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This is deliberate: a diligence team will find the load-bearing assumptions, so the document surfaces them first.

TWO EDITIONS

This volume is issued in two editions. The public edition (light) carries the physics and the design only — no dollar, price, or per-kilo-
gram figure appears anywhere in it. The internal edition (dark) adds the economics, the funding architecture, and the defense-commer-
cial analysis, and is marked Confidential accordingly; it is not for public distribution. Where the commercial case rests on a modelled
assumption rather than a demonstrated one, it is labelled as such and its downside is shown alongside it, on the same terms as the physics.

TITLE The Kronos Fleet — Hyperion - Aegis - MetroVolt: A Combined Design &

Commercialization Study
AUTHOR Priyanca Ford, Founder & CEO, on behalf of Kronos Fusion Energy
EDITION 2026 Combined Editorial - first issue

COMPANION WORKS The five-paper arXiv drop — (1) Breeder, (2) Burner, (3) REBCO magnet & tape,
(4) Direct Energy Conversion, (5) AI/ML/Quantum control — with matching
numbered Zenodo deposits, plus the IOP journal and IAEA-FEC submissions.
Patents were filed before the drop.

NAMING Hyperion = the breeder; Aegis (defense) and MetroVolt (data-center) = one
generator in two housings. Internal mode letters (D1, L) do not appear on public
surfaces.

STATUS Conceptual design & simulation study. Nothing herein is a construction
commitment.



HOW TO READ THIS VOLUME
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ABSTRACT

Maturity-Gated Actuation Authority: Binding
PCMM Veritication Credibility to Runtime Control
Authority in an Autonomous Fusion Control Stack

behind its models can justify — no more, and no less than the evidence has earned. On a compact, high-power-density spherical
tokamak the reaction times are short and every actuation carries a safety consequence, so the question “how much authority should
the automation have?” cannot be answered by fiat. We give it a quantitative, auditable answer. We define maturity-gated actuation
authority: a control-governance law that binds the verification-and-validation credibility of each subsystem's models — scored on a
Predictive Capability Maturity Model (PCMM) — to the actuation authority (magnitude, rate, and irreversibility) the controller is permit-
ted at runtime. Two ingredients make the binding formal. A static credibility functional aggregates the six PCMM axes of a subsystem into
a maturity index m, € [0, 1]; a runtime validated-envelope membership M(z) € [0, 1], computed from a calibrated conformal nonconfor-
mity score, measures how far the live state has drifted out of the region where those models were validated. Their product gates a monot-
one authority envelope U(M), and the applied command is the projection of a maturity-weighted blend of the nominal controller and a
deterministic safe floor onto that envelope. We prove that the gated law preserves forward invariance of the certified safe set (so an imma-
ture model can never drive the machine), that authority is monotone non-decreasing in evidence (so the envelope expands only as verifica-
tion does), and that the map recovers the raw nominal controller in the fully-validated limit. We instantiate the law on the Hyperion
breeder design point (Q = 3.076, Prus = 85.04 MW, I, = 9.66 M A, § = —0.30, Bo = 8T, centrepost 16.84 T) and reduce it to practice
against frozen register results: a control-barrier clamp holds Sy < 3.5 with 0/150,000 adversarial violations and min A = +0.000; a cali-
brated uncertainty layer matches nominal coverage to within +3%j; an equilibrium surrogate clears its validation bar at 0.139% RMS flux
error (2877 x faster than the reference); a 40,000-sample anchor-confidence ensemble places the frozen @ = 3.076 conservatively below
the ensemble mean 3.43; and the one honest open gate — an in-winding quantum magnetometer whose neutron tolerance is ~39x short
of requirement — keeps its subsystem correctly clamped to advisory authority. The contribution is an architecture, not a controller: it

/

n  controller or a learned advisor on a nuclear-regulated machine should be trusted with exactly as much authority as the evidence
/
A

constrains authority, it does not by itself close any loop, and it gives a byproduct-material or reactor licensing review a transparent rule in
which autonomy is a function of demonstrated evidence.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645795 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: verification and validation predictive capability maturity model control authority control barrier function
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NOMENCLATURE

Symbols, units, and the names of things

Q plasma (fusion) gain, Pg,s/Pux

Qp engineering gain, net electric out / recirculating in
Hgg confinement enhancement over the IPB98(y,2) scaling
Zef effective ion charge

Cee electron—electron bremsstrahlung leading coefficient, 2.120022 (exact)
Tp energy confinement time

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK/NOAK/BOAK  first [ n'™ | best of a kind

Hyperion the ST breeder (internal: Mode D2)
Aegis the generator, defense/installation housing (internal: Mode M)
MetroVolt the generator, data-center housing (Mode M)



