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\What this document is, and how to read its numbers
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TWO EDITIONS
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cial analysis, and is marked Confidential accordingly; it is not for public distribution. Where the commercial case rests on a modelled
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in hardware, or a | REQUIREMENT |yet to be met. Financial figures carry a case label and are confined to the internal (confidential)
edition. Values that moved after first publication are shown as withdrawn or restated rather than quietly changed. A capability you can
evaluate is one whose limits are on the page.




ABSTRACT

A Stacked Detachment Portiolio for a Compact Spherical-
Tokamak Breeder: Super-X, Double-Null and Snowilalke

Geometries that Cut the Required Argon Seed Fraction

xhausting the power that crosses the separatrix without melting the target is the binding engineering risk of a compact, high-power-
E density spherical-tokamak (ST) breeder: the machine is small, the parallel heat flux is large, and the scrape-off-layer (SOL) channel

is narrow. For the Hyperion breeder design point (I, = 9.66 M A, Q = 3.076, Prys = 85.04 MW, § = —0.30, By = 8T, k = 2.0,
Ry = 1.20m, aspect ratio A = 2.5) the design-basis heat-flux width is Ag & 0.337mm and the parallel heat flux ¢ ~ 12GW/m>; a
conventional single-null divertor would demand an argon seed fraction near 6.4 % to detach, several times the tolerable level for core cont-
amination. We treat the divertor as a requirement closed by a bounded portfolio, not as a solved number. We derive the reduced-order
chain that sets the requirement — the Eich/Goldston width scaling, the conduction-limited two-point model, and the Lengyel impurity-
radiation integral — and show analytically how three geometric power-spreading levers compose: a Super-X long-leg divertor increases the
target major radius and connection length, a double null splits the exhaust over two strike points, and a snowflake-like second-order null
adds poloidal flux expansion. One-dimensional screening walks the required argon seed down a ladder 6.4% — 2--3% (Super-X) —=~ 1%
(Super-X Xdouble null) —= 0.5% (Super-XXdouble nullXsnowflake), a tolerable seed, with the double-null power split (target flux
8.0 — 4.4 MW /m?, 1.8 ) the dominant lever. A 4000-sample Monte-Carlo propagation of the input uncertainties returns a closure prob-
ability at ca; < 0.5% of 0% for Super-X alone, 52% for Super-X xdouble-null, and 95% for the full stack. Four independent one-dimen-
sional edge codes (SD1D/Hermes-3 on BOUT++, UEDGE, a self-written parallel solver, and the analytic Lengyel model) agree that seeding
is mandatory and that a sub-one-percent seed detaches. The honest status is that the decisive two-dimensional edge-transport calculation
(SOLPS-ITER, B2.5—EIRENE) was blocked by the absence of a divertor-legged equilibrium; a free-boundary Super-X null with a genuine
X-point has now been constructed, which unblocks it, and we credit no two-dimensional detachment number we did not compute. All
quantitative claims are grounded in the frozen Kronos Physics De-Risking Register and were produced on the NVIDIA GPU HPC
campaign.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645742 - Zenodo community kronos_ fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: divertor detachment Super-X double null snowflake divertor scrape-off layer impurity seeding

heat exhaust SOLPS-ITER 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

THE EXHAUST PROBLEM OF A COMPACT BREEDER

A spherical tokamak confines a large plasma current in a small volume, which is exactly what makes it an attractive compact neutron
source and tritium/helium-3 breeder platform "2/ and, at the same time, what makes the power-exhaust problem acute. The Hyperion
breeder holds I), = 9.66 M A at a major radius of only Ry = 1.20m behind a centrepost magnet at a peak field of 16.84 T', in a negative-
triangularity (§ = —0.30) regime chosen for confinement without an edge pedestal and its edge-localised-mode (ELM) cycle 34!, The
power that leaves the confined plasma is funnelled into a scrape-off layer (SOL) whose width, in high-field compact devices, is a fraction of
a millimetre; the resulting parallel heat flux is an order of magnitude above any bare-material limit. This is the same challenge that reac-
tor-class compact tokamaks confront quantitatively — for SPARC, Kuang et al. project a peak unmitigated parallel heat flux “greater than
10 GW /m?,” nearly an order of magnitude above what has been demonstrated >/ — and it is the exhaust challenge, not the core physics,
that most sharply distinguishes a compact high-power-density device from a large, low-power-density one [*7.

