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ABSTRACT

A Real-Time Control Suite Yor a D-3He Tandem-Mirror Burner:
Plug-Potential, Sloshing-lon, DCLC/AIC-Microstability,

and Direct-Energy-Converter Dispatch Controllers

; tandem-mirror burner is held together by its end plugs: a small warm-ion population sustains the ambipolar potential that electro-

A statically confines the central cell, and the burner's electrical gain lives or dies on whether that plug can be held on — not past — its
£ velocity-space microstability margin. We formalise the real-time control suite for the Kronos D—3He tandem-mirror burner (electri-
cal gain Qg = 1.318, neutron power fraction f, = 5.44 %, plug peak field 26.49 T, direct-conversion efficiency nprc = 0.49) as a family
of sixteen closed-loop controllers spanning plug potential, sloshing-ion and ambipolar-hole shaping, DCLC/AIC microstability, RF ion-
cyclotron alpha-channeling, central-cell density and mirror-ratio regulation, direct-energy conversion dispatch, and millisecond-class elec-
tronic load-following. Each controller is stated as a formal regulation problem, cast in a common receding-horizon model-predictive form,
and confined to a forward-invariant safe set by a control-barrier projection that returns the nearest admissible actuation to the learned
command. Every setpoint is bound to a reproduced physics anchor in the Kronos Physics De-Risking Register: the drift-cyclotron loss-
cone (DCLC) mode is marginal (7 = 0) at a warm-fill fraction of f,, = 5.9 %, essentially at the 6.25 % design target set by the inverse of
the plug/cell density ratio 7y /Mcen =~ 16; a particle-in-cell audit shows the anisotropy-driven Alfv\'en ion-cyclotron (AIC) branch
persists at a low normalized growth rate y/w.; = 0.037, flat across the fill range, and is the suite's one open plug gate; a reduced Fokker—
Planck plus ICRF analysis returns up to 195 MW of fusion-product power to the ions when the RF is plug-localised, at an antenna power
of §Irange40110; and the direct converter dispatches at 7pgc = 0.49 to close Qg = 1.318, with break-even Qg = 1 reached only if the
converter efficiency falls to 0.37. A 40 000-sample global Monte-Carlo places the operating point at Qg = 1.317 £ 0.14 with
P(Qg > 1) = 1.0, the central-cell B dominating (rank correlation 0.93). The result is a physics-anchored, uncertainty-aware control suite
whose plug, converter and load-following functions are each tied to a demonstrated mirror operating point, with an explicit maturity-gated
path from a reproduced anchor to runtime authority.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645811 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: tandem mirror ambipolar plug potential DCLC/AIC microstability RF alpha-channeling

direct energy conversion model-predictive control control-barrier function load-following $D$--$"3%He burner
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NOMENCLATURE

Symbols, units, and the names of things

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

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

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

1, plasma current

Ry a major radius, minor radius

0] elongation, triangularity

By normalized plasma beta (Troyon-normalized)

1BR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

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

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

THE ELECTROSTATIC BURNER AND WHY IT NEEDS CONTROL

A tandem-mirror confines its central-cell plasma not with a closed magnetic surface but with an electrostatic dam. Two high-field end
plugs sustain a dense, warm plasma; the resulting positive ambipolar potential reflects the central-cell ions back along the field line, and
the machine burns in the space between the plugs “>34], The Kronos D—3He tandem-mirror burner — the platform behind the Aegis
forward-base and MetroVolt data-centre products — runs this scheme behind a 26.49 T' plug coil, builds its confining potential from a
plug/cell density ratio nyyg/ncen =~ 16, and converts the charged-particle end-loss stream directly to electricity at efficiency npgc = 0.49
for an electrical gain @ = 1.318, with only f, = 5.44 % of the fusion power emerging as neutrons. These four numbers are the frozen
Tier-2 anchors of the design and are held fixed throughout this paper.

