-versus-protection trade from
OpenMC (gate BR-L1-A13b): as the tungsten-carbide inboard shield thickens from 5 to 40 cm, net TBR falls from 1.196 to 1.097 while the
centrepost life at the REBCO fast-fluence threshold (3.9 x 1022 nm~2) rises from 0.0048 to 0.194 fpy; at the most-shielded
design point (a full 45 cm shield, cutting the fast fluence from 2.9 x 10% to 1.7 x 102 nm~2 fpy ?, Fig. 16) the best-case cartridge life is
0.58 fpy. The trade is steep and binding: no split simultaneously delivers a high TBR and a multi-year centrepost, which is
precisely why the consumable frame is correct. Because breeding is taken from the outboard side, thickening the inboard shield costs TBR
only slowly, and the design accepts a modest inboard TBR penalty to buy centrepost life. The coil integrity, the fused quench detector, and
the maintenance cadence are quantified in companion papers [°%93!,
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Disruptions, runaway electrons, and electromagnetic loads

The disruption question is answered directly, and its answer is demanding. On a NIMROD-verified equilibrium 3%/ the current-quench
time is Tocq = 7-19ms (gate BR-L2-A10), which sets the mitigation-trigger speed. The runaway-electron avalanche is severe: with the
toroidal field far above the Connor—Hastie critical field of Eq. 19, E/E, = 1128, the avalanche gain of Eq. 20 amplifies a milliampere seed

to a multi-megaampere beam carrying of order 70% of the plasma current [“*434°] (Fig. 17). The halo current is 35% of I,, setting the
vessel and first-wall mechanical load basis. The load-bearing conclusion is carried as a first-class design fact: shattered-pellet (or equiva-
lent) disruption mitigation is a hard requirement, with a trigger inside r¢q; the risk is not claimed negligible. The disruption and mitiga-

tion study, including the mitigation-effectiveness case, is a companion paper '°4, and the community mitigation basis is the ITER

programme and its recent benign-termination demonstrations (44474541,

Runaway avalanche: mitigation is a hard requirement
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IHelium-5 and the strategic products

Helium-3 is bred independently of the tritium blanket — through the decay of surplus tritium at equilibrium, Eq. 18 — and is the machine's
strategic co-product at about 0.9kg — T'yr—! per unit (gate BR-OUT-2), comparable to the entire current US domestic supply (Fig. 15,
right). It is not a bulk fuel source for the companion burner: the 12.32-year tritium half-life makes decay-sourced helium-3 far too slow
relative to a burner's consumption. Solving the fuel-loop balance (gate BR-OUT-4) against a burner net demand of 170.2 kg-*He fpy !
gives a closure ratio of ~192/105/45 breeders per burner at the three blanket rungs (Fig. 18); the deuterium—helium-3 loop does not close
indigenously, and burner-scale helium-3 is lunar-gated around 203840 [°*%!, The strategic value of the breeder's helium-3 — in national-
security, cryogenic, and quantum applications — is real and distinct from bulk fuel supply, and beyond helium-3 the same

[6

14 MeV flux co-produces medical and industrial isotopes . We keep strategic value separate from revenue.

The D-->He loop does not close indigenously
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NEAR-ANEUTRONIC OPERATION IS A KNOB, NOT THE DESIGN POINT

For completeness we report a 3He-enriched, near-aneutronic scan (gate BR-L1-A3): raising the ion temperature and enriching the fill
drives the neutron fraction from 79.7% down to 2.4% (a 15-33x reduction) at T ~ 70 keV (Fig. 19), but the gain collapses
— this is a physics knob, honestly not an operating point for a device whose mission is a 14 MeV flux. It is included to show
that the neutron output is controllable, not to claim aneutronic operation.

Near-aneutronic scan (BR-L1-A3): a knob, not the design point
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THE 14 MEV NEUTRON ECONOMY

The single S, = 3.01 x 10" ns~! source of Eq. 21 feeds four distinct product streams, and it is worth stating them together because the
mission of §2 is exactly to monetize the neutron rather than the megawatt. (i) Tritium: the %Li(n, @)t and "Li(n, n'c)t channels of Eq. 15
give the breeding ladder and the per-unit export of §11, the primary product for the fusion economy. (ii) Helium-3: the banked-tritium
decay of Eq. 18 yields ~0.9kg — T'yr~! per unit, a strategic co-product for national-security, cryogenic, and quantum applications,
distinct from bulk fuel. (iii) Medical and industrial isotopes: the same fast flux drives (n,2n), (r,v) and (n,p) channels that co-produce
isotopes such as %Mo (via fission or (n,) routes) and targeted-alpha emitters, treated in the isotope companion [°®’; because these are
capture products on a purpose-built target, they do not compete with the tritium blanket for the primary neutron budget. (iv) Materials
qualification: the 18.85 dpa fpy ! first-wall damage rate (Eq. 22) is a fusion-relevant irradiation environment in its own right, useful for
qualifying the low-activation structural alloys of the series. All four streams are physical outputs of the frozen source; their relative value is
a strategic question kept deliberately separate from this physics paper.
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§ 15

