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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
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 — DER IV ED  R ECOMPUT ED  MEASUR ED  R EQU I R EMEN T  — 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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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.

T ITL E The Kronos Fleet — Hyperion · Aegis · MetroVolt: A Combined Design &

Commercialization Study

AUTH O R Priyanca Ford, Founder & CEO, on behalf of Kronos Fusion Energy

E D IT I O N 2026 Combined Editorial · first issue

C O M PA N I O N  WO R KS 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.

N A M I N G 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.

◆
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The fleet at a glance, and the way its numbers are marked

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

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 · ³He · 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 — DER IV ED  from first principles, R ECOMPUT ED  from raw data, MEASUR ED

in hardware, or a R EQU I R EMEN T  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.
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A B S T R A C T

Beryllium and Be₁₂Ti Neutron Multipliers for a

Compact Spherical-Tokamak Breeder: Pebble

Performance, Activation, and Closing Net TBR ≥ 1.05

ritium self-sufficiency in a compact deuterium–tritium breeder is bought by the neutron multiplier, and the choice of multiplier
material and its pebble-bed form are the levers that decide whether the blanket breaks even. We qualify the multiplier for the
Kronos Hyperion spherical-tokamak breeder (  MW, ,  MA,  m, aspect ratio ,

 T) by solving the steady-state linear Boltzmann transport equation over the closing blanket configuration in coupled continuous-
energy Monte Carlo and swapping only the breeder-zone multiplier material. We formalise the tritium-breeding ratio (TBR) as a reaction-
rate functional of the neutron flux, decompose the neutron-multiplication factor into its threshold  and  channels, and
derive the net-TBR self-sufficiency condition  together with the inventory-doubling time it implies. Beryllium is
confirmed the best multiplier, closing at net TBR ; the beryllide  is the only credible alternative, holding self-suffi‐
ciency at a razor-thin  while answering beryllium's helium-swelling problem. Every lead-bearing and molten-salt option falls
below closure — FLiBe , PbLi , lead pebble . The verdict is library-robust: FENDL-3.2 and ENDF/B-VIII.0 agree to –

, far inside the gap to closure. In its blanket the beryllium multiplier lifts the breeding ratio from an as-drawn  deficit to the
canonical , clearing the  self-sufficiency gate with margin and held below the  design ceiling. Activation is dominated by
prompt Be/ He decay that sheds  of the breeder-zone specific activity in the first second, with every component at or below NRC
Class C. The multiplier is confirmed a breeding lever, not a centrepost-life lever. Beryllium is qualified; the beryllide is the helium-robust
fallback.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645889 · Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model · physics validator.

Keywords: neutron multiplier beryllium beryllide $\mathrm{Be_{12}Ti}$ tritium breeding ratio OpenMC

spherical-tokamak breeder activation
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Symbols, units, and the names of things

Q plasma (fusion) gain, Pfus/Paux

QE engineering gain, net electric out / recirculating in

H98 confinement enhancement over the IPB98(y,2) scaling

Zeff effective ion charge

cee electron–electron bremsstrahlung leading coefficient, 2.120022 (exact)

τE energy confinement time

Ip plasma current

R0, a major radius, minor radius

κ, δ elongation, triangularity

βN normalized plasma beta (Troyon-normalized)

TBR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK / NOAK / BOAK first / nth / 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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§   1

Introduction

A deuterium–tritium (DT) plasma consumes one triton per fusion and liberates exactly one neutron with which to breed its replacement.
In the absence of any loss the breeding blanket would have to convert that single neutron into a single triton with perfect efficiency simply
to break even — an impossibility once leakage, parasitic absorption, structural capture, and processing losses are admitted. Tritium self-
sufficiency therefore demands that the blanket create more neutrons than the plasma supplies, and the component that does this is the
neutron multiplier: a material with a strong  reaction that converts one fast neutron into two before the neutrons thermalise onto
the lithium breeder. For a compact spherical tokamak (ST), where the inboard build is thin, the centrepost occupies radial space that a
conventional tokamak would give to breeding, and every escaping neutron is a triton lost, the multiplier is not a refinement but the
enabling component. The question of which multiplier material, and in which physical form, is a first-order design decision that this paper
resolves for the Hyperion breeder.

