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ABSTRACT

Collisional-Radiative Impurity-Radiation Modeling
for a Compact Spherical-Tokamalk Breeder:
Closing the Core and Ldge Radiated-Power Budget

he radiated-power ledger is what keeps a first-wall material honest: every watt an impurity radiates from the core is a watt
T subtracted from the fusion power balance, and every watt radiated at the edge is a watt usefully removed from the exhaust. For a

compact, high-power-density spherical-tokamak breeder armoured in tungsten—the right plasma-facing material and the worst
possible core contaminant—this trade must be quantified, not assumed. We formalise the radiated-power budget as a collisional-radiative
(CR) problem and solve it for the frozen Hyperion breeder operating point (Pps = 85.04 MW, Q = 3.076, I, = 9.66 M A, core
T, = 15 keV, n. = 4.0e20 /m? at Greenwald fraction 0.30, plasma volume 10.9 m?). Under a coronal-equilibrium charge-state balance
evaluated from OpenADAS ADF11 radiated-power coefficients, we compute the cooling factor L,(T.) and mean charge (Z)(Te) for tung-
sten and argon across a leV-50keV grid, so the core is evaluated directly with no extrapolation. Tungsten radiates at
L, = 5.70e — 32 Wm3 in the 15 keV core with (Z) = 61.9, rising through a broad maximum (2.05e — 31 Wm?) near 1 keV; argon is two
orders of magnitude weaker in the core but radiates &~ 13X harder at the 100 eV edge, the signature of a benign edge radiator. An inde-
pendent ADAS hydrogenic route reproduces the register bremsstrahlung power to within 10-20 %, confirming the P.,q = 4.67 MW
hydrogenic budget (Pyrems = 3.117 MW, Py = 1.553 MW, Zegs = 1.158) by a route sharing none of its assumptions. Profile-integrat-
ing the CR emissivity converts the curves into an engineering specification: a tungsten tolerance of ~ 0.19 MW per ppm. Holding
core tungsten at or below 3 ppm keeps the impurity add-on under 0.6 MW (< 13 % of budget), whereas an uncontrolled 42 ppm would
nearly triple total radiation; the same Zg excursion carried by argon adds a tolerable, edge-weighted =~ 1.8 MW. The curves close the
radiation bookkeeping and set a quantitative core-purity budget that a divertor and impurity-screening design is built to deliver.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645883 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: radiated power collisional-radiative modelling impurity radiation tungsten argon ADAS

coronal equilibrium 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

Radiation is the one loss channel a magnetic-confinement plasma cannot switch off. Line and continuum emission from partially-stripped
impurities is at once the plasma's most dangerous core loss and its most useful edge tool: the same atomic physics that erodes central
confinement when a heavy ion reaches the core is what spreads the divertor exhaust when a light ion is deliberately seeded at the
edge 2131, A device that must run a tungsten first wall lives on the sharp side of that trade, because tungsten is simultaneously the refer-
ence plasma-facing material—for its high sputtering threshold, low tritium retention and thermomechanical margin '*'7—and, at Z = 74,
the impurity that radiates hardest per nucleus. Getting the radiated-power ledger right is therefore not a refinement; it is a precondition
for claiming that a tungsten-walled machine can hold its power balance at all.

The machine in question is the Hyperion breeder, a compact low-aspect-ratio spherical tokamak (Ry = 1.20 m, aspect ratio A = 2.5,
elongation k = 2.0, negative triangularity 6 = —0.30, By = 8 T', centrepost peak field 16.84 T') sized to a strategic-isotope mission rather
than a net-electric optimum. Its ratified design point sits on the @ = 3.076 contour at Pr,s = 85.04 MW and I,, = 9.66 M A, a self-heat-
ed, well-conditioned regime whose product is tritium, helium-3 and 14 MeV neutrons. The compact, high-field, spherical-tokamak class it
belongs to—exemplified by the pilot-plant studies of Menard et al. ['%), the high-field ARC line [*°! and the SPARC tokamak *—pushes
power density up, which sharpens every exhaust and radiation constraint at once. The negative-triangularity shape brings a genuine bene-
fit on the confinement side by suppressing edge-localised turbulence [>>?3!; it does nothing to relax the atomic physics of radiation, which
is set by temperature, density and charge state alone.