Sensitivity and uncertainty quantification

A frozen design point is only credible if the sensitivity of the headline numbers to their inputs is quantified. This section collects the uncer-

tainty budget subsystem by subsystem; it draws on the dedicated nuclear-data uncertainty companion [*! for the breeding channels.

POWER BALANCE AND CONFINEMENT

The zero-dimensional gain depends most strongly on the confinement time and the density and temperature profiles. Linearizing 6, the
fractional sensitivity of @ to 7z is dInQ/8InTg =~ 1/(1 + foQ) = 0.62, so the 7% spread between the two confinement anchors (BR-
L1-A4 vs A11) maps to a £4% spread in @) — inside the model tolerance. A machine-learning surrogate of the operating point (ridge
regression on 100 held-out toolkit runs, R? = 0.9983, RMSE 0.088 in Q; gate BR-L2-A12) reproduces the anchor @ = 3.076 and quanti-
fies the local response to faw, T;, and Hgg; the systems-code cross-check (cfspopcon, 7% high) bounds the model-form uncertainty.

TURBULENT TRANSPORT

The transport lever carries two uncertainties: the saturated-flux level and the shaping ratio. The collisionality scan (§6) bounds the ratio at
56—66% against the conservatively carried 40-45%, so the design uses the pessimistic end. The residual uncertainty is the multi-scale
(simultaneous ion+electron) coupling, which is carried as owed work; the single-scale converged runs are the frozen basis.

NEUTRONICS AND THE BREEDING RATIO

The dominant TBR uncertainties are nuclear-data (cross-section) and geometric (CAD fidelity, packing fraction). The statistical Monte-
Carlo uncertainty is 4-0.004 at 1.2 X 108 histories (Fig. 20); the CAD-faithful DAGMC value 1.014 4 0.004 brackets the surface-model
value; and the cross-library check (ENDF/B-VIII.0 vs FENDL) reproduces the ratio within tolerance. The channels that set the error bar
are ®Li(n, @)t, "Li(n, n'a)t, and the beryllium (n, 2n) multiplication, processed and cross-checked with NJOY/TALYS (gate BR-L2-A28);
these are ranked in the dedicated UQ companion [°!. Because the export claim rests on clearing unity by a margin, and the advanced rung
sits at 1.42 — comfortably above the 4-0.03-class combined uncertainty — the export conclusion is robust to the breeding uncertainty.
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DAMAGE, RADIATION, AND CENTREPOST LIFE

The first-wall damage rate (18.85 dpa fpy ) uses the NRT-dpa convention !35; the more recent arc-dpa/rpa models '3°! would revise the
absolute displacement count but not the coverage-vs-life trade, which is set by fast fluence. The impurity radiation budget (gate BR-L2-
A29) gives a tungsten cooling factor L,(15 keV) = 5.7 x 10732 Wm? and an argon-seed factor 1.45 x 10733, with
bremsstrahlung ~15% of the radiated power and a tungsten tolerance of ~0.19 MW ppm ! (Fig. 21); the centrepost life is
dominated by the fast-fluence uncertainty, carried explicitly in the coverage scan.

lhggnte-Carlo statistical convergence (1.2 x 108 histories)
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Impurity radiation budget (W tolerance ~ 0.19 MW/ppm)
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8§ 16

Benchmarking against experiment and prior theory

Each subsystem is anchored to a published experimental or theoretical benchmark; Table 4 collects the comparisons. The negative-trian-
gularity confinement result is benchmarked against the TCV and DIII-D campaigns, which report the same direction and comparable

magnitude of turbulence suppression and confinement improvement in L-mode-edge, ELM-free operation [©%%1%117; our converged ion-

scale suppression sits at the confirmed, saturated end of the reported range rather than the transiently larger pre-saturation figures. The
equilibrium and stability limits are benchmarked against the Troyon scaling *”' and the tokamak operational-limit literature 4”); the boot-
strap current against the Sauter formulation and its erratum [*>?3); the neutronics against the tritium-self-sufficiency fuel-cycle
physics [373%] and the ENDF/B-VIILO0 evaluation [3%]; the disruption assessment against the runaway-avalanche theory 44243 and the
ITER mitigation and benign-termination programme [44454%): and the ST configuration choice against the spherical-torus pilot-plant stud-

ies [415], In every case the Hyperion result is either consistent with the benchmark or, where it differs, differs conservatively (the carried 40
-45% ion suppression below the 56—66% scan; the alpha result below a prior over-estimate).