8§ 1

Introduction

AUTONOMY IS A DESIGN REQUIREMENT, AND
IT IS ONLY AS TRUSTWORTHY AS ITS MODELS

A spherical tokamak (ST) confines a large plasma current in a small volume, which is what makes it an attractive neutron source and
breeder platform [%? and, at the same time, what makes it demanding to control. The Hyperion breeder holds I, =9.66 M A at a major
radius of only Ry = 1.20 m behind a centrepost magnet at a peak field of 16.84 T, in a negative-triangularity (§ = —0.30) regime chosen
for good confinement without the edge pedestal and the edge-localised-mode cycle of conventional H-mode 34!, In a device this compact
the characteristic times of vertical instability, thermal transients and magnet events are short, and in a nuclear system every actuation
carries a safety consequence. Autonomy is therefore not a convenience but a design requirement — and an autonomous controller is only
as trustworthy as the model beneath it.

Feedback control of tokamak equilibria and profiles is a mature discipline: magnetic diagnostics feed real-time equilibrium
reconstruction ®" and shape/position controllers [, and physics-based profile simulators run inside the control cycle 7. Learned
controllers have now entered the loop: a deep reinforcement-learning agent has commanded the TCV coil voltages directly from magnetics
to produce a variety of shapes, negative triangularity included ®), and deep networks forecast disruptive instabilities across machines ',
Every one of these advances shares a dependency: the control quality — and the control risk — is bounded by the fidelity of the underlying
plasma model. A learned policy that is superb on the distribution it was trained on can be arbitrarily wrong just outside it, and on a regu-
lated machine that failure mode is not tolerable.

VERIFICATION CREDIBILITY IS ALREADY QUANTIFIED
— BUT IT DOES NOT YET TOUCH THE ACTUATORS

Computational science has spent two decades learning to quantify how much a model should be believed. The Predictive Capability
Maturity Model (PCMM) of Oberkampf, Pilch and Trucano scores a simulation capability on a set of orthogonal axes — representation and
geometric fidelity, physics and material-model fidelity, code verification, solution verification, model validation, and uncertainty quantifi-
cation — each on a graded maturity scale [/, The surrounding discipline of verification, validation and uncertainty quantification (VVUQ)
supplies the concrete tools that populate those axes: the method of manufactured solutions for code verification ['3), the grid-convergence
index for solution verification 4], variance-based global sensitivity analysis "', and a comprehensive framework that threads them into
a single credibility statement ["'2), The Kronos design campaign runs exactly this suite: a formal V&V gate (MMS/GCI/Sobol/PCMM) that
clears a grid-convergence index below 0.4% with 19/19 frozen anchors reproduced (register serial KX-L1-A6), and a companion verifica-

tion-first catalogue that fixes every anchor and reproduces each gate against an independent library [343%],

In parallel, control theory has learned to make autonomy safe. A control barrier function (CBF) renders a safe set forward-invariant
through a pointwise quadratic-program filter on the actuator command !"7'®; a predictive safety filter carries the same guarantee for
constrained nonlinear systems under learned control "'); the Simplex and runtime-assurance architectures switch between a high-perfor-
mance and a verified-safe controller under a monitored condition '?>?!; and reachability-based frameworks give learning-based
controllers a certified fallback [?>?3), These two literatures — credibility scoring and safe control — have developed independently.
Credibility scoring tells a reviewer how much to believe a model but stops at the report; safe control tells the actuator what is admissible
but takes the model's trust as given. Nothing binds the first to the second. A subsystem whose models are only reduced-order is, in current
practice, permitted the same actuator authority as one that has been machine-validated against nonlinear gyrokinetics and hardware — the
safety filter simply assumes its model is right.



CONTRIBUTION

This paper closes that gap. We propose maturity-gated actuation authority: a governance law that makes a subsystem's permitted actua-
tion authority an explicit, monotone function of its demonstrated PCMM credibility and of the live state's membership in the validated
envelope. Concretely we contribute:

a static credibility functional (§2.2) that aggregates the six PCMM axes of a subsystem into an interpretable maturity index m, € [0, 1],
with a conservative weakest-link aggregation that no single high axis can rescue;

a runtime membership M (z) € [0, 1] (§2.3) built from a calibrated conformal nonconformity score, so that leaving the validated envelope
is detected with a finite-sample coverage guarantee;

the authority envelope U(M) and the gated control law (§2.5), which projects a maturity-weighted blend of the nominal controller and a
deterministic safe floor onto the admissible set;

three theorems (§3): forward-invariance preservation, monotonicity of authority in evidence, and nominal recovery in the fully-validated
limit;

a numerical formulation (§4) — the projection quadratic program, the online membership estimator, and their convergence and latency —
and a GPU-HPC campaign (§5) that produced the grounding results;

a reduction to practice on the Hyperion breeder (§6) grounded in frozen register anchors, including the one honest open gate the policy
correctly clamps. enumerate

Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking Register [34; the serial identifiers (e.g. KX-L1-A13) are
given inline so that each number is auditable. The scheme is a frozen anchor in that register (invention family; provisional applications
filed).



