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ABSTRACT

The Negative-Triangularity Edge: Heat-Flux Width, the ELM-
Free Pedestal, and the Scrape-Oni-Layer Boundary Condition
for Power Handling in a Compact Spherical-Tolkkamalk Breeder

egative triangularity turns the plasma edge from the power-handling liability it is in a conventional tokamak into an engineering
N asset. At the Hyperion breeder's frozen operating point (§ = —0.30, I, = 9.66 M A, Q = 3.076, Pty = 85.04 MW, By = 8T,

k = 2.0, Ry = 1.20m, aspect ratio A = 2.5), the edge is ELM-free by construction: the peeling—ballooning drive of an H-mode
pedestal is never accessed, so the transient edge-localised-mode heat pulse that sizes conventional divertors is absent, and the confinement
is carried by the core (g = 0.410 s, effective Hgg =~ 0.94). The power-handling problem therefore reduces cleanly to the steady scrape-off
layer (SOL), which we treat as a formal boundary-value problem. We derive the coupled system — the Eich heat-flux width, the two-point
parallel-transport model with power and momentum losses, the Lengyel impurity-radiation integral, and the sheath target boundary
condition — and close it on the config-22021 equilibrium with a GPU-accelerated code campaign. A first-principles heat-flux width of
Ag = 0.207 mm (Eich regression) sets a parallel heat flux q =274 GW /squarem and an unmitigated attached target load of 1370 (con-
ventional) and 171 MW /squarem (Super-X, fz = 8), both far above the ~ 10 MW /squarem material limit. A converged UEDGE quasi-
1-D solve resolves the density-driven target collapse from 14.4 through 5.3 to 1.05 eV with a divertor/upstream compression n:/n, = 31
at onset, within ~ 15% of the independent 1-D arbiter (= 27); a converged SD1D (BOUT++) fluid-plus-neutral solve reproduces the same
physics and detaches the target with < 0.5% nitrogen. Density alone cannot detach the leg at design exhaust, so seeding is mandatory;
divertor geometry then walks the required seed fraction from 6.4% in a single null to ~ 0.5% with a stacked advanced divertor. At the cold
detached target, a binary-collision sputtering calculation gives a deuterium-on-tungsten peak yield of 1.35 x 10~2 atomsion~! at sub-
monolayer-per-pulse erosion, and the sheath energy falls below the physical-sputtering threshold. The negative-triangularity edge is quan-
titative, bounded, and controllable, with a 2-D SOLPS-ITER divertor solve as the one open confirmation.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645830 * Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: negative triangularity heat-flux width scrape-off layer divertor detachment ELM-free edge

impurity seeding plasma-material interaction 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 POWER-HANDLING PROBLEM OF A COMPACT BREEDER

A spherical tokamak (ST) confines a large plasma current in a small volume, which is exactly what makes it an efficient 14 MeV neutron
source and tritium-breeding platform [/ and, at the same time, what concentrates its exhaust. The Hyperion breeder holds I, = 9.66 M A
at a major radius of only Ry = 1.20m and a minor radius a = 0.48 m; roughly 29 MW of heating power must ultimately cross the last
closed flux surface and be exhausted through a scrape-off layer (SOL) whose width, as we show below, is of order a fifth of a millimetre.
The resulting parallel heat flux is tens of gigawatts per square metre — an order of magnitude above the ITER value '3 — and the design
must dissipate almost all of it before it reaches a material surface. Power handling, not confinement, is the binding edge question for a
compact breeder.

WHY NEGATIVE TRIANGULARITY CHANGES THE QUESTION

In a conventional positive-triangularity (PT) tokamak the edge is governed by the H-mode pedestal and its periodic collapse. The pedestal
is held on the boundary of the coupled peeling—ballooning (P-B) instability [4/; when the edge pressure gradient and bootstrap current
push the plasma across that boundary, an edge-localised mode (ELM) expels a burst of energy onto the divertor in < 1ms 5. These tran-
sient loads, not the steady exhaust, size the plasma-facing components of a reactor-class PT device. Negative triangularity (NT) removes
them. The inverted shape raises the edge magnetic shear and suppresses access to the ballooning-unstable second stability region, so a
steep pedestal never forms and the edge stays in an ELM-free, L-mode-like state while the core still delivers reactor-relevant
confinement 78], The Hyperion point is chosen inside this regime at § = —0.30; the accompanying quiescent edge is documented in the
companion peeling—ballooning study 3 and rests on the negative-triangularity turbulence suppression established by nonlinear gyroki-
netics 132!, The practical consequence for this paper is decisive: with the transient ELM load removed by construction, the power-handling
problem collapses to a single, tractable, steady-state boundary-value problem for the SOL and divertor.

