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What this document is, and how to read its numbers

his is a combined editorial. It gathers, in one volume, the two design studies Kronos Fusion Energy released in 2026 — a compact
spherical-tokamak tritium/helium-3 breeder and a deuterium–helium-3 tandem-mirror generator — together with the intellectual-
property estate, the people, and, in the internal edition, the full commercial case. The scientific text is the same text that appears in

the arXiv preprints and the journal submissions; the editorial adds the apparatus a reader needs to hold the whole program at once, and
nothing in the physics is altered to fit it.

THE HONESTY STANCE IS THE ASSET

Every headline quantity carries an evidence class — DER IV ED  R ECOMPUT ED  MEASUR ED  R EQU I R EMEN T  — and, where
a number is a modelled extrapolation rather than a demonstrated value, it is labelled as such and its downside is shown next to it. Several
quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.
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.

T ITL E The Kronos Fleet — Hyperion · Aegis · MetroVolt: A Combined Design &

Commercialization Study

AUTH O R Priyanca Ford, Founder & CEO, on behalf of Kronos Fusion Energy

E D IT I O N 2026 Combined Editorial · first issue

C O M PA N I O N  WO R KS 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.

N A M I N G 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.

◆
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H OW  TO  R E A D  TH I S  VO LUM E

The fleet at a glance, and the way its numbers are marked

his volume opens with Orientation, presents the five research papers as a bound sequence, and closes with the Apparatus.
Foundations sets out the three general results both machines rest on. Paper One is the Hyperion breeder; Paper Two the Aegis /
MetroVolt generator; Papers Three, Four and Five are the enabling science — high-field REBCO magnets and tape, direct energy

conversion, and the AI / ML / quantum control stack. A Digital Twin & 3-D Model part follows, then the Environmental profile. The
Economics and levelized cost and the Business Case and diligence record appear in the internal edition only; the Simulations proof record
and the Apparatus — patent portfolio, team, limitations, and sources — close both editions.

THE FLEET AT A GLANCE

HYPERION AEGIS METROVOLT

Role Strategic-isotope foundry Defense installation power Campus power

Machine Spherical tokamak Tandem mirror Tandem mirror

Fuel Deuterium–tritium Deuterium–helium-3 Deuterium–helium-3

Delivers Tritium · ³He · 14 MeV n Resilient installation power Firm campus power

Physics bar Fusion gain only Closure (gates named) Closure + lunar ³He

In the fleet Breeds the fuel Proves the generator Commercial destination

HOW THE NUMBERS ARE MARKED

Every headline quantity carries an evidence class — DER IV ED  from first principles, R ECOMPUT ED  from raw data, MEASUR ED

in hardware, or a R EQU I R EMEN T  yet to be met. Financial figures carry a case label and are confined to the internal (confidential)
edition. Values that moved after first publication are shown as withdrawn or restated rather than quietly changed. A capability you can
evaluate is one whose limits are on the page.
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A

A B S T R A C T

Toroidal Rotation, Flow-Shear Stabilization and Error-

Field Correction in a Compact Spherical-Tokamak

Breeder: Residual Transport and Locked-Mode Avoidance

negative-triangularity spherical-tokamak breeder that operates near its no-wall stability limit is not held there passively: toroidal
rotation, sheared  flow and the correction of residual error fields are the active layer that keeps a quiet core quiet and keeps a
rotating plasma from braking into a locked mode. We formulate this layer from first principles for the Kronos Hyperion breeder at

its frozen design point (  MA, ,  T, ,  m, ,  MW). The governing model
couples flux-surface-averaged toroidal angular-momentum transport, the radial-force-balance radial electric field and its Hahm–Burrell
shearing rate, the drift-kinetic bootstrap current, the resistive-wall-mode dispersion relation, and the Fitzpatrick error-field torque
balance; the numerical formulation ties them to a free-boundary Grad–Shafranov equilibrium and a spectral drift-kinetic solve executed
on the NVIDIA GPU HPC campaign. From the reconstruction we find every confinement-region surface outside the  radius (

) is Mercier-stable with a margin growing from  to  toward the edge, and infinite-  ballooning-stable in first stability
at . The binding constraint is the global  external kink: the normalized beta  sits below the no-wall Troyon
limit with a  margin (  to the ideal wall). A full linearized-Fokker–Planck NEO calculation gives a parallel bootstrap current

–  the Sauter value across –  in the banana regime ( ), removing a systematic  over-prediction
from the current profile the controller shapes. High operating density raises the  locked-mode penetration threshold to

; at  mm coil assembly the intrinsic resonant field stays a factor  below it, so the breeder is intrinsically error-field
tolerant and can run without resonant-magnetic-perturbation coils. On this base we specify a flow-shear/rotation controller, a
tearing/locked-mode detector with electron-cyclotron current drive, and a vertical-stability PD controller (open-loop , arrested
in  ms), each with pre-set acceptance criteria, delivering the residual-transport and locked-mode-avoidance layer for autonomous
operation.