Prior art. The role of  multiplication in fusion blankets was established in the earliest blanket-neutronics studies [9], and beryllium
and its beryllides have since become the reference multipliers for the European Helium-Cooled Pebble-Bed (HCPB) blanket line [10,11,16,17].
The competing requirements — high  yield at the  MeV DT birth energy, tolerable activation, and mechanical survival of the

pebble bed under helium-driven swelling — have been reviewed from first principles for both breeder and multiplier materials [10], and the
beryllide route  has been developed specifically to raise the melting point and suppress the swelling that limits elemental beryllium
[12,13]. Liquid breeders (PbLi, FLiBe) fold multiplication and breeding into one medium and have been compared neutronically for compact
high-field devices [14,15]. The conditions for tritium self-sufficiency — the interplay of achievable TBR, required TBR, and the inventory
losses that separate them — have been analysed in detail for the DT fuel cycle [19,20,21]. What the ST geometry adds, and what the DEMO-
scale literature does not answer, is the coupling between a consumable, radially-thin inboard build and the multiplier choice: does a
better-shielding multiplier also extend centrepost life, or are breeding and shielding necessarily distinct functions?

Contribution. This paper makes four contributions. (i) We give a self-contained governing-equation treatment of multiplier qualification:
the transport equation, the TBR functional, the multiplication decomposition, the self-sufficiency inequality, pebble-bed self-shielding
homogenisation, the helium-generation and swelling model that separates beryllium from its beryllide, and the activation (Bateman)
chain. (ii) We solve a controlled material swap at the closing blanket configuration — geometry frozen, only the multiplier changed — rank‐
ing five candidate media by their closure margin and demonstrating the ranking is robust to the evaluated-nuclear-data library. (iii) We
test and falsify the dual-role hypothesis that a lead multiplier could double as inboard shield, showing that placing any multiplier inboard
shortens centrepost life. (iv) We place the qualified beryllium multiplier in its breeding ladder and show it carries the blanket from a 
deficit across the  self-sufficiency gate to the canonical , with the surplus and inventory-doubling time that follow. The result sits
inside a broader Kronos closure programme: the net-blanket-TBR and fleet-export analysis [29], the tritium-breeding ladder and doubling-

time study [30], the nuclear-data uncertainty quantification for breeding [31], the ceramic-versus-liquid concept down-select [32], the CAD-
faithful 3-D neutronics [33], the component-activation and waste routing [34], and the coverage-versus-protection centrepost neutronics [35].
Every number reported here traces to the neutron-multiplier lever study (register serials BR-L2-A7, BR-L2-A7u, BV-05) in the Kronos
Physics De-Risking Register [1], run against the frozen Hyperion operating point.
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§  2

Governing equations and formal problem

NEUTRON TRANSPORT AND THE BREEDING FUNCTIONAL

Multiplier qualification is, at bottom, the evaluation of a functional of the neutron flux. Let  be the angular flux. In the fixed-

source, steady state driven by a  MeV DT birth source ,  obeys the linear Boltzmann transport equation

with  the macroscopic total cross-section and  the double-differential scattering kernel, which for a multiplying medium includes the
 and  channels that place more than one secondary in the exit integral. The tritium-breeding ratio is the volume-integrated

triton-production rate per source neutron,

where  is the scalar flux,  the total source rate,  the and Li number densities, and  the
 (exothermic, ) and  (endothermic, threshold  MeV) cross-sections. The two channels are physically

distinct: breeds from thermalised neutrons and rewards moderation, whereas Li breeds only from fast neutrons and thus competes with
the multiplier for the  MeV budget. Enrichment to  (used throughout) tilts the balance toward the moderated channel that the
multiplier feeds.

THE MULTIPLICATION FACTOR AND THE THRESHOLD PHYSICS

Write the net multiplication as the ratio of secondary-neutron production to the source,

with  the multiplier number density and  the parasitic-capture cross-section. The utility of a multiplier is set by where its 
threshold  sits relative to the DT birth energy and by how broad the excitation function is above it. For a birth spectrum sharply peaked
at  MeV and subsequently degraded by scattering, the multiplication yield scales as

where  is the flux-weighted effective spectrum in the multiplier zone. Beryllium's  reaction has a low threshold
 MeV and a broad cross-section across the whole degraded DT spectrum, so almost every neutron above a few MeV can multi‐

ply; lead's  has a higher effective threshold  MeV and a narrower useful window, so a  MeV neutron multiplies once, but
its softened daughters fall below threshold and cannot recover the lost multiplication (Fig. 3). This threshold separation — not the bulk
density — is the origin of the -versus-  closure gap quantified in §5.1.