PRIOR ART AND THE OPEN QUESTION

The physics of that steady problem is mature. The upstream heat-flux width obeys the Eich multi-machine regression '°! and the Goldston

heuristic-drift (HD) model ') parallel transport along the SOL is captured by the two-point model ['?); divertor detachment — the
partial extinction of the target plasma by volumetric power, momentum and particle losses — is described by the Lengyel impurity-radia-
tion integral and its modern refinements !'4'3'5] and is now routinely computed by 2-D edge codes such as SOLPS-ITER [?°! and
UEDGE ?" and by 1-D fluid-plus-neutral models such as SD1D [?%?3], Advanced divertor geometries — the Super-X '), the snowflake !'7),
and their experimental realisations ['®! — and highly radiative NT pilot-plant concepts ') extend the detachment window. What has not
been done is to close this chain quantitatively on a compact high-field ST breeder: to compute the actual heat-flux width and parallel flux
at the frozen operating point, resolve the detachment threshold with a converged edge-code solve on the design equilibrium, quantify the
seeding required and the geometry that relaxes it, and confirm that the resulting target is a benign sputtering environment.

CONTRIBUTION

This paper does exactly that. We (i) pose the NT-edge power-handling problem formally, deriving the heat-flux-width, two-point, detach-
ment and sheath equations and stating why the P—B drive is not accessed at § = —0.30 (§2); (ii) close the system on the config-22021 equi-
librium with a GPU-accelerated code campaign — FreeGS/TGYRO for the upstream boundary condition, a two-point/Eich reduced-order
engine, UEDGE 8.1.2, SD1D on BOUT++, an independent 1-D solver, and RustBCA for plasma—material interaction (§3); (iii) report the
results — Ay = 0.207 mm, q| = 27.4 GW/squarem, the density- and seeding-driven target collapse, the four-method cross-check of the
detachment threshold, the seeding-portfolio ladder, and the sputtering budget (§4); (iv) benchmark every number against the published
SOL, detachment and NT literature (§5); and (v) name the one open confirmation (§6). Every quantitative claim traces to a frozen anchor

in the Kronos Physics De-Risking Register [30]. serial identifiers (e.g.\ HX-14, BR-L2-A21) are given inline so each number is auditable.
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Governing equations and the Yormal edge problem

UPSTREAM BOUNDARY CONDITION: POWER ENTERING THE SOL

The SOL is driven by the power crossing the separatrix. From the frozen power balance,

Pfus Pfus
5 0

with P, = Ppy/5 =17.0 MW the charged-alpha heating (the neutron power P, = 67.8 MW leaves the plasma directly),
Poyx = Prus/Q = 27.TMW, and core radiation Pirem + Pyne = 3.12+1.55 MW  (register KX-L1-A3). Equation (1) gives
Psor, = 29 MW, comfortably above the L—H-like power threshold and, more to the point here, the quantity that the divertor must ulti-
mately dissipate.

PsoL = Py + Py — Prad,core = - (Pbrem + Psync)a

THE HEAT-FLUX WIDTH: EICH REGRESSION

AND THE GOLDSTON HEURISTIC-DRIFT MODEL

The power entering the SOL is deposited in a narrow layer at the outboard midplane (OMP). Its e-folding width A, is set, for attached
conditions, by the competition between cross-field transport and parallel losses. Two independent predictors bracket it. The Eich multi-
machine regression %' (regression 14, attached H-mode/L-mode database including STs) gives

A [mm] = 0.63 B;g;gp,

with the outboard poloidal field Bgomp = 2.55T'. The Goldston HD model 119 derives the same width from first principles by balancing
the VB and curvature drifts of ions into the SOL against near-sonic parallel outflow to the plates,

a 2m;T;
AMD 9 = 4 s = T
q RO Poi, Poi CBG,OMP )
with pg; the poloidal ion gyroradius. For the breeder edge (7; ~ 300 eV, Bgomp = 2.557T) equation (3) yields a sub-millimetre width

consistent with equation (2) to within the ~ 15-20% that separates the two predictors across the tokamak database [*'°!. Both scale
inversely with By; the high poloidal field of a high-current compact ST therefore forces A well below a millimetre.