§ 2

Governing model and the formal problem

PLANT, CONTROLLER AND SAFE SET

Let the plant state be z € X C R™ and the actuator command » € RP?, evolving in continuous time under the (in general uncertain)
dynamics

z = f(z) + g(z) u, z(0) = x.

A subset of the state is safety-critical. We encode the operational safety envelope as the zero-superlevel set of a continuously differentiable
function h : X — R,

C={zeX:h(x) >0}, C={z:h(x)=0},

so that C is the region certified safe by the design basis. For the breeder the load-bearing instance is the normalised-beta margin: with Sy
the normalised plasma beta and B™ = 3.5 the register's certified ceiling (KX-L1-A13), h(z) = S§** — Bn(z). A nominal controller
Unom = Tnom(Z) provides performance (a model-predictive or learned policy, companion [381): a safe controller Ugye = Teafe(Z) provides a
deterministic, physics-bounded fallback (the certified clamp, companion [35'). The problem is to combine them so that authority is granted
to Unom ONly in proportion to the evidence that the model behind it is trustworthy.

THE CREDIBILITY FUNCTIONAL

Each subsystem s carries a PCMM assessment: a vector of maturity scores b, = (53,1, e ,ZS,K) over K =6 axes, each
Lok € {0,1,2,3} mapping onto the fidelity tiers representative, characterized, converged, machine-validated used throughout the
campaign. We aggregate the axes into a scalar maturity index m, € [0,1] by a weighted power mean with negative exponent, which
behaves as a smooth weakest-link:

1/p K
1 K
ma(P)=§(E wkf;:k) ; E wy=1, wg>0, p<—1.
k=1 k=1

The factor 1/3 normalises the machine-validated ceiling (£ = 3 on every axis) to ms; = 1. As p — —o0, 3 tends to the weighted minimum
%mink L5k, so a single immature axis (say model validation at £ = 0) forces m, — 0 regardless of how strong the others are; a finite
p < —1 retains differentiability while preserving this conservative bias. Equation 3 is monotone non-decreasing in every £, z, so credibility
can only rise as an axis is matured — a property we use in §3. The static index is refreshed whenever the underlying V&V evidence changes;

between refreshes it is a constant of the deployment.

THE RUNTIME VALIDATED-ENVELOPE MEMBERSHIP

A model’'s PCMM score is earned over a training and validation domain D C X. Its credibility does not transfer outside D, so authority
must contract when the live state drifts out. We measure that drift with a calibrated nonconformity score. Let 7 : X — R>¢ be a noncon-
formity function — for a Gaussian-process or ensemble surrogate the natural choice is the Mahalanobis distance to the validation set,

r(z) = \/ (6(z) — T =1 (¢(x) — B),

with ¢(z) a feature embedding, ¢ and X the validation-set mean and covariance. Split-conformal calibration 252 converts r into a distri-
bution-free threshold: on a held-out calibration set {zi}ficl drawn from D, the empirical (1 — a) quantile

d1-o = the [(N; + 1)(1 — a)]-th smallest of {r(z;)}

guarantees, under exchangeability, that a fresh in-domain state satisfies Pr[r(z) < §1_o ] > 1 — a. We then define the runtime member-
ship as a smooth, monotone-decreasing map of the calibrated distance,

M(z) = %(1 — tanh[(r(z) — d1_a) /w]) 0,1,



with width w > 0; M =~ 1 well inside the validated envelope and M — 0 once 7 exceeds the conformal threshold (figure 3). The calibra-
tion that fixes g1 is itself a gated quantity: the campaign's uncertainty layer is accepted only when empirical coverage matches the nomi-
nal level to within 3% (KX-L1-A14, companion 3°)), the condition

| CoVemp(a) — | < 3% Va,

so that M(z) inherits a calibrated meaning rather than an arbitrary one.

THE AUTHORITY ENVELOPE

Actuation authority is not a scalar; it has three faces — how large a command is allowed, how fast it may change, and whether it may take
an irreversible action. We encode all three in a maturity-parametrised admissible set. Let u = m, M(z) € [0, 1] be the effective maturity,
the product of static credibility and runtime membership. Define

Up) = {w [[u— taelloo < a(w), llilloo < (1), ueZ(w) },

where @(u) is the magnitude authority, 7() the rate authority, and Z(u) the set of permitted (reversible, or — above a maturity threshold
p* — irreversible) action classes. We require each to be monotone non-decreasing in u, with

Trevs B <p~

@0)=ao >0, (1) =am; FO)=ro>0, 7(1)=rmm ZI(u)= {Iau o

The small floors ag, 79 > 0 leave the safe controller always able to act; the ceilings @max, "max recover the unrestricted actuator when the
model is fully credible. Figure 3 plots a representative envelope with the irreversibility threshold p*; the specific functional forms are
design choices, and the theorems of §3 require only monotonicity and the endpoint conditions 9.