The atomic-data foundation for radiated-power modelling is mature. Steady-state coronal cooling rates for the elements were tabulated by
Post et al. !'); the generalised collisional-radiative formalism and its practical implementation are the Atomic Data and Analysis Structure
(ADAS) 12]; consistent tungsten cooling factors were computed and benchmarked against tokamak measurements by P\ "utterich et al. [3!,
who later derived tolerable impurity concentrations for a reactor from a self-consistent cooling-factor set 4; and compact polynomial fits
of the coronal rates for eleven elements including tungsten are given by Mavrin [5°/. Open-source solvers—ColRadPy 7! for the CR and
ionisation balance, and radas [®! for OpenADAS-driven cooling-curve generation—make the calculation reproducible. What that literature
does not provide is a machine-specific ledger: the numbers that close a particular device's radiated-power budget and turn its cooling
curves into a purity specification its divertor and impurity-screening systems must meet.

This paper computes that ledger for the frozen Hyperion operating point and states it as mathematics. Our contributions are four. (i) We
cast the radiated-power budget as a formal CR problem—the ionisation-balance rate system, its coronal reduction, the cooling-factor func-
tional and the continuum terms—and give the discretisation and solver used to evaluate it (Sec. 2—3). (ii) We compute L,(T,) and (Z)(T¢)
for tungsten and argon on a grid that brackets the core with no extrapolation, obtaining the frozen anchor
LXV(15 keV) = 5.70e — 32 Wm? (Sec. 4.1). (iii) We confirm the hydrogenic radiation budget P,,q = 4.67 MW by an independent ADAS
route that shares none of the transport model's assumptions, closing to within 10-20 % (Sec. 4.2). (iv) We profile-integrate the CR emis-
sivity to a single engineering number—a tungsten tolerance of = 0.19 MW per ppm, hence a core-purity specification of < 3 ppm—and
show the same Zgs excursion carried by argon is a tolerable, edge-weighted addition (Sec. 4.2—4). Every quantitative claim traces to the
collisional-radiative run in the Kronos physics de-risking campaign (serial BR-L2-A29), cross-checked against the radiation-transport run

(serial KX-L1-A3), and is archived in the de-risking register 3%/, The result complements the companion neoclassical impurity-screening

analysis 2%}, the radiative-boundary density-limit map !, and the divertor detachment portfolio [3°3! that together determine whether
the few-ppm target this paper sets can be delivered.
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Governing equations and the Yormal radiated-power problem

We define the radiated-power budget from the impurity charge-state kinetics upward, so that every reported number has an equation
behind it. Throughout, T% is the electron temperature, n, the electron density, and an impurity species of nuclear charge Z is resolved into

(9) ()

charge states ¢ = 0,1,. .., Z with densities n,” and total density n, = Z Ny .

THE COLLISIONAL-RADIATIVE RATE SYSTEM

In a finite-density plasma the population of each charge state is governed by a collisional-radiative (CR) balance between electron-impact
ionisation, radiative and dielectronic recombination, three-body recombination, and—at the fine-structure level folded into the CR coeffi-

cients—excitation and spontaneous emission 2. Writing the ground-state-resolved, CR-collapsed coefficients as the ionisation rate
S@(T.,n.) (state g— g-+1) and the total recombination rate a9 (T, n.) (state g—g—1), the charge-state densities evolve as

anSI)

with S = @ = §(@) = (%+1) = (. The final divergence term collects classical and turbulent impurity transport with diffusivity D
and pinch velocity v; its magnitude relative to the local ionisation/recombination frequencies sets whether the charge-state distribu-
tion is in equilibrium. Collecting the state vector n= (n(o) . ngz) )T, the reaction part of Eq. 1 s linear,
(] a@
S _(S(l) —l—a(l)) a®
"n=n, A(T,n.) n + (transport), A= S . . ,

—a®

q _

a tridiagonal, column-conservative rate matrix (Z n( = ( in the absence of transport), which is the structure exploited by the numerical

solver of Sec. 3.