Open-access deposit (code & data, CC  BY  4.0): DOI  10.5281/zenodo.22645907 · Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model · physics validator.

Keywords: toroidal rotation flow-shear stabilization error-field correction resistive-wall mode locked mode

neoclassical bootstrap negative triangularity spherical tokamak
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N O M E N C L AT U R E

Symbols, units, and the names of things

Q plasma (fusion) gain, Pfus/Paux

QE engineering gain, net electric out / recirculating in

H98 confinement enhancement over the IPB98(y,2) scaling

Zeff effective ion charge

cee electron–electron bremsstrahlung leading coefficient, 2.120022 (exact)

τE energy confinement time

Ip plasma current

R0, a major radius, minor radius

κ, δ elongation, triangularity

βN normalized plasma beta (Troyon-normalized)

TBR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK / NOAK / BOAK first / nth / 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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§   1

Introduction

The Kronos Hyperion breeder is a compact, high-field spherical tokamak built around a negative-triangularity ( ) plasma whose
core is quiet by construction. At  T,  and  m behind a  T centrepost it holds  MA at  and

 MW, and nonlinear gyrokinetics confirm that the negative-triangularity shape suppresses ion- and electron-scale turbulence
at the operating point. That quiescence is the machine's central advantage, and it is not a passive property. A plasma held near a stability
boundary is held there actively, and the quantities that hold it are the plasma's rotation, the shear in its  flow, and the correction of
the residual non-axisymmetric fields that would otherwise brake that rotation.

Three physical facts organize the problem. First, rotation and conducting-wall coupling stabilize the  resistive-wall mode (RWM)
when a plasma runs near the no-wall external-kink boundary [1,2]. Second, sheared  flow suppresses the drift-wave turbulence that
otherwise sets the transport, quenching fluctuations when the shearing rate exceeds the maximum linear growth rate [3,4,5,6]. Third, a static
error field resonant with the  surface exerts an electromagnetic braking torque; if it overcomes the viscous restoring torque the rota‐
tion collapses at that surface, the field penetrates, and a locked island grows — and a locked mode is the dominant deterministic path to
disruption [7,8,9]. These three are coupled: the rotation that stabilizes the RWM is the same rotation that screens the error field, and the
flow shear that suppresses turbulence is set by the same radial electric field that the rotation carries.

Prior art. The stabilization of external kink modes by resistive walls and rotation was established theoretically by Bondeson and Ward [1]

and demonstrated across DIII-D, NSTX and JT-60U; reviews are given in the ITER Physics Basis MHD chapter [15]. The role of 
shear in turbulence suppression traces to Biglari, Diamond and Terry [3], was generalized to shaped finite-aspect-ratio geometry by Hahm
and Burrell [4], and is reviewed alongside zonal-flow physics by Burrell [5]. Error-field penetration and the locked-mode bifurcation were

placed on a torque-balance footing by Fitzpatrick [7] and calibrated against JET, COMPASS-D and DIII-D by Buttery et al. [8]. The neoclas‐
sical bootstrap current that anchors the intrinsic rotation and current profile is described analytically by Sauter, Angioni and Lin-Liu [11]

and by the drift-kinetic solver NEO [12,13]. Intrinsic (torque-free) toroidal rotation, the regime a low-external-momentum reactor must
exploit, is characterized across machines by Rice et al. [10]. What has not been assembled — and what this paper provides — is a single,
internally consistent treatment of rotation, flow shear and error-field correction anchored to one frozen, reconstructed operating point of a
specific negative-triangularity spherical-tokamak breeder, with the stability base solved, the rotation taken from first principles rather than
a fit, and each control element carrying a falsifiable acceptance test.

Contribution. We (i) reconstruct the design-point equilibrium free-boundary and locate the single binding ideal-MHD constraint; (ii)
derive the coupled governing equations for toroidal momentum transport, the  shearing rate, the bootstrap current, the RWM
dispersion relation and the error-field torque balance, and give their numerical formulation; (iii) anchor the rotation and current profile in
a full linearized-Fokker–Planck drift-kinetic calculation, reproducing the register's “  of Sauter” figure as real banana-regime
physics; (iv) quantify the intrinsic  error-field tolerance and show the machine can run without resonant-magnetic-perturbation (RMP)
coils; and (v) specify the flow-shear, locked-mode and vertical-stability controllers with pre-set acceptance criteria. This work sits in the
Kronos design series alongside the free-boundary equilibrium and ideal-MHD stability study [31], the nonlinear-gyrokinetic negative-trian‐
gularity turbulence result [32], the neoclassical-transport and poloidal-flow baseline [33], the disruption, runaway and shattered-pellet study
[34], the vertical-stability analysis [35], the bootstrap-aligned steady-state current-drive study [36], and the real-time breeder control suite
[37]; the numbers used here are frozen entries of the Kronos Physics De-Risking Register [30].