THE GATED CONTROL LAW

The applied command blends the nominal and safe controllers by effective maturity and projects the blend onto the admissible set that the
same maturity permits:

Uapp = Hu(u)(/‘ Unom + (1 — ll') usafe) y B = Mmg M(:I)),

where IIy(,;) is the Euclidean projection onto the closed convex set (). As p — 1 (machine-validated model, state deep inside the vali-
dated envelope), the blend tends to #xom and the envelope opens to the full actuator, so %app —+ Unom: the scheme is transparent to a fully-
credible controller. As g — 0 (immature model or state out of distribution), the blend tends to ussg and the envelope contracts to the
reversible floor, so %app — Ugage: the machine cannot be driven by an unvalidated model. The projection II is what makes the guarantee
hard rather than advisory — even a pathological nem is clipped into (1) before it reaches the plant. Equation 10 is the formal object of
this paper; the rest of the paper establishes its properties, its numerics, and its instantiation.



§ 3

Theoretical guarantees

We state three properties that make 10 a governance law and not merely a heuristic blend. Throughout, 7rg,¢ is assumed to be a valid CBF-
QP controller for Cin the sense of '7): there is an extended class-Koo function 4 such that

su%)) [Lsh(z) + Loh(z)u] > — A(h(z)) Vz € C,
ucld(0

i.e. the safe controller can maintain the CBF condition using only the always-available floor authority #(0), and s () is a selection that
attains it.

theorem[Forward-invariance preservation] Let C in 2 satisfy the CBF condition 11 with the floor authority, and let the admissible set 2/( )
be defined so that its projection IIy,) never removes the safety component, i.e. the CBF half-space {u : Lgh(z)u > —y(h) — Lyh(z)}
intersects U(p) for all 4 € [0,1] and all z € C. Then the closed loop 1 under U,y of 10 renders C forward invariant: g € C = x(t) € C for
all ¢ > 0. theorem

proof[Proof sketch] By 11 the CBF half-space is non-empty for every € C using authority already contained in #(0) C ¥(x) (monotonici-
ty, 9). The admissible set is constructed as the intersection of ¢(u) with that half-space enforced as a hard constraint of the projection QP
(§4); the intersection is non-empty by hypothesis, so the projection returns a uspp satisfying h=L #h + Lghuapp > —7(h) on 8C. By
Nagumo's theorem and the comparison lemma for A > —y(h) "7*8), h(z(t)) > 0 is invariant. The maturity weighting affects only which
admissible command is chosen, never whether the safety constraint is met. proof

Theorem 11 is the licensing-relevant statement: whatever the maturity, and however wrong the nominal model, the state cannot leave the
certified safe set. In the register the clamp realising msate holds By < 3.5 with zero violations in 150,000 adversarial Monte-Carlo replays
and a minimum barrier value min A = +0.000 (KX-L1-A13; figure 5).

theorem[Monotonicity of authority in evidence] The permitted authority is non-decreasing in every PCMM axis and in the runtime
membership. Formally, for the magnitude and rate authorities of 8,

ba(p) da(p)
Mo — oM

>0, and likewise for 7, Z,

and the irreversible-action class Zy is unlocked only when y = m,M > p*. theorem

proof u = my,M with m  monotone non-decreasing in each £, ; by 3 and M fixed by the state; @, 7 monotone non-decreasing in u by 9.
The chain rule gives non-negative partials. The threshold clause is 9 verbatim. proof

Theorem 11 is the property a regulator can inspect: authority is derived from documented maturity and expands only as that maturity is
demonstrated. It cannot be granted by assertion, and maturing a model can never reduce the authority it earns.

theorem[Nominal recovery and safe reversion] Assume Upom(z) € U(1) for all = (the fully-credible envelope contains the nominal
command). Then lim, 1 Uapp = Unom and lim,,_,g Uapp = Usate, POiNtwise in . theorem

proof At y = 1 the blend equals uy0m, and ¢(1) contains it by assumption, so the projection is the identity. At y = 0 the blend equals wg,¢.
; Usafe attains the CBF condition within 2(0) by 11, so it lies in the admissible set and the projection is again the identity. Continuity of 10
in p (projection onto a continuously-parametrised convex set is continuous ') gives the limits. proof

Together the three theorems say precisely what the governance law does: it is safe at all maturities (Theorem 11), it hands out authority
only in proportion to evidence (Theorem 11), and it disappears when the evidence is complete (Theorem 12). The authority ladder these
induce — shadow/advisory — supervised — bounded — full — is drawn schematically in figure 1, beneath the defence-in-depth stack
(maturity gate over CBF clamp over hardware failsafe) that carries it.

