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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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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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H OW  TO  R E A D  TH I S  VO LUM E

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

A Real-Time Tritium-Accountancy Twin for a Compact

Spherical-Tokamak Breeder: In-Vessel Inventory,

Retention, and Self-Sufficiency Bookkeeping

deuterium–tritium breeder must know, at all times, where its tritium is: tritium is simultaneously the fuel, the product, and the
principal radiological hazard, and it is mobile — it permeates, it is trapped, and it is bred faster than it is burned. Closing the tritium
balance in real time to safeguards tolerance therefore rests on two quantities the plant cannot measure directly and must compute:

how much tritium is held inside the vessel wall, and how much is leaking through it. We fix both from a finite-element hydrogen-transport
solve (FESTIM) of the actual first-wall stack of the Hyperion breeder —  tungsten armour on  Eurofer97-class steel — using a
McNabb–Foster diffusion–trapping model with Sieverts chemical-potential continuity at the interface. The steady permeation loss is

 ( ; –  of the implanted flux, with  re-emitted), it is diffusion-limited in the
tungsten armour, temperature- independent, and exactly linear in wall load, and the finite-element flux reproduces the analytic two-layer
series-resistance limit to seven significant figures. The retained in-wall inventory is strongly temperature- dependent, ranging from

 on the operating gradient ( ) to  in the cold  bound, and breakthrough is reached within –
of a burn start — a fast, well-posed state. Integrated over a  first wall the permeation term is – , negligible against
a per-unit breeding surplus of – . On this measured budget we cast the accountancy problem as a state-estimation
problem over the plant tritium balance, specify a maturity-gated accountancy twin — a real-time balance, an in-vessel inventory estimator,
a lithium-6 tracker, and coupled corrosion and waste-classification monitors — and separate the tritium bred as product from the tritium
held as holdup, so the books close simultaneously against the fuel cycle (which needs the surplus) and the safeguards frame (which needs
the holdup bounded).

Open-access deposit (code & data, CC  BY  4.0): DOI  10.5281/zenodo.22645876 · Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model · physics validator.

Keywords: tritium accountancy in-vessel inventory permeation FESTIM digital twin self-sufficiency

safeguards spherical-tokamak breeder

µ ² ²
²

3
A B STR A CT  ·  A  R E A L-T I M E  TR IT IUM -A C C OUNTA N CY  TW I N  F O R  A  C O M PA CT  S…

https://doi.org/10.5281/zenodo.22645876
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation


K R O N O S  F U S I O N  E N E R G Y A  R E A L - T I M E  T R I T I U M - A C C O U N TA N C Y  T W I N  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 K  B

C O N T E N T S

Table of Contents

A Real-Time Tritium-Accountancy Twin for a Compact Spherical-Tokamak Breeder: In-Vessel Inventory, Retention, and

Self-Sufficiency Bookkeeping

3

Introduction 6

Governing equations and the formal accountancy problem 8

Computational methodology: the GPU-HPC campaign 10

Results: the measured in-vessel tritium budget 12

The accountancy twin 19

Separating product from holdup 21

Discussion 22

Limitations 23

Conclusion 24

References 29

One programme, many papers 33

4
C O NTE NTS  ·  TA B L E  O F  C O NTE NTS



K R O N O S  F U S I O N  E N E R G Y A  R E A L - T I M E  T R I T I U M - A C C O U N TA N C Y  T W I N  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 K  B

N O M E N C L AT U R E

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

ACCOUNTANCY AS A FIRST-ORDER OPERATIONAL REQUIREMENT

In a deuterium–tritium (D–T) fusion breeder the tritium is not an inert working fluid. It is the fuel, the bred product, and the dominant
radiological source term, and it is mobile on every timescale of interest: it is implanted into and re-emitted from plasma-facing surfaces, it
diffuses and is trapped in the structure, it is bred in the blanket faster than it is burned, and it decays with a  half-life into helium-
3 [1]. Knowing how much tritium is where, continuously, and closing the balance to safeguards tolerance is therefore a first-order opera‐
tional requirement, not a back-office audit. It is also the quantity on which the two headline claims of a breeder rest — that the plant is

tritium self-sufficient with a bankable surplus [16,18,19], and that its mobile in-vessel inventory is bounded well below licensing limits [20].