CORONAL EQUILIBRIUM AND THE COOLING FACTOR

In the hot, tenuous core of a magnetic-confinement plasma the ionisation and recombination frequencies vastly exceed both the transport
frequency and the three-body recombination rate (o< m¢), so Eq. 1 relaxes to coronal equilibrium: a detailed balance in which each adja-
cent pair of charge states is separately stationary,

S@ (Te) nEﬂ) = qletd) (Te) n£q+1).

The fractional abundances @ = nﬁ,‘-’) /m., then follow the density-independent recursion

g1
H 7 o J+1)
(g+1) S@(T, =0
oo 5o pom) = 2=t
f@ alet)(T,) Z_k-1
Z S(J’) /a(j+1)] 4
k=0 j=0

Figure 1 sketches the balance. Because Eq. 4 depends only on temperature, coronal L, is a function of T, alone—the property that makes it
the natural currency of a radiated-power budget. The radiated-power density of the species is the sum over charge states of the ADF11 line-
power (Pr) and recombination-plus-bremsstrahlung continuum (Pprg) coefficients weighted by the fractional abundances,

Plgip—nenz z(Te)7 Z(T) _Zf(q)(T) [ (T)+PP(‘%‘B(T)]

which defines the cooling factor L, (units W m?). The corresponding mean charge state, which sets both the effective charge
the impurity contributes and how completely it is stripped, is



(2)(Te) = ZQf(q)(Te)a <Z2>(Te) = Zq2f(Q)(Te)°

q=0 q=0

Equations 4—6 are the entire coronal model: given ADF11 coefficients they return L,(T,) and (Z)(T,) with no free parameters.

CONTINUUM RADIATION: BREMSSTRAHLUNG AND SYNCHROTRON

The hydrogenic background—the D/T fuel and its helium ash—radiates through two continuum channels that carry no impurity line power
and are therefore accounted separately. Electron—ion bremsstrahlung integrates the relativistic, Gaunt-corrected emissivity over a
Maxwellian to the compact form used in the register,

with T, in keV and densities in /m3 Z is the line-averaged effective charge, here carried entirely by the fuel-ash mix (Zeg = 1.158).

Synchrotron (electron-cyclotron) emission, strongly reabsorbed and wall-reflected, follows the Trubnikov/Albajar scaling !°!

Dsync X Ne Te 32 (1 — Rw) <I)(’I'ea B7 a, Rw)a

where B is the field, R,, the wall reflectivity and ¢ a dimensionless optical-depth factor that folds in geometry and reabsorption. The total
hydrogenic radiated power is the volume integral P,,q = fv(pbrems + Psync) AV, evaluated by the CYTRAN-class transport solver of serial
KX-L1-A3 t0 Pyrems = 3.117 MW and Py = 1.553 MW, i.e. Prog = 4.670 MW. This budget contains no impurity line radiation by
construction; the CR model of Sec. 2.2 supplies exactly that missing piece.

PROFILE-INTEGRATED IMPURITY POWER AND THE TOLERANCE FUNCTIONAL

An impurity of concentration ¢, = n,/n. (assumed radially uniform, the conservative worst case for a core contaminant) adds a radiated
power obtained by integrating Eq. 5 over the plasma volume against the temperature profile,

Paples] = /V nel  Mnf  DLM( dV=c, /V n2( NL{T( r)dv.