10



Maturity-gated authority ladder and the assurance stack beneath it (Schematic.)

increasing actuation authority

defence in depth

full authority (irreversible OK) my=> Inachlnel-l‘wéalillllt al / learned controller
bounded autonomy (rate-limited) m,> converged+
paturity gate M4

supervised (human confirm) m,> converged
shadow (advisory only)

ardware failsafg
3D / offline model m,> represent.

p=msM

CIBF safe-set clamp

M(z)

11



§ 4

Numerical formulation

THE PROJECTION QUADRATIC PROGRAM

The projection in 10 is computed as a small convex quadratic program (QP). Writing %p = pUnom + (1 — ££)Usate for the blended target
and stacking the magnitude, rate and CBF constraints, the per-tick problem is

Uapp = argf}elikl} %Ilu—ubllg

8.t ||u — Ugae|| o < @(p),
“U - uk—l”oo < F(l"') At’

Lgh(z)u > —~(h(z)) — Lsh(z),

with ug_; the previous command and At the control period. The objective is strongly convex and the feasible set is a non-empty polytope
(non-empty by the hypothesis of Theorem 11), so 13 has a unique minimiser [3"3%). For the breeder p is small (a handful of shape, current-
drive and gas actuators), and the box-plus-halfspace structure admits an active-set solve in microseconds; the resulting command lies in
[1.06,1.25] (normalised) at the design point (KX-L1-A13), matching the register's clamp range. The QP is warm-started from uz_; so that
the active set changes by at most one constraint per tick in normal operation, giving a bounded, real-time worst-case iteration count.

ONLINE MEMBERSHIP ESTIMATION AND ITS CONVERGENCE

The runtime membership 6 requires () and the calibrated quantile ¢;_,. The Mahalanobis form 4 is evaluated from a Cholesky factor of
¥ precomputed offline, so each tick costs one triangular solve, O(d?) in the embedding dimension d. The conformal quantile 5 is fixed at
calibration time; it converges to the true (1 — a) quantile of the nonconformity distribution at the standard rate O(Nc_l/ 2) as the calibra-
tion set grows (), and the finite-sample coverage bound is exact for any N,. Because 6 is 1-Lipschitz in 7 with constant 1/(2w), a bounded
error |# — r| < € in the online distance produces a bounded membership error | M — M| < €/(2w), so the gate degrades gracefully rather
than discontinuously under sensor noise.

LATENCY BUDGET AND THE FAST/SLOW SPLIT

The gate must not itself become the slow path. We split the computation across rates (table 1): the CBF clamp and the membership evalua-
tion run in the fast protective loop (microseconds to sub-millisecond), served by a reduced-order surrogate; the PCMM index m, is a
deployment constant refreshed offline; and the calibration 7 is re-fit off-line whenever the validation evidence changes. The nominal
controller's own surrogate — a physics-informed equilibrium operator — clears its validation bar at 0.139% RMS flux error while running
2877x faster than the free-boundary reference (KX-L1-A11; figure 6), which is what makes a model-predictive u,,, feasible at control
latency in the first place.

COMPUTATION LOOP LATENCY CLASS

membership M(z): Mahalanobis + conformal threshold fast (protective) ~ microseconds

projection QP 13 (box + rate + CBF) fast (protective) microseconds

reduced-order surrogate for %nom fast sub-millisecond (2877 x, SH/KX-L1-A11)
nominal MPC / learned policy %nom medium milliseconds

PCMM index m; 3 offline deployment constant

conformal calibration §;—o 7 offline re-fit on evidence change

Where each piece of the gated law runs. Allocations by loop rate; the maturity gate and CBF clamp are on the fast protective path, the PCMM

index and conformal calibration are offline. Serials refer to the register [341,

12
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Computational methodology: the GPU-TPC campaign

Every grounding number in this paper was produced by the Kronos NVIDIA GPU HPC campaign and is reproducible from the archived
run directories named inline by register serial. The campaign is deliberately built as a set of independent codes so that no result rests on a
single implementation.

Formal V&V (KX-L1-A6). The credibility axes that populate m, are earned by the formal V&V suite in the KRONOS Research Toolkit: code
verification by the method of manufactured solutions 3/, solution verification by the grid-convergence index 4 (achieving GCI < 0.4%)),
variance-based global sensitivity by the Saltelli/Sobol estimator !>/, and PCMM scoring against the frozen anchors (19/19 reproduced).
These runs establish the code- and solution-verification axes of the matrix in figure 2.