Tritium accountancy in a fusion plant differs from fissile-material accountancy in a way that makes it harder, not easier: a large fraction of
the tritium at any instant is not in a tank where it can be assayed but is distributed through the machine — implanted in walls, trapped at
defects, dissolved in coolant, and resident in the breeder ceramic. Two of these terms cannot be measured directly at operating tempera‐
ture and pressure and must instead be computed from transport physics and tracked by a model: the tritium held inside the vessel wall,
and the tritium permeating through it into the structure and coolant. This paper fixes both from first principles for the Hyperion breeder
and specifies the real-time twin that tracks them.

THE DESIGN POINT

Hyperion is a compact, negative-triangularity spherical tokamak (ST) operated as a strategic-materials breeder rather than a net-electric
plant  [2,3]. Its frozen design point is , fusion power , plasma current , negative triangularity

, on-axis field , elongation , major radius , aspect ratio , and a consumable centrepost at a
peak field of . Negative triangularity is chosen for good confinement without an edge pressure pedestal [4,5]; the compactness that
makes the ST an attractive volumetric neutron source also concentrates the fusion power, so the first-wall implantation flux — and hence
the tritium the wall holds and passes — is set by a high, well-defined wall load. At  the plant burns  of tritium
per full-power year (fpy), so a permeation loss measured in grams per fpy is a small but real term in a kilogram-scale ledger, and the held
wall inventory is the state a safeguards estimator must follow.

PRIOR ART

The transport physics of hydrogen isotopes in tungsten and reduced-activation ferritic–martensitic (RAFM) steel is mature. Frauenfelder's
diffusion and solubility data for hydrogen in tungsten [6] and the McNabb–Foster diffusion–trapping formalism [7] underpin essentially all
first-wall retention modelling [9,10]; deuterium-retention measurements in tungsten established the intrinsic-trap populations used here [8],
and permeation and trapping in Eurofer97 have been characterised over the relevant temperature window [11]. These data are now assem‐

bled into open finite-element transport codes — FESTIM, built on the FEniCS finite-element platform [12,13,14], and the INL systems code
TMAP [15] — so that the retention and permeation of a specified plasma-facing stack are computable rather than assumed. On the systems
side, the conditions for tritium self-sufficiency and the required start-up inventory have been analysed for DEMO-class plants  [16,17,18,19],
and the digital-twin formalism — a model of a specific asset, updated by that asset's data and used to predict and steer it [21] — has matured
to the point where a real-time transport model can run inside the plant control cycle.

Within the Kronos series the surrounding fuel-cycle results are frozen. The tritium breeding ladder, per-unit inventory and fleet doubling
path are established in the breeding-ladder study [doi:10.5281/zenodo.22645746; official page], the net-TBR case for multi-unit tritium
export in the breeding-lever study [doi:10.5281/zenodo.22645706; official page], and the tritium safety and source-term case in the envi‐
ronmental study [doi:10.5281/zenodo.22645754; official page]. The permeation-barrier wall-chemistry choice that bounds the loss term is
treated separately [doi:10.5281/zenodo.22645870; official page].
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CONTRIBUTION

What is missing — and what this paper supplies — is the bridge from these computed transport numbers to a real-time accountancy state
that closes the tritium books live. We contribute: (i) a formal statement of the plant tritium-balance and self-sufficiency problem, and of
the in-wall transport that supplies its loss and holdup terms (§2); (ii) the finite-element formulation and its analytic verification, together
with the NVIDIA GPU HPC campaign that produced the frozen result set (§3); (iii) the measured in-vessel tritium budget — permeation
loss, retained inventory, its temperature dependence, and breakthrough time — with eight data figures traceable to frozen register serials
(§4); (iv) the accountancy twin cast as a state-estimation problem, with its module set and pre-registered acceptance tests (§5); and (v) the
explicit separation of bred product from structural holdup that lets one balance close against both the fuel cycle and the safeguards frame
(§6). Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking Register [31], and the governing serial (BR-L2-A25,
FESTIM) is cited inline so each number is auditable. This work is the tritium instance of the four-coupled-twin control architecture
[doi:10.5281/zenodo.22645805; official page] and shares its maturity-gated authority pattern.
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§  2