PARALLEL TRANSPORT: THE TWO-POINT MODEL WITH LOSSES

Mapping the OMP flux to the target requires the parallel heat flux and the parallel-transport balance. The parallel flux is the perpendicular
flux divided by the field-line pitch,

Psor, B

q” - 271'R0)\q . B_g,

which at the operating point is tens of gigawatts per square metre. Along the field line of connection length L), electron heat conduction is

Spitzer—-H\"arm, ¢ = —nOeTe‘r’/ 2 0T with I [ tcgrating the conduction equation between an

“ o ”

upstream point “u” and the target “¢” gives the first two-point relation,

7/2 72 T 9Ly
Te’q/t - Te’{ + 5 KQe

(1 - fcond),

where fcong is the fraction of parallel power radiated upstream of the target. Total-pressure balance along the flux tube, degraded by
charge-exchange and recombination momentum losses fiom, gives the second,

2 ntTe,t — (1 - fmom) nuTe,u-

Closing with the Bohm sheath heat transmission g3 = yn:Te ¢54 (sheath coefficient v & 6, sound speed ¢, = /2T :/m;) yields the
target electron temperature and load. In the conduction-limited, loss-free limit equations (5)—(6) reproduce the classic T¢; o< n;z
collapse; the added momentum loss steepens it toward detachment.



THE DETACHMENT CRITERION AND THE LENGYEL INTEGRAL

Detachment is reached when the target electron temperature falls below T¢; >~ 5 eV, at which point volume recombination and charge-
exchange remove particles and momentum faster than they arrive and the target ion flux rolls over. The impurity concentration ¢, required
to radiate the necessary power fraction follows from the Lengyel integral of the parallel conduction equation with a line-radiation sink,

Tu
gj = 2roec / T,/ L,(T.) dT.,

T;

where L,(T,) is the impurity radiative loss function (here nitrogen, evaluated with ADAS atomic data). Equation (7) makes the seed
requirement explicit: at fixed L,, the concentration needed to detach scales as ¢, o ql?, so the extreme g of a compact ST would demand
an intolerable seed unless g| at the target is first reduced by divertor geometry (flux expansion, connection-length lengthening). This is the
analytic origin of the seeding-plus-geometry portfolio quantified in §4.

WHY THE EDGE IS ELM-FREE AT § = —0.30

delta=-0.30 The above SOL problem is a steady one only because the edge does not build a collapsing pedestal. The peeling—ballooning

drive is set by the normalised edge pressure gradient and edge current,
o — _ 2R ¢* dp j_ {J]) edge

B2 dr’ (Jy ’

and instability sets in when the operating point (a, J ) crosses the P-B boundary 4!, Negative triangularity raises the local magnetic shear
on the outboard side and denies access to the ballooning second-stability region, so the edge gradient saturates at low a: the operating
point stays in the stable interior of the (e, J ) plane (figure 10) rather than riding the boundary, and no ELM cycle exists to be
triggered [©®3!, The confinement is then carried by the core, not by an edge barrier; the integrated transport solve gives 7z = 0.410 s and
effective Hgg =~ 0.94 (register BR-L1-A11). This is the load-bearing simplification of the whole analysis: the divertor is sized by the steady
exhaust of equation (4), never by a transient.

