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ABSTRACT

Lifetime-Constrained Operating-\WWindow Synthesis for a
Compact Spherical-Tokamak Breeder: The Source-Strength-
Centrepost-Lite Trade and the Admissible Current Window

) breeder's operating point is not chosen freely; it is boxed in by competing mission and lifetime constraints, and the shape of that box

A — its floors, its ceilings, and which of them actually bind — is a design result in its own right. We synthesise the admissible operating
= window of the Hyperion compact spherical-tokamak breeder (design point I, = 9.656 MA, Q@ = 3.076,
Pry; = 85.04 MW, negative triangularity 6 = —0.30, By = 8T, elongation x = 2.0, major radius Ry = 1.20m, aspect ratio A = 2.5,
centrepost peak field 16.84 T') from two frozen findings, and we derive both as governing equations rather than assert them. First, a strict
invariance: because the first-wall load and the centrepost fast-neutron flux are driven by the same 14 MeV source, the neutron source
strength S,, and the centrepost life T obey Sy Tite S ¥ep with ¥, a device constant — a fixed per-cartridge neutron budget, so there is
no free operating-point gain: buying more source strength always spends centrepost life in a fixed ratio, and the swap cadence rises
linearly with S,,. We show the design runs at 7y, & 0.21 fpy (~ 4.9 swaps fpy 1) and mid-current at = 0.46 fpy, exactly as the invariance
predicts. Second, the admissible plasma current is a coupled floor/ceiling feasibility problem I, € [Ty Inax) = Ni{Lp : gx(Ip) > 0},
which we recast as a control-barrier-certified safe set. The floor I, = 8.779 MA is the ggs/ideal-MHD edge (gg5 < 3.3 of
the validated band); the ceiling I,y = 9.656 MA is co-set by the centrepost fluence (< 18.85 dpa fpy~!) and the ideal-kink
margin (ges > 2.7). The design current sits at that ceiling: the machine is deliberately run as hard as the consumable centrepost allows.
The tritium-startup requirement, usually assumed binding, is non-binding throughout — 3.17 > 1.87 kg yr !, a 1.70x margin. All results
were produced by the NVIDIA GPU HPC campaign (reduced-order power balance, OpenMC neutronics, free-boundary Grad—Shafranov,
and gyrokinetic transport) and every headline number is a frozen anchor in the Kronos de-risking register. The contribution is a
systems/constraint-synthesis result that names the box and the binding gates, distinct from the structural, fuel-cycle and design-scan
papers of the series.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645799 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: operating window source-strength invariance centrepost life plasma current edge safety factor

control-barrier function negative triangularity 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

WHERE A BREEDER IS ALLOWED TO OPERATE

Where a fusion breeder operates is decided by the constraints that box it in, not by a single figure of merit. For a compact, high-power-
density spherical tokamak (ST) the box is unusually tight. The ST confines a large plasma current in a small volume, which is precisely
what makes it an attractive 14 MeV neutron source and breeding platform »>34) and at the same time forces the inboard leg of the
toroidal-field magnet — the centrepost — into a radial space so narrow that it cannot carry a reactor-lifetime neutron shield. The centre-
post therefore accumulates fast-neutron fluence quickly and becomes a consumable: a scheduled-replacement cartridge rather than a
permanent structure. Once that design choice is made, the operating point is no longer a free optimisation. Every increment of neutron
source strength that the mission wants is paid for in centrepost life, and the plasma current that sets the source strength is simultaneously
bounded below by edge stability and above by fluence. Making the resulting box explicit is the subject of this paper.

PRIOR ART

The individual walls of the box are each grounded in a mature literature. The upper bound on plasma current through the edge safety
factor and the ideal external kink is classical tokamak stability [*7%9]; the operational density limit is the Greenwald scaling !'°’; the 3 ceil-
ing is the Troyon limit [°’; and free-boundary equilibrium reconstruction with real-time ggs and shape is standard practice ['>'3], On the
nuclear side, neutron damage (displacements-per-atom, dpa), transmutation and component lifetime in a fusion first wall are well charac-
terised ['4'5), and the sensitivity of REBCO coated conductor to fast-neutron fluence is an active materials question [°!. The consumable-
centrepost idea itself descends from the demountable-magnet compact-tokamak line 45! and from the spherical-torus neutron-source
concepts 3!, What is missing, and what a builder actually needs, is the synthesis: a single statement of the admissible operating window
that (i) derives the trade between source strength and centrepost life as an invariance rather than a scan artifact, (ii) writes the current-
window bounds as constraint functions and identifies which of them bind, and (iii) does so at the frozen design point of a specific machine
so that every number is auditable.

