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ABSTRACT

Environmental Profile, Accident Analysis and the Tritium
Satety Case tor a Multi-Kilogram Breeder Plant: Source
Terms, Dispersion and Emergency-Planning-Zone Sizing

usion's radiological advantages are real, but a credible safety case must bound them: name the dominant hazard, propagate a defen-
F sible source term through the atmosphere, and translate the result into an emergency-planning distance a regulator can act on. We

build that chain end-to-end for the Hyperion compact spherical-tokamak (ST) breeder (design point @ = 3.076, Pg,s = 85.04 MW,
I, = 9.66 M A, negative triangularity 6 = —0.30, By = 8T, elongation & = 2.0, major radius Ry = 1.20m, aspect ratio A = 2.5, centre-
post peak field 16.84 T') and, where relevant, its distinct D-3He tandem-mirror burner (Qg = 1.318, neutron fraction f, = 5.44%, plug
field 26.49 T'). The dominant radiological hazard is the mobilizable tritium inventory. From the frozen fuel-cycle model the standing pools
are a 4.8 g blanket extraction inventory, a ~ 675 g processing in-process inventory and a ~ 1.07 kg startup charge; first-wall permeation is
bounded at 0.082 g/m>fpy (0.52-0.60% of the implanted flux) by a validated diffusion—trapping calculation. We derive the accident
source term as a barrier-attenuated fraction of these pools, transport it with a ground-level Gaussian-plume solution of the advection—
diffusion equation using Briggs open-country dispersion coefficients, and convert time-integrated air concentration to committed effective
dose through the ICRP HTO coefficient with skin absorption. Solving the dose contour for the US EPA 10 msievert evacuation protective-
action guide, the emergency-planning-zone (EPZ) radius is sub-kilometre for the realistic design-basis release (0.69 km for a fully oxidized
4.8 g blanket pool under bounding F/2 m/s weather, collapsing to 0.15 km under neutral D/5 m/s weather) and reaches only 3.6 km for a
conservative 67.5 g release — in every case far inside the 16 km generic power-reactor plume EPZ. Separately, there is no meltdown mecha-
nism by construction: the plasma stores only 16.06 MJ (= 3.8 kg TNT), the fusion rate o< n2 (ov) quenches on the loss of any confinement
condition, and post-shutdown decay heat (< 62 W /kg at one year) is passively rejected. Activation, computed by 3-D Monte-Carlo trans-
port with rigorous-two-step shutdown-dose mapping, keeps all structural streams at or below US NRC 10 CFR 61 Class C with no long-
lived isotope beyond a century's half-life; the copper centrepost is the one impurity-limited stream, handled as a scheduled consumable.
Operationally the plant emits zero direct CO5 and sits in the 10-30 published life-cycle class. This is a design-basis safety analysis, not a
licensed safety analysis report; every headline number is a frozen anchor in the Kronos Physics De-Risking Register, and the one open item
— a bill-of-materials life-cycle inventory — is stated honestly.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645754 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: fusion safety tritium accident source term atmospheric dispersion emergency planning zone

activation and waste decay heat passive safety 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)



8§ 1

Introduction

A SAFETY CASE MUST BOUND, NOT ASSERT

Every fusion programme states, correctly, that its plants cannot melt down, hold no fission-product inventory and retire to low-level waste.
These claims are true, but a claim is not a safety case. A safety case names the hazards that actually exist, quantifies each with a defensible
model, transports the dominant one to the fence line, and turns the answer into a decision a regulator can make — how far, if at all, must
emergency planning extend. For a deuterium—tritium (D-T) fusion plant the dominant radiological hazard is unambiguous: it is the mobi-
lizable tritium inventory, because tritium is volatile, biologically mobile as tritiated water (HTO), and present in gram-to-kilogram quanti-
ties V%3], Everything else — activation of the structure, occupational dose, stored energy — is a secondary or purely on-site concern. This
paper bounds the tritium hazard first, then closes the secondary hazards, then states the environmental profile, for the Hyperion compact
spherical-tokamak (ST) breeder and its distinct D—*He tandem-mirror burner.

