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ABSTRACT

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

w deuterium—tritium breeder must know, at all times, where its tritium is: tritium is simultaneously the fuel, the product, and the
A 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 — 0.5 mm tungsten armour on 2 mm Eurofer97-class steel — using a
McNabb—Foster diffusion—trapping model with Sieverts chemical-potential continuity at the interface. The steady permeation loss is
5.16 x 10 Tm2s7! (~ 0.082 g Tm 2 fpy *; 0.52-0.60% of the implanted flux, with ~99.4% 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
8.8 1 g/m? on the operating gradient (800 — 600 K) to 0.42 mg/m?in the cold 600 K bound, and breakthrough is reached within 30-190 s
of a burn start — a fast, well-posed state. Integrated over a ~ 100 m? first wall the permeation term is ~8-10 g T fpy ', negligible against
a per-unit breeding surplus of 1.62—3.82 kg T fpy 1. 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
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NOMENCLATURE

Symbols, units, and the names of things

Q plasma (fusion) gain, Pg,s/Pux

Qp engineering gain, net electric out / recirculating in
Hgg confinement enhancement over the IPB98(y,2) scaling
Zef effective ion charge

Cee electron—electron bremsstrahlung leading coefficient, 2.120022 (exact)
Tp energy confinement time

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK/NOAK/BOAK  first [ n'™ | best of a kind

Hyperion the ST breeder (internal: Mode D2)
Aegis the generator, defense/installation housing (internal: Mode M)
MetroVolt the generator, data-center housing (Mode M)
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Introduction

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 12.32 yr 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 ['>'®'9) and that its mobile in-vessel inventory is bounded well below licensing limits (2%,

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 [#3], Its frozen design point is Q = 3.076, fusion power Pgy = 85.04 MW, plasma current I, = 9.66 M A, negative triangularity
6 = —0.30, on-axis field By = 8 T, elongation k£ = 2.0, major radius Ry = 1.20 m, aspect ratio A = 2.5, and a consumable centrepost at a
peak field of 16.84 T Negative triangularity is chosen for good confinement without an edge pressure pedestal [45'; 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 Py,s = 85.04 MW the plant burns 4.769 kg 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 '°' and the McNabb—Foster diffusion—trapping formalism 7’ underpin essentially all
first-wall retention modelling ['°); deuterium-retention measurements in tungsten established the intrinsic-trap populations used here [*),
and permeation and trapping in Eurofer97 have been characterised over the relevant temperature window ). These data are now assem-
bled into open finite-element transport codes — FESTIM, built on the FEniCS finite-element platform [>'3'4] and the INL systems code
TMAP 5! — 5o 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 [1¢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 ?’/ — 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 [3!/, 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 Yormal accountancy problem

THE PLANT TRITIUM BALANCE

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

dIr
dt

. . . In2
= Nbred — Noun — ArI7 — Nioss, Ar = ;, t1/2 = 12.32yr.
1/2
Here Niun = Prus /(Ept f5) is fixed by the fusion power and the fractional burn-up fp; at Pg, = 85.04 MW the frozen burn rate is
Ny = 4.769 kngpy_1 (BR-L1-A6). The breeding source is Nizea = TBR - N,, with N,, the 14 MeV neutron rate and TBR the net
blanket tritium-breeding ratio. The loss term N 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 € = Nioss / Nired, the steady-state (dI7/dt = 0, decay folded into € at leading order) surplus per unit time is

S = Nopun [TBR(1—¢€)—1] = Npum A, A=TBR(1—-¢)—1 >0

which is the self-sufficiency condition on the net TBR with losses &: the plant closes its own fuel cycle when A > 0, and exports a surplus
S = NpumA 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 Niggs and Iy contain. The critical break-even ratio
is TBR, = 1/(1 — ¢), 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 ¢;,(z,t) be the mobile (lattice-
dissolved) tritium concentration and ¢;;(x,t) the concentration trapped in trap population é. Conservation of mobile tritium with an
implantation source I'(, t) and trapping/detrapping exchange is the McNabb—Foster system |7/

ocn Oeti

7 = V(D(T) VCm) aF F((E,t) - 21: ot ’