CONTRIBUTION

This paper contributes exactly that synthesis for the Hyperion breeder. We give: a governing-equations treatment of the neutron source-
strength model and the fluence-life relation, from which the source-strength/centrepost-life invariance follows in closed form (§2); a
formal statement of the admissible current window as a constraint-intersection feasibility problem, recast as a control-barrier-function
(CBF) safe set with a provable forward-invariance guarantee (§2.4); a description of the NVIDIA GPU HPC campaign — the reduced-order
power-balance solver, the OpenMC neutron-transport model, the free-boundary Grad—Shafranov solver and the gyrokinetic transport
codes — that produced every number, with its discretisation, solvers and convergence (§3); a results section with nine data figures and four
tables (§4); a quantitative discussion against the published ST, density-limit, S-limit and materials benchmarks (§5); one honest open gate
(§6); and a conclusion (§7). Every quantitative claim traces to a frozen serial in the Kronos Physics De-Risking Register [29] (gates BR-L1-
A2, BR-L1-A7, BR-L1-A13, KX-L1-A21 and companions), cited inline so each is checkable. The finding sits inside a locked 115-paper series:
the confinement basis that underwrites the operating point is the negative-triangularity turbulence result cross-validated by two gyroki-
netic codes 13%); the consumable centrepost it lives on is developed in the remaining-useful-life prognostics paper 33!, the swap-logistics
and radial-budget-reconciliation paper 3%, and the fleet-availability study 2>'; the headroom in the constraints that do not bind here is
red-teamed in 3%); the platform context is [3°); and the verification discipline behind the frozen anchors is 21,
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Governing equations and the Yormal problem

THE NEUTRON SOURCE-STRENGTH MODEL

For a deuterium—tritium plasma with electron density 7., a 50:50 fuel mix (np = ny = %ne, ignoring dilution to leading order) and ion
temperature Tj, the volumetric fusion reaction-rate density is $n2 (ov)(T;), with (ov) the Maxwellian-averaged DT reactivity of Bosch

and Hale ["'!. The total 14 MeV neutron source strength is the volume integral
So= [ 402 M@ )V = Lamen@Y,

where over-bars are volume averages and g, = n2(av)/(R2(ov)(T;)) is an O(1) profile-peaking factor. The line-averaged density is para-
metrised by the Greenwald fraction [°),

I, [ MA]

— x10¥ m~?,
Ta

fie = fenaw, new =

with minor radius @ = Ry/A = 0.48 m. Substituting (2) into (1) and holding the fixed geometry (a, V) gives the source-strength scaling
that the whole window turns on,

_ ﬂ(ﬁ)%

S, = Kg f?; Iz (ov)(T3) |, Kg 1 a2

Near the operating temperature the DT reactivity is close to a power law, (ov) oc T;” with v & 2 over 10-20 keV, so along a locus of fixed
fe and T; the source strength scales as Sy, o If with 8 = 2, the exponent that the register reproduces (BR-L1-A2). At the frozen design
point equation (3) evaluates to S, = 3.009 x 10 ns~! (BR-L1-A2), which is the neutron power P, = S,E, =678 MW at
E,, = 14.06 MeV and hence Py, = P,/0.80 = 85.04 MW, the frozen fusion power. The reactivity model and the resulting iso-source
contours of the (fg,T;) plane are shown in figure 1; the register operating points (design, off-duty peak, and a low-temperature high-Q
point) are overlaid.
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FIRST-WALL LOADING, DAMAGE, AND THE FLUENCE-LIFE RELATION

The same neutrons that breed tritium also load the first wall and irradiate the centrepost. The first-wall neutron load is

_ E, Sn

Fw Aw bl

with A, the wall area; at the design point I, = 1.885 MW /m? (BR-L1-A13). Displacement damage accumulates in the structure at a rate
proportional to the wall load, d = d,. Ty, and the register value 18.85 dpa fpy ! at 1.885 MW /m? fixes d. = 10.0 dpam? MW Lfpy1
in line with standard fusion-steel estimates 4. The centrepost sees a fast-neutron flux attenuated by whatever inboard shield the radial
budget allows,