NET TBR, THE SELF-SUFFICIENCY INEQUALITY, AND DOUBLING

The breeding functional of Eq. 2 is a beginning-of-life, geometry-integrated quantity; what the plant must satisfy is a balance on the in-
vessel tritium inventory ,

where  and  collects processing, permeation, and decay-in-process losses lumped into a fractional loss .
Defining the coverage-weighted net breeding ratio , self-sufficiency is the requirement that the surplus rate be non-
negative,

7
§  2  ·  G OVE R N I N G  E QUAT I O N S  A N D  F O R M A L  P R O B L E M



K R O N O S  F U S I O N  E N E R G Y B E R Y L L I U M  A N D  B E ₁ ₂T I  N E U T R O N  M U LT I P L I E R S  F O R  A  C O M P A C T  S P H E R I C A L - T O K A M

A design margin  above unity accounts for the uncertainties in , in the start-up inventory, and in the achievable-versus-required gap
[19,20]; Kronos adopts the engineering gate . When  the plant accumulates a surplus at rate , and
the inventory-doubling time for a fleet start-up follows from integrating Eq. 5 with a fixed start-up inventory ,

neglecting the small decay term over a doubling interval short compared with . Equations 2–7 define the formal problem: qualifying a
multiplier means maximising the TBR functional subject to , to activation and swelling constraints developed next, and to the fixed
radial budget the ST centrepost imposes.

PEBBLE-BED HOMOGENISATION AND SELF-SHIELDING

The multiplier is deployed as a packed pebble bed, not a solid, so the transport of Eq. 1 sees a two-phase medium: pebbles at packing frac‐
tion  (nominal  for a random close pack, raised toward  volume fraction in the closing recipe by size-bimodal packing) in a
purge-gas matrix. A homogenised macroscopic cross-section

captures the bed only if the self-shielding factor  is retained. Within a pebble the flux is depressed at resonance and near-threshold
energies because the outer shell shadows the interior; to first order the escape-probability (Wigner rational) approximation gives

with  the mean chord of a pebble of diameter ,  its volume-to-surface ratio, and  the Dancoff factor for pebble-to-pebble shad‐
owing in the bed. For the broad, non-resonant Be  excitation function the self-shielding correction is small ( ), which is one
reason the homogenised smear used in the fast lever sweeps reproduces the explicitly-modelled bed to within the Monte-Carlo error; for
the narrower lead window the correction is larger and works against lead. Equations 8–9 are what license the material swap of §4 to be
performed at fixed geometry with only , , and the pebble chord changed.

HELIUM GENERATION, SWELLING, AND THE BERYLLIUM/BERYLLIDE SPLIT

The same reaction that multiplies neutrons also plants helium in the multiplier:  deposits two helium nuclei per multiplica‐
tion event, so the volumetric helium-production rate is

the second term the direct  channel. With the front-of-zone fast flux  n cm  s  and a spectrum-averaged
 b, Eq. 10 gives a first-order helium-accumulation rate of order  appm per full-power year at the front of the multiplier zone

— consistent with the fusion beryllium database [25,13]. Helium that is not released drives swelling; in the simplest gas-driven bubble model
the volumetric swelling is

with bubble radius , number density , helium diffusivity , and a temperature factor  that rises steeply once bubbles
become mobile. Elemental beryllium suffers because its low melting point and open lattice let bubbles coarsen and interlink; the beryllide

 raises the operating-temperature ceiling and locks beryllium into an intermetallic that resists coarsening [12,13]. The cost is dilution:
with one titanium per twelve beryllium atoms the multiplier number density  in Eq. 3 falls, so the beryllide multiplies less. Equation 11
is thus the physical statement of the trade quantified in §5.1:  buys swelling robustness at the price of nearly the whole closure
margin.
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ACTIVATION AND THE BATEMAN CHAIN