WHY A COMPACT ST BREEDER IS A FAVOURABLE SAFETY SUBJECT

Hyperion confines I, = 9.66 M A at a major radius of only Ry = 1.20m behind a centrepost magnet peaking at 16.84 T', in a negative-
triangularity (§ = —0.30) regime, and produces Pry = 85.04 MW at @ = 3.076 [4?3], The compactness is a safety asset for three reasons.
First, the fusion power is sub-100 MW, so the neutron source strength, the activation loading and the decay-heat inventory scale down
with it. Second, the in-vessel fuel inventory is only seconds of burn (particle confinement time 7, = 2 s), so a loss of control extinguishes
the plasma rather than escalating it. Third, the design closes the fuel cycle by direct internal recycling rather than by a large buffered store,
which is the single most important choice for minimizing the mobilizable source term 24, The burner is even more favourable radiologi-
cally: its D—3He reaction is ~90% aneutronic, with a parasitic neutron fraction of only f,, = 5.44% — an order of magnitude below D-T —
so the power-plant activation and tritium terms fall accordingly.

PRIOR ART AND THE GAP

Fusion safety and environmental analysis is a mature field. The ITER project established the modern methodology: mobilizable-inventory
accounting, MELCOR-based accident source terms, and demonstration that even bounding releases keep off-site dose below evacuation
guides 23], The European power-plant conceptual studies (PPCS) and ARIES sequence extended this to commercial plants and to the life-
cycle and waste-clearance picture [9%7!, Activation and shutdown dose are computed with Monte-Carlo neutron transport and inventory
codes 11998 tritium retention and permeation with diffusion—trapping solvers "2/, and atmospheric transport with the Gaussian-plume
machinery of Pasquill, Gifford and Briggs that underlies regulatory dispersion practice ['3'415] 'What is missing is a single, self-consistent
chain for a specific compact ST breeder that (i) takes the mobilizable source term from a frozen, reproduced fuel-cycle model rather than a
generic assumption, (ii) propagates it through an explicit dispersion-and-dose calculation, (iii) turns the result into an emergency-plan-
ning-zone (EPZ) radius against a named protective-action guide, and (iv) closes the secondary hazards — decay heat, activation, waste, life
cycle — at the same frozen design point. This paper supplies that chain.

CONTRIBUTION

We contribute: a formal multi-compartment source-term model with the barrier-attenuation factorization written as equations (§2.1); the
Gaussian-plume reduction of the advection—diffusion equation and the HTO dose integral, with the EPZ defined as a root of the dose
contour (§2.2—§2.3); the walk-away energy balance and the activation-decay/waste-index formalism (§2.4—§2.5); the numerical formula-
tion and the NVIDIA GPU HPC campaign that produced the underlying transport, activation and permeation results (§3.1-§3.2); eight
data figures and supporting tables computed from the frozen anchors (§4); a quantitative comparison to the ITER, DEMO and ARIES
safety and waste literature (§5); one honest open item (§6); and the licensing consequence (§7). Every quantitative claim traces to a frozen

result in the Kronos Physics De-Risking Register 2%; serial identifiers (e.g. BR-SX-17) are given inline so each number is auditable.



§ 2

Governing equations and the Yormal problem

THE MOBILIZABLE-TRITIUM SOURCE TERM

The plant tritium inventory is partitioned across compartments k € {plasma, first wall, blanketpool, processing, storage}, each holding
an inventory I(t) governed by the fuel-cycle balance
In2

di;
G 2}: (¢jok — broj) — Ardi + Sk, AT = E,

t12 = 12.32,

with inter-compartment flows ¢;_x, radioactive decay ArIx and net sources Sk (breeding gain minus burn). The steady solution of equa-
tion (1) is reported in the companion fuel-cycle work [*4); here we carry its frozen outputs as the load-bearing safety inputs (table 1, serials
BR-L1-A6, BR-SX-17, BR-CX-17): a blanket extraction pool my,; = 4.8 g, a processing in-process inventory mpyrc ~ 675 g, a startup charge
~ 1.07 kg, and a daily burn throughput of 13.1 g/dayz against a net production of 3.79 kg/yr.