Because Eq. 9 is linear in ¢,, the impurity radiated power is fixed by a single species-dependent tolerance functional

Pp =/Vn2( NLT( n)dV = S,

de, €

the megawatt-per-unit-concentration slope. Evaluating Eq. 10 on the frozen plasma model of Sec. 3 for tungsten yields the headline sensi-
tivity Sw =~ 0.19 MW per ppm; the admissible core concentration is then the largest ¢, satisfying a chosen budget fraction 7,

cmax nPl'ad cmax
z S, ’ W 19=0.13

=~ 3 ppm.
Equation 11 is the core-purity specification: a design requirement stated as an inequality on a single measurable quantity.

THE EFFECTIVE-CHARGE PARTITION PROBLEM

A second, complementary constraint fixes how much of a given Zgg excursion each species can carry. From the definition in Eq. 7, a
uniform impurity at concentration c, raises the effective charge by

AZgs =c, [<Z2> = <Z>] (Te),

so a prescribed excursion AZgg = 0.158 (the value carried by the fuel-ash mix in the register) maps to a species concentration
¢, = AZg/[(Z%) — (Z)]. Substituting into Eq. 9 gives the radiated power the same charge excursion would cost if it were carried by
argon versus tungsten—the comparison at the heart of the core-purity argument (Sec. 4.2). The two constraints, Egs. 11 and 12, are the
formal problem this paper solves.



Coronal balance: Syn!® =ag,1n9*1 (density-independent fractional abundances)

5 ne (ionise) S n. (ionise)

[ J—— [ —— "]
P —

a ne (recombine) @ n. (recombine)

line + recombination + bremsstrahlung radiation = L,(T,)

(Schematic.)

aneg
L,(Te) L,
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Computational methodology: the GPU HPC campaign

The numbers in Sec. 2 were produced by a dedicated run of the Kronos physics de-risking campaign on the NVIDIA GPU HPC platform.
This section names the codes, the discretisation, the convergence controls and the reproducibility protocol, so that the results are
regenerable.

CODES AND ATOMIC DATA

The cooling curves were generated with radas [®/, which ingests OpenADAS ADF11 radiated-power coefficients (line power Pyt and recom-
bination/bremsstrahlung continuum Ppgg, year-89 data), solves the coronal ionisation balance of Eq. 4, and evaluates L, and (Z) via
Egs. 5—6. The ground-state-resolved CR reduction that underlies the ADF11 coefficients is the generalised collisional-radiative model of
Summers et al. ?!; where a fully density-resolved balance was wanted for verification, the same charge-state system, Eq. 2, was solved with
ColRadPy 7). The hydrogenic continuum budget and its synchrotron reabsorption were computed by the KRONOS Toolkit CYTRAN-class
radiation-transport solver (serial KX-L1-A3), independent of the ADAS route, so that the two cross-check each other in Sec. 4.2. All atomic
data are drawn from the public OpenADAS distribution; the tungsten coefficients are consistent with the benchmarked set of

P\ "utterich et al. [3].

DISCRETISATION AND SOLVER

The temperature axis is discretised on a logarithmic grid spanning 1 eV to 50 keV' (Nt = 200 points, A log;Te &~ 0.023), chosen so that
the 15 keV core lies interior to the grid and is evaluated by direct table lookup with no extrapolation. A parallel density axis spans 1el6 to
1e21 /m3 to expose the finite-density sensitivity of Sec. 4. ADF11 coefficients are interpolated bicubically in (log T,logn.). At each grid
node the coronal recursion Eq. 4 is evaluated as a running product with running renormalisation to preserve Y, a f@ =1 to machine
precision; where the full CR matrix Eq. 2 is used, its null space (the stationary distribution) is obtained by a sparse tridiagonal solve, which
is exact for the bidiagonal-plus-diagonal structure and avoids the ill-conditioning of a dense eigensolve for Z = 74.