After the flux is known, the nuclide inventory  in each material follows the linear activation (Bateman) system

where  holds the radioactive-decay constants and branching, and the transmutation operator  holds the flux-driven

production/destruction channels [7,6]. Two features of the beryllium multiplier fall directly out of Eq. 12: the very short-lived Be ( )
and He (  s, Li) produced promptly in the bed decay within seconds of shutdown, so the specific activity collapses immedi‐
ately after the source is removed; and the long-time waste class is set not by the multiplier but by C and residual tritium in the ceramic
breeder. The waste-disposal rating for each component is the normalised sum

with  the specific activity of nuclide  and  the NRC 10 CFR 61 limit. Equations 12–13 close the qualification: a multiplier is accept‐
able only if it breeds (Eq. 6), survives (Eq. 11), and disposes cleanly (Eq. 13).
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§  3

Computational methodology: the NVIDIA GPU HPC campaign

CODES AND THE COUPLED TRANSPORT–ACTIVATION STACK

All neutron transport in this study solves Eq.  1 by continuous-energy Monte Carlo in OpenMC  [2], the reference open-source transport
code, run in coupled mode on the Kronos closure geometry. The primary evaluated-data library is FENDL-3.2, the IAEA fusion library,
with ENDF/B-VIII.0  [3] carried as an independent cross-check on the headline material and the strongest alternative; TALYS/TENDL-
derived evaluations [5] and ENDF/B-VII.1 [4] provide the covariance context used by the companion nuclear-data uncertainty analysis [31].
Geometry is handled two ways: a coverage-honest 1-D radial infinite-cylinder CSG model for the fast material-swap lever sweeps, and

CAD-faithful transport on the STEP solid through DAGMC [8] for the 3-D confirmation reported by the companion CAD-neutronics paper
[33]. Activation and waste routing solve the Bateman system Eq. 12 with FISPACT-II/ALARA-class depletion [6,7] on the converged flux and
its collapsed multigroup spectrum, with the per-constituent breakdown (structural Eurofer, beryllium multiplier, ceramic breeder) classi‐
fied separately against 10 CFR 61. Displacement damage is scored through the NRT damage-energy tally, and gas production through the

 and  tallies feeding Eq. 10 [25].

MONTE-CARLO ESTIMATORS, VARIANCE, AND CONVERGENCE

The breeding functional Eq. 2 is estimated by the track-length flux estimator

summing weight track-length over all  track segments of all  source histories, which is unbiased and low-variance for reaction rates in
optically thin cells. The statistical error falls as , and code performance is reported through the figure of merit

, held constant under fair sampling. The multiplier sweeps were run to  source histories, giving relative stan‐
dard deviations on net TBR of  (Table 2) — roughly two orders of magnitude smaller than the -wide closure gap between
beryllium and lead, so the ranking is statistically decisive. A neutron-balance closure check is enforced on every run: leakage fraction 
, source-normalised  and  in the dilute-verification build, and nuclear heating  MW of the  MW
fusion power all reconcile to the transport tallies, confirming Eq.  3 is being scored consistently. Spatial and energy convergence were
checked by refining the radial mesh and the multigroup collapse until the net TBR moved by less than the Monte-Carlo error.

GPU ACCELERATION, SCALE, AND REPRODUCIBILITY

The campaign was executed on the NVIDIA GPU HPC fleet. Continuous-energy history transport is the dominant cost, and the event-
based transport path maps the batched particle events onto the GPU streaming multiprocessors, with the CAD/DAGMC ray-tracing and
the FENDL/ENDF cross-section lookups the memory-bound kernels; the material-swap design matrix (five multiplier media  two
libraries  inboard/outboard placement, plus the coverage and enrichment lever grids) is embarrassingly parallel across the fleet, one
independent transport problem per device. Every run is seeded deterministically (master seed 20260726) and archived with its statepoint
so that a tally is byte-reproducible from the input deck. Verification is anchored by a post-diction gate: beryllium at the closing configura‐
tion reproduces the on-disk breeding anchor to net TBR  against a stored , so the entire sweep scales from an inde‐
pendently re-run baseline [1]. No cost or resource-accounting figures enter the physics; the campaign is identified only as the NVIDIA GPU
HPC campaign.
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§  4