An electrostatic confinement scheme is exquisitely sensitive to the state of its plug. The confining potential follows a Boltzmann relation,
ede/Te =~ In(nplug/Meeln), so it collapses logarithmically if the plug density sags; the warm-ion population that stabilises the plug's loss-
cone modes must be held inside a narrow band — too little and the drift-cyclotron loss-cone (DCLC) instability grows, too much and the
plug budget is spent; and the direct converter must continuously track an end-loss stream whose current and energy spectrum move with
the plasma. None of these is a set-and-forget quantity. Unlike a tokamak, where the dominant fast control problem is magnetohydrody-
namic (vertical stability, shape, disruptions), the tandem mirror's load-bearing control problem is kinetic and electrostatic: hold the plug
on its microstability margin, hold the ambipolar potential at depth, and hold the converter on the end-loss spectrum. This paper presents
the control suite that does so.

PRIOR ART IN MIRROR CONFINEMENT AND IN FUSION CONTROL

The tandem-mirror concept was introduced independently by Dimov et al. !!! and Fowler and Logan '?, and the physics of end-plug
confinement, loss-cone microstability and thermal barriers was developed through the TMX-U and GAMMA-10 programmes ['3! and
codified in the reviews of Baldwin ' and Post 4. The confining potential itself rests on the Pastukhov calculation of collisional end-loss
from an electrostatically plugged trap !°!. Two ideas make a modern D—3He mirror attractive: RF ion-cyclotron alpha-channeling, in which
a wave transfers fusion-product energy directly to the fuel ions [®°), and direct energy conversion of the escaping charged-particle power
without a thermal cycle "', The contemporary axisymmetric-mirror revival (WHAM and its high-field-superconductor magnets 4],
MHD stabilisation by sheared rotation and expander physics ') has renewed interest in exactly this operating regime.

Real-time control of fusion plasmas is, separately, a mature discipline. Magnetic reconstruction feeds shape and position control 1%'7);
physics-based profile simulators run inside the control cycle '®'%); deep reinforcement learning has commanded tokamak coil voltages

from magnetics *°; and neural networks forecast disruptive instabilities across machines [*!!. On the theory side, constrained model-

predictive control (MPC) [2%), explicit/parametric MPC 23], reference governors for constraint enforcement %4, and control-barrier func-
tions (CBFs) for provable safety 25! give a rigorous vocabulary for a safety-critical actuation layer. What is largely absent from the mirror
literature is the marriage of the two: a control suite that takes each frozen mirror-physics result and turns it into a closed-loop regulator
with an explicit safe set and an explicit authority gate.

CONTRIBUTION

This paper contributes that suite. We (i) state the burner control problem formally, deriving the governing relations for the ambipolar plug
potential, the loss-cone microstability threshold, the RF alpha-channeling power balance and the direct-conversion gain (§2); (ii) cast the
sixteen controllers in a single receding-horizon MPC form projected onto a control-barrier-certified safe set, and give the discretisation,
quadratic-program solve and convergence argument used at control latency (§3); (iii) describe the NVIDIA GPU HPC campaign that
produced the anchoring physics and the surrogates the controllers linearise (§4); (iv) present the demonstrated plug operating point and
the controller acceptance results with eight data figures and supporting tables (§5); and (v) benchmark quantitatively against the mirror
and control literature (§6), state the one honest open gate (§7), and lay out the maturity-gated route to authority. Every quantitative claim
traces to a frozen serial in the Kronos Physics De-Risking Register [33!; the serials (e.g. BU-L2-A5) are given inline so each number is
auditable, and companion papers in the Kronos 2026 series are cited by DOI and official-page URL where they own a physics or control
result this suite depends on.
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Governing equations and the formal control problem

The plant state of the burner, for control purposes, is the tuple

T = (ncella Ty Te, Bes Pes fus f( 'U)’ R, Iena, nglf-BC)’

comprising the central-cell density and temperatures, the central 8, the plug potential ¢,, the plug warm-fill fraction f,,, the (reduced)

plug distribution f( v), the mirror ratio Ry, the end-loss current Ienq and the achieved converter efficiency. The actuators are

u = (Pgcn, Picrr, PnaI, Ifuel, Toiug, Vgﬂd): plug and barrier heating, the alpha-channeling RF, sloshing-ion injection, central-cell
fuelling, plug-coil current, and the converter grid bias. Each controller regulates a projection of < to a reproduced setpoint using a
subset of u. We first derive the four physical relations that define those setpoints.