ey = yge PailksT ¢ (ni — ct5) — o e ZrilksT ¢, ;.
ot — ’ ’

trap rate k; detrap rate p;

where D(T) = Dg e~ Zp/k3T is the Arrhenius lattice diffusivity, n; the density of trap 4 with detrapping energy E,;, and vy an attempt
frequency. Equations (3)—(3) are solved on the two-layer domain € [0, Lw + Lg| with tungsten (Lw = 0.5 mm) facing the plasma on
Eurofer9g7-class RAFM steel (Lg = 2 mm). 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 p = (¢, /S)? with solubility S(T') = Sy e~Zs/k8T | and continuity of
chemical potential across the W/Eurofer interface £ = Ly reduces to continuity of the Sieverts partial pressure,

2 2
(2)_(5) L sw(@
Sw(T) S&(T) cE ~ Se(T)’
implemented in FESTIM as a conservative chemical-potential (chemical_pot) interface. The plasma-side surface (z = 0) carries the

implantation source and recombinative re-emission; the coolant-side surface (x = Lw + Lg) 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.



STEADY PERMEATION: THE TWO-LAYER SERIES-RESISTANCE LIMIT

At steady state the tritium flux J is uniform through the stack. For each layer j the permeability is P;(T) = D;(T) S;(T) and its perme-
ation resistance is R; = L;/P;. In the diffusion-limited implantation regime the layers act as series resistances driven by the implantation
source, and the steady permeation flux is

J - R, R — Rw _ Lw/Pw
Ly’ P Rw + Rg Lw/Pw+ Lg/Px’

where Ry, is the fraction of the implanted flux that permeates rather than re-emits. Because tungsten has a far larger Ep + Eg and lower
permeability than Euroferg7 over 600—800 K, the solubility partition is Sw/Sg ~ 107*~107° and Rw > R, so R, — 1 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 D and S 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

Ly Ly
™ = $Dw(T) _ 6Dow

eEpw/kBT
7

so the in-vessel inventory settles to quasi-steady within a diffusion time of a burn start. With Lw = 0.5 mvm and the tungsten diffusivity of
Table 1, (6) predicts T ~ 192 8 at 600 K and 29 s at 800 K — 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 z = (It, Iyan, Tout, Ipmc)T — 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,

T = f( Z, U, T)a Y = H Tk + Nk
with actuator/operating inputs u (fuelling, temperature, pumping), plant diagnostics yr, (assays, flow meters, ionisation cham-
bers, calorimetry) observed through H with noise Nk The two transport terms that are not directly measured — Iy, and the
permeation component of Niges — enter f through the FESTIM-computed budget of §4. The estimator is a Kalman/observer recursion

on (77); in the linear-Gaussian limit the analysis update is

K= P H( H P H+ R, Yoy = ot K( w- H =), Pr=( I- Ky H) P,
with R the diagnostic-noise covariance and P, the state covariance 2, The accountancy closure is the requirement that the
innovation Yk — H x,, stay within safeguards tolerance; because Iwan and the permeation loss are supplied by known physics

rather than fitted, the filter tracks a determined state rather than an open unknown.



§ 3

Computational methodology: the GPU-TPC 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 [121314] (serial BR-L2-A25). Multiplying (3) by a test function w € H'() and integrating by parts gives the weak form: find
cm € H(Q) such that for all w,

Oct
/ac—mwda:—i—/D(T)ch-dem—i—Z/ iwdx=/rwdx+/ D(T) (Ven-  m)wds,
q Ot Q —~ Jo Ot Q oy

with the trapped fields advanced by the pointwise ODEs (3). The domain is meshed with continuous Lagrange (P;) elements on 573 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 ~25 s of wall time; the fully transient solve to physical steady state was consistent but stiff (adap-
tive stepping stalled near t ~ 9 x 10*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 ' (the solubility extrapolated below its 1100 K fit range, standard practice) with Ogorodnikova-

class intrinsic traps [*!; Euroferg7 uses the Montupet-Leblond permeation/trapping data ['', whose 473-673 K fit range spans the wall
temperature. No neutron-damage traps are included, which makes the retained inventory a lower bound (§8).