DETACHMENT AND THE IMPURITY-SEED COST

The established route to a tolerable target load is detachment: dissipate the parallel power in line radiation, charge exchange and volumet-
ric recombination before it reaches the plate, so that the target electron temperature falls to a few electron-volts and the plasma pressure —
and thus the particle and heat flux — collapses in front of the surface [#), Detachment is usually achieved by seeding a radiating impurity
(nitrogen, neon or argon) '*°), But the seed is not free: impurities that radiate in the divertor also penetrate the core, dilute the fuel and
radiate from the confined plasma, so the tolerable seed fraction is bounded from above. For the compact breeder, a single-null divertor
requires a seed near 6.4 % argon to detach — several times a tolerable level. The exhaust problem is therefore not “can we detach” but “can
we detach at a seed the core can survive.”

ADVANCED DIVERTOR GEOMETRIES

The community's answer has been geometry. Three families of “advanced” magnetic divertor spread the power before it reaches the target,
and each reduces the radiated fraction — and hence the seed — needed to detach. The Super-X divertor routes the outer leg to a large
strike-point major radius, exploiting the 1/R fall of the toroidal field to expand the flux tube and lengthen the connection length [1519); on
MAST Upgrade this produced a factor-~ 10 reduction in outer-target power load relative to a conventional divertor and a demonstrably
wider detachment window %!, The snowflake divertor places a second-order poloidal-field null near the primary X-point, where By
vanishes quadratically rather than linearly, strongly increasing poloidal flux expansion and the plasma-wetted area '>'7'8), The double null
splits the exhaust between two divertors. In a spherical tokamak these benefits are amplified, because the toroidal field falls most steeply
with radius; the Super-X is predicted to be strongest exactly here.

CONTRIBUTION

What is missing for a specific compact ST breeder is a quantitative, honest account of how far the geometry gets us against a hard, frozen
requirement, and of what is still owed. This paper provides that. Our contributions are: (i) a closed reduced-order derivation of the
exhaust requirement from the width scaling through the two-point model to the Lengyel seed integral (§2); (ii) an analytic composition
rule for the three geometric levers, yielding the argon-seed ladder 6.4% — 0.5% (§3); (iii) a 4000-sample Monte-Carlo propagation that
converts the ladder into a closure probability for each configuration (§3); (iv) a four-code cross-verification of the one-dimensional result
(SD1D/Hermes-3, UEDGE, Lengyel, and a self-written parallel solver) that establishes seeding as mandatory and the seed as sub-one-
percent (§5); (v) a description of the GPU-accelerated codes that produced these results and of the two-dimensional SOLPS-ITER calcula-
tion that remains the gating next step (§4, §6). Every headline quantity traces to a frozen serial in the Kronos Physics De-Risking
Register [30]: the serial identifiers (e.g. BR-SX-09) are given inline so each number is auditable. The result narrows the divertor from
“impossible” to “hard but bounded,” and we are explicit throughout about what is a screening bound and what remains a target.