6
§  1  ·  I NTR O DUCT I O N



K R O N O S  F U S I O N  E N E R G Y T O R O I D A L  R O TA T I O N ,  F L OW - S H E A R  S TA B I L I Z A T I O N  A N D  E R R O R - F I E L D  C O R R E C T I O N

§  2

Governing equations and the formal problem

We work in flux coordinates  with  the poloidal flux, , , and flux-surface average
. The volume element is . Normalized poloidal flux is

.

TOROIDAL ANGULAR-MOMENTUM TRANSPORT

The flux-surface-averaged toroidal angular momentum density is , with  the toroidal rotation
frequency. Conservation of toroidal angular momentum reads

where  is the radial flux of toroidal momentum and  the net torque density. The momentum flux decomposes into diffusive, pinch
and residual (intrinsic) pieces,

with momentum diffusivity  tied to the ion heat diffusivity through a turbulent Prandtl number , an inward pinch
, and a residual stress  that survives at . Because a breeder minimizes external momentum injection, the steady rotation is

set by the balance of , the pinch, and the neoclassical toroidal-viscosity (NTV) torque discussed below; equation (1) is the transport
equation the flow-shear controller must respect, and  is why intrinsic rotation [10] is available at all.

A non-axisymmetric field  breaks toroidal symmetry and exerts an NTV torque that relaxes  toward a neoclassical offset:

so residual error fields enter the momentum balance quadratically in . Equation (3) is the mechanism by which an uncorrected error
field brakes the plasma; keeping  small is therefore a rotation-preservation requirement, not only a mode-stability one.

RADIAL FORCE BALANCE AND THE 

ExB shearing rate The radial electric field follows from the ion radial force balance,

with the diamagnetic term dominant at the pressure gradients of the confinement region. The  angular rotation is ,
and the flow shear that acts on turbulence is the Hahm–Burrell shearing rate [4],

The suppression criterion, verified experimentally and in gyrokinetics [3,5,6], is that turbulence is quenched where the shearing rate exceeds
the maximum linear growth rate over the unstable spectrum,

Equation  (6) is the quantitative target of the flow-shear controller: it must hold  above the marginal growth rate reported by the

companion nonlinear-gyrokinetic study [32] across the confinement region. Negative triangularity lowers  (the quiet basin), so the
criterion is easier to satisfy at  than at positive triangularity — the shape and the flow work in the same direction.
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NEOCLASSICAL BOOTSTRAP CURRENT AND THE DRIFT-KINETIC EQUATION

The rotation and current profile that the controller shapes are set neoclassically. Writing the distribution as 
with  a Maxwellian, the first-order drift-kinetic equation for  is

where  is the magnetic drift and  the linearized Fokker–Planck collision operator. The parallel bootstrap current is the velocity
moment . The analytic Sauter closure [11] parametrizes it as

with coefficients  functions of the trapped fraction  and electron collisionality . In the banana regime  the Sauter fit
is known to over-predict; solving equation (7) directly with a full Fokker–Planck operator (the NEO code [12,13]) yields the reduction quan‐
tified in §4.2. The self-consistent bootstrap fraction  sets the intrinsic current the equilibrium carries and, through
equation (4), the diamagnetic  that seeds the flow shear.

RESISTIVE-WALL-MODE STABILIZATION BY ROTATION

Whether the near-limit operating point requires active RWM stabilization is set by the external-kink dispersion relation with a resistive

wall. For the  mode, writing  and the no-wall and ideal-wall marginal values  and , the thin-wall dispersion relation in

the inertia-free limit is [1,2]

so the RWM is unstable ( ) only in the band . Plasma rotation  coupled to dissipation (sound-wave and ion-Landau
damping) adds a stabilizing imaginary contribution and removes the mode when  exceeds a critical fraction of the Alfv\'en frequency,

 [1]. At the Hyperion design point  lies below , so equation (9) gives : the external
kink is stable without a wall, and rotational RWM stabilization is not required at the nominal point. But the no-wall margin is only ;
equation (9) shows that a beta excursion of that size enters the RWM band, which is exactly where rotation and wall coupling carry the
load. The design point therefore treats rotation not as a nominal necessity but as the cushion for excursions.