Method: a controlled material swap at the closing configuration

The test bed is the blanket configuration that closes tritium at the design point: an outboard-and-divertor breeder with the multiplier at
 volume fraction, enrichment , a first wall of tungsten over reduced-activation ferritic–martensitic (RAFM) steel, and a  cm

inboard mantle dedicated to tungsten-carbide and steel shield rather than breeder (Fig. 1). Neutrons are transported through this fixed
geometry, and only the multiplier material in the breeder zone is changed between cases, exactly as licensed by the homogenisation of
Eqs. 8–9. Five media span the credible design space: elemental beryllium and the beryllide  as HCPB pebbles, a lead pebble, and
the two self-cooled liquids PbLi and FLiBe that fold multiplication and breeding into a single medium. FENDL-3.2 is the primary library;
ENDF/B-VIII.0 cross-checks the headline (beryllium) and the strongest lead-bearing alternative. The response measured for each case is
the net TBR of Eq. 2 weighted by coverage, its Monte-Carlo error, and — in a second pass — the centrepost fast-fluence life under the same
swap.

Closing blanket radial build for the swap. Breeding is placed outboard (beryllium multiplier plus Li-enriched Li SiO  at  multiplier volume
fraction, with a steel reflector); the inboard mantle is a dedicated tungsten-carbide/steel shield that shadows the centrepost. Only the outboard
multiplier material is changed between cases. (Schematic.)
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§  5

Results

BERYLLIUM IS THE BEST MULTIPLIER

Table 1 and Fig. 2 give the ranking. Beryllium closes with the widest margin, net . The beryllide  also closes,
but only just, at . Every lead-bearing and molten-salt alternative falls below self-sufficiency: FLiBe at , PbLi at ,
and the lead pebble at . No candidate widens the closure margin beyond elemental beryllium. The ordering is exactly what the
threshold physics of Eqs. 3–4 predicts (Fig. 3): the low-threshold, broad-band Be  excitation function multiplies across the whole
degraded spectrum and feeds the moderated  chain, while lead's high effective threshold multiplies once at birth energy and then
goes dark.

MULTIPLIER CONCEPT NET TBR CLOSES ?

beryllium HCPB pebble, Be 1.054  0.001 yes

 (beryllide) HCPB pebble, higher- , swelling-robust yes (razor-thin)

FLiBe self-cooled molten salt no

PbLi self-cooled liquid metal no

lead HCPB pebble, Pb no

Neutron-multiplier material versus closure margin at the closing configuration (coupled OpenMC, FENDL-3.2,  histories). Errors are
Monte-Carlo standard deviations.

Neutron-multiplier material against closure margin. Beryllium closes with the widest margin and  holds closure at a razor-thin ; the
lead-bearing concepts and the molten salt all fall below the break-even and self-sufficiency lines. Error bars are Monte-Carlo standard
deviations.
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The threshold physics behind the ranking. Beryllium's Be  reaction opens at  MeV and multiplies across the whole degraded DT

spectrum; lead's opens near  MeV, so it multiplies the  MeV birth neutron once but not its softened daughters. Representative
excitation functions; absolute magnitudes are illustrative. (Schematic.)

THE RANKING IS LIBRARY-ROBUST

The headline verdict does not depend on the evaluated-data library (Table 2, Fig. 4). FENDL-3.2 and ENDF/B-VIII.0 agree to  on
beryllium and  on lead — far smaller than the -wide gap between beryllium (closes) and lead (fails). The closure verdict, and
the ordering of every material, survive the change of evaluated data, so the qualification is not an artefact of a single library. The residual
library spread is itself the subject of a dedicated uncertainty-quantification companion that ranks which  MeV cross-section channels set
the error bar on the breeding ratio [31].