§ 2

Governing equations and the Yormal exhaust requirement

FROM SEPARATRIX POWER TO THE PARALLEL HEAT FLUX

Power crossing the separatrix, Psor, is set by the core turbulent transport that the negative-triangularity regime is chosen to suppress,
computed for the design point by nonlinear gyrokinetics [*%); it flows into a SOL of characteristic e-folding width Aq measured at the outer
midplane. The parallel heat flux entering the divertor flux tube is

gl = Pso B
I~ 27RyA; By’

where B/ By is the local total-to-poloidal field ratio that sets the field-line pitch. The narrowness of A4 is set by edge physics. The Eich
multi-machine regression gives a heat-flux width that scales inversely with the poloidal field, A, [mm] ~ 0.63 B, 119 101" \while the
Goldston heuristic-drift model predicts Ay ~ 2ap,/Ry from the ion magnetic drift across the separatrix into the SOL (11l hoth collapse
onto a sub-millimetre width at the high poloidal field of a compact high-current ST. For the frozen design point the negative-triangularity
edge analysis returns Ay = 0.337 mm (companion [31) and equation (1) then gives q) ~ 12 GW /m2. Table 1 collects the design point and
the derived SOL boundary condition; figure 6 shows the width and parallel-flux sensitivity across the Eich band, the Goldston estimate and
a conservative reduced two-point solve.

QUANTITY SYMBOL VALUE BASIS

plasma current I, 9.66 MA canonical anchor
fusion power Prus 85.04 MW canonical anchor
fusion gain Q 3.076 canonical anchor
major radius Ry 1.20m canonical anchor
aspect ratio A 2.5 canonical anchor
elongation / triangularity K, 0 2.0, —0.30 canonical anchor
on-axis / centrepost field By, By, 8T,16.84T canonical anchor
heat-flux width (design) Aq 0.337 mm NT edge [*1]
heat-flux width (conservative) Aq 0.21 mm reduced 2PM, HX-14
parallel heat flux (design) q) 12 GW/m? eq. (1)

target engineering limit Qlim ~ 10 MW /m? CuCrZr, BV-06

Frozen design point (Tier-2 canonical anchors) and the derived scrape-off-layer boundary condition used throughout. Two heat-flux-width

estimates bracket the design; the more conservative one strengthens the case for the stacked geometry (§5). Serials refer to the register [3°!.

THE TWO-POINT MODEL AND THE TARGET STATE

Along a divertor flux tube of connection length L, the parallel electron heat transport is Spitzer—H\ "arm conduction-limited,

which integrates, for a spatially uniform upstream heat flux, to the conduction relation between the upstream and target electron tempera-
tures T, T} of the two-point model 1,

7/2

7 q L
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Static pressure balance along the field line, modified by a momentum-loss factor fy,,, € [0,1] that folds in charge-exchange and recombi-
nation friction, closes the model,

2ntTt = (1 — fmom) nuTua

and the target heat flux transmitted through the sheath is

2T
qi = YNy Cst £ Cst = y
m;

with sheath transmission coefficient 4 =~ 7—8. Equations (3)—(5) show the essential nonlinearity: as volumetric losses grow, T3 falls, the
target pressure n; T} collapses through equation (4), and g; drops faster than linearly. Detachment is conventionally taken to begin when
T falls below =~ 5 eV, where volumetric recombination becomes significant. The projected target heat flux, before detachment, is

Qtarget — (1 - frad) q sin v,

with fiaq the radiated power fraction and a the field-line grazing angle at the plate. For the frozen design the unmitigated attached target
flux, computed from equation (6) with a reduced two-point solve, is ~ 1370 MW /m? for a conventional single-null geometry and
~ 171 MW /m2 for a Super-X leg (serial HX-14) — both far above the &~ 10 MW /m? engineering ceiling of a water-cooled CuCrZr target
(serial BV-06). Reaching the ceiling requires fraq 2 0.94 (detachment onset at T; < 5eV near f.,q ~ 0.91); figure 3 plots the target-
temperature descent, and figure 2 the target-flux reduction, of this chain.