For an accident, what matters is not the total inventory but the fraction that can mobilize into the atmosphere. We write the mobilizable
mass in compartment k as m,;'mb = XkIr, where xj is the mobilizable fraction (the portion in a volatile, releasable form, dominated by
HTO). The activity that reaches the environment through the confinement barriers is

m ArN.
Q= Ay (Hle (1- ﬂi)) mipe®, Agp = ilTA = 3.56e14 Bq/g,

fr
where Agp is the specific activity of tritium, #; is the retention efficiency of the é-th of N; barriers, and fg = [[;(1 — #;) is the aggregate
release fraction (figure 1). Two barriers dominate: permeation control at the blanket—coolant boundary, with a required permeation-reduc-

tion factor PRF & 2000 [%4%7), and the detritiated secondary confinement of the tritium plant. The chemical form is decisive: HTO is ~10*
times more radiotoxic on inhalation than elemental HT !'7), so we conservatively assume the released tritium is fully oxidized to HTO. The
source term of equation (2) is thus specified by a released HTO mass mg = fr m™°®; we sweep mpg over the anchor pools of table 1 and

report the resulting family (§4).



Tritium confinement barriers and the mobilizable source term

Primary: fuel in Blanket HTO pool Processing plant
plasma + first-wall =48gat700°C = 675 g in-process
(seconds of burn, 1, =2 s) (BR-CX-17) (BR-SX-17)

Barrier 1: permeation Barrier 2: detritiation
control + coatings + secondary confinement
(PRF = 2000) (release fraction fg)

Mobilizable HTO source term
Q = fra Mmep Asp (BQ)
Asp=3.56x 10 Bqg?!

{Schematic.) Each barrier multiplies the retained fraction; only fammo, reaches the atmosphere.
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ATMOSPHERIC TRANSPORT: FROM ADVECTION-DIFFUSION TO THE GAUSSIAN PLUME

The dispersal of a passive scalar of concentration C( z,t) in a turbulent boundary-layer wind u obeys the advection—diffusion
equation

oc

E-I_ U-VC=V-( KVC)-FSre]—)\TC,
with eddy-diffusivity tensor K and a release source St. For a steady point release of rate Q at height h into a homogeneous mean
wind u = (u, 0,0) with constant transverse diffusivities, the Gaussian-plume solution of equation (3) '3'4'% ig

Q Yy (z—h)? (z+ h)?
Clz,y,2) = ———ex (— —) [ex (— —) +ex (— —)]
(2,3,2) 2muoyo, P 202 P 202 P 202 ’

where the second bracketed term enforces total reflection at the ground (z = 0) and oy(z), o,() are the crosswind and vertical plume
standard deviations. For the bounding case of a ground-level release (h = 0) evaluated on the plume centreline (y = 0,2z = 0),
equation (4) collapses to

c 1

0 muoy(@)o(z)’

For a total release of activity Q (Bq) the time-integrated ground-level air concentration (TIC, in Bqsm™3) at downwind distance z is
therefore

Q

T e @)



The dispersion coefficients follow the Briggs open-country (rural) parameterization ">, which for neutral stability class D and stable
class F reads

dassD: o — 0087 ; 0.06 z
. [ s —) z = )
V1+10"4z V1+1.5x 103z
0.04z 0.016 2

classF: o, =

B — o)== —m78MM
1/1—|—10_4:c, ? 1+3><10_4:17’

with ¢ and ¢ in metres. Class F with a low wind speed u = 2m/s is the standard conservative pairing for consequence assessment (slow
dilution, narrow plume); class D with u = 5 m/ s represents typical neutral conditions.

FROM AIR CONCENTRATION TO COMMITTED DOSE AND THE EPZ

For HTO the committed effective dose from a plume passage is dominated by inhalation, augmented by dermal absorption of water
vapour. With adult reference breathing rate B (m?3/s), inhalation dose coefficient e, (sievert/Bq) and a skin-absorption multiplier kg,
the committed effective dose at distance g is

Q B einh kskin

D(z) = TIC(z) B €inh kskin = Two (@) 0x(@)

We take the ICRP member-of-public values emn = 1.8e — 11 sievert/Bgq (HTO), kgin = 1.5 (dermal absorption adds ~50% to the

inhalation dose) and B = 1.2m3/hour = 3.33e —4m3/s 78] giving a lumped conversion B en ksiin = 8.99¢ — 15 sievert per
Bqsm™3. The emergency-planning-zone radius is then defined as the outermost distance at which the committed dose falls to a protec-
tive-action threshold Dpag,

rgpz = sup{z > 0: D(z) = Dpacg}, Dpac = 10msievert (EPA early-phase evacuation PAG),

with a secondary reference at the 1 msievert public annual limit ['*'®), Because D(z) is monotone decreasing beyond the near field, equa-
tion (9) has a unique root that we obtain numerically (§3.1). Note the two conservatisms built into equation (8): a ground-level release with
no plume rise or building-wake dilution, and no credit for radioactive decay, dry/wet deposition or plume depletion between source and
receptor — each of which would only reduce the computed dose.