THE AMBIPOLAR PLUG POTENTIAL

In the plug the electrons are near-Boltzmann along the field line, so the electrostatic potential that develops between the dense plug and

the central cell obeys, to leading order,
€ Npls
¢C — ]I]. ( plug ) ,
T Ncell

the ambipolar relation the burner's confinement is built on [*5). At the design plug/cell density ratio Toplug/Mecell & 16 this yields

ede/Te =~ In16 =~ 2.77 (figure 2a). The confining potential enters the central-cell ion balance through the Pastukhov collisional end-loss
time [°!, which for an electrostatically plugged, mirror-confined ion population scales as

R, In(2R;,) ed./T; . RnIn(2Ry) [ ep.
m oS ey~ e (R

with 7;; the ion—ion collision time and ¢(-) monotone increasing; the exponential sensitivity of 7| to P¢ (figure 2b) is precisely what makes

the plug-potential controller the suite's most authority-critical loop. The plug-potential controller (BU-001) and the ambipolar-hole

controller (BU-017) hold ¢, at the value set by equation (2); the sloshing-ion (BU-003) and sloshing-angle (BU-018) controllers shape

f'( v) so that the potential is built by a population whose turning points sit away from the loss cone, deepening the barrier at fixed plug
[3]

power '3,

LOSS-CONE GEOMETRY AND DCLC/AIC MICROSTABILITY

A magnetic mirror of ratio Ry, = Bmax/Bmin confines only particles outside the velocity-space loss cone,

sin? 4, = R—m,
so a fraction of the distribution is always unconfined and the plug distribution is intrinsically non-Maxwellian and loss-cone-driven. At the
frozen single-cell geometry R,, = 4.607, equation (4) gives a loss-cone half-angle ;. = 27.77° (figure 3). The free energy in the loss-cone
gradient drives the drift-cyclotron loss-cone (DCLC) mode [75); the standard remedy is a small warm-fill population that fills in the distrib-
ution near the loss boundary and quenches the mode. Writing the warm-fill fraction as fu, = Nwarm/Mplug, the reduced local dispersion
relation returns a marginal (¢ = 0) fraction

£ = 5.9%,

essentially coincident with the 6.25 % design target set by the inverse plug/cell density ratio 1/16 (BU-L2-Ap, verified with WarpX). The
window between the marginal threshold and the target is narrow — the plug is stabilised, not comfortably over-stabilised — which is
exactly why an active controller is needed rather than a fixed fill. A separate particle-in-cell audit (BU-L2-A7; corroborated by AG-CX-07)
shows that warm-fill quells the DCLC branch but does not quench the anisotropy-driven Alfv\'en ion-cyclotron (AIC) branch, whose
normalized growth rate sits at

JAIC  ~ 0.037 (flat over f, = 0--10 %),

ci



independent of warm-fill. Equation (6) is the suite's one open plug gate (§7). The plug-potential (BU-001) and DCLC/AIC (BU-004)
controllers regulate fu, to hold (5); the sloshing controllers (BU-003, BU-018) additionally shape the perpendicular anisotropy to hold (6)
down.

RF ION-CYCLOTRON ALPHA-CHANNELING

In D—3He the 14.7 MeV proton and the 3.6 MeV alpha carry the bulk of the fusion power as charged particles. Alpha-channeling uses an
ion-cyclotron wave, resonant with the fusion products, to extract their energy and deposit it in the fuel ions via quasilinear diffusion [*9'.
The channelled power obeys, in the quasilinear picture, a diffusion in constants of motion,

8fa ) Ofa
= J.( DQLﬁ), DQLoclERFP;&w—nwa'—kuvu),

so the power transferred to the ions rises with RF field amplitude toward a saturation set by the fusion-product source. A reduced two-
dimensional Fokker—Planck plus ICRF calculation (BU-L2-A8), holding the warm-fill at the 6.25 % target with an effective plug tempera-
ture Tor = 57 keV, finds that plug-localised RF recovers up to 195 MW into the ions for an antenna power of §Irange40110 (figure 4); a
full-volume (unlocalised) drive of order several gigawatts is precluded, so the self-consistent operating regime requires the RF be plug-
localised. The alpha-channeling optimiser (BU-002), the alpha-channel warm-fill controller and the ICRF antenna-matching controller
(BU-015), which minimises reflected power near the deuterium cyclotron frequency f;(D) = 129.6 Hertz$, drive to this operating point.