THE LENGYEL SEED INTEGRAL

The radiated fraction must be supplied by a seeded impurity. In the Lengyel picture (32! an impurity of fractional concentration ¢, radiat-
ing with cooling function L,(T') removes parallel heat flux over the temperature interval it spans, giving the closed relation between the
upstream and target parallel fluxes,

Ty

qﬁ(Tu) — ¢X(T}) = 2 Koe C, (neTe)Z/ L.(T) VT dT,

T;

where n T is (approximately) conserved along the tube. Solving equation (7) for the concentration required to drive g; to the engineering
ceiling,

2 p)
9 — %iim

req __
G = =

T 2
2 ke (neT)? / L(T)YTdT
T

exposes the two levers that reduce the seed: raising the radiative integral (choice of radiator; argon's L, peaks in the divertor temperature
range) and, crucially, lowering the parallel flux g that arrives at the target. The numerator scales as q“, so any geometric factor that
reduces the target-directed parallel flux by a factor g reduces the required seed by nearly g? at fixed radiator. This quadratic sensitivity is
the mathematical engine of the portfolio: geometry is a more powerful lever on the seed than radiator chemistry. Evaluating equation (8)
at the design point with argon returns c,. =~ 6.4 % for a conventional single null (figure 3).

GEOMETRIC FLUX SPREADING AS THE SEED LEVER

Three geometric operations reduce the effective target-directed g in equation (8). Define the total flux expansion of a divertor leg as

Rt B 6,u

fa: = RuBG,t,

the product of a toroidal (major-radius) expansion R;/R,, and a poloidal expansion By, / Byg:. A Super-X leg increases R; (the strike-
point major radius) and, in an ST where B o< 1/R, simultaneously lowers the local field and lengthens the connection length L in
equation (3); together these spread the strike-point flux by a factor ~ 8 at a modest vessel extension. A snowflake places a second-order
null where By vanishes quadratically with distance 7 from the null, By o 72 rather than By o< 7, so the poloidal flux expansion By, / By,
in equation (9) grows sharply near the target and the wetted area increases [°’. A double null does not expand a single leg; instead it splits
PyoL between two divertors, halving the per-target flux in equation (1). Writing the composed target-flux reduction as

Gstack = 98X * gDN ° gSF,



and substituting g — g /gstack into equation (8), the required seed falls as o gs_tzck (for q > Quw)- The three levers therefore

compose multiplicatively in flux and quadratically in seed, which is the formal statement of the portfolio.
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The stacked-detachment portiolio

THE ARGON-SEED LADDER

Table 2 and figure 1 give the one-dimensional screening result: the argon seed fraction required to detach as the geometric levers of equa-
tion (10) are stacked (serial BR-L2-A11-SUM). A Super-X long-leg divertor alone lands near 2—-3 %; adding a double null roughly halves it
to = 1%, with the power split the dominant lever (steady target flux 8.0 — 4.4 MW /m?, a factor 1.8, serial BR-CX-02, figure 7); and
adding a snowflake-like second-order null reaches = 0.5% — a tolerable seed. The geometric gain of the stack is order-ten spreading at a
small radial cost, consistent with the ~ 10x outer-target reduction measured on MAST Upgrade for the Super-X alone [2°/,

Gstack P(car < 0.5%)
conventional single null ~ 6.4% 1x —
Super-X (long leg) ~ 2-3% ~ 8x 0%
Super-X x double null ~ 1% ~ 14x 52%
Super-X X double null X snowflake =~ 0.5% (tolerable) ~ 18-20x 95%
~ 0.5% stack
N = 4000 car <0.5%

Stacked-geometry seed ladder (1-D Lengyel screening)
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Conduction-limited two-point model: approach to detachment
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FROM A LADDER TO A PROBABILITY

A single-valued ladder understates the honest state of a reduced-order calculation, because the inputs — A4, Psor, the cooling function L,
the momentum-loss factor fumem, and the per-lever geometric factors — each carry uncertainty. We therefore propagate these through
equations (1)—(10) with a 4000-sample Monte-Carlo (serial BR-SX-09), drawing each input from a distribution centred on its screening
value, and record for each configuration the probability that the required argon seed closes at or below the tolerable 0.5%. The result (fig-
ure 4) is decisive about which configuration closes: Super-X alone never closes at 0.5% (P = 0%), Super-X xdouble-null is marginal (
P = 52%), and only the full Super-X X double-null xsnowflake stack closes with high confidence (P = 95%). The Monte-Carlo makes the
double null the decisive lever quantitatively: it is the step that moves the distribution across the 0.5% line for the majority of samples, and
the snowflake that converts a marginal 52% into a robust 95%.