Model-validation truth (turbulence, equilibrium, neutronics). The model-validation axis is earned against reference physics. Core turbu-
lent transport is validated by nonlinear gyrokinetics: the CGYRO Eulerian gyrokinetic—Maxwell solver [*°!, run on the GPU fleet for the
negative-triangularity design point and cross-checked by the quasilinear TGLF model (register BR-SX-10 / HX-17), confirms the confine-
ment anchor ) = 3.076. The equilibrium/shape axis is validated by a physics-informed neural surrogate trained against the free-bound-
ary solver FreeGS [2%%7], reaching 0.189% RMS flux error and a 0.32% Grad—Shafranov operator residual (KX-L1-A11). Neutronics and
tritium-breeding maturity is earned by CAD-faithful Monte-Carlo transport in OpenMC/DAGMC [3°! (register VV-006). Each code
contributes to the maturity score of the subsystem it validates.

Safety, uncertainty and confidence (KX-L1-A13/A14, FREEZE-CONF). The safe controller @g,s and its forward-invariance evidence are
produced by a CBF-QP Monte-Carlo campaign: 100 trials in the reported study and 150,000 in the adversarial-replay stress test, all clear-
ing h > 0 (KX-L1-A13). The conformal calibration that fixes §;_, and the coverage condition 7 is produced by a surrogate-accelerated
Bayesian-optimisation UQ run (200 evaluations, posterior Hgg = 1.007 & 0.030; KX-L1-A14). The anchor-confidence ensemble that quan-
tifies how conservatively the frozen gates are set is a 40,000-sample Monte-Carlo (FREEZE-CONF |/ VV-010), giving P(Q > 3.0) = 52%
for the breeder against the ensemble mean 3.43, and burner P(Qg > 1) = 94%. GPU acceleration matters here because the membership
calibration and the confidence ensemble are embarrassingly parallel over samples; the surrogate evaluations that replace each expensive
forward solve are what bring 104~10°-sample studies inside a practical wall-clock.

The offline authority-activation proof. The maturity gate that authorises each capability is checked by a formal-methods / model-checker
toolchain — proof, not simulation — that runs offline before deployment and verifies that no capability activates below its maturity, with
the closed loop stable on the digital twin and the hardware-in-the-loop rig at plant timing. This is an assurance artefact, not a runtime cost.

Reproducibility of the campaign. All figures in this paper are regenerated by a single deposited script (make_mga_figs_2p70. py) that reads
the frozen anchor values quoted inline; the physics runs behind those anchors are archived by serial in the register 4. No result depends
on unpublished or proprietary data, and no economic quantity enters the public deposit.
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8§ 6

Results: reduction to practice on the Hyperion breeder

THE MATURITY MATRIX

Figure 2 maps the register's gate outcomes onto the six PCMM axes for six representative subsystems. The equilibrium/shape and safety-
clamp subsystems sit at machine-validated maturity on almost every axis (RMS flux error 0.139%; 0/150,000 adversarial clamp viola-
tions); turbulent transport and neutronics sit at converged to machine-validated; the magnet quench detector sits at converged (demon-
strated on synthetic data); and the in-winding quantum magnetometer sits at representative on the model-validation axis — the one delib-
erately low row that the policy will hold to advisory authority (§8). This matrix, aggregated by 3, is what feeds m, into the gate.

PCMM credibility profile mapped to the aggregate maturity index m;,

Equilibrium / shape (KX-L1-A11)

Safety clamp / B (KX-L1-A13)

converged
Turbulent transport (BR-SX-10)

Neutronics / TBR (VV-006)
character.

Magnet quench detect (BR-SX-14)

In-winding NV sensor (BR-SX-14) represent.

repr. physics code solution model uncertainty
fidelity model verif. verif. valid. quant.
) v

: n . .&MMS . the GGD) .
Cells map register gate outcomes to PCMM tiers (R/C/Cv/MV); the NV-sensor row carries the one open gate.

THE AUTHORITY ENVELOPE AND THE GATED LAW IN ACTION

Figure 3 shows the authority envelope U(1) of 8: magnitude and rate authorities rise monotonically with maturity, and irreversible actions
unlock only above p*. Figure 3 shows the runtime membership 6 as a function of the calibrated nonconformity distance, with the confor-
mal quantile marked; membership collapses as the state leaves the validated envelope. Figure 4 closes the loop: during a simulated out-of-
distribution excursion the membership M(;) dips, and the applied command uapp slides continuously from the aggressive nominal
toward the deterministic safe floor and back, always inside the admissible band [1.06, 1.25]. These three figures are the governance func-
tions of the paper; they are derived from the model, not measured physics, and are labelled as such.
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THE EVIDENCE THE GATE RESTS ON