Governing equations and the formal accountancy problem

THE PLANT TRITIUM BALANCE

The quantity accountancy exists to track is the total mobile tritium inventory  of the plant. Its balance collects breeding, burn,
radioactive decay, and processing/structural losses (BR-L1-A6, BR-L1-A8):

Here  is fixed by the fusion power and the fractional burn-up ; at  the frozen burn rate is

 (BR-L1-A6). The breeding source is  with  the  neutron rate and TBR the net
blanket tritium-breeding ratio. The loss term  is the sum of processing losses and the in-vessel permeation flux integrated over the
first-wall area — the quantity this paper computes.

Writing the fractional loss , the steady-state ( , decay folded into  at leading order) surplus per unit time is

which is the self-sufficiency condition on the net TBR with losses : the plant closes its own fuel cycle when , and exports a surplus

 otherwise. Equation (2) is the top-level ledger the accountancy twin must satisfy; the whole of the transport analysis below
exists to supply  (through the permeation loss) and to bound the in-vessel holdup that  and  contain. The critical break-even ratio
is , so a per-cent-level loss shifts the self-sufficiency threshold by the same per cent.

IN-WALL TRANSPORT: MCNABB–FOSTER DIFFUSION–TRAPPING

The loss and holdup terms are set by hydrogen-isotope transport through the plasma-facing stack. Let  be the mobile (lattice-
dissolved) tritium concentration and  the concentration trapped in trap population . Conservation of mobile tritium with an
implantation source  and trapping/detrapping exchange is the McNabb–Foster system [7]

where  is the Arrhenius lattice diffusivity,  the density of trap  with detrapping energy , and  an attempt
frequency. Equations (3)–(3) are solved on the two-layer domain  with tungsten ( ) facing the plasma on
Eurofer97-class RAFM steel ( ). The implantation source is a narrow band at the near-surface implantation range; for tritium
at first-wall energies the range is a few nanometres, so on the millimetre scale the source is effectively a surface flux .

INTERFACE CONTINUITY AND BOUNDARY CONDITIONS

Tungsten and steel have very different solubilities, so the mobile concentration is discontinuous at the interface while the chemical poten‐
tial is continuous. In the Sieverts (dilute) regime the partial pressure  with solubility , and continuity of
chemical potential across the W/Eurofer interface  reduces to continuity of the Sieverts partial pressure,

implemented in FESTIM as a conservative chemical-potential (chemical_pot) interface. The plasma-side surface ( ) carries the
implantation source and recombinative re-emission; the coolant-side surface ( ) is held at low concentration (fast recombi‐
nation), which is the conservative bound for the permeation flux and is the boundary against which breakthrough is defined.
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STEADY PERMEATION: THE TWO-LAYER SERIES-RESISTANCE LIMIT

At steady state the tritium flux  is uniform through the stack. For each layer  the permeability is  and its perme‐
ation resistance is . In the diffusion-limited implantation regime the layers act as series resistances driven by the implantation
source, and the steady permeation flux is

where  is the fraction of the implanted flux that permeates rather than re-emits. Because tungsten has a far larger  and lower
permeability than Eurofer97 over – , the solubility partition is –  and , so  from below and
the stack is tungsten-diffusion-limited: the Eurofer layer adds negligible resistance. Equation (5) makes the two operational facts explicit:
the steady permeation flux is temperature-independent (the Arrhenius factors of  and  cancel in the diffusion-limited fraction to lead‐
ing order) and exactly linear in the wall load . The finite-element solution is verified against (5) below.

BREAKTHROUGH (LAG) TIME

The transient before the steady flux is established is set by the diffusion time across the rate-limiting tungsten layer. The classical diffusion
(time-lag) result gives a breakthrough time

so the in-vessel inventory settles to quasi-steady within a diffusion time of a burn start. With  and the tungsten diffusivity of
Table 1, (6) predicts  at  and  at  — the fast-settling behaviour that makes the tracked state well-posed rather
than a slowly drifting unknown.