ERROR-FIELD PENETRATION AND THE LOCKED-MODE TORQUE BALANCE

The deterministic disruption path is error-field penetration at the  surface. Let  be the plasma rotation at that surface and  the
resonant radial field normalized to . The rotation obeys a torque balance between the viscous restoring torque and the electromagnetic
(reconnection) torque from the induced island [7]:

with  the resistive reconnection time and  a normalizing field. Equation (10) is bistable: below a critical amplitude  the “unre‐
connected” branch (fast rotation, screened field) is the only stable root; above  the rotation collapses discontinuously to the “fully recon‐

nected” branch and a locked island grows. The critical amplitude scales with density and field; the multi-machine empirical calibration [8]

gives

so a compact high-density device has a raised penetration threshold and is intrinsically error-field tolerant. The intrinsic resonant field is a
tolerance-stack quantity: a coil-set positioning error  couples to the  harmonic as  with . Sections 4.4 quanti‐
fies both sides of the inequality .
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VERTICAL STABILITY AS A ROTATION-INDEPENDENT CONSTRAINT

Elongation  makes the axisymmetric ( ) vertical mode unstable; unlike the modes above, it is independent of rotation and is
held by a resistive wall plus feedback. In the massless rigid-shift model the wall-slowed growth rate is ,
conventionally quoted through the stability index . A proportional-derivative controller of coil-field gains  acting on the
vertical displacement  closes the loop with characteristic polynomial

which is Hurwitz-stable (both closed-loop poles in the left half-plane) for  and . Equation (12) sets the gain thresh‐
olds and the converter authority reported in §4.5; it is the third leg of the locked-mode-avoidance layer because a vertical-displacement
event that is not arrested itself terminates in a disruption.
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§  3

Computational methodology: the NVIDIA GPU HPC campaign

All equilibrium, drift-kinetic, gyrokinetic and extended-MHD calculations underlying this paper were produced on the Kronos NVIDIA
GPU HPC campaign — an owned, air-gappable estate of NVIDIA A100/H100 accelerators (Lambda fleet, with A10 nodes for pre/post-
processing) and an in-house verification node — together with reduced-metric analyses on a local CPU node. The campaign runs the stan‐
dard open reference codes rather than bespoke solvers, so every number is reproducible against a published tool. We name the codes actu‐
ally executed for this study and their problem scale; no compute cost is reported.

FREE-BOUNDARY GRAD–SHAFRANOV EQUILIBRIUM

The design-point equilibrium is reconstructed with FreeGS/FreeGSNKE [21,22], which solve the free-boundary Grad–Shafranov equation

on a   grid with an eight-coil poloidal-field set plus solenoid. The elliptic operator  is discretized with a second-order
five-point stencil; the Picard fixed-point iteration alternates a fast Poisson solve for  with an update of the toroidal current

, converging to relative tolerance . Shape is pinned by a 16-point isoflux constraint on the Miller negative-
triangularity boundary (  m,  m, , ) and  by a ConstrainBetapIp control with 
and  MA. The solve reproduces  MA,  and plasma volume  m , byte-consistent with the independent
equilibrium archive [31].

Ideal-MHD stability is evaluated on 19 flux surfaces – . The local interchange (Mercier) criterion is computed from the
shaped-equilibrium , magnetic shear  and pressure gradient in the large-aspect Suydam form

cross-checked against the traced flux-surface-averaged magnetic well  and . Infinite-  ballooning stability uses the Connor–
Hastie–Taylor –  operator [14]

with , solved as a symmetric-tridiagonal ground-state eigenproblem on  with  nodes;
instability is signalled by a negative smallest eigenvalue. The solver reproduces the classic first-stability boundary  at .

DRIFT-KINETIC BOOTSTRAP: NEO SPECTRAL DISCRETIZATION

The bootstrap current is computed with the GACODE drift-kinetic solver NEO [12,13], which discretizes equation  (7) in a spectral basis:
Legendre polynomials in pitch angle  (order ), an energy grid ( ), and a Fourier/spline poloidal representation (

), with the full linearized Fokker–Planck collision operator (COLLISION_MODEL=4) and kinetic electrons on Miller geometry
(EQUILIBRIUM_MODEL=2). Runs use two MPI ranks within a bounded CPU budget; the physical collisionality and normalized gyroradius
are set from the config-22021 anchors ( , , ,  m ,  keV,  T).
Three local radii  are solved; the parallel current is normalized identically to the Sauter comparison ( , in

 units) so the ratio is definitional rather than a units artifact.