DIRECT ENERGY CONVERSION AND THE ELECTRICAL GAIN

The end-loss charged-particle stream is decelerated against a graded electrostatic potential and collected, so that its kinetic power is recov-

ered directly as DC without a thermal cycle "%, If Py, is the charged-particle power reaching the converter and 9pgg the conversion effi-
ciency, the recovered electrical power is Pejec = NDECPeh, and the plant electrical gain is

P, elec 1 Py th — P, recirc * MDEC
> = 1318 ——
Ptine fixed recirc. QE(TIDEC) Ak 0.49°

Qe =

where the right-hand form is the first-order dispatch sensitivity at fixed recirculation about the frozen operating point. At the design
npec = 0.49 this returns Qg = 1.318 (BU-L1-A10); break-even Qg = 1 is reached only if the converter efficiency degrades to
npec = 0.49/1.318 = 0.37 (figure 4). Because the achievable throttle depth is limited by the recirculating-power leverage — a factor of
4.14 x between gross and net electrical output (MV-L1-A1) — the load-following controller operates within a bounded net band rather than
down to zero. The DEC-dispatch (BU-006), collector-grading (BU-012) and end-loss-recovery (BU-014) controllers maximise the recov-
ered fraction against equation (8); the AI load-following controller (BU-007) tracks the commanded electrical load within the throttle-
depth limit.

THE FORMAL REGULATION PROBLEM

Each of the sixteen controllers regulates an output s = C; z to a reproduced setpoint y;‘ using actuators uj, subject

to the plant dynamics and to a safe set. Writing the burner reduced dynamics as = f( a3, u), the common problem
solved by every controller is

t+Tp, .
min / (I w8 o+l wl® a)d st. “a= F = w, wcx uel
i

u(-)
with tracking weight Q = 0, effort weight R > 0 and horizon T},. The admissible stateset ¥ ={  z:h(  z) > 0} encodes
the physics gates — the warm-fill inside its microstability window (5), the plug potential above its collapse floor (2)—(3), the density at the

16 target, the converter above break-even (8) — through a scalar barrier h( z). Equation (9) is the statement the numerical layer
discretises.
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Numerical formulation and the real-time solver

RECEDING-HORIZON DISCRETISATION

The continuous problem (9) is solved in receding-horizon (model-predictive) form. Discretising the horizon into N steps of length At with

Tpt1 = F( D ug,) the one-step map of the reduced twin, each controller solves, once per control tick,
N N-1
: 2 p)
{ m1r}1N_1 Z | zr— z*|* o+ Z | wl®* g st Thi1 = F( g, Uk), zp € X, up €U,
UkSk=0 k=0 k=0

applies ug, and re-solves at the next tick from the updated state. This is exactly the KRONOS-CTRL acting-layer form. About the
current shadow state the reduced twin is linearised by automatic differentiation,

8 F 6 F
~ F A - B — A= By =

Tkt ( o6 w)+ W = z) + W u ug), il e =l

so that (10) reduces to a convex quadratic program (QP) in the stacked decision vector U=]| u;')_, ceny u}_l]T,
o1 T T
m11[1] 3 U H U+ g U s.t. G UL w,

with HES HT > 0assembled from Q, R, Ay, By and ( G, w) the stacked state/actuation constraints.
Positive-definiteness of H guarantees a unique minimiser, and the QP is warm-started from the previous tick's shifted solution, which

for a receding-horizon problem gives near-constant per-tick iteration counts.