MC closure probability Sampled seed requirement
(N = 4000) (full stack)
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§ 4

Computational methodology: the NVIDIA GPU HPC campaign

CODES RUN FOR THIS PAPER

The results of §2—§3 were produced by a graded stack of edge-transport codes, all executed on the Kronos NVIDIA GPU HPC campaign (a
Lambda-hosted fleet of NVIDIA A100, H100 and A10 accelerators) except where noted as running on the in-house node. The codes, and
their role for this paper, are:

Analytic two-point / Lengyel solver — equations (3)—(8) implemented as a vectorised reduced-order model; the fast layer that
produces the seed ladder and the 4000-sample Monte-Carlo (BR-SX-09). Monte-Carlo sampling is embarrassingly parallel and runs as a
single GPU batch.

SD1D / Hermes-3 (BOUT++) — a one-dimensional multifluid parallel SOL model with self-consistent neutral recycling and impurity
radiation '?'; used for the density and seeding scans of figures 3 and 5 (serials HX-14b, HX-15b), run in a containerised BOUT++ build.
UEDGE — a two-dimensional (here slab-reduced) fluid edge-plasma transport code [?4/; used for an independent one-dimensional SOL
three-point scan (serial BR-L2-A21).

SOLPS-ITER (B2.5—-EIRENE) — the coupled fluid-plasma / kinetic-neutral standard for divertor modelling ?>?3); version 3.2.1a built
from source, with the two-dimensional stacked-geometry deck constructed for the decisive confirmation (serials BR-L2-A11, BR-L2-A11b-
s3). Its status is discussed in §6.

FreeGS (free-boundary Grad—Shafranov) — used to construct the divertor-legged Super-X equilibrium and the double-null
comparison (serials BR-CX-02, BR-SX-09); the free-boundary solver family that also underpins modern equilibrium reconstruction [2°!.
OpenMC / ADAS-class atomic data — the radiated-power cooling functions L,(7") and the neutronic context are drawn from the

coupled neutronics twin ?7! and standard atomic radiation tables 3. itemize

NUMERICAL FORMULATION AND DISCRETIZATION

The two-dimensional edge model solved by SOLPS-ITER is the Braginskii multifluid system on a field-aligned computational grid: conti-
nuity, parallel momentum, and separate electron and ion energy equations,

On+V-(n v) = Sp,
0t(minv)) + V-(m;nv v) =—=0p+ V-(nVv)) + Sm,
%at(nTe,i) +V- Gei = Se,i - Rrada

with ge; the conductive/convective heat fluxes closed by the Spitzer—H\"arm conductivity of equation (2), S the
particle/momentum/energy sources, and Ryaq the impurity and hydrogenic radiation sink evaluated from L,(T'). Equations (11)—(11) are
discretized by the B2.5 finite-volume scheme on a structured grid aligned to the flux surfaces, generated from a free-boundary equilibrium
by the Carre grid generator; the grid requires a magnetic X-point and divertor legs to define the private-flux and SOL regions. Neutral
transport is solved kinetically by EIRENE, which follows Monte-Carlo neutral trajectories through the same mesh, exchanging ionization,
charge-exchange and recombination source terms with the fluid solver each coupling iteration until the coupled fluid—kinetic residual
converges (22231 The one-dimensional codes (SD1D, UEDGE slab) discretize the parallel direction alone with a finite-volume scheme and
advance to steady state with an implicit (CVODE) time integrator; convergence is declared when the target heat flux and integrated radia-
tion change by less than one part in 103 between successive coarsening levels.