TURBULENCE, EXTENDED-MHD AND ERROR-FIELD REFERENCES

The marginal linear growth rate entering equation (6) is taken from the companion nonlinear/linear gyrokinetic study run with CGYRO
[17,18,32], an Eulerian gyrokinetic–Maxwell solver executed on the GPU campaign; the quiet-basin threshold  and the –

 negative-triangularity growth-rate reduction come from those runs. The disruption current-quench window (§4.5) is grounded in an
extended-MHD model built with NIMROD [20]: the frozen breeder equilibrium was read from its EFIT geometry and verified against every
design parameter (  m,  m,  T,  MA, , ), made finite-element-consistent
and force-balanced, and its full current transferred into the evolving  field. The resistive semi-implicit advance did not converge to a
dynamic quench on this build, so the current-quench time is reported honestly as an  estimate grounded in the verified equilibrium,
not a time-advance (§6). The  error-field threshold uses the Buttery-class empirical scaling of equation (11) with an intrinsic-field toler‐
ance stack; it is not a resistive-MHD penetration solve, and is labelled as such.
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VERIFICATION AND REPRODUCIBILITY

Every metric was cross-checked against an independent route: the equilibrium against the archived reconstruction [31]; the ballooning
eigensolver against the analytic –  boundary; the Mercier sign balance against the traced magnetic well; the NEO bootstrap against three
analytic models (Hirshman–Hinton, Koh, Sauter-modified) at . The stability margins, bootstrap ratios and disruption window
are frozen entries (BR-L2-A19, BR-L2-A16, BR-L2-A10, BR-CX-33, BV-03, KFE-CF-BR-006, KFE-CF-BR-015) of the de-risking register
[30] and regenerate from the free-boundary and drift-kinetic archives deposited with this paper. The figure data are emitted by a single
uniquely-named script bundled in the deposit.
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§  4

Results

THE STABILITY BASE AND THE BINDING CONSTRAINT

The reconstructed equilibrium carries a peaked core current ( , internal inductance ) with the  surface at
 and  (Figure 1). The confinement region — every surface outside  — is the operationally relevant zone, and it is

unconditionally stable in the two local metrics. The Mercier criterion (Figure 2) is violated only on the seven surfaces inside , an arti‐
fact of the peaked ConstrainBetapIp core (a physical sawtooth-relaxed profile clamps  and removes the drive); on the confine‐
ment region  grows monotonically from  at  to  near the edge. Infinite-  ballooning (Figure 3) is unstable only in
a small low-shear core pocket ( – , again inside ); the confinement region is in first stability with the pressure-gradient
parameter capped at , far below the –  boundary wherever shear is appreciable. Because negative triangularity improves the
local field-line curvature and the –  model does not capture that improvement, the ballooning verdict is conservative.

Safety factor  and magnetic shear  from the free-boundary reconstruction (BR-L2-A19). The  surface at  separates
the peaked sawtoothing core from the confinement region; .
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Mercier interchange criterion  (symmetric-log axis; stable for ). Violations (red) lie entirely inside ; on the confinement
region the margin grows from  to  toward the edge (BR-L2-A19).

13
§  4  ·  R E SU LTS



K R O N O S  F U S I O N  E N E R G Y T O R O I D A L  R O TA T I O N ,  F L OW - S H E A R  S TA B I L I Z A T I O N  A N D  E R R O R - F I E L D  C O R R E C T I O N

Infinite-  ballooning ground-state eigenvalue  (bars, stable ) and pressure-gradient parameter  (line). The confinement
region is in first stability with ; the only instability is a low-shear core pocket inside  (BR-L2-A19).

The binding constraint is the global  external kink (Table 1, Figure 4). On the standard definition the normalized beta is ,
which sits below the no-wall Troyon coefficient  with a margin of  and below the ideal-wall value  with ; on the
free-boundary code's native beta definition ( ) the same margins read a more conservative  and , and the -D anchor (

) gives  to the no-wall limit. The external kink is therefore stable without a conducting wall, but by the smallest of the
three margins — and because negative triangularity modestly lowers the Troyon coefficient, the no-wall margin is a real caution rather
than a conservative one. This is precisely the regime in which equation (9) says rotation and wall coupling carry operational weight.

METRIC RESULT ON THE CONFINEMENT REGION MARGIN

Mercier interchange stable for all ; wide, growing edgeward

infinite-  ballooning first-stability stable; well below –  boundary

 external kink  below no-wall Troyon ( )  (binding)

 external kink  below ideal-wall ( )

Ideal-MHD stability of the design-point negative-triangularity equilibrium (BR-L2-A19). The  kink is the binding constraint.
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The operating  (standard , native variant , -D anchor ) against the no-wall Troyon limit ( ) and the ideal-wall limit (
). The band between the two dashed lines is where equation (9) makes the RWM unstable and rotation plus wall coupling stabilize it (BR-

L2-A19).