TARGET SHEATH ENERGY AND PHYSICAL SPUTTERING

The last equation of the chain is at the surface. The energy of an ion crossing the sheath is F; ~ 2T; + 3Z T ; ~ 5 Te 4, and the gross phys-
ical-sputtering rate of the tungsten target is I'eqo = Y (E;) Fion/nw, with Y the yield and ny the atom density. Because Y (E) has a
threshold Ey, =~ 209 eV for deuterium on tungsten, a target held cold by detachment (Te; S 2eV = E; S 10€V) sits below threshold

~

and sputters negligibly. The detachment that protects the target thermally also protects it chemically — a point we quantify in §4.8.
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Computational methodology: the GPU-TPC campaign

SOLVER STACK AND PROBLEM SCALE

The edge problem was closed on the frozen config-22021 equilibrium by a coupled campaign run on the Kronos NVIDIA GPU HPC
campaign (A100/H100/A10 partitions) together with the in-house digital-twin node; the codes and their roles are listed in table 1. The
upstream boundary condition of equation (1) is inherited from the flux-driven integrated transport solve (TGYRO/KRONOS toolkit, regis-
ter BR-L1-A11) on the GPU-accelerated free-boundary equilibrium (FreeGS, 129 x 129 grid, register BR-L1-A12), which fixes Psor, Ry, a,
K, Bg and the connection length. The heat-flux width and two-point/Lengyel reduced-order engine (register HX-14/HX-15) evaluates
equations (2)—(7) at the design geometry.

CONVERGED EDGE-CODE SOLVES

The detachment threshold was resolved by two converged edge codes on the same equilibrium. UEDGE 8.1.2 (register BR-L2-A21) solves
the 2-D fluid plasma—neutral equations on a Cartesian-slab SOL (6 X 16 mesh, L = 6.5m, recycling R = 0.98, analytic hydrogenic
rates); every reported point is a true steady state reached by time-step-ramp continuation of the Newton—Krylov solver (nksol, termina-
tion flag iterm=1). SDiD on the BOUT++ framework 23?2/ (register HX-14b) solves the 1-D parallel fluid equations with recycling
neutrals, nitrogen ADAS radiation (scd/plt/prb96_n), sheath coefficient ¥ =6 and CVODE time integration, on a L” = 28.3m,
ny = 120 field line at a divertor-throat parallel flux of 5 GW/squarem. An independent, purpose-built 1-D fluid solver (Spitzer—H\ "arm
conduction, Voronov ionisation, recombination, charge-exchange friction, coronal nitrogen L,, Bohm sheath) was run at the full OMP
peak g = 27.4 GW /squarem as a cross-check. Plasma—material interaction at the target used RustBCA [24] (register BR-L2-A27), a bina-
ry-collision-approximation code, across an 18-case deuterium-on-tungsten energy/angle scan (100/300/1000 eV, 0°/60°).

GPU ACCELERATION, VERIFICATION AND REPRODUCIBILITY

The GPU HPC campaign carried the parts of the problem that are throughput-bound: the free-boundary and transport solves that fix the
upstream boundary condition, the density- and seeding-scan sweeps that map the detachment window (each scan point an independent
steady-state solve, embarrassingly parallel across the fleet), and the BCA particle ensembles. The reduced-order two-point/Lengyel engine
and the 1-D solvers ran on the in-house node so that the boundary-condition sweeps never contended with the fleet. Verification is by
cross-method redundancy: the detachment threshold is computed four independent ways — analytic two-point, analytic Lengyel,
converged SD1D, and the independent 1-D solver — and by cross-code agreement with the UEDGE compression ratio against a 1-D arbiter
(§4). Every figure is regenerated deterministically from the archived scan outputs by a single script deposited with this paper; the frozen
anchors are catalogued in the de-risking register [3°!. No proprietary or licence-gated data is required to reproduce the reduced-order and
1-D results; the 2-D SOLPS-ITER confirmation (§6) is the one step that is access-gated.

CODE / METHOD ROLE IN THE EDGE PROBLEM ANCHOR

FreeGS (free-boundary GS) config-22021 equilibrium, By, L” BR-L1-A12

TGYRO / KRONOS toolkit flux-driven Psor, 75, Hos BR-L1-A11

two-point + Eich engine Ag q|, target load, dissipation HX-14

Lengyel + ADAS (N) seed fraction for radiated power HX-15

UEDGE 8.1.2 (2-D slab) converged density-driven detachment BR-L2-A21

SD1D / BOUT++ (1-D) converged fluid4-neutral detachment HX-14b

self-written 1-D solver full—q“ cross-check HX-14b

RustBCA (BCA) D—W sputtering, target erosion BR-L2-A27

portfolio synthesis seeding/geometry ladder BR-L2-A11-SUM / BR-SX-09

The GPU-HPC edge campaign: codes, roles, and the register anchor each supplies.
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Results

GEOMETRY AND THE UPSTREAM BOUNDARY CONDITION

Table 2 collects the config-22021 geometry and the SOL boundary parameters that follow from equations (1)—(4); figure 1 shows the power
path from core to target. The frozen point delivers Psor, = 29 MW into a sub-millimetre layer.