LAYER (SOURCE) Dy, (M? s71  Ep Sp (M~3pA~Y2  Eg TRAPS (E,; DENSITY)
) (EV) ) (EV)
W armour, 0.5 mm 41 % 1077 0.390 8.88 x 10% 1.041 0.87eV@1.3 x 1073;1.00eV @
(6,81 4x10*
Eurofer97, 2 mm [11] 2.52x 1077  0.160 1.06 x 10% 0.27 0.80eV@1 x 1074

Hydrogen-transport properties of the first-wall stack used in the FESTIM solve (BR-L2-A25). P = DySp e~ (ED+Eg)/kpT jg the permeability; the
large tungsten Ep + Eg 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 1.000000 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 R, = 1.000000 (Eurofer negligible). A dedicated TMAP8 code-to-code cross-
check "5 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.

10



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 600/700/800 K
cases, and the wall-load sweep ¢ = 102° —+10% Tm~2s~! — 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 14 MeV source and net TBR by OpenMC
with DAGMC CAD geometry on ENDF/B-VIIIL.0 data [?3%4] 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
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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.

In-vessel tritium accountancy: product vs. holdup

implant
First wall Bla11ke1.:
W/Eurofer stack (breeding Nyeq)

Permeation ~ Retained
loss J. in-wall inventory
e Tgan (T)

T extraction
(He purge ~ 98%)

Accountancy twin
df]"fdt - I‘:'Tl';r'ecl - P:‘rhurn - ATIT - Nloss..

bred T — product ledger | permeation + wall inventory — holdup ledger

Tm2s1 ]
operating gradient (800—600K)  5.16 x 10 1.75 x 108 (8.8 ug/m?) ~30-190 s
isothermal 600 K (cold bound) 6.00 x 10 8.38 x 10'° (0.42mg/m>) ~190s
isothermal 700 K 6.00 x 10 6.2 x 10'8 —
isothermal 800 K 6.00 x 10 9.5 x 107 ~30s

12



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

The steady permeation flux is 5.16 x 10 Tm2s~! in the nominal operating gradient case, equal to 0.082 g Tm 2 fpy~!; only 0.52—
0.60% of the implanted flux crosses the wall, with ~99.4% re-emitted to the plasma. Over a ~ 100 m? first wall this is ~8-10gT fpy_1
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 6.00 x 104 Tm 251 (Figure 2): the diffusion-limited steady flux is temperature-independent, as equation (5)
requires. Sweeping the wall load confirms exact linearity, ¢ = 102! Tm—2s~! = J = 6.00 x 10'®* Tm~2s~! (Figure 2). The stack is
tungsten-diffusion- limited: the tungsten permeation resistance exceeds Eurofer's by ~3 x 10 over the operating window (Figure 3), so
the two-layer series-resistance ratio is 1.000000 and the loss term is exact to the analytic limit.

13



lel4 Diffusion-limited flux is temperature-indep

J=¢R,/Ly (implantation-driven, W-limited)
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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 ~8.8 x g/m?; in the cold 600 K isothermal bound the tungsten traps fill and the inventory rises
nearly two orders of magnitude to 0.42mg/m? at 800 K it falls to 9.5 x 10 Tm—2 (~4.8 ug/m?). The high-energy tungsten trap
(detrapping energy 1.0 eV) 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.

Held inventory is strongly temperature-dependent (BR-L2-A25)
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BREAKTHROUGH: A FAST, WELL-POSED STATE

Breakthrough is fast — ~ 190 s at 600 K, ~ 30 s at 800 K (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 (192 s and 29 s),
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 within minutes: a fast, well-posed state

— 7y = Ly /6Dy (T)
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~190 s at 600 K, ~ 30 s at 800 K