MATERIAL FENDL-3.2 ENDF/B-VIII.0 LIBRARY SPREAD

beryllium

lead

Nuclear-data cross-check on the headline and strongest alternative.
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Net TBR under FENDL-3.2 and ENDF/B-VIII.0 for beryllium and lead. The –  library spread is far inside the gap between closure and
failure; the ranking is robust to the evaluated data.
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THE MULTIPLIER IS A BREEDING LEVER, NOT A CENTREPOST-LIFE LEVER

The design's second question is whether a better-shielding multiplier could also extend the consumable centrepost's life. It cannot, at this
geometry (Fig. 5). With the multiplier outboard and the inboard mantle a dedicated tungsten-carbide/steel shield, centrepost life is statis‐
tically flat across the material swap — FLiBe , beryllium , lead ,  , and PbLi  full-power years, all over‐
lapping within their one-sigma fluence bands and all in the consumable class of –  full-power years. The conductor is shadowed
by the inboard shield, which the outboard multiplier swap never touches, so the multiplier material moves breeding strongly (Table  1)
while leaving centrepost life essentially unchanged. This separation is the coverage-versus-protection result quantified for the centrepost
in the companion neutronics paper [35].

Centrepost life across the material swap, multiplier outboard. All five media overlap within the consumable –  full-power-year band: the

centrepost is shadowed by the inboard shield, which the swap does not change.

The dual-role hypothesis — that a lead multiplier, a better bulk attenuator, could double as inboard shield — is falsified directly by placing
the multiplier inboard (Fig. 6): doing so shortens centrepost life for every material (beryllium , lead , PbLi ), because a
breeder-plus-multiplier mantle is a worse fast-neutron shield than the tungsten-carbide stack it displaces, and the lead-bearing materials
generate fast neutrons inboard where the conductor cannot afford them. The two functions are correctly kept in separate components:
breeding outboard, shielding inboard.
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Falsifying the dual-role shortcut. Moving the multiplier inboard shortens centrepost life for every material, because a breeder-plus-multiplier
mantle is a worse fast-neutron shield than the tungsten-carbide stack it displaces.
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ACTIVATION IS PROMPT-DECAY DOMINATED AND STAYS BELOW CLASS C

Solving the Bateman system Eq. 12 on the converged flux (2 full-power years, cooling grid  s /   d /   y /   y) shows the beryllium multi‐
plier is activation-benign (Fig. 7). The breeder-zone specific activity falls from  Bq kg  at shutdown to  within one
second — a  drop driven by the prompt Be and He decay that Eq. 12 predicts for the bed — then to  at one year and

 Bq kg  at one hundred years, by which point essentially all remaining activity is bred tritium held in the ceramic. The associ‐
ated decay heat falls from  to  W kg  in the first second, to  W kg  at one day,  at one year, and  W kg  at
one hundred years. Every blanket component stays at or below NRC Class C with no greater-than-Class-C waste: the largest Class-C index
anywhere is the ceramic breeder at  (driven by C), two orders of magnitude below the boundary, and the structural Eurofer
sits at Class-A index  [34]. Tritium management, not structural activation, sets every handling class.

Breeder-zone activation after two full-power years. (a) Specific activity collapses  in the first second from prompt Be/ He decay in the
beryllium bed, then decays to  Bq kg  at  y. (b) Decay heat falls more than four orders of magnitude over the same interval.
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THE BERYLLIUM MULTIPLIER LIFTS THE BREEDING LADDER

Placed in its blanket, the beryllium multiplier is what carries the TBR from deficit to closure (Fig. 8). The as-drawn blanket breeds a net
 — below unity, a tritium consumer. The frozen beryllium recipe at  packing lifts that to ; adding a dedicated  cm solid-

beryllium layer reaches – ; and the canonical breeding anchor at coverage fraction  settles at  — clearing the 
self-sufficiency gate of Eq. 6 with real margin, and held below the  design ceiling (an even-higher-multiplication optimum of  was
deliberately refused as beyond the ceiling). The admissible window in coverage is mapped in Fig. 9: net TBR runs 
across , every point above the gate and below the ceiling.

The beryllium multiplier lifts the tritium-breeding ratio from an as-drawn  deficit to the canonical , clearing the  self-sufficiency
gate and staying below the  design ceiling. The  optimum was refused as beyond the ceiling.
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The admissible operating window in coverage fraction. Net TBR rises with  and stays between the  gate and the  ceiling across –

; the canonical anchor is .