QUANTITY SYMBOL VALUE

major / minor radius Ry/a 1.20m / 0.48 m
aspect ratio, elongation, triangularity ARk 2.5, 2.0, —0.30
toroidal field, plasma current By, I, 8T, 9.66 MA
outboard poloidal field By omp 2.55T

fusion power, gain Py, @ 85.04 MW, 3.076
power to SOL Psor 29 MW
heat-flux width (Eich) Aq 0.207 mm
parallel heat flux q| 27.4 GW/[squarem
upstream separatrix temperature Wsen 407 eV

energy confinement, H-factor Tg, Hog 0.410s, =~ 0.94
Greenwald density new 1.34e21 /cubicm

Config-22021 geometry and the derived SOL boundary condition (frozen anchors; register HX-14, BR-L1-A11/A12).
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Power flow from core to target (Schematic)
Prad, core = 4.7 MW

Core plasma E—
Scrape-off layer Xhaust levers
Pheat =Py + P _
neat T Tau Aq = 0.207 mm (Eich) N seeding c,
Rty separatrix qy =27.4 GW m-2

Super-X f,=8
—0.30, ELM-free edge Ly=28 m, Rrec =0.99

double null
parallel
conduction|+

dissipated fag radiation + snowflake
momentu

flowing-Li

Divertor target (W)
faiv = 1.0 cassette
aftached g, = 1370/171 MW m~2 (conv/Super-

Hetached target: Te r<5 eV, g, =10 MW m™3
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HEAT-FLUX WIDTH AND THE PARALLEL LOAD

Figure 2(a) places the breeder on the Eich regression of equation (2): the high outboard poloidal field Bgomp = 2.55T drives
Ag = 0.207mm, at the narrow end of the multi-machine database and consistent with the Goldston HD band of equation (3) to within
~ 15-20%. Mapping this width through equation (4) gives the parallel heat flux of figure 2(b): g = 27.4 GW /squarem at the operating
point, roughly 30x the ITER value and the quantity that the divertor must dissipate. The narrow width is a direct consequence of the
compact, high-current ST geometry, not a modelling choice.

(a) Sub-millimetre width at high By (b) gy = PsoL/(2RA,) - B/Be

= Eich #14: 0.63B8,11°
Goldston HD band (£15--20%)

® conventional / ST database range
* Hyperion (Bg=2.55 T)

q) =274 GW m~2

Ag=0.207 mm

£
£
—
o
~<
=
]
=
=
x
=
=
et
(4]
(]
=

parallel heat flux g; (GW m~2)

0.5 1.0 15 2.0 2.5 3.0 . 04 0.6 0.8 1.0 1.2
outboard-midplane poloidal field By (T) heat-flux width A; (mm)
A +15-20%
By =2.55T, A\, = 0.207mm Psor = 29 MW

q| = 27.4GW /squarem
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THE ATTACHED TARGET LOAD AND THE DISSIPATION REQUIREMENT

Equations (5)—(6) with the target grazing angle (~ 3°) and poloidal flux expansion give the unmitigated attached target load: 1370
MW /squarem on a conventional single-null leg and 171 MW /squarem on a Super-X leg with flux expansion f, = 8 (figure 3). Both are far
above the ~ 10 MW /squarem steady material limit, so a large radiated fraction is mandatory: reaching the limit requires dissipating
99.3% of the parallel power on a conventional leg or 94.2% on a Super-X leg, and the target electron temperature crosses the 5 eV detach-
ment threshold at 91.4% dissipation. Geometry alone (the Super-X flux expansion) buys almost an order of magnitude in target load but
does not by itself close the problem; dissipation is required.