—Yefrt
Pep = Po & e, o < Sn,

where tg, is the inboard shield thickness and X its effective attenuation coefficient. The centrepost is retired when its accumulated fast

fluence reaches the allowable ® 10w set by the REBCO /insulator/copper radiation limit %] so its life is
8
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Tiife = .
Pep

The register scan of shield thickness (BR-L1-A13b) drives ¢¢p from 2.9 X 10% down to 1.7 x 10% m~2 fpy_1 as tqn goes from 0 to 45 cm,
lifting Tyie from 0.003 to 0.58 fpy; both endpoints imply an allowable fluence ®a0w &~ 1 X 1023 m~2 (figure 3). The design centrepost,
constrained by the radial budget to a thin inboard shield, lives 7y, ~0.21 fpy (BR-SX-16), giving a swap cadence

Vewap = 1/Tie ~ 4.9 fpy ' (BR-SX-12).

THE SOURCE-STRENGTH/CENTREPOST-LIFE INVARIANCE

Equations (4)—(6) contain the central result. Both the wall load and the centrepost flux are proportional to the same source strength,
Iy o S, and @, o< Sy, so substituting (5) into (6) and writing ¢, = ¢,5, gives

P P an,
Tiife = - = Sh Tife = = = \I’cp ;
€ Sh Cp

where W, — the total number of full-power neutrons a centrepost cartridge can absorb before it must be swapped — depends only on the
device (shield recipe and material limit), not on where in the (fg, T}, Ip) operating volume the machine runs. This is a conservation law for
the operating point: the product of source strength and centrepost life is a fixed per-cartridge neutron budget. Equivalently, the wall-load
version I'y,Tiife = const holds, and the swap cadence is strictly linear in source strength,

1 Sn
Vswap— - — 7 X Sn-
Tlife \I,cp
There is therefore no free operating-point gain. One cannot tune (fg, T;) or I, to buy neutron output without paying the proportional
centrepost-life penalty; the ratio is fixed by ¥ . The register confirms the invariance directly: the source strength and wall load trade one-
for-one across the whole operating plane (BR-L1-A2, figure 2), and the life follows the reciprocal hyperbola of equation (7) — 0.21 fpy at
the design source strength, 0.46 fpy at the reduced mid-current source strength (figures 2—3).

THE ADMISSIBLE CURRENT WINDOW AS A FEASIBILITY PROBLEM

With the invariance fixing the exchange rate, the remaining design question is the range of plasma current over which every gate holds
simultaneously. Write each gate as a constraint function gg(I,) > 0; the admissible window is their intersection,

I, € [Tiny Tmax]) = [ { & : (L) =0}
k

Three gates matter (table 4). (i) Edge safety / ideal kink. For fixed (a, By, Ro, shape) the edge safety factor scales inversely with current,

5 a230

——F(4A
R[) Ip[MA] ‘F( 7n, 6),

[ (Ip) =

so a lower bound gg5 > q;gjn is an upper bound on current and an upper bound ggs < gg? is a lower bound on current. The validated
free-boundary band is ggs € [2.7,3.3] (KX-L1-A21); the conservative end @gos =3.3 sets the current floor
9q: Qo5 — q95(Ip) > 0= I, > Lyn = 8.779 MA. (ii) Centrepost fluence. By equations (3) and (4) the damage rate scales
as Ig; the ceiling is gs : drmax — d.I'y(Ip) > 0 with dmax = 18.85 dpa fpy L, giving I, < If;ax. (iii) Tritium startup. Net tritium produc-
tion scales with source strength; the gate is gr : hp(Ip) — m;?q > 0 with m;?q = 1.87 kg yr L. The kink ceiling gos > 2.7 maps to the
same upper current as the fluence ceiling, so the two coincide at Iy, = 9.656 MA; the design current is placed exactly there

(§4).

Because the operating point is not merely designed but must be held against transients, we recast the window as a control-barrier-certified

safe set 7. Let = (Ip,qgs,...) be the plasma state under actuator command u (current-drive and shaping), with dynamics
& = f(x) + g(x)u. Define barrier functions hi(z) = gx and the safe set C = (), {hr(x) > 0}. The set C is forward invariant — a trajectory
started inside never leaves — if at each instant the command satisfies the CBF inequality for a class-X function ¢,

Vhi(z)- (f(z) + g(z)u) + a(hr(z)) > 0V,
which the controller enforces by the minimally-invasive quadratic program

u = a.rgmgn Llu — upoml|?® 8. Vhi(z): (f(z) + g(z)w) + a(hr) > 0 VE.