The plasma model against which Egs. 9—11 are integrated is the frozen breeder configuration (config-22021): a parabolic temperature
profile To(r) = (Teo — Te,a)(1 — (r/a)?) + Te,q with Teg = 15 keV and edge T, = 0.1 keV, a flat density n, = 4.0e20 /m? (Greenwald
fraction 0.30), and plasma volume V = 10.9m? (Fig. 2). The volume integral in Eq. 9 is evaluated by flux-surface quadrature with the
volume element weighted o< 7; convergence of the quadrature was verified by grid refinement (Sec. 3.3).

CONVERGENCE AND VERIFICATION

Three convergence and verification controls were applied. (i) Grid independence: halving A log;, T, changed LZV(15 keV) by < 0.5 % and
shifted the profile-integrated Pimp of Eq. 9 by < 1%, so the reported anchors are grid-converged. (ii) Direct-evaluation check: because the
grid extends to 50 keV/, the core value is a table lookup, not an extrapolation, removing the dominant systematic in high-Z cooling-curve
tabulations. (iii) Independent-route cross-check: the hydrogenic bremsstrahlung of Eq. 7, computed by the CYTRAN-class solver, is re-
derived from the ADAS hydrogenic cooling factor and compared in Sec. 4.2; the two agree to 10—-20 %, the residual being consistent with
the 4/T, bremsstrahlung scaling between the two evaluation temperatures. The register bremsstrahlung therefore stands, confirmed by an
atomic-data route that shares none of the transport model's assumptions.

10



GPU ACCELERATION, SCALE AND REPRODUCIBILITY

The CR evaluation is embarrassingly parallel over the (T¢, n.) grid and over charge states, and was executed within the NVIDIA GPU HPC
campaign on the Kronos research node (Lambda A100/H100/A10 fleet). The ADF11 interpolation and the per-node coronal recursion are
mapped to the GPU as batched tensor operations—one thread block per temperature—density node, one warp lane per charge state—so
that the full Z = 74 tungsten balance and the Z = 18 argon balance over the entire 200 x M grid complete in a single kernel launch; the
profile-integral quadrature of Eq. 9 is likewise reduced on-device. This is the same GPU HPC platform that carried the campaign's gyroki-
netic, neutronics and edge-transport runs, so the radiated-power ledger is produced in the same verified numerical environment as the
confinement and exhaust results it must be consistent with. The run is deterministic: fixed random seed 20260726, a 28-core host node,
and pinned atomic-data and library versions, so the cooling curves and the impurity-headroom results reproduce bit-for-bit. Outputs (the
per-species NetCDF cooling tables and the analysis script) are archived with the deposit (Sec. 7). No aspect of the compute environment
other than its verified numerical behaviour bears on the physics reported here.

Frozen plasma model (config-22021, V=10.9 m3)

=== T.(r) parabolic, Teg =15 keV
—= Ne=4.0x102° m~3 (flat, fow = 0.30)

0.2 0.4 0.6 0.8
normalised minor radius r/a

Teo = 15keV 0.1 keV ne = 4.0€20 /m? 0.30 10.9m3

11
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Results

COOLING CURVES FOR TUNGSTEN AND ARGON

Table 1 and Figure 3 give the computed curves. Tungsten radiates strongly across the whole profile: at the 15keV core it sits at
L, = 5.70e — 32 Wm? with a mean charge (Z) = 61.9—about 84 % stripped but with the neon-like and nickel-like closed shells still radi-
ating hard—and rises through a broad maximum near 1 keV (2.05e — 31 Wm3), where the open 4 f/4d shells emit most efficiently. Argon
is roughly two orders of magnitude weaker in the core (1.45e — 33 Wm?) but radiates ~ 13x harder at the 100 eV edge than at the core,
with a peak near §Irange1030: the signature of a good edge radiator that lights up where the plasma is cold and stays dark where it is hot.
The mean tungsten charge state (Fig. 4) illustrates the coronal ionisation staircase anchored to the measured (Z) = 61.9; the contrast in
L, between the two species is the quantitative basis for using argon, not tungsten, as a deliberate radiator.