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
Niurn = 4.769 kngpy_1 the plant exports a surplus of 1.62 kngpy_1 at net TBR = 1.34 and 3.82 kngpy_1 at TBR = 1.80 (BR-L1-
A6, BR-OUT-1); the per-cent-level permeation loss shifts the break-even ratio only to TBR, =~ 1.002. The honest-gate lower bound is also
marked: an as-drawn net TBR = 0.742 makes the plant a net tritium consumer that depletes a 2 kg inventory in 1.49 yr (BR-L1-A8),
which is exactly the NO-GO the breeding-lever study resolves by adding a dedicated multiplier layer to reach net TBR > 1.05
[doi:10.5281/zenodo0.22645706]. The start-up inventory scales with the required reserve horizon (Figure 6): 2.38/4.77/9.54 kg for reserve
times of 0.5/1/2yr (BR-L1-A6), with the tritium-plant start-up itself at ~1.07 kg and an in-process inventory of ~675 g (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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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- FESTIM permeation (BR- full T balance Iy balance closes to safeguards
034) L2-A25) tolerance

in-vessel inventory estimator
(BR-081)

lithium-6 tracker

corrosion / ACP monitor (BR-
(11:79)

waste-classification twin (BR-

FESTIM retained inventory

blanket supply ledger

activation transport (BR-
L2-A23)

activation R2S (BR-L2-

held wall inventory Iyan(T)

Li-6 enrichment / inventory

activated-corrosion-product
inventory

component waste class

inventory within safeguards
tolerance

balance matches supply ledger

ACP inventory within band

class matches OpenMC/R2S

085) A23) 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 3 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 Iy (7)) 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 (R, = 1.000000)
retained inventory resolved function of T° BR-L2-A25 demonstrated (8.8 ug—0.42 mg m~2)
balance closure innovation < safeguards tolerance BR-034 target

inventory closure | jwall — Iwa.lll < 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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full authonityie class matches R2S; HIL confirmation (BR-085)

bounded Li-6 tracker matches supply ledger; ACP band (BR-084)

supenrised inventory within safeguards tol. (BR-081)

balance closes to safeguards tol. in sim (BR-034)

shadow-only transport + inventory run offline against logs
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8§ 6

Separating product irom 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 ~98% at a ~10.9 hour pebble residence, giving an in-process ceramic inventory of ~4.8 g; 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
1.62-3.82 kg T fpy !, a start-up inventory of order 1 kg, an in-process inventory of ~675 g. The in-vessel holdup terms are grams and
below — a permeation loss of 8—10 g T fpy 1, and a retained wall inventory over the whole 100 m? first wall of only ~0.9 mg on the oper-
ating gradient (rising to ~42mg 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 vs. holdup: in-vessel holdup is orders below the surplus

bred surplus
(TBR 1.80)

bred surplus ] 5 5
(TBR 1.34) | : | 1.62e+03 ¢

__startup 1.07e+03 g
inventory ] : :

in-process
inventory

permeation
loss / fpy

retained wall
inv. (100 m?2, cold)

retained wall

inv. (100 m?, hot)
green = product ledger | red = holdup ledger

10-3 102 10! 109 10! 102 103
tritium mass (g, log scale)
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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 (0.52—0.60%) with ~ 99.4% re-emission is consistent with the strong recombination-limited
re-emission seen for hydrogen on tungsten ['%8), The retained inventory's temperature dependence — a near-two-order-of-magnitude rise
from a hot to a cold wall, dominated by the 1.0 eV 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 A = TBR(1 — &) — 1 condition analysed for DEMO-class plants !'*'7); our contribution is to supply ¢ from a first-principles
in-vessel transport solve and to show that at ~8-10 g T fpy * the first-wall permeation term moves the break-even ratio by only ~0.2%,
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 ['®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 TMAPS cross-check is scoped but not completed, and is recorded as an open cross-code item.
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g§ 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 0.5mm W+ 2mm Eurofer first-wall stack fixes the permeation loss at 5.16 x 104 Tm=2s~1 (
0.082 g Tm 2 fpy *, exact to the analytic two-layer limit, temperature-independent and linear in wall load) and the retained inventory at
8.8 1g/m? on the operating gradient — strongly temperature-dependent and lowest at a hot wall — with breakthrough within 30-190 s.
Integrated over the first wall the permeation term is ~8-10 g T fpy !, orders below the 1.62-3.82kgT fpy ! breeding surplus, so it
moves the self-sufficiency threshold by only ~0.2%. 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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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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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.
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