THE CONTROL-BARRIER SAFETY PROJECTION

The learned/ MPC command is never applied directly. It is first projected onto the forward-invariant safe set by the deterministic clamp:
given the barrier h( z) with safe set C = { z: h( z) > 0}, the applied actuation is the nearest admissible command,

u*=argmin | u-— umpcl®> st. L h( =z +L Gh( 2) u> —alk( =),

where L ;h, L ,h are the Lie derivatives of h along the drift and control vector fields and e(-) is a class-K function *). The single
affine constraint in (13) guarantees h > —a(h), hence h( z(t)) > 0 for all ¢ if h( z(0)) > 0 — the plant cannot leave C even when
the MPC or a learned policy is wrong. Because (13) is itself a small QP with a single inequality, its solution is closed-form (active-set of size
< 1) and adds negligible latency. This latency-split — a predictive optimiser wrapped in a deterministic projection — is the same safe-set
architecture as the certified control-barrier clamp reported in the companion control paper [doi:10.5281/zenodo.22645716; official page]
and the reference-governor MPC of [doi:10.5281/zenodo.22645807; official page].

SOLVER, CONVERGENCE AND TIMING

The QP (12) is solved by a primal—dual interior-point method with a Riccati-structured factorisation that exploits the block-banded H
arising from the horizon, giving O(N(n; + n,)3) work per interior-point iteration and typically 612 iterations to a relative duality gap
below 1078 1?2231, Convergence of the outer sequential-QP loop (re-linearising (11) between solves) is monitored by the step norm
I Ut — U()|| and the KKT residual; the loop is terminated when both fall below tolerance or a fixed iteration cap is reached,
whichever comes first, so that the per-tick compute is bounded (a hard real-time requirement). Table 3 gives the design latency allocation
by loop. The fastest protective loops — the microstability guard and the CBF projection — run on the reduced-order model and the analytic
monitors so they are never gated behind the slower kinetic surrogates.


https://doi.org/10.5281/zenodo.22645716
https://www.kronosfusionenergy.com/publications/control-barrier-safety-clamp.html
https://doi.org/10.5281/zenodo.22645807
https://www.kronosfusionenergy.com/publications/model-predictive-burn-control-inside-a-certified-safe-e.html

GRID CONVERGENCE OF THE REDUCED KINETIC SURROGATES

The plug surrogates that the controllers linearise are trained against the frozen kinetic runs. Their acceptance requires the reduced model
to reproduce the anchor within tolerance and to converge under refinement. For the DCLC threshold (5) and the AIC growth rate (6), the
surrogate is accepted when the marginal warm-fill fraction and the normalized growth rate match the WarpX particle-in-cell values within
their reported uncertainty across a doubling of velocity-space resolution and of macro-particle count; the AG-CX-07 audit (four warm-fill
points, R? > 0.987 per fit) provides the convergence check for the AIC flatness. For the alpha-channeling power (7), the reduced Fokker—
Planck operator is accepted when the channelled power converges under refinement of the (v”, £) grid to the BU-L2-A8 value. These are
the machine-checkable form of “surrogate reproduces the anchor,” and they gate the surrogate into the controller.

10
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Computational methodology: the NVIDIA GPU HPC campaign

Every physics setpoint the suite regulates to was produced by, and is regenerable from, the Kronos NVIDIA GPU high-performance-
computing campaign; the controllers themselves are trained and verified on the same fleet.

Kinetic microstability. The DCLC/AIC results anchoring equations (5)—(6) were produced with the particle-in-cell code WarpX in a one-
dimensional velocity-hybrid plug configuration (plug parameters 90 keV, 10 T, n = 4e21 /m3, anisotropy A = 2), scanning warm-fill frac-
tions fy, = 0,3,6.25,10 % (serials BU-L2-A5, BU-L2-A7, AG-CX-07). The GPU acceleration is essential: resolving the ion-cyclotron
branch to the v/we; = 0.037 floor requires long integration at fine velocity-space resolution, and the campaign runs these on NVIDIA
A100/H100 accelerators.

RF and Fokker—Planck kinetics. The alpha-channeling balance (7) was computed with a reduced two-dimensional ('v||, €) Fokker—Planck
operator coupled to an ICRF ray/quasilinear model in the lineage of GENRAY/CQL3D (serial BU-L2-A8), returning the up-to-195 MW
recovered-power figure and the plug-localisation requirement on GPU.

Direct conversion and power balance. The 7pgc-to-Q g dispatch (8) and the recirculation-limited load-following (serials BU-L1-A10, MV-
L1-A1, MV-L1-A2) were evaluated with the Kronos physics toolkit's zero-dimensional tandem-mirror power-balance and direct-converter
modules, benchmarked against the Pastukhov-plug closure.