WALK-AWAY ENERGETICS: WHY THERE IS NO MELTDOWN

The “no meltdown” claim is an energy-balance statement, not an assertion. Two conditions suffice. First, no self-sustaining energy source
survives loss of control: the volumetric fusion power density pgys < npnsg,{(ov)(T") (D-T analogously) depends on the simultaneous pres-
ence of density, temperature and confinement, so the loss of any one drives pg;s — 0 on the confinement timescale; there is no critical
mass and no chain reaction. Second, the residual decay heat must be rejectable by passive means. After shutdown the structural decay
power per unit mass is

§(t) =) e Agje ™,
7

the activity spectrum of equation (12) weighted by per-decay energies £;. Coolability requires that the passively rejected power exceed g at
the peak, i.e. that a component of mass m,, area A., emissivity € reach a steady temperature T} satisfying the radiative balance

me q(t) < €osB Ac (T;l - Tailb)a

with ogp the Stefan—Boltzmann constant. The walk-away criterion is that the thermal time constant greatly exceed any operator-action
timescale, Tihermal > Toperator> SO that 1o active intervention is required. Section 4 evaluates equations (10)—(11) against the frozen decay-
heat anchors.

ACTIVATION DECAY AND THE WASTE-CLASSIFICATION INDEX

Neutron activation of a component produces a mixture of radionuclides j whose specific activity decays as

In2
Alt) =) Age ™, A= ,
zj: ! Tty

so that a material set whose transmutation products all have short half-lives returns to hands-on or clearable levels in decades. Regulatory
waste classification under US NRC 10 CFR 61 is a sum-of-fractions index over the regulated nuclides,

9



i(t
I(t)= Z %E}L) < 1 = Class C (near-surface disposable),

i [

with Cj the concentration of nuclide ¢ and C’iCL its Class-C limit; Z > 1 across the whole table would route a stream to greater-than-Class-
C (GTCC). The clearance criterion is the analogous index against clearance limits. Equations (12)—(13) are evaluated from the Monte-Carlo
transport-plus-inventory calculation of §3.2 and reported in §4.

10



§ 3

Computational methodology

NUMERICAL FORMULATION

The safety chain couples several solvers, each verified independently.

Source-term ODE. The compartment balance (1) is integrated with an implicit (backward-Euler / LSODA) stiff solver because Ay and the
fast processing flows differ by many orders of magnitude; steady states are confirmed by residual ||dI/dt||, < 1079 of the throughput.

Dispersion and dose. Equations (6)—(8) are evaluated on a logarithmic downwind grid of 4 X 104 points spanning 10 m—100 km; the EPZ
root of equation (9) is found by bisection on the monotone far-field branch to a relative tolerance 10~4 The dispersion coefficients (7)—(7)
are validated against tabulated Pasquill-Gifford curves to within plotting accuracy. A Monte-Carlo meteorological ensemble draws
(stability class, u, release fraction) from their joint distribution to propagate the source-term and weather uncertainty onto the EPZ
radius; the reported contours are the bounding (F/2) and typical (D/5) percentiles of that ensemble.

Neutron transport and activation. The activation source of equation (12) is a rigorous-two-step (R2S) coupling: a 3-D continuous-energy
Monte-Carlo transport solve on the CAD-faithful breeder model tallies a 175-group VITAMIN-J neutron spectrum in each cell (serial BR-
L2-A23, 20 x 2 x 10* histories, normalized to Py = 85.04 MW), which drives a pointwise inventory/decay calculation to give the space-
and time-resolved specific activity, decay heat and shutdown dose. Convergence is checked by tally statistical error below 5% in the first-
wall and breeder-zone cells and by halving the mesh.

Permeation. The steady tritium permeation flux is obtained from a McNabb—Foster diffusion—trapping model with a Sieverts interface on
the 0.5mm W /| 2mm RAFM first-wall stack (serial BR-L2-A25), verified against the exact two-layer analytic steady solution to seven
significant figures.