The register solves exactly this program over the gg5 scan (KX-L1-A21) and confirms forward invariance of the window; the companion By
clamp (KX-L1-A13) uses the same construction on the stability axis. Equations (9)—(12) are the formal object this paper synthesises: a box,
plus a controller that keeps the machine inside it.

10



§ 3

Computational methodology: the NVIDIA GPU HPC campaign

Every number in §2 and §4 is the output of a specific code, run on the Kronos NVIDIA GPU HPC campaign (a Lambda A100/H100/A10

fleet) with independent-library reproduction and byte-level provenance recorded in the verification backbone [32%], Table 1 lists the codes,
their role, and the convergence metric each is held to; this subsection states the discretisations and solvers.

REDUCED-ORDER POWER BALANCE AND SOURCE STRENGTH

The design point and the source-strength invariance are computed by the Kronos reduced-order toolkit (BR-L1-A2, BR-L1-A7, BR-OUT-1):
a 0-D global power balance closed by a 1-D flux-surface-averaged transport model on a uniform radial grid p € [0,1] (N, = 101). Given
(Ip, fa, T;) the toolkit evaluates equation (1) with the Bosch—Hale reactivity ") and closes the self-consistent gain Q(Sn, Paux) by a
Newton—Raphson iteration on the global power balance P, + Payx = Piogs, converged to |AQ|/Q < 1078, The window edges of
equation (9) are found by bisection on each gy (Ip) to a current tolerance of 1073 MA; the invariance product S, Tife (equa-
tion 7) is evaluated across the full (fg,T;) scan and its constancy checked to the +1.5% reproduction band of figure 2.

NEUTRON TRANSPORT, DAMAGE AND FLUENCE

The wall load, dpa and centrepost fast fluence (BR-L1-A13, BR-L1-A13b) are computed with OpenMC [2°)] continuous-energy Monte-Carlo
transport on the ENDF/B-VIII.0 library, with CAD geometry handled through DAGMC for the full three-dimensional confirmations (BV-
05B, P3-NEUT). Damage is scored with damage-energy (NRT-dpa) tallies on the first-wall and centrepost cells; fast fluence uses an
E > 0.1 MeV flux tally. The estimator is unbiased and its standard error falls as o oc N ~1/2 in the number of neutron histories N; the
campaign runs 2 x 10% histories per configuration, driving the centrepost fast-flux tally relative error below 0.5% (figure 6a). The shield-
attenuation scan of equation (5) is a sequence of such transport solves over ¢y, € [0, 45 cm].

FREE-BOUNDARY EQUILIBRIUM AND IDEAL-MHD STABILITY

The edge safety factor and the MHD gates (BR-L1-A12, BR-L2-A19) come from a free-boundary Grad—Shafranov solve with
FreeGS/FreeGSNKE %! on a 129 x 129 (R, Z) grid. The elliptic operator
1 2
A*p=R %(Eg—z) % = —R*p' () — F($)F' ()

is discretised by second-order finite differences and inverted each Picard iteration, with the plasma current density updated from (p', F'F")
and the coil currents set to hold the prescribed boundary; the iteration is converged to a relative flux residual ||Av||a/||%||z < 1078
(figure 6b). From the converged flux the solver returns gg5 = 2.90, By = 2.13 and § = —0.334 at I, = 9.66 MA (BR-L1-
A12). Ideal-MHD margins are evaluated on every flux surface: the Mercier criterion Djs > 0 and s—a ballooning stability hold on all
confinement surfaces with ¢ > 1 (a core ¢ < 1 sawtooth pocket only), and the n = 1 external-kink margin against the no-wall Troyon
limit ' is 1.15-1.31x (binding), resolved with DCON/GPEC-class metrics (BR-L2-A19); a full n = 1 eigenvalue solve is the owed refine-
ment noted in §6.

TURBULENT-TRANSPORT CONFINEMENT BASIS

The operating point is only meaningful if the assumed confinement holds. The negative-triangularity turbulence suppression that under-
writes it is computed with the Eulerian gyrokinetic code CGYRO [*??) and cross-checked with the quasilinear model TGLF/TGYRO [2324]
(BR-L2-Aic, BR-L2-A13, REG-P13; two-code cross-validation in [3%)). Converged ion-scale runs give a negative-triangularity heat-flux
reduction in the 40-45% band (converged 38-42% at real electron-scale settings), electron-scale (ETG) runs give 79-80%, and the advan-
tage is collisionality-robust (566—66% across v, x [0.25, 4]). These are the confinement gates on which the (fg, T;) plane of figure 1 rests.