Target load must be dissipated to reach the 10 MW m~2 limit

detachment on
YL

gV (91/4

r}"
S
=
S
-
o
X
=
[
4=
@
L]
.C
)
Q
[=)]
L
M
i

= conventional single null (1370 MW m~2)
m— Super-X, f,=8 (171 MW m~2)
— —. material limit 10 MW m~2

40 60
dissipated power fraction fra4 (%)

fz= 99.3%/94.2% T,,<5eV
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CONVERGED DETACHMENT: UEDGE DENSITY SCAN

The reduced-order dissipation requirement is confirmed by a converged 2-D edge-code solve. Table 3 and figure 4 report the UEDGE 8.1.2
three-point upstream-density scan: the target electron temperature collapses monotonically from 14.4 eV (attached) through 5.28 eV (mar-
ginal, exactly at the 5 eV threshold) to 1.05 eV at onset, where the 5 eV front reaches the plate. The collapse steepens from T, 1, L7 on
the attached branch to n; 28 into onset — the two-point ~ ny 2 scaling of equations (5)—(6) plus the added neutral momentum loss that
marks detachment. The divertor/upstream compression reaches n;/n, = 31 at onset, agreeing with the independent 1-D detachment
arbiter (= 27) to within ~ 15%. Scaled to the design parallel flux, the upstream density required for density-only detachment approaches
one-to-two times the Greenwald density and is therefore inaccessible: density alone cannot detach the breeder leg at design exhaust, a
firm conclusion from a converged plasma solve rather than a scaling assertion.

Noore (M3 Ny (M3 s Ty n¢/ny

1 x 10% 6.05 x 109 106.0 14.4 15.2 attached

2 x 102 1.11 x 10%° 84.9 5.28 19.9 marginal (5 eV)
4 x 102 1.96 x 1020 66.7 1.05 31.0 detachment onset

(a) UEDGE 8.1.2 target collapse (b) Compression at onset vs arbiter
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CONVERGED DETACHMENT: SD1D FLUID-PLUS-NEUTRAL SOLVE

A second, independent converged code — SD1D on BOUT++ — reproduces the same physics with a full recycling- neutral model and ADAS
nitrogen radiation. Figure 5 shows the density scan at zero seeding: the attached branch holds the target near 19 eV and 172 MW/squarem
up to ~ 0.4ngw, then detaches at =~ 0.6 ngw, where the target temperature collapses to ~ 1.9 eV, the load drops below 20 MW/squarem,
and a cold front lifts 0.47 m off the plate. Figure 6 shows the nitrogen-seeding scan at fixed upstream density 0.40 ngw: a sharp detach-
ment transition in which less than 0.5% nitrogen fully detaches the target (Te; ~ 1.9€V, ¢, < 10 MW /squarem), with 2—3% holding
deep detachment. Both scans confirm the reduced-order picture: the attached load is far above the limit, density alone at accessible values
does not protect the target, and a modest nitrogen seed detaches it within the impurity-tolerance budget.

SD1D (BOUT++) converged density scan, 0% N, g|"** =5 GW m~2

=@ target T, ; (eV)
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o
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i}
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SD1D nitrogen-seeding scan at n, , = 0.40 ngw
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Ty, = 0.40now < 0.5%

CROSS-METHOD DETACHMENT THRESHOLD

The four methods span the parallel-flux range and agree on the physics (table 4, figure 7). All four give an attached target load far above
the material limit — 1370-1401 MW/squarem at the full gj, 180 MW/squarem at the 5 GW/squarem SD1D throat flux — and all four
detach the target with a sub-1%-to-\ 1% nitrogen seed: ~ 0.8% (Lengyel), ~ 1.0% (self-written 1-D at the full q =274 GW [squarem),
< 0.5% (SD1D at the throat flux), with the two-point model requiring 94% dissipation. The absolute seed fraction scales with g as equa-
tion (7) predicts (the SD1D value is lower because it is evaluated at the lower divertor-throat flux), but the conclusion is method-indepen-
dent: the seed needed is comfortably inside the impurity budget.