Global uncertainty quantification. The operating-point robustness was established by a 40 000-sample global Monte-Carlo over the burner
design plane (ne,Z3me, Ti, Be, Bm) using the toolkit's uncertainty and mirror-solver modules (serial KX-L1-A5-BU), returning
Qg = 1.317£0.14 with P(Qg > 1) = 1.0 and the central-cell B as the dominant driver (rank correlation 0.93). This many-sample
sweep is a GPU-batched evaluation of the reduced solver.

Controller training and reproducibility. The reduced surrogates the MPC linearises, and the closed-loop controllers themselves, are trained
and verified on the NVIDIA GPU fleet; the analytic monitors and the CBF projection run on the in-house digital-twin node so the fast
protective loop never contends with the training fleet. No compute-cost figures are reported here. Every serial cited is a frozen entry in the
register 133/, independently re-run and stamped, so that each number in this paper is reproducible from the archived inputs.

11
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The control suite and its demonstrated operating point

THE SIXTEEN CONTROLLERS

Table 1 lists the suite, grouped by the physical subsystem each controller regulates: the plug and its microstability, the central cell, the end
region and direct converter, and the plant-level load-following layer (figure 8). Each row names the controller, the quantity it regulates and

its reproduced physics anchor.

CONTROLLER (SERIAL)

REGULATES

ANCHOR

mirror-plug potential (BU-001)

RF alpha-channeling optimiser (BU-002)

sloshing-ion distribution (BU-003)
DCLC/AIC microstability (BU-004)
central-cell radial transport (BU-005)
DEC dispatch \

Al load-following (BU-007)
expander-region controller (BU-011)
direct-converter collector (BU-012)
halo-scraper (BU-013)

end-loss-ion recovery (BU-014)

ICRF antenna-matching (BU-015)
mirror-ratio controller (BU-016)
ambipolar-hole controller (BU-017)
sloshing-angle optimiser (BU-018)

central-cell density-gate (BU-019)

confining potential at DCLC margin
recovered ion power
plug barrier depth
velocity-space stability
confinement

efficiency (BU-006)
electrical load tracking
expander state
collector grading
end-loss handling
recovered fraction
reflected power

mirror ratio R,,
potential profile

plug barrier depth

density at 16X target

BU-L2-A5 (WarpX PIC)
BU-L2-A8 (Fokker—Planck)
BU-L2-A8 | plug shaping
BU-L2-A7 (WarpX PIC)
BU-L2-A6
direct-conversion dispatch BU-L1-A10
MV-L1-A1

MV-L1-A2

BU-L1-A10

MV-L1-A2

BU-L1-A10

BU-L2-A8

SC-BU-2

BU-L2-A8 / plug shaping

BU-L2-A8 / plug shaping

SC-BU-1

The burner control suite: each controller, the quantity it regulates, and its reproduced physics anchor. Controller serials are Kronos control-

feature (KFE-CF-BU) entries; anchors are Physics De-Risking Register serials [33],
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THE PLUG OPERATING WINDOW

Figure 1 shows the operating window the plug controllers are built around. The DCLC mode is stabilised by warm-fill at the 6.25 % design
target, with the marginal oy = 0 threshold at f = 5.9 % — a narrow but real window (figure 1a). Particle-in-cell verification (BU-L2-A7,
AG-CX-07) confirms that warm-fill quells the DCLC branch across this window but leaves the anisotropy-driven AIC branch at
¥/wei & 0.037, flat across the fill range (figure 1b). The ambipolar potential built by the 16X density ratio (figure 2) sets the confining
barrier; its exponential sensitivity through the Pastukhov relation (3) is why the plug-potential loop carries the most authority. The loss-
cone geometry and the sloshing-ion distribution the plug controllers shape are shown in figure 3.