11



CONTROL SYNTHESIS, VERIFICATION AND REPRODUCIBILITY

The CBF quadratic program of equation (12) is solved with a standard active-set QP over the gg5 scan (KX-L1-A21, KX-L1-A13); forward
invariance is verified numerically by integrating the closed loop from seeded initial states and confirming min; hg(z(t)) > 0. All codes are
open, versioned, and reproduced against an independent library implementation with recorded input hashes [3'; the figures of this paper
are regenerated from a single deterministic script deposited with the archive (§7). No result depends on proprietary data, and no economic
quantity enters the public analysis.

CODE ROLE HERE SERIAL GPU CLASS CONVERGENCE METRIC
KRONOS toolkit source strength, @, window  BR-L1-A2/A7 A100/H100 |AQ|/Q < 1078; edge
edges 1073 MA
OpenMC (+ wall load, dpa, fast fluence, BR-L1- A100/H100 tally rel. error < 0.5% (N=2x108%)
DAGMC) TBR A13/A13b
FreeGS/FreeGSNKE  gy;, equilibrium, BR-L1- A10/A100 |AY|2/||1%]]2 < 1078
kink/Mercier A12/A19
CGYRO NT turbulence suppression BR-L2- A100/H100 saturated-state flux convergence
Alc/A13
TGLF/TGYRO quasilinear cross-check REG-P13 A100 two-code agreement 122!
CBF QP window forward invariance KX-L1-A21 A10 min; hr > 0 over scan

Codes of the GPU HPC campaign, their role in this synthesis, GPU class, and the convergence metric each is held to. Serials refer to the

register [29,

12



§ 4

Results

THE FROZEN DESIGN POINT

Table 2 lists the frozen design anchors that all downstream quantities inherit. These are Tier-2 canon and are not adjusted in this paper;
the synthesis operates on them, it does not re-optimise them.

QUANTITY SYMBOL VALUE

plasma current Ik 9.656 MA
fusion gain Q 3.076

fusion power Prys 85.04 MW
neutron source strength Sh 3.009 x 10 ns!
first-wall load T, 1.885 MW /m?
first-wall damage rate d 18.85 dpa fpy !
triangularity / elongation o,k —0.30, 2.0

major radius / aspect ratio Ry, A 1.20m, 2.5
toroidal field / centrepost peak By, Bep 8T, 16.84T
edge safety factor q95 2.90

centrepost life (design) Tlife 0.21 fpy

Frozen design anchors (Tier-2 canon) of the Hyperion breeder used throughout. Values are register anchors 29!,

THE INVARIANCE HOLDS ACROSS THE OPERATING PLANE

Figure 2 shows the first result: across the operating plane the normalised wall load and the normalised source strength lie on the strict 1:1
line of equation (7) to within the £1.5% reproduction band (BR-L1-A2). The off-duty peak at f¢0.35/T;17 reaches 1.79x the design wall
load — achievable instantaneously but not sustainable, because by equation (8) it would raise the swap cadence by the same factor — and
the low-temperature high-Q point at f¢0.35/7;13 (Q = 3.865) sits at 0.967x. Table 3 tabulates these three points with their source
strength, wall load, gain and implied life. Figure 2 plots the invariance itself: centrepost life against source strength traces the reciprocal
hyperbola 7y, = ¥, /Sy, with the design point at 0.21 fpy and the mid-current point at 0.46 fpy. This is the “no free lunch” result in one
curve.

13
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OPERATING POINT Sy /o T, /Tdes Q CENTREPOST LIFE

design (f¢0.30) 1.00 1.00 3.076 0.21 fpy (design)

high-Q (f¢0.35/T;13) 0.967 0.967 3.865 ~ 0.22 fpy

off-duty peak (f¢0.35/T;17) 1.79 1.79 — = 0.12 fpy (not sustained)
mid-current 0.46 0.46 — 0.46 fpy

Three register operating points on the invariance (BR-L1-A2, BR-SX-16). Source strength and wall load are normalised to the design point; life
follows equation (7). The off-duty peak is achievable but not sustainable because its swap cadence rises in proportion.