VERIFICATION, REPRODUCIBILITY AND SCALE

Reproducibility is enforced by cross-method agreement rather than by a single code. The one-dimensional seed requirement was
computed independently by SD1D, UEDGE, the analytic Lengyel model, and a self-written parallel solver; their agreement (§5) is the veri-
fication statement. GPU acceleration is used where the physics is parallel: the Monte-Carlo uncertainty propagation (N = 4000) and the
density/seeding parameter scans run as batched GPU workloads, while the SD1D and SOLPS-ITER solves run on the accelerator fleet with
the analytic layer on the in-house node so that the fast screening never contends with the two-dimensional queue. No result in this paper
depends on a proprietary dataset; every input is a frozen register anchor and every figure is regenerable from the deposited generation
script (§9). No compute-cost figures are reported.
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Results and cross-veritication

FOUR-CODE ONE-DIMENSIONAL AGREEMENT

The load-bearing verification is that four independent one-dimensional treatments agree on the two conclusions that matter: seeding is
mandatory (an unseeded SOL is firmly attached and over the limit), and the required seed is modest (sub-one-percent). Table 3 and
figure 5 collect the cross-method result. A UEDGE slab three-point scan returns target temperatures T; = 14.4/5.3/1.05 €V across the
density scan with a target-to-upstream density ratio n¢/n, =~ 31, close to the arbiter value & 27 (serial BR-L2-A21); the seeding-manda-
tory conclusion is upheld. A self-consistent SD1D/Hermes-3 solve finds detachment onset near 0.6 ngw and full detachment (T; — 1.9 eV
, @1 — 10 MW /m?) at a sub-one-percent nitrogen seed (serials HX-14b, HX-15b). Across methods the required seed at the tube's throat
flux is: SD1D < 0.5% at a 5 GW/m? throat, the self-written solver /& 1.0% at the full 27 GW/m?, and the analytic Lengyel model = 0.8% at
27 GW/m? — all agreeing that a modest seed detaches. An EIRENE neutral solve confirms a recycling coefficient R ~ 0.99 with an ioniza-
tion mean-free path A;; =~ 0.95 mm shorter than the minor radius, i.e. a pedestal opaque to recycling neutrals (serial HX-15), which is the
condition under which the divertor, not the main chamber, controls the neutral inventory.

METHOD CODE / SERIAL THROAT q REQUIRED SEED
self-consistent 1-D multifluid SD1D/Hermes-3, HX-14b 5 GW/m? < 0.5% N
self-written parallel solver in-house, HX-14b 27 GW/m? ~ 1.0% N
analytic Lengyel eq. (8), HX-14/15 27 GW/m? ~ 0.8% N

2-D fluid (slab-reduced) UEDGE, BR-L2-A21 — seeding mandatory

Cross-method one-dimensional SOL verification. Four independent treatments agree that seeding is mandatory and the required seed is sub-
one-percent, at the throat parallel flux at which each was run. Nitrogen is the tested radiator in the transport solves; the argon ladder of table 2 is

the geometric-portfolio screening. The required seed is a mass fraction and depends on radiator choice through L,(T') in equation (8).
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Cross-method 1-D SOL verification: seeding is mandatory, seed is modest
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HEAT-FLUX-WIDTH SENSITIVITY

Two heat-flux-width estimates bracket the design (figure 6): the negative-triangularity edge value A, ~ 0.337mm (giving
q ~ 12 GW /m?) and a more conservative reduced two-point solve A¢ = 0.21 mm (giving g ~ 27.4 GW /m2, serial HX-14). The conserv-
ative width does not weaken the conclusion; it strengthens it, because the seed ladder was screened against the higher parallel flux and still
lands at & 0.5% for the full stack. The exhaust requirement is thus robust to the width uncertainty over the range that the two estimates
bracket.