(a) DCLC loss-cone stabilization (b) Residual AIC branch
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Loss cone and sloshing-ion distribution
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ALPHA-CHANNELING AND CONVERTER DISPATCH

Figure 4 shows the RF alpha-channeling recovery the optimiser (BU-002) drives to: channelled ion power rises with antenna power to a
ceiling of = 195 MW over the plug-localised §Irange40110 window (BU-L2-A8). Figure 4 shows the converter dispatch: the electrical gain
tracks converter efficiency through equation (8), holding @z = 1.318 at the design 7prc = 0.49 and reaching break-even only at
npec = 0.37. Figure 5 shows the millisecond-class load-following the DEC-path enables (BU-007, MV-L1-A1): the net output tracks a
commanded-load staircase within the throttle band set by the 4.14x recirculation leverage.
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Millisecond-class electrical load-following
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Figure 6 places the operating point in its uncertainty context: the 40 000-sample global Monte-Carlo (KX-L1-A5-BU) gives
Qg = 1.317 £ 0.14 with P(Qg > 1) = 1.0, and ranks the central-cell 8 as the dominant driver (rank correlation 0.93), ahead of density,
3He fraction, ion temperature and mirror field. Each controller clears an explicit acceptance test before it is granted authority (table 2):
closed-loop stability to setpoint within tolerance, rejection of a specified disturbance class, and zero clamp trips in nominal operation (fig-
ure 7 shows a representative closed-loop response); the plug controllers additionally hold the warm-fill inside the microstability window in
kinetic-in-loop simulation, and the load-following controller tracks the commanded load within its throttle-depth limits. Authority is
capped by verification maturity until each bar is met (figure 9).

(a) 40k global Monte-Carlo (b) Driver ranking
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CONTROLLER GROUP ACCEPTANCE CRITERION ANCHOR ANCHOR STATUS
plug potential / microstability warm-fill held in [5.9, 6.25] % window BU-L2-A5/A7 reproduced
RF alpha-channeling recovered power matches Fokker—Planck BU-L2-A8 reproduced
DEC dispatch / collector / recovery maximise 7pgc at 0.49 = Qg = 1.318 BU-L1-A10 reproduced
central-cell density-gate density held at 16 x target SC-BU-1 reproduced
mirror-ratio R,,, held at set-point SC-BU-2 reproduced
Al load-following track load within throttle band MV-L1-Al reproduced
closed-loop stability (all) stable to setpoint, disturbance rejected — target

zero clamp trips (all) no CBF trip in nominal operation eq. (13) target

Controller acceptance criteria, the reproduced anchor each is gated against, and status. “Reproduced” denotes a frozen register anchor

independently re-run; “target” denotes a pre-registered closed-loop bar built to the demonstrated operating point. Serials refer to the

register [33],

LOOP

FUNCTION

LATENCY ALLOCATION

CBF safety projection, eq. (13)
microstability guard (reduced surrogate)
plug-potential / density-gate MPC
alpha-channeling / ICRF matching MPC
DEC dispatch / load-following

central-cell transport / mirror-ratio

Design latency allocation by control loop (allocations, not measurements). The fast protective loops run on the reduced-order model and analytic

monitors so they are never gated behind the kinetic surrogates.

17

fast (protective)
fast

medium
medium
medium

slow

microseconds

sub-millisecond

milliseconds

milliseconds

millisecond-class

~ seconds



Representative closed-loop response (illustrative model)
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The burner control suite: sixteen controllers by subsystem

'

}G & MICROSTABIL] TY CENTRAL CELL END/ CCINVERTER1 PLANT
mirror-plug potential (BU-001) radial transport (BU-005)] DEC dispatch (BU-006) Al load-following (BU-007)
RF alpha-channel opt. (BU-002) mirror-ratio (BU-016) collector grading (BU-012
sloshing-ion dist. (BU-00 density-gate 16x (BU-019) end-loss recovery (BU-01
DCLC/AIC microstab. (BU-004) expander (BU-011)

ICRF matching (BU-015) halo-scraper (BU-013)
ambipolar-hole (BU-017)

sloshing-angle opt. (BU-(}18)

. w - »
Bifl:h controller gated to a reproduced De-Risking Register anchor (BU-L2-A5/A7/A8, BU-L1-A10, SC-BU-1/2, MV-L1-A1/A2)




authority »

Verification-maturity gating of control authority

hardware-in-the-loop + all criteria held

bounded in-envelope kinetic/PIC-in-loop test

supervised closed-loop stability + disturbance rejection

anchor reproduced (BU-L2 gate)

shadow-only surrogate-error monitor passes
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8§ 6