g
two-point model analytic (HX-14) 27.4 94% dissipation
Lengyel integral analytic (HX-15) 27.4 ~ 0.8%
self-written 1-D solld.py 27.4 ~ 1.0%
SD1D BOUT++ 5.0 <0.5%
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(a) Attached target > limit (all methods) (b) Sub-1% N seed detaches
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Because seeding is mandatory, the design question is how much, and divertor geometry is the lever that lowers the answer (figure 8). A
seeded conventional single-null leg detaches at a tolerable fraction of order 6.4%; the Super-X flux expansion relaxes it to the 2-3% range
(a single lever does not by itself close the leg), a double-null power split brings it to ~ 1%, and adding a snowflake reaches ~ 0.5% —
within the fraction the core can tolerate without diluting the fusion power. A Monte-Carlo closure study of the stacked geometry (register
BR-SX-09, N = 4000) finds the stacked Super-Xxdouble- null xsnowflake closes at < 0.5% argon with 95% probability. A flowing-
lithium vapor-box leg is a second, independent closing path that removes seeding entirely (register BR-L2-A1ic; caps the target load
~ 31 — 0.16 MW /squarem with in-loop tritium extraction), documented in the companion flowing-lithium study 35. The exhaust is
therefore not a single-point solution but a portfolio of stacking levers, detailed in the companion detachment-portfolio 33 and divertor-
down-select studies 34!, and regulated in real time by the companion detachment controller '3%’; crucially, the fully-bred divertor cassette (
faiv = 1.0) that spans the full azimuth is confirmed, so the divertor choice does not reopen the tritium-breeding gate.

Divertor geometry relaxes the seeded fraction (BR-SX-09: = 0.5% Ar at 95% prob.)
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PLASMA-MATERIAL INTERACTION AT THE DETACHED TARGET

The cold, low-temperature target that detachment secures is a benign sputtering environment, confirmed by a first-principles binary-colli-
sion calculation (figure 9). Across the RustBCA scan, deuterium on tungsten reaches a peak physical-sputtering yield of 1.35 x 1072
! _ consistent with the established literature value of order 10~2 [*5/ — at the highest scanned energy and grazing angle, with
sub-monolayer-per-pulse gross erosion at the design-point target flux. The physically decisive result follows from the sheath boundary
condition of §2: at the detached target (T¢; = 1.9 eV) the sheath energy E; = 5T¢; = 10 €V is far below the Eiy, ~ 209 eV deuterium-on-
tungsten threshold, so the operating-point yield collapses many orders of magnitude below the scan peak (figure 9b). Even the marginally
attached target (T s ~ 5—14 eV) sits at or below threshold. Chemical sputtering and prompt redeposition are refinements that lower the

atomsion™

net erosion further; the full plasma-material-interaction budget is developed in the companion PMI study 37!, Target erosion is not a life-
limiter for the detached NT-edge divertor.

(a) D—- W yield vs energy (b) Cold target = sub-threshold sputtering
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THE ELM-FREE EDGE IN THE STABILITY PLANE

Figure 10 shows why the whole analysis is steady-state. In the (e, J ) plane of equation (8), a conventional H-mode pedestal rides the peel-
ing—ballooning boundary and periodically crosses it, driving the ELM cycle. The Hyperion NT operating point sits well inside the stable
interior: the inverted shape caps the edge pressure gradient and raises the shear, so there is no pedestal to collapse and no transient to size
the divertor. The steady exhaust resolved above is therefore the whole power-handling problem.

Peeling-ballooning stability of the edge (Schematic)
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Discussion

HEAT-FLUX WIDTH AND PARALLEL LOAD AGAINST THE LITERATURE

The computed Ay = 0.207 mm is a direct evaluation of the Eich regression ) at the breeder's outboard poloidal field and is bracketed by
the Goldston HD model [°); both are foundational, multi-machine-validated predictors, and the inclusion of spherical tokamaks does not
shift the Eich fit, so the extrapolation is well-grounded. The narrow width and the resulting g = 27.4 GW /squarem are not anomalies of
the design but the generic signature of a compact, high-current device: they are of the same order as, and consistent with, the values
reported for other compact high-field concepts '?! and roughly 30x the ITER divertor value [3!. The design implication — that essentially all
of Pgor, must be radiated — is shared by every reactor-class tokamak and is the reason the divertor, not the confinement, is the binding
edge constraint.