ROTATION FROM FIRST PRINCIPLES

The rotation and current profile that the flow-shear controller shapes are anchored in the drift-kinetic solve rather than an analytic fit.
Solving equation (7) with the full Fokker–Planck operator and kinetic electrons gives a parallel bootstrap current that runs consistently
below the Sauter closure of equation (8): the NEO/Sauter ratio is ,  and  at ,  and  (Table 2, Figure 5). The
collisionality there, , is squarely in the banana regime — exactly where the Sauter fit is known to over-predict — so the 
reduction is real physics, not a numerical artifact, and it reproduces the register's “  of Sauter” figure. Three independent analytic
models at  bracket the result (Hirshman–Hinton , banana-limit only; Koh  Sauter; Sauter-modified

), placing NEO between the deep-banana and Sauter estimates as expected. A bootstrap fraction of this size sets the intrinsic
current, and through the diamagnetic term of equation (4) the radial electric field that seeds the flow shear of §4.3.

 NEO  SAUTER NEO/SAUTER

0.5 0.811

0.6 0.843

0.7 0.873

First-principles neoclassical bootstrap current versus the Sauter model (BR-L2-A16, drift-kinetic NEO, full Fokker–Planck, kinetic electrons).
Normalization  in  units.
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Parallel bootstrap current from first-principles drift-kinetic NEO (blue) versus the Sauter analytic closure (red) across – ; the
NEO/Sauter ratio (green) is –  in the banana regime ( ), where Sauter over-predicts (BR-L2-A16).
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THE FLOW-SHEAR SUPPRESSION WINDOW

Figure 6 evaluates the suppression criterion of equation (6) from the frozen equilibrium. Taking the diamagnetic term of equation (4) with
the reconstructed pressure gradient and the flat density  m , the reduced-model  shearing rate  of equation (5)
rises steeply through the confinement region and exceeds a representative marginal growth-rate band ( –  s , from the

companion CGYRO quiet basin [32]) over the outer half of the plasma. This is a reduced-model estimate, not a measured shearing rate: it
fixes the target the controller must maintain, and it shows the target is reachable with the intrinsic diamagnetic field alone. The controller's
job is then narrow and falsifiable — hold  under disturbances — because the negative-triangularity shape has already lowered
the right-hand side.

(Reduced model.)  shearing rate  computed from the frozen-equilibrium diamagnetic radial electric field (equations 4–5), against

a representative marginal linear growth-rate band from the companion nonlinear-gyrokinetic study [32]. The suppression criterion 
(equation 6) is met over the outer confinement region.
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ERROR-FIELD TOLERANCE AND LOCKED-MODE AVOIDANCE

The two sides of the locked-mode inequality  are quantified in Figure 7. The empirical scaling of equation (11) at canon conditions (
 m ,  T) raises the  penetration threshold to : the compact high-density breeder is intrinsi‐

cally error-field tolerant, because the same density that carries the fusion power also stiffens the plasma against reconnection in
equation  (10). The intrinsic resonant field, estimated from a coil-assembly tolerance stack with coupling , , is

,  and  at ,  and  mm assembly, giving margins of ,  and . At  mm coil assem‐
bly the intrinsic field stays a factor  below the threshold. Combined with the negative-triangularity edge, which is ELM-free and needs
no resonant magnetic perturbation for edge control [38], this makes RMP-free operation feasible: dedicated correction coils are not load-
bearing for the baseline, though trim/error-field-correction coils remain prudent insurance for assembly outliers and the  mm case where
the margin thins to .

 locked-mode penetration threshold  (red line) from the density–field scaling of equation (11), against the intrinsic resonant
field (blue) at / /  mm coil assembly and the resulting margin (green). At  mm the margin is ; RMP-free operation is feasible

(BR-CX-33).
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VERTICAL STABILITY AND CLOSED-LOOP ARREST

The rotation-independent third leg is the vertical mode. The rigid-shift analysis gives an open-loop stability index ; with a
stainless-steel vessel wall time  ms this is a growth rate  s  (growth time  ms). The PD controller of equation (12) is
Hurwitz-stable above  V m ; the closed loop places a fast pole at  s  (instability arrest) and a slow pole at  s
(resistive coil-flux relaxation, removed by the integral/equilibrium coils), arresting a  mm vertical disturbance in  ms (Figure 8). The
required poloidal-field converter authority is  MVA at  kV and  kA ms . Because an unarrested vertical-displacement event termi‐
nates in a disruption exactly as a locked mode does, the vertical controller belongs in the same locked-mode-avoidance layer and shares its
acceptance philosophy; its detailed design is developed in the dedicated vertical-stability study [35].