THE ACCOUNTANCY PROBLEM AS STATE ESTIMATION

Given the transport model, accountancy is a filtering problem. Collect the accountancy state  — plant
mobile inventory, retained wall inventory, blanket-resident bred tritium, and processing-line inventory — evolving under the balance (1)
driven by the computed transport fluxes,

with actuator/operating inputs  (fuelling, temperature, pumping), plant diagnostics  (assays, flow meters, ionisation cham‐
bers, calorimetry) observed through  with noise . The two transport terms that are not directly measured —  and the
permeation component of  — enter  through the FESTIM-computed budget of §4. The estimator is a Kalman/observer recursion
on (7); in the linear-Gaussian limit the analysis update is

with  the diagnostic-noise covariance and  the state covariance  [22]. The accountancy closure is the requirement that the

innovation  stay within safeguards tolerance; because  and the permeation loss are supplied by known physics
rather than fitted, the filter tracks a determined state rather than an open unknown.
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§  3

Computational methodology: the GPU-HPC campaign

FINITE-ELEMENT FORMULATION

Equations (3)–(4) are discretised and solved with FESTIM, an open-source finite-element hydrogen-transport code built on the FEniCS
platform  [12,13,14] (serial BR-L2-A25). Multiplying (3) by a test function  and integrating by parts gives the weak form: find

 such that for all ,

with the trapped fields advanced by the pointwise ODEs (3). The domain is meshed with continuous Lagrange ( ) elements on  nodes
graded toward the plasma surface and the W/Eurofer interface, where the concentration gradients are steepest. The Sieverts interface (4)
is imposed conservatively through the chemical-potential formulation, which carries the discontinuous mobile concentration without loss
of flux continuity. Time integration uses backward Euler with adaptive steps; the nonlinear trapping coupling is resolved by a Newton iter‐
ation each step. The quantity of interest here — the steady permeation flux and the steady retained inventory — is obtained from the
steady-state solve, which converged in  of wall time; the fully transient solve to physical steady state was consistent but stiff (adap‐
tive stepping stalled near s), so the steady solver is used for the reported budget and the transient time-lag is taken from the
analytic result (6).

MATERIAL PROPERTIES

The transport coefficients (Table  1) are literature values assembled through the h-transport-materials database. Tungsten uses
Frauenfelder diffusivity and solubility  [6] (the solubility extrapolated below its  fit range, standard practice) with Ogorodnikova-

class intrinsic traps  [8]; Eurofer97 uses the Montupet-Leblond permeation/trapping data  [11], whose –  fit range spans the wall
temperature. No neutron-damage traps are included, which makes the retained inventory a lower bound (§8).

LAYER (SOURCE)  (M  S
) (EV)

 (M PA
) (EV)

TRAPS ( ; DENSITY)

W armour, 

 [6,8]

 eV @ ;  eV @

Eurofer97,  [11]  eV @ 

Hydrogen-transport properties of the first-wall stack used in the FESTIM solve (BR-L2-A25).  is the permeability; the
large tungsten  makes it the rate-limiting layer.

VERIFICATION AGAINST THE ANALYTIC LIMIT

FESTIM is verified against the exact steady two-layer series-resistance solution (5). Across all isothermal cases the code-to-analytic flux
ratio is  to seven significant figures, i.e. the finite-element steady flux reproduces the analytic diffusion-limited limit exactly
within the model; the two-layer resistance ratio evaluates to  (Eurofer negligible). A dedicated TMAP8 code-to-code cross-
check [15] was scoped but the local MOOSE/PETSc build was incomplete, so the independent verification is the analytic solution that the
TMAP verification-and-validation suite itself uses as its reference; this is recorded as an open cross-code item rather than claimed as a
completed second-code run. The independent analytic reproduction is what licenses the permeation loss as exact within the model.
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THE NVIDIA GPU HPC CAMPAIGN