The gate is only as good as the evidence populating m, and M(z). Figure 5 is the forward-invariance evidence: the unclamped nominal
violates the By = 3.5 boundary in 50/100 trials and reaches a peak 4.200, while the maturity-gated CBF clamp holds 0/100 (and
0/150,000 under adversarial replay) with min A = +0.000. Figure 5 is the calibration evidence: after the Bayesian-optimisation UQ fit,
empirical coverage tracks the nominal credible level to within the 4-3% band of 77, with the Hgg posterior at 1.007 & 0.030 (KX-L1-A14) —
the condition that gives g1 its calibrated meaning. Figure 6 is the surrogate-maturity evidence: the equilibrium operator clears its 1%
bar at 0.139% RMS flux error and a 0.32% operator residual, at 2877 speed (KX-L1-A11). Figure 6 is the anchor-confidence evidence: the
40,000-sample ensemble (FREEZE-CONF | VV-010) places the frozen Q = 3.076 conservatively below the ensemble mean 3.43 with
P(Q > 3.0) = 52%, while the burner gate carries P(Qg > 1) = 94% and the pooled UQ gives P(Q > 1) = 1.0 — so the anchors that the
authority ladder gates against are themselves set conservatively.
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Forward invariance under the gated clamp (KX-L1-A13)
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Equilibrium surrogate clears its validation bars . Control-latency speed
10

acceptance bar
B achieved (KX-L1-A11)

2877 %

A i i i

i g sl

o
oo
1

percent (%)
o
o

o
Y
1

0.320%

relative wall-clock speed (log)

RN |

=
(%)
]

il

N

40k-sample anchor-confidence ensemble (FREEZE-CONF / VV-010) Anchor gate confidence

GS-operator reference surrogate
residual FreeGS

3 = frozen anchor Q =3.076 J 100%
1750 - ] 100 94%

== gnsemble mean 3.43

1500 A

1250 A
P5/P95 = 1.58/6.29

P(Q>3.0)=52%
1000 4

750 -

Monte-Carlo count
probability (%)

500 -

250 A

0 ] ) 1
0 4 6 8 PQ230)  PQg>1)

. breeder burner
breeder gain Q

0.139% RIS 45, 0.32%




MATURITY LEVEL (u) PERMITTED AUTHORITY RESIDUAL CONTROL

machine-validated (p > p*) wide, fast, includes irreversible actions controller-led
converged (¢ mid) moderate, rate-limited, reversible controller with human confirm
representative / reduced-order (z—0) narrow, reversible only human or CBF-bounded safe controller

Maturity gates actuation authority: the three-tier policy that 10 realises. Residual control is what the gate defers when a subsystem's maturity is

below the level required for full authority.
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§ 7

Discussion

AGAINST THE SAFE-CONTROL LITERATURE

The gated law composes with, rather than competes against, the established safe-control architectures. A CBF-QP filter ['7'®! and a predic-
tive safety filter !9 guarantee that the command is admissible with respect to a model; they take the model's trustworthiness as given. The
Simplex and runtime-assurance patterns [2>?"2? switch between a performance and a safe controller on a monitored condition, but the
switch is binary and the monitor is usually a state predicate, not a credibility score. Maturity-gated authority generalises the runtime-
assurance switch into a continuum indexed by verification evidence: the CBF clamp of Theorem 11 is the g = 0 corner of our envelope, and
full nominal authority is the g =1 corner (Theorem 12); the interesting behaviour is the graded interior, where authority tracks the
evidence continuously. The novel object is the binding of the actuator constraint set to the PCMM score and the conformal membership —
a binding that, to our knowledge, has not previously been made formal in either literature.

AGAINST LEARNED CONTROL

A learned controller such as the TCV deep-RL policy ®! is exactly the kind of w,,y, this architecture is built to govern: superb inside its
training distribution, unquantified outside it. The conformal membership 6 is precisely a distribution-free detector of “outside it,” and the
gate hands authority back to the deterministic floor when the policy leaves the domain on which it was validated. This is the same disci-

pline that safe reinforcement learning seeks *4%2!, expressed as a governance law rather than a training constraint: the policy may be
trained however one likes, and the gate — not the training loss — is what guarantees the actuator stays inside the evidence. The companion

papers develop the pieces the gate consumes: the certified clamp 2%, the calibrated-uncertainty and conformal layer that fixes M (z) [3°,
the out-of-distribution / epistemic-gating ledger that throttles model authority beyond the validated envelope !37, and the reference-gover-
nor MPC that supplies %pom [°/.