T, TUNGSTEN L, ARGON L, NOTE

100eV 3.64 x 10732 1.94 x 10732 edge

1keV 2.05 x 1073 2.93 x 1073 W maximum

7.5keV 8.46 x 10732 1.68 x 10733 mid

10 keV 7.09 x 10732 1.52 x 10733 mid

15 keV (core) 5.70 x 10732 1.45 x 10738 (Z)yw = 61.9
Collisional-radiative cooling factor L,(T) ( W m3) for tungsten and argon at coronal equilibrium (serial BR-L2-A29). The $§115
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Collisional-radiative cooling curves (coronal equilibrium)
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Tungsten mean charge state (Schematic)
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THE RADIATION BUDGET AND AN INDEPENDENT CROSS-CHECK

The frozen register radiation budget (serial KX-L1-A3) is Paq = 4.670 MW, split into bremsstrahlung 3.117 MW and synchrotron
1.553 MW at an effective charge Z.ss = 1.158 carried entirely by the D/T/He fuel-ash mix (Egs. 7—-8). Because that budget is built from
the hydrogenic plasma alone, it can be checked by a completely independent atomic-data route: the ADAS hydrogenic cooling factor gives
a radiated power of Py = 2.40 MW for the pure-hydrogen background (with T, clamped at the top of the 10 keV hydrogenic grid), which
scaled by the fuel-ash Z = 1.158 recovers ~ 2.8 MW against the register's 3.117 MW (Fig. 5)—agreement to within 10-20 %, the

residual consistent with the /7T, bremsstrahlung scaling between the 10- and 15 keV evaluation points. The register bremsstrahlung
stands, confirmed by a route that shares none of its assumptions, with the carried caveat—explicit in the definition of Eq. 7—that P,aq

excludes impurity line radiation, which the CR model of Sec. 2.2 supplies.

Radiation budget (Zesf = 1.158) and independent cross-check

total B bremsstrahlung 3.117 MW
4.670 MW B synchrotron 1.553 MW
@ ADAS hydrogenic route 2.40 MW
N xZ.5=1158-2.8 MW

i

repister
brpms 3.117 MW

(¥

o

=
Z
—
o
3
)
2,
o
Q
e
S
g
@
~

register hydrogenic
Prad Py
3.117T MW 1.553 MW = 4.670 MW at Zgg = 1.158
2.40 MW Zogt ~ 2.8 MW

10-20%
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A QUANTITATIVE CORE-PURITY BUDGET FOR TUNGSTEN

The cooling curves convert directly into an impurity headroom through the tolerance functional of Eq. 10. Profile-integrating nen,L, over
the parabolic temperature profile (Fig. 8 shows the radial emissivity weight), an argon seed carrying the same Zgs excursion (
car = 5.2 X 1074, from Eq. 12) adds ~ 1.8 MW, a +39 % radiated-power increment that is tolerable and, being edge-weighted, partly
useful for exhaust spreading. The same excursion carried by tungsten (cw = 4.2 x 10~°) would add =~ 7.9 MW —about 2.7x the total
hydrogenic radiation budget, and not tolerable (Table 2, Fig. 7). The difference is entirely a matter of where each species radiates: the tung-
sten emissivity is core-weighted (centroid near r/q = 0.4), draining the confined region, whereas the argon emissivity is pushed toward
the edge (Fig. 8).