The frozen result set was produced under the Kronos NVIDIA GPU HPC campaign (Lambda fleet, A100/H100/A10), the same campaign
that ran the surrounding neutronics, activation and materials gates so that all fuel-cycle numbers share one provenance chain. The
tritium-transport gate (BR-L2-A25) ran the FESTIM/FEniCS solves — the nominal operating gradient, the isothermal / /
cases, and the wall-load sweep  — as a parameter batch, with the analytic verification evaluated alongside each
solve. The upstream terms of the balance (1) are supplied by codes run on the same fleet: the  source and net TBR by OpenMC
with DAGMC CAD geometry on ENDF/B-VIII.0 data [23,24], and the breeder-zone activation inventory — which underlies the bred-product
separation of §6 — by the ALARA/PyNE/pypact activation chain (BR-L2-A23). GPU acceleration is used for the Monte-Carlo neutron
transport (history-parallel) and for the parameter-batch orchestration; the finite-element transport solves themselves are modest and
complete in seconds per case, so the campaign's value is throughput and one-provenance reproducibility rather than a single large solve.
Every gate is archived with its run path and verdict in the register's reproducibility ledger, and no compute-cost information is part of this
record.

11
§  3  ·  C O M PUTAT I O N A L  M ETH O D O L O GY :  TH E  G PU -H P C  C A M PA I G N



K R O N O S  F U S I O N  E N E R G Y A  R E A L - T I M E  T R I T I U M - A C C O U N TA N C Y  T W I N  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 K  B

§  4

Results: the measured in-vessel tritium budget

THE BUDGET IN ONE TABLE

The FESTIM solve delivers the permeation loss and the retained inventory together (Table 2). These are the two transport quantities the
balance (1) and the estimator (7)–(8) require, and they are computed rather than assumed. Figure  1 shows how they enter the plant
balance.

(Schematic.) The in-vessel tritium balance the accountancy twin closes. Bred tritium is credited to the product ledger; the permeation loss and

the retained wall inventory are debited to the holdup ledger. Directed edges carry the terms of the balance equation (1); no data values are
shown.

CASE PERMEATION FLUX ( ) RETAINED INVENTORY (T M ) BREAKTHROUGH

operating gradient ( )  ( ) –

isothermal  (cold bound)  ( )

isothermal —

isothermal 

FESTIM-computed in-vessel tritium budget for the $§I0.5

µ ²

²
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PERMEATION LOSS: DIFFUSION-LIMITED, TEMPERATURE-INDEPENDENT, LINEAR

The steady permeation flux is  in the nominal operating gradient case, equal to ; only –
 of the implanted flux crosses the wall, with  re-emitted to the plasma. Over a  first wall this is –

passing into structure and coolant — a bounded holdup term for the fuel-cycle balance, small against the kilogram-scale surplus. The
isothermal cases all give  (Figure 2): the diffusion-limited steady flux is temperature-independent, as equation (5)
requires. Sweeping the wall load confirms exact linearity,  (Figure  2). The stack is
tungsten-diffusion- limited: the tungsten permeation resistance exceeds Eurofer's by  over the operating window (Figure 3), so
the two-layer series-resistance ratio is  and the loss term is exact to the analytic limit.

²
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Series permeation resistance  of the tungsten armour and the Eurofer97 layer versus temperature, from the properties of Table 1. Tungsten
dominates by  over – , so the Eurofer layer is a negligible resistance and the stack is tungsten-diffusion- limited, giving the

two-layer resistance ratio .

15
§  4  ·  R E SU LTS :  TH E  M E A SUR E D  I N -VE S S E L  TR IT IUM  BUD G ET



K R O N O S  F U S I O N  E N E R G Y A  R E A L - T I M E  T R I T I U M - A C C O U N TA N C Y  T W I N  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 K  B

RETAINED INVENTORY: STRONGLY TEMPERATURE-DEPENDENT

The retained in-wall inventory is the quantity the estimator must follow, and it is a strong function of wall temperature (Figure 4). On the
operating gradient the wall holds only ; in the cold  isothermal bound the tungsten traps fill and the inventory rises
nearly two orders of magnitude to ; at  it falls to T m  ( ). The high-energy tungsten trap
(detrapping energy ) dominates the retained inventory, so a cold spot holds disproportionately more tritium than a hot one. Two
operational conclusions follow directly: hot-wall operation minimises the held inventory, and the estimator must be temperature-aware,
because the inventory hides where the wall runs cold.