@L>X>X@ SUBSYSTEM HYPERION RESULT BENCHMARK / REFERENCE

NT confinement ion —42%, ETG —79-80%; ELM-free TCV/DIII-D NT campaigns [©1%11]
equilibrium/ 8y By = 2.13, 1.64x Troyon margin Troyon limit 7!, op. limits [*”!

bootstrap fos = 0.155 (NEO) Sauter formulas [2%2°]

neutronics/TBR advanced 1.42; CAD 1.014 + 0.004 fuel-cycle physics [*7-*8], ENDF/B-VII1.0 [*4]
alpha confinement 99.98%; sub-percent ripple loss orbit-following [*:3?]

disruptions E/E, ~ 1128; mitigation required RP avalanche [4143]; ITER [45:46]

ST configuration compact, high-fluence ST pilot studies [“*°!

Subsystem benchmarking against published experiment and theory.

CROSS-CODE AND CROSS-LIBRARY CONSISTENCY

Beyond the individual experimental benchmarks, the design's credibility rests on the same physics quantity being reproduced by indepen-
dent codes, libraries, or hardware. Five such cross-checks are load-bearing. First, the bootstrap current is computed both by the drift-

kinetic code NEO [*!! and by the analytic Sauter formulas [*>?3! in the same normalization (gates BR-L2-A6, BR-L2-A16), which agree on

fvs = 0.155. Second, the turbulent transport is computed by nonlinear CGYRO ") and cross-checked in direction by quasilinear TGLF ¢!
at p = 0.6 (gates BR-L2-A1c, BR-L2-A17), with a native linear-gyrokinetic spectrum (BR-L2-A18) locating the dominant branch. Third, the
breeding ratio is computed on a surface model and on the CAD-faithful STEP—+DAGMC geometry (gates BR-L2-A7, BR-L2-A22), and on
two nuclear libraries (ENDF/B-VIII.0 and FENDL), all reproducing the ratio within the combined tolerance — the export claim therefore
does not depend on a single geometry or a single evaluation. Fourth, the operating point is reproduced by the reduced-order Kronos toolkit
and by an independent systems code (cfspopcon, gate BR-L2-A30) to within 7% in fusion power, bounding the model-form uncertainty.
Fifth, a machine-learning surrogate (gate BR-L2-A12, R? = 0.9983) reproduces the anchor gain and provides the local sensitivity map
used in §15. This pattern of independent reproduction — code against code, library against library, model against model — is what turns a

single design point into a de-risked one, and the byte-level record of each re-run is the register!®°'.
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§ 17
Design implications

The physics results converge on a small set of engineering consequences. First, the compact, sub-ignition, driven operating point makes
the plasma controllable and the machine small, at the cost of a substantial external current-drive burden (8.16 MA); the

current-drive technology, not the plasma physics, is the sustainment pacing item [*7). Second, the ELM-free negative-triangularity edge
removes the transient heat-pulse load that would otherwise dominate first-wall design, trading it for a mandatory divertor-

detachment/seeding solution to handle the steady exhaust %), Third, the consumable centrepost converts the ST's inboard-shielding
dilemma from a show-stopper into a scheduled-maintenance line item, and fixes the maintenance cadence through the fast-fluence
life 19293, Fourth, the severe runaway avalanche makes a shattered-pellet-class mitigation system a first-class subsystem, not an
afterthought [°4), Fifth, the modest bootstrap fraction and the strong external drive point to a design that is robust and controllable rather
than bootstrap-optimized. Together these place the breeder within an integrated platform whose burner counterpart and control stack are

treated separately (0970,
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§ 18

Relation to prior fusion-breeder concepts

Fusion-breeder concepts are not new; what is new is a design that places both classical obstacles below threshold at once (Table 5). Prior
tritium-assisted and deuterium—helium-3 breeder proposals 975%53] were sized to net-electric or satellite-power missions and inherited
large machine scale or large tritium inventory. By sizing to a strategic-materials mission and adopting negative triangularity for confine-
ment and a consumable centrepost for lifetime, Hyperion reaches a compact operating point at a driven sub-ignition gain, with a per-unit
tritium inventory inside civil licensing precedent [373%!. The comparison is qualitative by necessity — the prior concepts differ in fuel,
confinement, and mission — but the pattern is clear: the obstacles that stopped the earlier concepts are the ones the mission reframe

removes.
CONCEPT MISSION BINDING OBSTACLE HYPERION'S ANSWER
D-T assisted breeder [°1] net power machine scale compact ST, mission reframe
IEC D—3He breeder 52! satellite 3He low power density magnetic ST, Q = 3.076
tandem-mirror breeder [°3! satellite power plug potential (separate burner papers)
Hyperion strategic materials — (below threshold) compact, consumable centrepost