THE NVIDIA GPU HPC CAMPAIGN

The quantitative backbone of this paper is a set of frozen results produced on the Kronos NVIDIA GPU HPC campaign; the fast analytic
layers (source-term ODE, dispersion/dose sweep, walk-away balance) run on the in-house digital-twin node, while the transport-heavy
layers run on the GPU fleet. The codes exercised for the numbers used here are:

OpenMC ['°! — continuous-energy Monte-Carlo neutron transport on the CAD-faithful (DAGMC) breeder geometry, GPU-accelerated
event-based transport, for the flux spectra that drive activation and shutdown dose (BR-L2-A23, BR-L1-A10). Problem scale: 0(105) CAD
surfaces, 175-group tallies over the first-wall, blanket and centrepost cells, ~4 x 10° history batches for < 5% tally error.

FISPACT-II / PyNE-class inventory '°! — pointwise depletion and decay (equations 12, 13) on the R2S spectra, giving the specific-
activity trajectories and the 10 CFR 61 index.

FESTIM / TMAP-class !'?! — finite-element McNabb—Foster permeation (equation-of-state for trapping), for the first-wall permeation
source term (BR-L2-A25).

The KRONOS fuel-cycle toolkit — the compartment ODE (1) for the inventory ledger (BR-L1-A6, BR-SX-17, BR-CX-17).

The dispersion / dose / EPZ solver of this paper — equations (6)—(9) and the Monte-Carlo meteorological ensemble, run on the
digital-twin node; the figure-generation script is deposited with the paper. itemize

The GPU fleet is used purely as a physics accelerator; no economic, cost or business quantity enters this analysis. Reproducibility rests on

[22]

the frozen serials: each headline number is an anchor in the register '**/, and the transport, inventory, permeation and dispersion results

are regenerable from the archived inputs and the deposited script (§7).

11



§ 4

Results

THE TRITIUM INVENTORY LEDGER AND THE SOURCE TERM

Table 1 and figure 2 collect the frozen tritium pools. The design deliberately keeps the mobilizable inventory small: the blanket extraction
pool is only 4.8 g (He-purge recovery ~98%, 700 °C pebble residence 10.9 hour, serial BR-CX-17), and first-wall permeation is bounded
at 0.082 g/m?fpy — 0.52-0.60% of the implanted flux, with 99.4% re-emitting to the plasma side (serial BR-L2-A25). The processing in-
process inventory (~675 g) and the startup charge (~1.07 kg) are the larger pools, but they sit behind the detritiated secondary confine-
ment and are mostly in bound or elemental (HT) form. The burner's mobile HTO inventory is only ~ 3.6 g, roughly 275x smaller than a
D-T machine of comparable output (serial MV-CX-29), because its D—®He reaction generates little tritium and burns most of what it does.

QUANTITY VALUE ROLE SERIAL
daily burn throughput 13.1 g/dayx flux, not inventory BR-SX-17
net production 3.79kg/yr fuel-cycle output BR-L1-A6
blanket extraction pool 48g mobilizable (HTO) BR-CX-17
processing in-process inventory ~675¢g mobilizable (mostly HT) BR-SX-17
startup charge ~ 1.07 kg bounding pool BR-SX-17
first-wall permeation 0.082 g/m2fpy loss term (0.52—0.60%) BR-L2-A25
required PRF (barrier) =~ 2000 confinement target BR-SX-17
burner mobile HTO inventory ~3.6g ~ 275X below D-T MV-CX-29

Frozen tritium inventory ledger (breeder unless noted). Serials refer to the register (2. Pools marked “mobilizable” set the accident source term

through equation (2).

12



Breeder tritium inventory ledger (frozen anchors)

mobilizable poaol
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in-process pool per fpy (HTO, 3.6 q) throughput
(675 g) (4.8 9) (8-10 g) (13.1 g/d)

4.8g 6759
The accident source term follows from equation (2). With A = 3.56e14 Bg/g, a released HTO mass of 4.8 g (a fully oxidized blanket

pool) is @ = 1.71el5 Bg, and 67.5 g (a conservative 10% release of the processing inventory) is @ = 2.40e16 Bq (figure 3). These are the
values transported in the next subsection.
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Q = frRMmob Asp fr€ {0.01,0.1, 1.0}