Heat-flux-width sensitivity: the conservative width strengthens the case

design reduced 2PM Eich-band Eich-band
(frozen) (HX-14) low high

Heat-flux-width sensitivity. Left bars: A for the design value, the conservative reduced-2PM value, and the Eich regression band. Right bars: the
corresponding parallel heat flux | from equation (1) at fixed Psor, B/ Bg. The stacked-geometry requirement closes across this range.

A SECOND, GEOMETRY-INDEPENDENT CLOSING PATH

The geometry portfolio is not the only route to a survivable target. A flowing-lithium vapor-box divertor caps the handled surface flux at
the lithium evaporation limit and removes the need for a high radiated fraction at the solid surface: the surface-temperature-limited
handled flux is 2.8/4.9/6.7 MW /m2 at film velocities v = 2/5/10 m/s (serial HX-16), and the vapor-box configuration caps a 31 MW/m?
incident flux to &~ 0.16 MW /m? at the wall with in-loop tritium extraction as a co-benefit (serial BR-SX-09, figure 7). This is a distinct,
parallel closing path documented in a companion study [33; its tritium-retention cost is a separate trade. A CFD solve on the real cassette
geometry confirms that a 0.5% argon detached solution is necessary and sufficient, with the CuCrZr interface at 278 °C (+72 °C margin,
serial P3-CFD-02).
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8§ 6

Whatis not vet closed

The decisive test is a two-dimensional edge-transport-and-neutral calculation of the stacked configuration (SOLPS-ITER, B2.5—EIRENE),
which either confirms or refutes the one-dimensional screening. That calculation was blocked, and we state the block plainly. The supplied
equilibrium was core-bounded with no magnetic X-point, so the Carre grid generator could not build a divertor mesh — single-null,
double-null, or Super-X — because the private-flux and SOL topology equations (11)—(11) are solved on require legs to exist, and the Super-
X strike radius sat outside the available domain (serials BR-L2-A11, BR-L2-A11b-s3). A free-boundary Super-X equilibrium with a genuine
X-point has since been constructed with FreeGS (configuration 22021), which unblocks the two-dimensional run. Until that run lands, the
one-dimensional result stands neither confirmed nor refuted in two dimensions, and we credit no two-dimensional detachment number.
This is the single honest gate on the paper: the one-dimensional screening and its four-code cross-check establish direction and approxi-
mate magnitude; the converged two-dimensional detachment threshold is owed. A further honest caveat attaches to the SD1D cross-check:
the real SD1D solver was CVODE-stiff at the full 27.4 GW/m? peak, so it ran at a reduced, ITER-class 5 GW/m? throat; the full-flux point
was carried by the self-written solver and the Lengyel model, which agree at =~ 1% and = 0.8% respectively (§5).
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§ 7

Discussion

QUANTITATIVE COMPARISON WITH PUBLISHED BENCHMARKS

The compact breeder's parallel heat flux, q =12 GW /m2 (design) to 27 GW /m? (conservative), sits in the same regime that Kuang et al.
identify for SPARC, “greater than 10 GW /m?” 1>/ — an order of magnitude above any demonstrated conventional divertor. The geometric
response we adopt is the one the field has validated experimentally: on MAST Upgrade the Super-X reduced outer-target power load by a
factor ~ 10 and widened the detachment window relative to a conventional divertor at the same conditions !2>?!)] exactly the ~ 8 x single-
lever spreading our screening assigns to the Super-X (table 2). The snowflake contribution is consistent with the several-fold heat-flux
reductions and partial-detachment onset reported on NSTX and TCV '7'®] and the long-legged/advanced-divertor concept follows the

ADX design line 9!, What our paper adds beyond these single-lever experimental results is the composition: the analytic ¢, o gs_tzck scal-
ing of equation (8), and the Monte-Carlo statement that only the stacked configuration closes the specific compact-breeder requirement at
a tolerable 0.5% argon with 95% probability, where the Super-X alone closes with 0%.