Vertical-displacement evolution (log axis). Open loop grows at  s  ( ); the PD closed loop (fast pole  s ) arrests a  

mm disturbance in  ms with a  MVA converter (BV-03).
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THE ROTATION, FLOW-SHEAR AND ERROR-FIELD CONTROL LAYER

On this stable, well-characterized base the control layer has a well-posed job (Figure 9, Table 3). It comprises three coordinated elements,
each specified with an acceptance test set in advance. The flow-shear/rotation controller drives sheared  flow to hold turbulence
suppressed (equation 6) and keeps the plasma rotating fast enough that, should a beta excursion enter the RWM band of equation (9), wall
coupling stabilizes the mode. The tearing/locked-mode detector with electron-cyclotron current drive catches and suppresses seeded tear‐
ing modes before the rotation collapse of equation  (10) can lock them. The vertical-stability PD controller of equation  (12) closes the
axisymmetric loop. Beneath all three sits a deterministic, worst-case-bounded certified clamp that hands authority to a hardware fail-safe
out of distribution, consistent with the Kronos real-time control architecture [37].

(Schematic.) The rotation, flow-shear and error-field / locked-mode control layer: a stable equilibrium base and a first-principles rotation profile
feed three controllers (flow-shear, tearing/locked-mode, vertical stability), all beneath a deterministic certified clamp.

P5.0CMP4.2CM ELEMENT ACCEPTANCE CRITERION FEATURE TEST

flow-shear / rotation
controller

closed-loop stable to setpoint within tolerance;
disturbance rejected; zero certified-clamp trips in

nominal operation

turbulence suppression tracks the rotation
setpoint against the gyrokinetic reference

tearing / locked-mode
detector + ECCD

catch rate and lead-time meet target; the clamp acts
before loss of control on every seeded event

suppresses seeded tearing modes in
simulation

vertical-stability PD
controller

closed-loop poles in the left half-plane;  mm
disturbance arrested  growth time

displacement arrested in  ms with  
MVA converter

Control-layer elements and their pre-set acceptance criteria (register serials KFE-CF-BR-006, KFE-CF-BR-015, and the vertical-stability
controller BV-03).
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§  5

Discussion

The negative-triangularity design earns its quiet core, and this work shows both why that core is stable and what holds it stable near its one
binding limit. Placed against the published literature, each element is quantitatively consistent. The no-wall external-kink margin of 
at  is the regime for which Bondeson and Ward [1] and the ITER Physics Basis [15] prescribe rotation plus wall coupling; the
design sits just inside the no-wall boundary, so it does not require rotational RWM stabilization nominally, but equation (9) shows a same-
size excursion enters the band, which is why the rotation cushion is specified rather than assumed. The bootstrap reduction to –
Sauter is exactly the banana-regime over-prediction that motivated the drift-kinetic NEO development [12,13]: our  places the
plasma in the deep-banana regime where the  coefficients of equation (8) are least reliable, and the  correction is in line
with published NEO-versus-Sauter comparisons. The error-field tolerance follows the Buttery scaling [8] evaluated at a density (  m

) well above conventional tokamaks, so the raised threshold  and the resulting  margin at  mm assembly are the
expected consequence of a compact high-density design, not an optimistic outlier; the value is comparable to the  sensitivity
Buttery infers for ITER, with our margin coming from the higher density. Anchoring the rotation in first-principles neoclassics rather than
an analytic bootstrap model removes a systematic bias from the current profile the controller shapes, so the control layer is built on a
transport base that is correct at the level that matters. The result is a coherent stack: a stable equilibrium, a first-principles rotation profile,
and a specified control layer with falsifiable acceptance tests, each tied to a frozen register entry.
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§  6

Limitations

Three gates are stated honestly and left open. First, the stability assessment resolves the local interchange and infinite-  ballooning spec‐
tra directly, but the global  margin is a Troyon-coefficient comparison, not an eigenvalue; the owed computation is a global 
eigenvalue solve (DCON/MARS-class) that converts the kink margin into a full RWM eigenmode with its rotation and wall-coupling terms,
queued for the global-mode toolchain. Second, the disruption current-quench window –  ms is an  estimate grounded in the
finite-element-consistent, ideal-stable NIMROD equilibrium; the resistive semi-implicit advance did not converge to a dynamic quench on
the present build, so no simulated  was obtained and none is claimed. Third, the  suppression window (Figure 6) and the error-
field threshold (equation 11) are reduced-model and empirical respectively — the former uses the diamagnetic  without the full poloidal-
flow and neoclassical offset of equation  (4), and the latter is a multi-machine scaling rather than a resistive-MHD (M3D-C1/MARS-F)
penetration solve for this specific negative-triangularity equilibrium. None of the three changes the qualitative picture; each is a fidelity
upgrade, not a reversal.
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§  7

Conclusion

The Hyperion breeder equilibrium is ideal-MHD stable across its confinement region — Mercier-stable with margins growing to ,
ballooning-stable at  — with the  no-wall kink the binding constraint at  and a  margin. Rotation, flow-
shear and error-field correction are the layer that holds that near-limit point. A first-principles drift-kinetic bootstrap current at –