DISPERSION AND OFF-SITE DOSE

Figure 4 plots the ground-level dilution factor x/@ of equation (5) against downwind distance for the bounding (F, 2m/s) and typical (D,
5m/s) weather classes; the stable low-wind case dilutes an order of magnitude more slowly, as expected. Convolving with the source term
through equation (8) gives the committed-dose curves of figure 4. Under the bounding F/2 weather the fully oxidized 4.8 g blanket release
produces 5.2 msievert at 1 km and 0.92 msievert at 3 km; a 0.48 g release (blanket pool at fg = 0.1) is already below the 10 msievert
evacuation guide beyond 200 m (table 2).
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mp (RELEASED HTO) 100 M 500 M 1000 M 3000 M
0.48 g (blanket, fg=0.1) 39.5 1.80 0.52 0.09
4.8 g (blanket, oxidized) 395 18.0 5.21 0.92
67.5 g (processing, fr=0.1) 5562 253 73.3 12.9

Committed effective dose (mSv) at fixed distances under bounding F/§I2

EMERGENCY-PLANNING-ZONE SIZING

Solving equation (9) for the 10 msievert evacuation PAG gives the EPZ radii of table 3 and figure 5. The headline result is that the EPZ is
sub-kilometre for the realistic design-basis release even under the bounding stable weather: 0.69 km for the fully oxidized 4.8 g blanket
pool, falling to 0.20 km if only 10% of that pool (0.48 g) is released. Under typical neutral (D/5) weather the same releases give EPZ radii
of 0.15 km and 0.05 km respectively — i.e. the plume-exposure zone collapses inside a nominal 100y site boundary. Only the conserva-
tive 67.5 g release reaches a multi-kilometre contour (3.6 km at F/2, 0.64 km at D/5). In every case the EPZ is far inside the 16 km generic
which is the operational meaning of “the source term is too small to require a
large off-site zone.” We flag honestly that the 1 msievert contour for the conservative 67.5 g case under F/2 weather does extend to 39 km:
the low-dose footprint of a large HTO release is not negligible, which is precisely why the design minimizes the mobilizable inventory and

plume-exposure EPZ of a US light-water power reactor 219,

enforces the permeation and confinement barriers rather than relying on distance.

RELEASED HTO MASS mpg

F/2 M/S (BOUNDING)

D/5 M/S (TYPICAL)

0.48 g (blanket, fg=0.1)
4.8 g (blanket, oxidized)

67.5 g (processing, fr=0.1)

generic LWR plume EPZ (reference)

Emergency-planning-zone radius rgpz (equation 9) at the $§110

0.20 km

0.69 km

3.62km

2¢16 km

16

0.05 km (< site)

0.15km

0.64 km



EPZ radius vs source term (dose-contour distance)
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WALK-AWAY DECAY HEAT AND STORED ENERGY

Figure 6(a) evaluates the decay-heat balance of equations (10)—(11). The total structural decay power falls from ~0.95 MW at 1 s (~1% of
the 95.2 MW thermal power) to ~95 kW at one day and to the milliwatt-per-kilogram range within a year (serials BR-L1-A9, BR-L2-
A23); the ~ 36 m? plasma-facing surface rejects this passively at ~983 K (710 °C) at 1 s and ~553 K (280 °C) at one day, both below
damage thresholds — so equation (11) is satisfied with no active cooling. The first-wall specific decay heat is 56.0 W /kg at shutdown, fall-
ing to 1.22 W /kg at one year and 2.4e — 8 W /kg at 100 years — orders of magnitude below the ~ 1-2%-of-thermal decay heat of a fission

core 128, We note the one caveat carried in the register: the < 62 W /kg figure is a one-year-cooled value, not a £ = 0 bound.

Figure 6(b) places the stored-energy inventory in context. The breeder plasma stores only 16.06 MJ (=~ 3.8 kg TNT-equivalent, serial
ENV-A3) — a component-damage event, not an off-site hazard. The dominant stored energy is magnetic: ~0.3 GJ in the breeder coil set
and ~12.3 GJ in the burner central-cell field (with the burner plasma thermal energy ~ 10.2 GJ). Magnet energy is a quench/arc engi-
neering hazard — managed by dump resistors and structural design — and is radiologically inert. The safety-relevant conclusion is
unchanged: neither machine has a physical path to a runaway or a core melt.
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ACTIVATION, WASTE CLASS AND DECOMMISSIONING