By Eqs. 6–7 the margin above the gate becomes a physical surplus (Fig. 10): the self-sufficiency window carries a net surplus of –  
kg-T per full-power year per unit and an inventory-doubling time of –  years, while the advanced-blanket ceiling ( )
reaches  kg-T fpy  per unit, so a two-unit advanced pairing approaches  kg-T yr  — the fleet-export basis of the companion

analysis [29,30].
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Net surplus tritium (left axis) and inventory-doubling time (right axis) versus net TBR. The self-sufficiency window ( – ) yields –

 kg-T fpy  and doubling in –  y; the  ceiling reaches  kg-T fpy  per unit.
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§  6

Discussion

AGAINST THE PUBLISHED BENCHMARKS

The qualification lands where the fusion-blanket literature would predict but sharpens it for the ST. Beryllium and its beryllides are the
reference multipliers of the European HCPB line [11,16,17], and the first-principles material review of Hern\'andez and Pereslavtsev [10] ranks
Be and  ahead of lead precisely on the -threshold grounds formalised in Eqs. 3–4; our -versus-  closure gap is the
quantitative expression of that ranking at the Hyperion operating point. The self-cooled liquids we rule out on breeding grounds (PbLi

, FLiBe ) are the same media that neutronic comparisons for ARC-class high-field devices find competitive only in thicker

outboard builds [14,15]; the ST's thin, centrepost-constrained radial budget is exactly the regime in which they lose, consistent with our
result rather than in tension with it. On the fuel-cycle side, the self-sufficiency inequality Eq. 6 and the  engineering gate follow the
analyses of Abdou and Sawan [19,20,21]: the required TBR margin above unity is set by the loss fraction  and the start-up inventory, and our
canonical  leaves the headroom those analyses call for. The activation picture — prompt Be/ He collapse and a long-time inventory
set by C and tritium rather than the multiplier — matches the gas-production and transmutation accounting of Gilbert et al. [25] and the

FISPACT-II inventory framework [6].

WHY THE BERYLLIDE IS THE HONEST FALLBACK

The beryllide  is not a rejected option but the recorded fallback, and the governing equations say why. Its razor-thin  closure is
the direct consequence of the dilution term in Eq. 3: replacing one beryllium in twelve with titanium lowers  and therefore the 
yield. What it buys is the swelling robustness of Eq.  11 — a higher operating-temperature ceiling and an intermetallic that resists the

bubble coarsening that plants of elemental beryllium accumulate at  appm fpy  near the first wall [12,13,25]. Choosing the beryllide
therefore means recovering the spent margin elsewhere, and the ladder shows exactly where: the coverage lever (Fig. 9) and the -enrich‐
ment lever both have headroom above the canonical point. The design records beryllium as the qualified multiplier and  as the heli‐
um-robust fallback whose margin cost is quantified and whose recovery path is mapped — a decision made on the physics, not deferred.

TWO MAGNETS, ONE BLANKET

The centrepost result reinforces a structural choice that runs through the Kronos design: the breeder centrepost (peak field  T on the
conductor) and the tandem-mirror burner plug (  T) are two distinct magnets with distinct duties, and here the analogous separation
is between the multiplier's breeding duty and the inboard shield's protection duty. Section 5.3 shows that collapsing those two duties into
one component — a lead multiplier doing double service as shield — is not merely suboptimal but actively harmful, shortening centrepost
life by up to . The blanket keeps breeding and shielding in separate radial zones for the same reason the machine keeps its two
magnets separate: each function is optimised against a different objective, and folding them together degrades both.
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§  7

Limitations

The reported ratios are beginning-of-life values. The burnup that slowly erodes the breeding channel over the operating life, and the heli‐
um-swelling kinetics of Eq. 11 that the multiplier accumulates, are stated here as physics and estimated to first order but are not time-inte‐
grated in the transport: a coupled depletion study that evolves both is the one named next step. The coverage and enrichment headroom
visible in the breeding ladder (Figs. 8–9) is sized precisely to absorb the end-of-life erosion that study will quantify, but until it is run the

 anchor should be read as a beginning-of-life value with a mapped, not yet integrated, margin.
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§  8

Conclusion

A controlled material swap at the closing blanket configuration, solving the linear Boltzmann transport equation in coupled OpenMC on
the NVIDIA GPU HPC campaign, qualifies beryllium as the neutron multiplier for the Hyperion breeder, closing tritium at net