Retained in-wall tritium inventory versus first-wall temperature from the FESTIM solve (BR-L2-A25). Isothermal cases (markers) span nearly
two orders of magnitude across – ; the operating- gradient case (dashed) sits near the hot end at . Hot-wall operation
minimises the held inventory.

µ ²
² µ ²

µ ²
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BREAKTHROUGH: A FAST, WELL-POSED STATE

Breakthrough is fast —  at ,  at  (Figure 5) — so the in-vessel inventory reaches quasi-steady within minutes of a
burn start. The analytic time-lag law (6), evaluated with the tungsten diffusivity of Table 1, reproduces both frozen points (  and ),
confirming that the transient is governed by tungsten lattice diffusion. The twin therefore tracks a fast-settling state rather than a slowly
drifting unknown — a property that matters for a safeguards estimator, which must be able to bound the inventory promptly after any
operating-point change.

Breakthrough (time-lag) time versus wall temperature from equation (6) with the tungsten diffusivity of Table 1. Markers are the frozen FESTIM
check points (  at ,  at ); the analytic curve reproduces both, so the inventory settles within minutes.

CLOSING THE TOP-LEVEL LEDGER: SURPLUS, SELF-SUFFICIENCY, AND START-UP

With the loss term fixed, the self-sufficiency condition (2) can be evaluated against the frozen breeding anchors (Figure  6). At
 the plant exports a surplus of  at net  and  at  (BR-L1-

A6, BR-OUT-1); the per-cent-level permeation loss shifts the break-even ratio only to . The honest-gate lower bound is also
marked: an as-drawn net  makes the plant a net tritium consumer that depletes a  inventory in  (BR-L1-A8),
which is exactly the NO-GO the breeding-lever study resolves by adding a dedicated multiplier layer to reach net 
[doi:10.5281/zenodo.22645706]. The start-up inventory scales with the required reserve horizon (Figure 6): / /  for reserve
times of / /  (BR-L1-A6), with the tritium-plant start-up itself at  and an in-process inventory of  (BR-SX-17).
These are the numbers the balance (1) integrates, and they are what the accountancy twin reconciles against the measured plant state.
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§  5

The accountancy twin

MODULE SET

On the measured budget we specify a real-time in-vessel tritium twin (Table 3). Each module runs the transport and inventory physics live
against plant diagnostics and is admitted to authority only after it closes its balance to safeguards tolerance in simulation — the maturity-
gated pattern of the Kronos control architecture [doi:10.5281/zenodo.22645805], applied to accountancy. Three modules carry the core
balance; two coupled monitors extend it to the corrosion-transported and waste-classification terms that share the same neutronics/acti‐
vation provenance (BR-L2-A23).

MODULE PHYSICS ANCHOR TRACKS ACCEPTANCE TEST

real-time accountancy (BR-
034)

FESTIM permeation (BR-
L2-A25)

full T balance balance closes to safeguards
tolerance

in-vessel inventory estimator

(BR-081)

FESTIM retained inventory held wall inventory inventory within safeguards

tolerance

lithium-6 tracker blanket supply ledger Li-6 enrichment / inventory balance matches supply ledger

corrosion / ACP monitor (BR-
084)

activation transport (BR-
L2-A23)

activated-corrosion-product
inventory

ACP inventory within band

waste-classification twin (BR-
085)

activation R2S (BR-L2-
A23)

component waste class class matches OpenMC/R2S
in sim

The in-vessel tritium accountancy twin. Each module is anchored to a computed result and gated by an explicit closure test; serials refer to the

register [31] and its Phase-1 control workplan.

COUPLING AND THE CLOSURE CONTRACT

The modules are coupled through the balance (1): the accountancy module's closure depends on the inventory estimator's held-inventory
number  and on the permeation loss, while the lithium-6 tracker anchors the breeding side of the ledger so that the tritium
produced can be reconciled against the tritium accounted for. The corrosion and waste-classification monitors do not enter the tritium
balance directly but share its neutronics/activation provenance, so admitting them on the same gate keeps one consistent activation state
behind both the safeguards and the waste ledgers. The acceptance contract is a set of pre-registered inequalities, collected in Table 4: each
module clears a closure test before it is granted authority, and control authority is capped by verification maturity until the test is met (Fig‐
ure 7). Because the mapping from criterion to authority is explicit, the path from a verified estimator to a live safeguards instrument is a
defined, testable sequence rather than an assertion.