Figure 7 shows the specific-activity trajectories of equation (12) from the R2S transport-plus-inventory calculation. The first wall (Eurofer-
class) falls from 2.64e14 Bq/kg at shutdown to 7.13el3 Bq/kg at one year and 2.70e7 Bg/kg at 100 years; the breeder zone follows the
same trajectory (serial BR-L2-A23). The 10 CFR 61 Class-C index of equation (13) stays < 2.6 X 1072 in both zones at all times, so nothing
is GTCC and the structure is low-level waste 7). The low-activation refractory high-entropy alloy set moves from intermediate-level (
~6 x 104 Bqkg™, 51-62 Wkg ! at one year) to low-level at ten years to clearable at 100 years, with a long-lived fraction of exactly
zero, because the composition screen excludes Nb, Zr and Mo, whose %Nb/%Zr products would otherwise fix a dirty alloy at intermediate
level indefinitely (serial ENV-A2). No isotope in the qualified material set has a half-life beyond a century . The one exception, stated
honestly, is the copper centrepost: its impurity-limited activation tail is not clearable even at 1000 years, so the centrepost is handled as a
scheduled consumable cartridge within the low-level-waste class rather than as clearable structure (serial BR-SX-11).

Activation decay: no isotope beyond a century's half-life
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PERMEATION CONTROL

The first-wall permeation source term (figure 8) is bounded by the diffusion—trapping calculation of §3.1. The steady flux is
5.16e14 T'at/m2s (0.082 g/m2fpy, 0.52—0.60% of the implanted flux) through the nominal 0.5 mm W armour, scaling as 1/Ly so that a
3 mm armour would reduce it to ~1.0e14 T'at/m?s (serial BR-L2-A25). The permeation breakthrough time (analytic JI7 /6D) is ~190 s at
600 K and ~ 30 s at 800 K, so permeation reaches steady within minutes of a burn start and is a small, well-characterized loss term for the
fuel-cycle balance — not a source-term surprise. Permeation-barrier coatings and the liquid-lithium wall chemistry *” provide the
required PRF = 2000 that keeps the processing pool behind its barrier.

(a) Permeation lag (analytic L?/6D) , lel4 (b) Steady permeation ( « 1/Ly)

190 s @600 K
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800 K 1/Lw 5.16e14 Tat/m?s at 0.5 mm

ENVIRONMENTAL PROFILE

Operationally the plant emits zero direct CO5: the DT breeder products are He-4 + n and the D—3He burner products are p + He-4, with
no carbon in the fuel cycle (serial ENV-A1). The life-cycle greenhouse intensity sits in the published fusion/fission/wind class of 10-30 ,
dominated by embodied materials; at reference-class intensity (~ 40 tonne steel and ~90m?3 concrete per MW(e) 211y an ~ 85 MW -class
unit implies order 3—4 kt steel and ~ 8kt concrete. Fuel demand is trivially met: per unit the breeder consumes 3.16 kg/yr of deuterium
and 17.1 kg/yr of 61i (~225 kg natural Li), against essentially unlimited resources (serial ENV-A4). We flag that the embodied-carbon
figure is honest only at published-LCA-class fidelity until a bill-of-materials inventory is performed (§6).
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Discussion

THE SOURCE TERM AGAINST THE FUSION-SAFETY LITERATURE

The central quantitative message is that the mobilizable HTO source term, not the fusion power, sets the off-site consequence, and that the
design keeps it small. Our realistic design-basis release (4.8 g HTO, @ = 1.71el5 Bgq) is comparable to the more severe ITER reference-

event source terms, which the ITER safety analysis showed produce off-site doses below the French evacuation criteria [>3); our EPZ radii
(table 3) reproduce that conclusion for a compact ST breeder with an independent dispersion-and-dose chain. The favourable factor here
is the smaller absolute inventory: a sub-100 MW breeder with direct internal recycling carries a mobilizable pool of grams, not the tens-
of-grams-to-kilograms range of a GW-class D—T plant 5! The burner is more favourable still — its ~ 3.6 g mobile HTO inventory (serial
MV-CX-29) makes urban and forward-base siting a dispersion problem with almost no source to disperse, consistent with the neutron-
lean siting analysis 29/,

NO MELTDOWN, QUANTITATIVELY

The walk-away result is qualitatively identical to, and quantitatively consistent with, the inherent-safety case established for DEMO and

ARIES-class plants: decay heat orders of magnitude below fission, no critical mass, and passive coolability [*%'. The distinguishing number
here is the plasma stored energy of only 16.06 M'J — a compact, sub-100 MW device simply has little to release — and the explicit radia-
tive balance of equation (11) satisfied at < 710 °C. The honest caveat is that the largest stored-energy term is magnetic (order 0.3 GJ
breeder, 12.3 GJ burner field): this is a real engineering hazard, but it is radiologically inert and is addressed by quench protection, not by
emergency planning.