. The beryllide  is the only credible alternative, holding self-sufficiency at a razor-thin  and standing as
the helium-robust fallback; lead, PbLi, and FLiBe all fall below closure. The ranking is robust to the evaluated-data library at the –
level, the multiplier is confirmed a breeding lever rather than a centrepost-life lever — the dual-role shortcut is falsified, not assumed away
— and the beryllium multiplier is activation-benign, shedding  of its breeder-zone activity in the first second and staying at or below
NRC Class C throughout. In its blanket the multiplier lifts the breeding ratio from an as-drawn  to a canonical , clearing the

 self-sufficiency gate with a mapped surplus of –  kg-T per full-power year and an inventory-doubling time of –  years,
establishing tritium self-sufficiency with margin.
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The patent portfolio

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

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 PENDING

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

FILED

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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Founding partners, board, advisors & auditors

ronos is built by a bench of advanced-fuel-fusion, high-field-magnet, direct-conversion, and materials specialists, with a board and
operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or
is term-ending, the range says so.

FOUNDING PARTNERS — SCIENCE

Dr. Gerald Kulcinski
Co-Founder · Helium-3 & Advanced-Fuel Fusion
UW–Madison · 2023–Present

Dr. Carl Weggel
Chief Scientist / S.M.A.R.T. Design
MIT Alcator Program · 2022–Present

Dr. Robert J. Weggel
Magnetic Field Design
MIT Magnet Lab · 2022–Present

BOARD

Priyanca Ford
Founder & CEO · Executive Board
2022–Present

Bandel Carano
Finance / Strategy
Oak Investment Partners / Stanford · 2025–2026

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. Patrick H. Diamond
Plasma Turbulence & Transport
UC San Diego · 2025–Present

Dr. Jack J. Dongarra
HPC & Numerical Algorithms
Turing Award · 2025–Present

Dr. Nasr M. Ghoniem
Chief Material Scientist
UCLA · 2025–Present

Dr. Siegfried Glenzer
Plasma Physics & Laser Fusion
Stanford / SLAC · 2022–Present

Dr. David A. Hammer
Pulsed-Power Fusion
Cornell · 2025–Present

Dr. Donald A. Spong
Plasma Theory & Confinement
ORNL · 2025–Present

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

RADM (Ret.) David Goggins
Naval Engineering & Power-Plant Design
U.S. Navy · 2023–2026

Dr. Konstantin Batygin
Mathematician
Caltech · 2022–2025
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Dr. Ruben Fair
Magnet Design / ITER Liaison
PPPL / Jefferson Lab · 2022–2025

Dr. Paul S. Weiss
Materials & Nanotechnology
UCLA · 2022–2025

SCIENTIFIC AUDITORS

Dr. Wilfred A. Cooper
Plasma Equilibrium Theory
EPFL / Swiss Plasma Center · 2025–Present

Dr. Ahmed Hassanein
Plasma–Material Interactions
Purdue / Argonne · 2025–Present

Dr. Patrick E. Hopkins
Extreme Thermal Materials
U. of Virginia · 2025–Present

Dr. Peter Hosemann
Materials Joining & Structural Integrity
UC Berkeley · 2025–Present

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

Dr. Philippe Lebrun
Cryogenics & Magnet Cooling
CERN · 2025–Present

Dr. Nitendra Singh
Nuclear Safety & Fuel Cycle
ITER · 2025–Present

Dr. Guido Van Oost
Magnetic Confinement & Fusion Systems
Ghent University · 2025–Present

Dr. Gary S. Was
Radiation Materials & Structural Integrity
U. of Michigan · 2025–Present

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

OPERATIONS

Michael Laughlin
Chief Operating Officer
2022–Present

Martin Owens
Chief Strategy Officer
LANL / GE Hitachi · 2022–Present

MG (Ret.) Paul Pardew
Chief Contracting Officer
Army Contracting Command · 2022–Present

David Beck
Fusion Commercialization
U.S. Space Force · 2024–Present

Sushma Bhatia
Environmental & Legislative
Google · 2022–Present

Michael De Frenza
Technology Licensing
2023–Present

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

Vijay Gehani
Supply Chain & Components
INOX India · 2024–Present

Jon Michel Greenwood
IT & AI Infrastructure
Live Nation · 2023–Present

Brian C. O'Neill
National Security
CIA / ODNI · 2022–Present

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

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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