Hyperion in the context of prior fusion-breeder concepts (qualitative).
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Discussion

Sized to a materials mission rather than to electricity, the compact negative-triangularity breeder balances its power at demonstrated
confinement, with both historical breeder obstacles — scale and tritium inventory — below their binding thresholds. It is worth reading
each subsystem against the published benchmarks. The confinement lever is quantified at both turbulence scales with converged nonlinear
gyrokinetics, and the direction and magnitude of the negative-triangularity suppression are consistent with the TCV and DIII-D experi-
mental campaigns [21%811: the jon-scale result sits at the confirmed end of the 40-45% band rather than the transiently larger figures
that appear before saturation, and the collisionality scan shows the benefit is structural. The equilibrium is ideal-MHD-stable with a 1.64x
Troyon margin (Eq. 9), within the operational-limit envelope established for tokamaks [*747); the bootstrap fraction from the Sauter
formulation 11 is modest, as expected at this beta, and the sustainment burden falls on external drive. The alpha-confinement result (
99.98%) is comfortable against any first-wall limit and refutes a prior analytic over-estimate. The breeding ladder places the advanced-
blanket ceiling at TBR = 1.42; against the tritium-fuel-cycle physics of a power plant [373%], the key move is not a higher single-unit ratio
but the mission reframe that makes a modest surplus a strategic export while keeping the per-unit inventory small. The disruption assess-
ment is the most demanding result and is carried as such: the runaway avalanche of Eq. 20 at E/E, ~ 1128 makes mitigation a hard
requirement, consistent with the runaway and mitigation literature 4434445461 Finally, the helium-3 mass balance is honest about what
decay-sourced helium-3 can and cannot do: it is a strategic co-product, not a burner fuel supply, and the loop is lunar-gated [5°).
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Limitations

The gain is a design-point target; no device has demonstrated it. The ion-scale gyrokinetics are converged at the real mass ratio, but the
all-in-one multi-scale run is a nice-to-have rather than a closed gate. The kink margin is a reduced metric pending a full energy-principle
calculation, and the free-boundary elongation—vertical-stability coupling at & = 2.47 is flagged. The bootstrap fraction is modest and the
driven-current sources are stated rather than engineered here. The advanced-blanket ceiling requires the advanced blanket to be built, and
the disruption assessment is reduced-order on a verified equilibrium. The divertor detachment solution is seeding-mandatory and its two-
dimensional arbiter is pending. Each item is stated with its evidence class and has a named next step in the register/*°.
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Conclusion

Hyperion is a compact negative-triangularity spherical-tokamak breeder that reaches @ = 3.076 at 85.04 MW on a mission
of strategic materials. Its governing physics is stated as explicit mathematics, derived from first principles to discretized form, and evalu-
ated on a verification-first stack, with the nonlinear gyrokinetics and Monte-Carlo neutronics on the NVIDIA GPU HPC campaign.
Negative triangularity suppresses turbulence at both scales into a quiet subcritical core, and the benefit is robust across a factor-sixteen
collisionality scan; the equilibrium is ideal-MHD-stable and non-inductively sustained; alphas are 99.98% confined; the centrepost is a
consumable cartridge; disruptions demand mitigation; and a single advanced unit exports tritium at the ~2.0kg — T'yr~! scale while co-
producing helium-3 and a fast neutron flux. Freed from a net-electricity requirement, the machine places both classical breeder obstacles
below threshold, and the hard part — the power balance — is solved at demonstrated confinement. It closes on the frozen physics model as
a platform; the distance from closed-on-model to closed-demonstrated is a named experiment — the measured breeding ratio at first-of-a-
kind operation (~2030—31) — not open physics.
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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

Dr. Gerald Kulcinski
Co-Founder - Helium-3 & Advanced-Fuel Fusion

Dr. Carl Weggel
Chief Scientist / S.M.A.R.T. Design

UW-Madison - 2023—Present

Dr. Robert J. Weggel
Magnetic Field Design
MIT Magnet Lab - 2022—Present

BOARD

Priyanca Ford
Founder & CEO - Executive Board
2022—Present

Patrick Schweiger

Fusion Device Engineering
Oklo / CFS / TerraPower - 2025—Present

SCIENTIFIC ADVISORS

Dr. Steven O. Dean
Fusion Policy & History
DOE / Fusion Power Associates - 2025—Present