WASTE AGAINST THE CLEARANCE LITERATURE

The activation result — all structural streams at or below Class C, no isotope beyond a century, long-lived fraction zero for the qualified
alloys — matches the low-activation-materials programme goals of the fusion community *®7 and is achieved by the same lever they iden-
tify: excluding the niobium-, zirconium- and molybdenum-bearing elements whose activation products carry the long-lived tail. The
copper-centrepost exception is a genuine, quantified deviation, and the design answer — treat it as a scheduled consumable within the low-
level class rather than as clearable structure — is the honest one; the decommissioning consequence is developed in the companion activa-

tion/waste-routing paper (5,

THE REGULATORY CONSEQUENCE

The chain assembled here is the technical basis for a light-touch licensing posture. Because the accident source term is a small mobilizable
tritium inventory rather than a large fission-product inventory, and because the resulting EPZ collapses toward the site boundary under all
but the most conservative assumptions, the plant does not present the off-site consequence profile that drives 10 CFR 50/100 power-reac-
tor licensing and its 16 km EPZ [°!. The byproduct-material licensing thesis — that a compact ST breeder licenses under NRC 10 CFR Part
30 rather than Part 50 — is developed in the companion licensing paper [3°); the present source-term, dispersion and EPZ results are its
quantitative underpinning.
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8§ 6

Limitations

This is a design-basis safety analysis, not a licensed safety analysis report, and three honest bounds apply. First, the dispersion model is a
bounding Gaussian plume: it takes no credit for plume rise, building-wake dilution, dry or wet deposition, or plume depletion, and
assumes the released tritium is fully oxidized to HTO — every one of these choices is conservative (raises the computed dose), but a site-
specific consequence assessment with a validated dispersion code and real meteorology would be required for a license. Second, the acci-
dent source term is a barrier-attenuated fraction of a computed standing inventory; the release fractions f are parametric bounds, not the
output of a plant-specific fault-tree and MELCOR-class mobilization analysis, which is the natural next step. Third — the one genuinely
open engineering item — the embodied-carbon and materials life-cycle figure is supportable only at published-LCA-class fidelity until a
bill-of-materials inventory is performed for the actual Kronos design; no local tool computes it today (serial ENV-A1).

22



§ 7

Conclusion

We have assembled an end-to-end environmental and safety chain for the Hyperion compact ST breeder, from a frozen tritium inventory
through an explicit atmospheric-dispersion and dose calculation to an emergency-planning-zone radius, and closed the secondary hazards
at the same design point. The dominant hazard is the mobilizable tritium inventory, which the design keeps to a 4.8 g blanket pool and a
barrier-confined 675 g processing inventory; the resulting EPZ is sub-kilometre for the realistic design-basis release and collapses inside
the site boundary under typical weather, always far within the 16 km generic power-reactor zone. There is no meltdown mechanism by
construction: the plasma stores only 16.06 M J, the fusion rate quenches on any loss of confinement, and post-shutdown decay heat is
passively rejected below damage temperatures. Activation keeps all structural streams at or below Class C with no isotope beyond a centu-
ry's half-life, the copper centrepost handled honestly as a scheduled consumable; the plant emits zero direct CO2 and sits in the 10-30
life-cycle class. Every headline number is a frozen anchor in the de-risking register, and the single open item — a bill-of-materials life-cycle
inventory — is stated, not hidden. The safety case is bounded, not asserted.
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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-
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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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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

LEGAL NOTICE

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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THE 2026 KRONOS SERIES

One programme, many papers

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

Explore the whole programme: the De-Risking Register, the interactive 3-D model, and the physics validator.
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https://kronosfusionenergy.com/publications/de-risking-register
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation

KRONES CFUSIEQN 5N EREN

Environmental Profile, Accident
Analysis and the Tritium Safety Case for
a Multi-Kilogram Breeder Plant: Source

Terms, Dispersion and Emergency-
Planning-Zone Sizing

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

Zenodo - doi:10.5281/zenodo.22645754
Read on kronosfusionenergy.com

The Physics De-Risking Register
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