CRITERION BAR ANCHOR STATUS

permeation loss exact to analytic two-layer limit BR-L2-A25 demonstrated ( )

retained inventory resolved function of BR-L2-A25 demonstrated ( g–  mg m )

balance closure innovation  safeguards tolerance BR-034 target

inventory closure  tolerance BR-081 target

Li-6 tracking matches blanket supply ledger supply ledger target

ACP monitor inventory within band BR-084 target

waste class matches OpenMC/R2S in sim BR-085 target
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(Schematic.) Verification-maturity gating for the accountancy modules. Each rung admits a higher level of authority and is unlocked by the
pre-registered closure tests of Table 4 (serials annotated). The closure bars are the real, frozen criteria; the authority ladder is a schematic of the

gating policy.
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§  6

Separating product from holdup

Accountancy must not confuse tritium bred as product with tritium held as holdup. The breeder-zone activation inventory (BR-L2-A23)
makes the distinction concrete: at long cooling times the breeder ceramic's residual activity is essentially all bred tritium held in the
lithium ceramic — an artefact of no-purge bookkeeping, since in operation that tritium is the recovered product (He-purge extraction
recovers  at a  pebble residence, giving an in-process ceramic inventory of ; BR-CX-17), not waste. The accoun‐
tancy twin encodes exactly this separation: bred tritium in the blanket is credited to the product ledger and routed to recovery, while the
small permeation term and the trapped wall inventory are debited to the holdup ledger.

The scale separation is what makes the two ledgers reconcilable (Figure 8). The product terms are kilogram-scale — a breeding surplus of
– , a start-up inventory of order , an in-process inventory of . The in-vessel holdup terms are grams and

below — a permeation loss of – , and a retained wall inventory over the whole  first wall of only  on the oper‐
ating gradient (rising to  in the cold bound). Keeping the two ledgers distinct is what lets the balance close simultaneously against
the fuel cycle (which needs the surplus) and the safeguards frame (which needs the holdup bounded); the permeation-barrier wall-chem‐
istry choice that holds the holdup ledger where Figure 8 places it is treated separately [doi:10.5281/zenodo.22645870].

Product versus holdup ledger (log scale). The bred surplus, start-up and in-process inventories (product, green) are kilogram-scale; the
permeation loss and the retained wall inventory (holdup, red) are grams and below. The orders-of-magnitude separation is what makes the two

ledgers independently closable. Values from BR-L1-A6, BR-SX-17 and BR-L2-A25.

²
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§  7

Discussion

AGAINST THE PUBLISHED TRANSPORT AND SELF-SUFFICIENCY LITERATURE

The accountancy case is strong precisely because its two governing numbers are computed rather than fitted. The permeation loss is exact
to the analytic two-layer limit and sits in a regime the transport literature would predict: with tungsten armour the stack is diffusion-limit‐
ed, and the sub-per-cent permeation fraction ( – ) with  re-emission is consistent with the strong recombination-limited
re-emission seen for hydrogen on tungsten [9,10,8]. The retained inventory's temperature dependence — a near-two-order-of-magnitude rise
from a hot to a cold wall, dominated by the  tungsten trap — is the expected signature of high-energy intrinsic traps filling as detrap‐
ping slows, and identifies the operationally useful lever (run the wall hot). At the systems level, the self-sufficiency framing of equation (2)
is the same  condition analysed for DEMO-class plants [16,17]; our contribution is to supply  from a first-principles
in-vessel transport solve and to show that at –  the first-wall permeation term moves the break-even ratio by only ,
so it is not the term that decides self-sufficiency — the net TBR is. This is consistent with the global tritium-supply picture, in which start-
up inventory of order a kilogram, not steady in-vessel permeation, is the binding constraint [18,19].