Dr. Jack J. Dongarra
HPC & Numerical Algorithms
Turing Award - 2025—Present

Dr. Siegfried Glenzer
Plasma Physics & Laser Fusion
Stanford / SLAC - 2022—Present

Dr. Donald A. Spong
Plasma Theory & Confinement
ORNL - 2025—Present

RADM (Ret.) David Goggins
Naval Engineering & Power-Plant Design
U.S. Navy - 2023-2026
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MIT Alcator Program - 2022—Present

Bandel Carano
Finance | Strategy

Oak Investment Partners / Stanford - 2025—2026

Dr. Patrick H. Diamond
Plasma Turbulence & Transport
UC San Diego - 2025—Present

Dr. Nasr M. Ghoniem
Chief Material Scientist
UCLA - 2025—-Present

Dr. David A. Hammer

Pulsed-Power Fusion
Cornell - 2025—Present

Dr. Curtis Smith
Risk Assessment & Nuclear PRA
MIT / Idaho National Lab - 2025—Present

Dr. Konstantin Batygin
Mathematician
Caltech - 2022—-2025



Dr. Ruben Fair
Magnet Design / ITER Liaison
PPPL / Jefferson Lab - 2022—2025

SCIENTIFIC AUDITORS

Dr. Wilfred A. Cooper
Plasma Equilibrium Theory
EPFL / Swiss Plasma Center - 2025—Present

Dr. Patrick E. Hopkins
Extreme Thermal Materials
U. of Virginia - 2025—Present

Dr. Travis W. Knight
Advanced Nuclear Fuels & Systems
U. of South Carolina - 2025—Present

Dr. Nitendra Singh
Nuclear Safety & Fuel Cycle
ITER - 2025—Present

Dr. Gary S. Was

Radiation Materials & Structural Integrity
U. of Michigan - 2025—Present

OPERATIONS

Michael Laughlin
Chief Operating Officer
2022—Present

MG (Ret.) Paul Pardew
Chief Contracting Officer
Army Contracting Command - 2022—Present

Sushma Bhatia
Environmental & Legislative
Google - 2022—Present

MG (Ret.) Robin L. Fontes
Cybersecurity & Defense
Army Cyber Command - 2022—Present

Jon Michel Greenwood
IT & AI Infrastructure
Live Nation - 2023—Present

Gen. (Ret.) Gustave F. Perna
DoD Liaison
Operation Warp Speed - 2022-2023

Dr. Paul S. Weiss
Materials & Nanotechnology
UCLA - 2022-2025

Dr. Ahmed Hassanein
Plasma—Material Interactions
Purdue / Argonne - 2025—Present

Dr. Peter Hosemann
Materials Joining & Structural Integrity
UC Berkeley - 2025—Present

Dr. Philippe Lebrun
Cryogenics & Magnet Cooling
CERN - 2025—Present

Dr. Guido Van Oost

Magnetic Confinement & Fusion Systems
Ghent University - 2025—Present

Dr. Ray Sedwick
Direct Energy Conversion
U. of Maryland - 2025

Martin Owens
Chief Strategy Officer
LANL / GE Hitachi - 2022—Present

David Beck
Fusion Commercialization
U.S. Space Force - 2024—Present

Michael De Frenza
Technology Licensing
2023—Present

Vijay Gehani
Supply Chain & Components
INOX India - 2024—Present

Brian C. O'Neill
National Security
CIA / ODNI - 2022—Present

Andrea Romero
Marketing Lead
2022—Present

Legal counsel is retained; those roles are held on the internal roster and are not listed here.
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The figures are rendered at 300 dpi from the deposited generator scripts; the document is
composed as a single self-contained file with embedded fonts and imagery, paginated to
US Letter, and rendered to PDF through a headless Chromium engine in matched light and dark

editions.

Every headline quantity carries an evidence class; withdrawn and restated values are marked as

such. Nothing herein is frozen beyond the founder-approved Tier-A set.

Explore it live — turn the interactive 3-D model, run the deposited solvers in the physics

validator, and watch the companion film series.
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values are identified as such and are not to be quoted without their labels.
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THE 2026 KRONOS SERIES

One programme, many papers

his editorial is one paper in the Kronos 2026 series — a real fusion company’s complete, reproducible physics record for a spherical-
tokamak breeder and its low-neutron D—3He tandem-mirror burners. Every headline number is a frozen anchor in the Physics De-
Risking Register.

Explore the whole programme: the De-Risking Register, the interactive 3-D model, and the physics validator.
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