RUNNING AT THE FLUENCE CEILING

Figure 3 plots centrepost life and swap cadence against plasma current. Because life scales as I, 2 (through S, o Ig and equation 7), the
design current — at the top of the window — gives the shortest life (0.21 fpy) and the highest cadence (~4.9 swaps fpy '), while mid-
current lengthens life to 0.46 fpy. Figure 3 shows the lever that sets the ceiling itself: the inboard WC shield thickness drives the centrepost
fast fluence down by two orders of magnitude and lifts life from 0.003 to 0.58 fpy, with the allowable-fluence crossing
® 0w ~ 1 x 102 m~2 marking where a cartridge must be retired (BR-L1-A13b). The radial budget available for that shield is the physical
origin of the fluence ceiling — and the one open gate of §6.
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Running at the fluence ceiling: life vs current
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THE ADMISSIBLE CURRENT WINDOW AND WHICH CONSTRAINTS BIND

Figure 4 shows the free-boundary mapping between qg5 and I, (equation 10): the validated band ggs € [2.7,3.3] maps to
I, € [8.779,9.656] MA, with the design point at ggs =2.90. Figure 5 is the synthesis itself. The floor
Tin = 8.779 MA is set by the ggs/ideal-MHD edge (gg5 = 3.3); the ceiling Inay = 9.656 MA is co-set by the
centrepost fluence (< 18.85 dpa fpy ') and the ideal-kink margin (gg5 = 2.7), which coincide at the frozen point. The design current sits at
that ceiling: the machine is deliberately run as hard as the consumable centrepost allows, which is why it also has the shortest life in
figure 3. The tritium-startup floor, usually assumed binding, is not: figure 4 shows net tritium production staying above the 1.87 kg yr~*
requirement everywhere in the window, at 3.17 kg yr! at the window floor — a 1.70x margin — and would bind only near 41.5 MW (
~ 6.1 MA), well below the window. The binding gates are therefore the centrepost fluence and the MHD edge; tritium
startup is a non-issue in this window. Table 4 is the constraint ledger.
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Edge safety factor sets the current-window mapping
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The admissible operating-current window (register KX-L1-A21)
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NUMERICAL CONVERGENCE AND CONTROL CERTIFICATION

Figure 6 documents the numerical basis: the OpenMC tally standard error falls as N ~1/2 and reaches below the 0.5% target at 2 x 108
histories (panel a), and the free-boundary Grad—Shafranov Picard iteration converges geometrically to the 10~ flux-residual tolerance in
under twenty iterations (panel b). Figure 7 illustrates the control-barrier certification of equation (11): the admissible window is the inter-
section of the super-level sets {hj > 0}, and the CBF quadratic program (12) keeps the closed-loop trajectory forward-invariant inside it.
Figure 7 summarises the whole synthesis pipeline — the four solver families feeding the constraint synthesis and CBF certification that
produce the window — and names the GPU HPC campaign that runs it.
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Control-barrier certification of the window (schematic)
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Discussion

THE INVARIANCE AS A DESIGN PRINCIPLE

The source-strength/centrepost-life invariance of equation (7) is more than a scan artifact; it is a conservation law that reframes the design
conversation. Because S,Tire = Wp is fixed by the device, the only ways to lengthen centrepost life at fixed mission are to raise ¥, —
thicken the inboard shield (figure 3), which competes for radial space — or to accept a longer mission at lower source strength (move
down-current, figure 3). No manipulation of the (fg, T;) operating point buys neutron output for free. This is the quantitative statement of
the consumable-centrepost premise 43): the centrepost is a scheduled-replacement cartridge with a fixed neutron budget, and the swap
cadence (equation 8) — ~4.9 fpy~! at the design point — is a direct, linear consequence of choosing to run at the fluence ceiling. The oper-
ational downstream of that cadence (swap logistics, radial-budget reconciliation, fleet capacity factor) is developed in the companion

papers 3351 and the remaining-useful-life estimator that schedules each swap in [33); the merged-fleet availability those studies report (
= 0.59, rising to ~ 0.65 at mid-current) is exactly the operational price of the invariance.