WHAT THE TWIN ADDS

Relative to a periodic mass-balance audit, the twin turns accountancy into a continuously closed balance. Three properties make that feasi‐
ble here and not in general. First, the tracked in-vessel state is fast: equation (6) and Figure 5 show breakthrough within minutes, so the
estimator never has to extrapolate a slowly drifting hidden inventory. Second, it is well-posed: the loss term is exact and the inventory is a
resolved function of a measured quantity (wall temperature), so the filter (8) assimilates diagnostics against known physics rather than
fitting an open unknown. Third, it is scale- separated: Figure 8 shows the holdup ledger sits orders of magnitude below the product ledger,
so a bounded, computed holdup term cannot corrupt the kilogram-scale surplus accounting. Together these let the twin report a calibrated
inventory with a credible-interval bound, which is what a safeguards frame reads.
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§  8

Limitations

One honest gate bounds the retained-inventory claim: the FESTIM solve omits neutron-damage traps and is therefore a lower bound on
the held inventory. Irradiation-induced traps in tungsten can raise the retained inventory by one-to-two orders of magnitude as displace‐
ment damage accumulates; the twin accommodates this by carrying a damage-dependent trap population that grows with fluence, so the
inventory estimate is conservative until the damage-trap term is folded in. Crucially, the steady permeation loss is unaffected — traps
delay the flux but do not change its steady value — so the loss term, and with it the self-sufficiency bookkeeping of equation (2), stands as
computed while only the inventory estimate carries the damage-trap conservatism. The independent verification of the loss term is analytic
rather than a second code: the TMAP8 cross-check is scoped but not completed, and is recorded as an open cross-code item.
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§  9

Conclusion

The in-vessel tritium budget of a compact spherical-tokamak breeder is a computed, well-posed, fast-settling state. A FESTIM finite-
element solve of the actual  W     Eurofer first-wall stack fixes the permeation loss at  (

, exact to the analytic two-layer limit, temperature-independent and linear in wall load) and the retained inventory at
 on the operating gradient — strongly temperature-dependent and lowest at a hot wall — with breakthrough within – .

Integrated over the first wall the permeation term is – , orders below the –  breeding surplus, so it
moves the self-sufficiency threshold by only . On this measured budget the accountancy twin — a real-time balance, an in-vessel
inventory estimator, a lithium-6 tracker, and coupled corrosion and waste-classification monitors, each gated to close to safeguards toler‐
ance — closes the tritium books live, separating the tritium bred as product from the tritium held as holdup so that one balance satisfies
both the fuel cycle and the safeguards frame.
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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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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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C O L O P H O N

How this document was made

The Kronos Fleet — Combined Editorial, 2026 is set in Fraunces (display), Gelasio (text), and

IBM Plex Mono (data & equations), carried forward from the Kronos editorial design system.

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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https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
https://kronosfusionenergy.com/physics_Validation_Simulation
https://www.youtube.com/playlist?list=PLK7X4NzfmaAQ
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L E G A L  N O T I C E

Notice, status, and distribution

Conceptual design & simulation study. This document reports a conceptual design and simulation study. It is not a construction
commitment, a safety-analysis report, a regulatory filing, or an offer of securities. Forward-looking statements — schedules, costs, market
sizes, and performance — are estimates subject to the limitations set out in the Simulations part and may change.

Numbers and their classes. Quantities are reported with evidence classes and case labels; modelled, assumed, and requirement-class
values are identified as such and are not to be quoted without their labels.

Public edition. This edition carries the physics and design only; all financial, funding, and defense-commercial content has been
removed for public distribution. The scientific text corresponds to the arXiv and journal submissions.

© 2026 Kronos Fusion Energy. All rights reserved. Hyperion, Aegis, and MetroVolt are product designations of Kronos Fusion Energy.

◆
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T

TH E  2026  K R O N O S  S E R I E S

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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https://kronosfusionenergy.com/publications/de-risking-register
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
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A Real-Time Tritium-Accountancy Twin
for a Compact Spherical-Tokamak

Breeder: In-Vessel Inventory, Retention,
and Self-Sufficiency Bookkeeping

A real fusion company building real machines. Explore the science, live.

Zenodo · doi:10.5281/zenodo.22645876

Read on kronosfusionenergy.com

The Physics De-Risking Register
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