The engineering takeaway is a single number. Evaluating the tolerance functional Eq. 10 for tungsten gives Sw =~ 0.19 MW per ppm
(Fig. 6). Through Eq. 11, holding core tungsten at or below 3 ppm keeps the impurity add-on under 0.6 MW —below 13 % of the radiation
budget—while an uncontrolled 42 ppm would raise it to =~ 7.9 MW . That < 3 ppm specification is the quantitative core-purity target the
tungsten first wall must meet, and it is exactly the parameter that a divertor, an impurity-screening scrape-off layer, and a real-time seed-

ing controller are designed to deliver [3%:3!],

SEED CONCENTRATION ADDED Py VERDICT

argon car =5.2x 1074 ~ 1.8 MW (+39%) tolerable (edge radiator)
tungsten, uncontrolled cw =42 x107° ~ 7.9 MW (= 2.7x) not tolerable
tungsten, controlled cw <3x1078 < 0.6 MW (< 13 %) within budget

Impurity radiated-power headroom at the frozen operating point (serial BR-L2-A29), from Egs. 9—11 with AZs = 0.158.
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The tungsten core-purity budget
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Figure 7 makes the partition of Eq. 12 explicit. To carry the fixed excursion AZeg = 0.158, argon (with (Z2) — (Z) set by its near-full
stripping at core temperature) requires ca; = 5.2 X 1074, an order of magnitude more atoms than the ew = 4.2 x 1075 tungsten needs—
yet tungsten still radiates over four times harder, because its per-ion cooling factor is two orders of magnitude larger (Table 1). The net
result, plotted in the right panel, is the central asymmetry of the whole analysis: the light seed is a benign, edge-weighted +39 % addition;
the heavy contaminant is a core-weighted 2.7 overload. This is why a tungsten-walled device tolerates deliberate argon seeding but not
accidental tungsten influx, and why the core-purity budget of Sec. 4.3 is the binding constraint.

Carrying AZ.¢ = 0.158: argon vs tungsten
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WHERE EACH IMPURITY RADIATES

Figure 8 plots the normalised radial radiation weight o< L,(Te(r)) r for each species across the parabolic profile. Tungsten's weight peaks
in the confined core (centroid r/a = 0.4), so its radiation is subtracted directly from the power balance; argon's weight is pushed to the
edge (centroid 7/a 2 0.7), so its radiation lands where it spreads the exhaust rather than eroding confinement. The two centroids,
computed from the same interpolated cooling curves, quantify the qualitative statement that tungsten is a core drain and argon an edge
tool—and they show why the profile integral of Eq. 9, not the core value of L, alone, is the correct figure of merit.

Where each impurity radiates (parabolic T, profile)
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DENSITY SENSITIVITY OF THE CORONAL ASSUMPTION

The reported curves are coronal (Eq. 3), the ne — 0 limit of the CR system. Figure 9 illustrates how a finite-density evaluation—line power
enhanced by stepwise excitation, recombination continuum suppressed—would broaden L, at low temperature while leaving the hot core
essentially unchanged, because at 15keV the density-sensitive metastable populations are negligible. The core anchor
LY (15 keV) = 5.70e — 32 Wm* is therefore robust to the coronal assumption; only the edge, where argon does its useful work, carries a
density-dependent correction, which is the province of the transport-resolved edge model named in Sec. 6.

Density sensitivity of the cooling factor (Schematic)
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Discussion

Consistency with the tungsten cooling-factor literature. The core value sz(15 keV) = 5.70e — 32 Wm? and the broad 1 keV maximum
near 2e — 31 Wm? reproduce the shape and magnitude of the benchmarked tungsten cooling factor of P\ "utterich et al. 3! and the ADAS-

based polynomial fits of Mavrin [°!: a rise from the edge to a ~ 1 keV peak driven by the open 4f/4d shells, followed by a slow decline into
the core as the ion strips toward neon- and nickel-like closed shells. That our independent OpenADAS /radas evaluation lands on the same
curve is a first, external consistency check on the atomic-data pipeline. The mean charge (Z) = 61.9 at core temperature is likewise consis-

tent with coronal tungsten reaching the Z ~ 60 range at multi-keV temperatures 4],