WHY IT MATTERS FOR LICENSING

The governance law gives a regulator an auditable rule rather than a promise. By Theorem 11, authority is a documented function of
PCMM credibility and is expanded only as that credibility is demonstrated; by Theorem 11, the safe set is invariant at every maturity. This
makes the automation's scope a transparent function of evidence — a property a byproduct-material licensing review under the compact-
source thesis [4°! can inspect line by line, and one that the campaign's verification-first record !3%34) is structured to support. The scheme
does not ask the regulator to trust the Al it asks the regulator to trust the evidence, and it makes the evidence-to-authority map explicit.
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Limitations

Two honest caveats bound the claims. First, the governance law is an architecture, not a controller: the mapping from maturity to a
concrete authority envelope U(u) (the functions @, 7, Z and the threshold *) is design-specific and must be instantiated and re-validated
per subsystem, and the maturity scores themselves inherit the assumptions of the V&V process that produced them — a mis-scored axis
mis-sets the authority. The law constrains authority; closed-loop stability is provided by the CBF clamp beneath it (Theorem 11), not by the
gate. Second, one subsystem carries a genuine open gate that the policy handles by design rather than by claim: the in-winding nitrogen-
vacancy diamond magnetometer that would give the magnet twin a local, single-shot quench precursor requires a neutron tolerance of
~3.9 x 101¥ ncm~2, about 39x above the ~1 x 10'7 demonstrated for such devices (BR-SX-14; figure 7). The maturity matrix scores
that subsystem representative on model validation, and the gate therefore holds it to advisory authority behind the already-mature fused
strain-rate-plus-magnetization precursor (which fires 34 earlier than terminal voltage, 0.089 s versus 3.02s, at SNR 323). The gover-
nance law does not hide the open gate; it is the mechanism by which the open gate is safely tolerated until an irradiation study closes it.

Fused quench precursor (mature) In-winding NV sensor: authority stays clamped

34 x earlier
SNR 323

—
o
o

—_—
)

L —
@

=

-
=

=

-
Q
3
D

=]

terminal fused demonstrated required
voltage Precursor NV tolerance fluence

34x 323
~39x
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Conclusion

Maturity-gated actuation authority binds verification credibility to runtime control authority. A static PCMM credibility functional 3 and a
calibrated conformal membership 6 combine into an effective maturity 4 = m M that indexes a monotone authority envelope 8; the
applied command is the projection of a maturity-weighted blend of the nominal and safe controllers onto that envelope 10. The law is safe
at every maturity (forward invariance, Theorem 11), hands out authority only in proportion to demonstrated evidence (monotonicity,
Theorem 11), and reduces to the raw nominal controller when the evidence is complete (recovery, Theorem 12). Reduced to practice on the
Hyperion breeder against frozen register anchors — a CBF clamp at 0/150,000 adversarial violations, a calibration within +3% coverage,
an equilibrium surrogate at 0.139% RMS flux error and 2877 % speed, a 40,000-sample anchor-confidence ensemble, and one honest open
gate correctly clamped — it turns the question “how much authority should the automation have?” from a matter of assertion into a matter
of evidence, and gives a licensing review an auditable rule in which autonomy grows only as verification does.

Acknowledgments tocsectionAcknowledgments Part of the Kronos Fusion Energy 2026 design series. The author thanks the Kronos
physics de-risking programme for the frozen result set underlying every quantitative claim, and acknowledges the NVIDIA GPU HPC
campaign on which the grounding results were computed.

Reproducibility. ~ This paper is archived at its DOI  doi:10.5281/zenodo.22645795 and its  official  page
https://www.kronosfusionenergy.com/publications /maturity-gated-actuation-authority.html. The Kronos Physics De-Risking Register is
archived at doi:10.5281/zenodo.22133057. Every headline quantity is a frozen anchor in that register, cited inline by serial (KX-L1-A6, KX-
L1-A11, KX-L1-A13, KX-L1-A14, FREEZE-CONF, BR-SX-14), and every figure is regenerated by the deposited script
make_mga_figs_2p70.py from the anchor values quoted in the text. No result depends on unpublished or proprietary data.

Data availability tocsectionData availability The figure data (PCMM tier assignments, authority-envelope and membership functions, the
CBF forward-invariance trials, the coverage-calibration curve, the surrogate-error bars, the anchor-confidence ensemble, and the NV toler-

ance gap) are regenerable from the deposited script and the register serials cited inline. All quantitative values trace to the register 34, No
economic analysis is part of the public deposit.

Competing interests tocsectionCompeting interests Provisional patent applications relating to aspects of this work have been filed.

tocsectionReferences

22


https://doi.org/10.5281/zenodo.22645795
https://www.kronosfusionenergy.com/publications/maturity-gated-actuation-authority.html
https://doi.org/10.5281/zenodo.22133057

APPARATUS

Portfolio, People & Record

The intellectual-property estate, the people who built it, the limitations

that gate it, and the sources it rests on.

| 1 10 20

GRANTED PATENT 2026 PROVISIONALS TEAM MEMBERS 2022 PROVISIONALS

28



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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