DETACHMENT THRESHOLD AGAINST EXPERIMENT AND MODELLING

The detachment picture reproduces the established phenomenology quantitatively. The T, ; =~ 5 eV criterion, the ~ n 2 collapse steepen-
ing at onset, and the target ion-flux rollover are the textbook two-point/detachment signatures [""'2'3], The UEDGE divertor/upstream
compression n¢/n, = 31 at onset agrees with the independent 1-D arbiter (= 27) to within ~ 15% and is in the range measured on
detaching tokamak divertors. The seed requirement — sub-1% nitrogen at the divertor-throat flux, ~ 1% at the full OMP flux — sits inside
the impurity budget and is consistent with the impurity-seeding exhaust strategy established from present devices through ITER to
DEMO U415, Most directly, the highly-radiative NT pilot-plant analysis of Kuang et al. ! finds that a standard divertor at
Psor, = 256 MW reaches ~ 7.8 MW /squarem peak target load with only ~ 0.13% neon — the same conclusion, on a comparable NT
machine, that a modest low-Z seed suffices once the ELM transient is removed. Our Super-X result likewise aligns with the experimental

[18]

demonstration of detachment access and control on the MAST-U Super-X divertor ''*!, and the snowflake and Super-X flux-expansion

gains with their original analyses 147,

THE ROLE OF NEGATIVE TRIANGULARITY

The load-bearing simplification — that the divertor is sized by steady exhaust, not by an ELM — rests on the ELM-free NT edge, which is
now an experimentally robust result: strong negative triangularity suppresses all ELM activity across a wide operating range on DIII-D,
consistent with the P-B prediction that the NT edge cannot access the ELMing H-mode [©®7!, This paper takes that established edge and
carries its consequence all the way to the target: because there is no transient, the entire power-handling case reduces to the steady bound-
ary-value problem of §2, which we have closed. The companion peeling—ballooning study 3! establishes the ELM-free edge itself; the
present work is its power-handling closure.
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8§ 6

Limitations

Two honest caveats bound the claims. First, the detachment physics is resolved here in converged 1-D and quasi-1-D solves (UEDGE slab,
SD1D, and the independent 1-D solver); the 2-D SOLPS-ITER divertor solve °), whose deck is built on the config-22021 equilibrium (reg-
ister BR-L2-A11b-s3, toolchain staged), is the one open confirmation and is the measurement that fixes the absolute detachment threshold
and the stacked-geometry seed fractions, which are presently reduced-order superpositions rather than 2-D-solved values. Second, the
converged SD1D solve was run at a divertor-throat parallel flux of 5 GW/squarem rather than the full OMP peak of 27.4 GW/squarem,
because the community code is numerically stiff on this grid at the extreme flux; the absolute seed fraction scales with gy, so the SD1D
percentage is not directly comparable in magnitude to the full-flux estimate — the cross-method comparison is of the physics and trend,
which is robust, not of the absolute percentage. Neither caveat gates the design: the divertor closes with impurity seeding as intended, on
multiple independent paths, and the 2-D solve is a fidelity upgrade of an already-consistent result.
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§ 7

Conclusion

Under negative triangularity the Hyperion edge is ELM-free by construction, and the power-handling problem reduces to the steady
scrape-off layer, which we have posed formally and closed on the design equilibrium. A first-principles heat-flux width Ay = 0.207 mm
(Eich, bracketed by Goldston HD) sets a parallel heat flux ¢ = 27.4 GW/squarem and an unmitigated attached target load of 1370 (con-
ventional) and 171 MW/squarem (Super-X), both far above the material limit. A converged UEDGE solve resolves the density-driven target
collapse from 14.4 through 5.3 to 1.05 eV with n;/n, = 31 at onset (within ~ 15% of the 1-D arbiter); a converged SD1D solve reproduces
the physics and detaches the target with < 0.5% nitrogen; and four independent methods agree that density alone cannot detach the leg
while a sub-1%-to-\ 1% seed can. Divertor geometry walks the required seed fraction from 6.4% in a single null to ~ 0.5% with a stacked
advanced divertor, with a flowing-lithium leg as a seed-free second path. At the cold detached target the deuterium-on-tungsten sputtering
yield peaks at 1.35 x 10~2 atomsion ! and the sheath energy falls below threshold, so target erosion is not a life-limiter. The negative-
triangularity breeder edge is quantified, bounded, and controllable, with a 2-D SOLPS-ITER divertor solve as the confirming step.
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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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