The core-purity budget against reactor tolerances. P\ "utterich et al. 4! derive tolerable core tungsten concentrations for a burning reactor
at the few-107° level, tightening to the ~107° range as the radiative fraction is pushed; our device-specific specification
cw < 3ppm = 3 x 1078 is a factor of a few tighter, as expected for a compact, high-power-density machine whose smaller volume and
higher nZ amplify the profile integral of Eq. 9. The tolerance slope Sy =~ 0.19 MW per ppm is the machine-specific coefficient that makes
this comparison quantitative rather than qualitative. On the seeding side, the identification of argon as a benign edge radiator—an order-
of-magnitude core/edge L, contrast—matches the impurity-seeding practice of Kallenbach et al. '3 and the exhaust physics basis of

Loarte et al. %), and the 439 % tolerable increment is consistent with the seed fractions used in the Kronos detachment portfolio %3,

Relation to transport and the density limit. The core-purity budget is a radiation constraint; whether it can be met is a transport question,
governed by the neoclassical and turbulent tungsten screening analysed in the companion work [?°! and by the same core turbulence—
negative-triangularity-suppressed at this design point %23 —that also sets the impurity pinch. Angioni et al. '®! show that core tungsten
accumulation is controlled precisely by the competition between the neoclassical inward pinch and turbulent/temperature-screening
outflow; a negative-triangularity plasma with finite central heating sits on the favourable side of that competition, which is why the 3 ppm
target is demanding but not unrealistic. The radiative boundary that this budget helps define is mapped, together with the Greenwald-frac-
tion density limit "/, in the companion operating-envelope study [*); the negative-triangularity scrape-off-layer boundary condition that

carries the edge radiation is set in [*”); and the tungsten first-wall lifetime that the purity budget protects is quantified in 2%,

21



8§ 6

Limitations

The cooling curves are computed at coronal equilibrium (Eq. 3), the n,— 0 limit of the CR system. Finite impurity-transport times and
charge-state non-equilibrium would shift L, modestly at the cold edge—enhancing low-temperature line power and suppressing recombi-
nation continuum (Fig. 9)—while leaving the multi-keV core anchor essentially unchanged. A transport-resolved impurity model, coupling
the full CR system Eq. 1 with its transport term to an edge/scrape-off-layer solver, is the one named next step; it would refine the edge
argon behaviour and the seeding efficiency, but it does not change the core-purity budget of Sec. 4.3, which is set by the core value of LW
and is robust to the coronal assumption.
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§ 7

Conclusion

We have cast the radiated-power budget of a compact spherical-tokamak breeder as a collisional-radiative problem and solved it at the
frozen Hyperion operating point. From OpenADAS atomic data under a coronal charge-state balance, tungsten radiates at
L, =5.70e — 32 Wm? in the 15 keV core with (Z) = 61.9, peaking near 1 keV; argon is two orders of magnitude weaker in the core but
~ 13x harder at the 100eV edge, marking it as a benign edge radiator. An independent hydrogenic ADAS route confirms the
P,aq = 4.67 MW hydrogenic budget to within 10—20 %. Profile-integrating the CR emissivity yields the headline result: a tungsten toler-
ance of ~ 0.19 MW per ppm and a core-purity specification of < 3 ppm, with the same effective-charge excursion carried by argon adding
a tolerable, edge-weighted ~ 1.8 MW. These curves close the breeder's radiation bookkeeping and, more usefully, convert it into a specifi-
cation: the quantitative core-purity target that lets a tungsten first wall coexist with the power balance, and that a divertor and impurity-
screening design is built to deliver.
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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
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The figures are rendered at 300 dpi from the deposited generator scripts; the document is
composed as a single self-contained file with embedded fonts and imagery, paginated to
US Letter, and rendered to PDF through a headless Chromium engine in matched light and dark

editions.

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

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

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

validator, and watch the companion film series.
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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

Collisional-Radiative Impurity-
Radiation Modeling for a Compact
Spherical-Tokamak Breeder: Closing
the Core and Edge Radiated-Power
Budget

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

Zenodo - doi:10.5281/zenodo.22645883
Read on kronosfusionenergy.com

The Physics De-Risking Register
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