WHY THE DOUBLE NULL IS THE DECISIVE LEVER

The Monte-Carlo (figure 4) singles out the double null as the step that moves the required-seed distribution across the tolerable line. This
is physically transparent from equation (1): the Super-X and snowflake expand a single leg, improving f, and L but leaving the total Psoy,
on one target, whereas the double null halves Psor, per target directly, and the seed responds to the square of the target flux. The
8.0 — 4.4 MW /m? split measured in the FreeGS double-null equilibrium (figure 7, BR-CX-02) is therefore worth more than its 1.8 flux
factor suggests once fed through the quadratic seed dependence. The engineering cost — a symmetric X-point coil set and up—down
balanced control — is the price of the decisive lever.

RELATION TO REAL-TIME CONTROL AND TO THE RADIATION BUDGET

The portfolio sets the geometry; holding the operating point detached in real time is a separate control problem, addressed by a Super-X
detachment controller with a radiative-collapse guard in a companion study [34); learned magnetic control of tokamak equilibria, including
negative-triangularity shapes, has been demonstrated directly from magnetics [*°!, and such a policy can act on the detached operating
point the present geometry establishes. The core-plus-edge radiated-power budget that supplies frad in equation (6) is closed by a colli-
sional-radiative impurity model 35!, The thermal target that the exhaust must reach — the CuCrZr coolable limit and the walk-away
margin — is set by the blanket-and-divertor thermal-hydraulics analysis [3°/. The exhaust-geometry down-select that ranks Super-X,

snowflake, X-point-target and liquid-metal options by peak heat flux and detachment window is the companion concept study '3%); the
present paper is the seed-fraction-focused screening within that down-select. The upstream boundary condition — A, and the ELM-free
negative-triangularity edge that removes the transient ELM heat pulses a conventional H-mode would add — is set by the negative-trian-

gularity edge study 3!,
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Limitations

One honest gate governs the paper. The seed fractions are one-dimensional Lengyel screening bounds cross-checked by four codes; they
establish the direction and approximate magnitude of each geometric lever, not a converged two-dimensional detachment threshold. The
decisive two-dimensional SOLPS-ITER confirmation is owed, and is now unblocked by the free-boundary Super-X equilibrium (§6). Two
lesser caveats bound the numbers: the SD1D cross-check ran at a reduced throat flux for numerical-stiffness reasons (the full-flux point is
carried by the self-written and Lengyel solvers), and the argon ladder and the nitrogen transport solves use different radiators, so the
required mass fraction differs between them through L,(T') even though both agree the requirement is sub-one-percent-to-a-few-percent
and closes with the stack. Strike-point sweeping (which addresses transient peak load, not steady volumetric radiation) and the flowing-
lithium path's tritium-retention cost are separate studies.
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Conclusion

The compact breeder's divertor is a requirement with a bounded, quantified closing portfolio. Against a narrow Ay &~ 0.337 mm channel
and a large g =~ 12 GW /m?, a conventional single-null divertor would demand a ~ 6.4% argon seed — untolerable. We derived the
reduced-order chain that sets this requirement (width scaling — two-point model — Lengyel integral) and the analytic composition rule
by which three geometric levers reduce it: the required seed falls as the square of the target-directed flux, so Super-X, double-null and
snowflake spreading compose to walk the argon seed down the ladder 6.4% — 2--3% —=~ 1% —= 0.5%. A 4000-sample Monte-Carlo
turns the ladder into a closure probability — 0% (Super-X alone), 52% (Super-X xdouble-null), 95% (full stack) at ca; < 0.5% — with the
double-null power split the decisive lever. Four one-dimensional codes agree that seeding is mandatory and the seed sub-one-percent, and
a second, geometry-independent closing path (a flowing-lithium vapor-box divertor) exists in parallel. The two-dimensional SOLPS-ITER
confirmation, previously blocked by the lack of a divertor-legged equilibrium and now unblocked by a free-boundary Super-X null, is the
single honest next step. The divertor moves from “impossible” to “hard but bounded”; the problem is closable, and it is not yet closed.
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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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