 Sauter in the banana regime anchors the rotation profile; the diamagnetic radial electric field it carries drives an  shearing
rate that meets the turbulence-suppression criterion over the outer confinement region; the high operating density raises the  locked-
mode threshold to  so that a  mm coil assembly leaves a  margin and RMP-free operation is feasible; and a PD vertical-
stability controller arrests a  mm displacement in  ms. On this base a flow-shear controller, a tearing/locked-mode detector with elec‐
tron-cyclotron current drive, and the vertical controller close the turbulence-suppression, locked-mode-avoidance and vertical-stability
loops with explicit acceptance criteria. The design is stable by construction and held stable by design.
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I N T E L L E C T UA L  P R O P E R T Y

The patent portfolio

he estate spans a granted high-field magnet patent, pending utility and 2026 provisional filings that map to the two products, a digi‐
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.

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 PENDING

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
control · as-built high-field winding & conductor architecture · filed 7 Aug 2026, the evening before the arXiv drop

FILED

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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Founding partners, board, advisors & auditors

ronos is built by a bench of advanced-fuel-fusion, high-field-magnet, direct-conversion, and materials specialists, with a board and
operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or
is term-ending, the range says so.

FOUNDING PARTNERS — SCIENCE

Dr. Gerald Kulcinski
Co-Founder · Helium-3 & Advanced-Fuel Fusion
UW–Madison · 2023–Present

Dr. Carl Weggel
Chief Scientist / S.M.A.R.T. Design
MIT Alcator Program · 2022–Present

Dr. Robert J. Weggel
Magnetic Field Design
MIT Magnet Lab · 2022–Present

BOARD

Priyanca Ford
Founder & CEO · Executive Board
2022–Present

Bandel Carano
Finance / Strategy
Oak Investment Partners / Stanford · 2025–2026

Patrick Schweiger
Fusion Device Engineering
Oklo / CFS / TerraPower · 2025–Present

SCIENTIFIC ADVISORS

Dr. Steven O. Dean
Fusion Policy & History
DOE / Fusion Power Associates · 2025–Present

Dr. Patrick H. Diamond
Plasma Turbulence & Transport
UC San Diego · 2025–Present

Dr. Jack J. Dongarra
HPC & Numerical Algorithms
Turing Award · 2025–Present

Dr. Nasr M. Ghoniem
Chief Material Scientist
UCLA · 2025–Present

Dr. Siegfried Glenzer
Plasma Physics & Laser Fusion
Stanford / SLAC · 2022–Present

Dr. David A. Hammer
Pulsed-Power Fusion
Cornell · 2025–Present

Dr. Donald A. Spong
Plasma Theory & Confinement
ORNL · 2025–Present

Dr. Curtis Smith
Risk Assessment & Nuclear PRA
MIT / Idaho National Lab · 2025–Present

RADM (Ret.) David Goggins
Naval Engineering & Power-Plant Design
U.S. Navy · 2023–2026

Dr. Konstantin Batygin
Mathematician
Caltech · 2022–2025

26
TH E  TE A M  ·  F OUN D I N G  PA RTN E R S ,  B O A R D ,  A DV I S O R S  &  AUD ITO R S



K R O N O S  F U S I O N  E N E R G Y A P P A R A T U S

Dr. Ruben Fair
Magnet Design / ITER Liaison
PPPL / Jefferson Lab · 2022–2025

Dr. Paul S. Weiss
Materials & Nanotechnology
UCLA · 2022–2025

SCIENTIFIC AUDITORS

Dr. Wilfred A. Cooper
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EPFL / Swiss Plasma Center · 2025–Present
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Purdue / Argonne · 2025–Present

Dr. Patrick E. Hopkins
Extreme Thermal Materials
U. of Virginia · 2025–Present

Dr. Peter Hosemann
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UC Berkeley · 2025–Present

Dr. Travis W. Knight
Advanced Nuclear Fuels & Systems
U. of South Carolina · 2025–Present

Dr. Philippe Lebrun
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Dr. Nitendra Singh
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ITER · 2025–Present

Dr. Guido Van Oost
Magnetic Confinement & Fusion Systems
Ghent University · 2025–Present

Dr. Gary S. Was
Radiation Materials & Structural Integrity
U. of Michigan · 2025–Present

Dr. Ray Sedwick
Direct Energy Conversion
U. of Maryland · 2025

OPERATIONS

Michael Laughlin
Chief Operating Officer
2022–Present

Martin Owens
Chief Strategy Officer
LANL / GE Hitachi · 2022–Present

MG (Ret.) Paul Pardew
Chief Contracting Officer
Army Contracting Command · 2022–Present

David Beck
Fusion Commercialization
U.S. Space Force · 2024–Present
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Legal counsel is retained; those roles are held on the internal roster and are not listed here.
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