WHICH DENSITY AND S LIMITS ACTUALLY BIND

Two limits usually taken as binding in a tokamak are not the operative ones here. The Greenwald density limit "'°! would allow fg < 0.45,
but the first-wall neutron load caps the density at fg ~ 0.36 (BR-CX-09, figure 1) — so the operative density constraint is wall loading, not
Greenwald. Likewise the Troyon S limit [°! is not the ceiling: the free-boundary equilibrium runs at 8y = 2.13 against a no-wall Troyon
value near 2.8, leaving an ideal-kink margin of 1.15-1.31x (BR-L2-A19). That margin is finite and is what makes the kink a genuine co-
ceiling on current, but it is 8 headroom, not a 8 wall; the red-team study '3/ probes exactly how much of it survives under current-drive
and profile uncertainty. The negative-triangularity edge is ELM-free L-mode below the peeling—ballooning boundary (BR-CX-08), which
removes the Type-I ELM transient load that would otherwise dominate the divertor and further constrain the window ["*9!; the confine-
ment that the whole plane assumes is the two-code-validated turbulence suppression 3%,

COMPARISON TO SPHERICAL-TOKAMAK NEUTRON SOURCES

The current-limited, fluence-limited character of this window is generic to the compact ST as a neutron source. The ST-FNSF and ST pilot-
plant studies of Menard et al. 3! likewise identify the centrepost as the lifetime-limiting component and adopt either a low-duty or a
replaceable centre-column strategy; the START/MAST and NSTX line established that the ST can hold high current at low aspect ratio in
the first place [%'7?!, Relative to those studies, the contribution here is not a new device but the explicit synthesis: the invariance written in
closed form, the window written as a constraint intersection with a named binding set, and the whole object certified as a control-barrier-
invariant set so that the operating point is not only designed but guaranteed to be held. The demountable-magnet ARC/SPARC line 14528
shares the enabling REBCO technology; the distinction is that Hyperion's centrepost is designed to be consumed on a schedule set by
equation (7), not merely demountable for maintenance.

TWO DISTINCT MAGNETS

Throughout, the breeder centrepost (16.84 T' peak) is treated as the distinct device it is; it is not the burner plug coil, a separate, higher-
field magnet (26.49 T) belonging to the separate D—>He tandem-mirror burner product, which has its own operating-window analysis
(KX-L1-A21-BU) outside the scope of this breeder paper. Conflating the two fields would corrupt both the fluence ceiling and the current
window derived here; keeping them separate is load-bearing.
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8§ 6

Limitations

One honest gate bounds the ceiling. The fluence ceiling Iimax is set by the inboard-shield thickness that fixes ®jioy /@cp (figure 3), and that
shield competes for the same inboard radial space as the centrepost conductor and the inboard breeding. The current design carries an
= 2 cm centrepost radial-budget overrun (BR-SX-16): the space booked for shield, conductor and structure exceeds the available inboard
radius by about two centimetres, and reconciling it will move ® 54w and hence the exact position of I, The reconciliation is a registered
work item carried in the swap-logistics companion [34); until it closes, the ceiling of figure 5 should be read as the frozen-point value with a
~ 2 cm-shield sensitivity, not a settled number. Two secondary items are noted for completeness and are not this paper's gate: the n = 1
external-kink margin is presently a reduced metric awaiting a full DCON/MARS eigenvalue solve (BR-L2-A19), and the 1.70x tritium
margin is quoted at the design blanket recipe and would shrink under a leaner recipe. None of these changes the qualitative synthesis —
the invariance, the binding set, and the design point at the ceiling — but the precise I'may is shield-budget-limited.
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§ 7

Conclusion

The compact breeder's operating window is boxed by two frozen findings, both derived here as governing equations. First, a strict source-
strength/centrepost-life invariance, SpTife = ¥ep (equation 7): the centrepost has a fixed per-cartridge neutron budget, so there is no free
operating-point gain and the swap cadence rises linearly with source strength — 0.21 fpy and ~4.9 swaps fpy ! at the design point,
lengthening to 0.46 fpy at mid-current. Second, the admissible plasma current is a coupled floor/ceiling feasibility problem,
I, € [8.779,9.656] MA (equation 9), recast as a control-barrier-certified safe set (equations 11-12): the gg5/MHD edge sets
the floor, the centrepost fluence and the ideal-kink margin co-set the ceiling, and tritium startup is non-binding with a 1.70x margin. The
design current 9.66 MA sits at the ceiling — the machine is run as hard as the consumable centrepost allows. The box, and
which constraints define it, are stated explicitly and produced end-to-end by the NVIDIA GPU HPC campaign; the one open number is the
shield-budget-limited exact position of the ceiling.
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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
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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
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Lifetime-Constrained Operating-
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A real fusion company building real machines. Explore the science, live.
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