Discussion

THE PLUG IS THE CONTROL PROBLEM

Organising the burner controllers by physical subsystem makes the plant tractable, and it makes clear where the control difficulty actually
lives. The converter, the density-gate and the mirror-ratio loops regulate quantities that are stiff and slowly varying; the load-following
loop is fast but bounded and well posed. The genuinely hard, authority-critical loops are the plug loops, because the confining potential
depends exponentially on the plug state through equations (2)—(3) and because the warm-fill must be held in the narrow [5.9, 6.25] %
band of equation (5). This is the opposite emphasis from a tokamak controller, whose hardest fast loop is magnetohydrodynamic; the
tandem-mirror control problem is kinetic and electrostatic. The suite reflects this: seven of the sixteen controllers act on the plug, and they
carry the highest authority gates.

AGAINST THE MIRROR-PHYSICS BENCHMARKS

The setpoints the suite regulates to sit squarely inside the established mirror-physics envelope. The ambipolar relation (2) is the Fowler—
Logan/Baldwin plug potential [*5); the Pastukhov scaling (3) is the standard collisional end-loss result [°); the DCLC stabilisation by a
warm-fill population is the Post—Rosenbluth/Baldwin mechanism 7%/, and our marginal fraction fx=5.9% is a few-percent warm-fill
entirely consistent with that literature and with the GAMMA-10 and TMX-U operating experience !'>'?, The one place our result adds a
genuinely new, control-relevant fact is the AIC branch: the particle-in-cell audit (BU-L2-A7, AG-CX-07) shows that the same warm-fill that
quells DCLC does not quench the anisotropy-driven AIC mode, which persists at 7y/w¢; ~ 0.037 independent of fill. This is why the suite
carries dedicated sloshing-ion and sloshing-angle controllers to shape the perpendicular anisotropy rather than relying on warm-fill alone,
and it is the subject of the companion microstability paper [doi:10.5281/zenodo.22645714; official page]. The alpha-channeling target of

up to 195 MW recovered follows the Fisch-Rax mechanism ®9' and is developed in the companion RF paper
[doi:10.5281/zenodo.22645712; official page]; the sloshing-ion ambipolar-potential physics the plug-shaping controllers exploit is the
subject of [doi:10.5281/zenodo.22645913; official page].

AGAINST THE DIRECT-CONVERSION AND LOAD-FOLLOWING BENCHMARKS

Direct energy conversion of mirror end-loss is the Moir—Barr concept !®'; our dispatch sensitivity (8), holding Qg = 1.318 at
npec = 0.49, is the operating-point statement of the recirculation-resolved Qg closure developed in the companion paper
[doi:10.5281/zenodo.22645860; official page], and the collector grading the DEC controllers optimise is the subject of the collector-physics
paper [doi:10.5281/zenodo.22645858; official page]. The millisecond-class load-following the suite delivers is the burner's distinctive grid
asset — a DC-native power source that can track a data-centre or forward-base load electronically rather than thermally — and its power-
electronics interface is developed in [doi:10.5281/zenodo.22645783; official page].

RELATION TO LEARNED AND PREDICTIVE CONTROL

The suite is complementary to learned control rather than a competitor. A learned policy of the Degrave et al. type [2°! acts on the present
measurement; the suite acts on a predictive reduced twin through the MPC of equation (10) and confines every command to the forward-
invariant safe set of equation (13). The two compose: a learned optimiser can propose upmpc, and the CBF projection guarantees it
cannot drive the plant out of the microstability window or below the plug-collapse floor, whatever the policy proposes. Because the
mapping from a reproduced anchor to a granted authority level is explicit (figure 9), the route from “anchor demonstrated” to “controller
in command” is a defined, testable sequence rather than an assertion. The safe-set and maturity-gating machinery is shared with the certi-
fied clamp [doi:10.5281/zenodo.22645716; official page] and the reference-governor burn-control MPC [doi:10.5281/zenodo0.22645807;
official page].
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§7

Limitations

One honest gate bounds the suite. Particle-in-cell verification (BU-L2-A7, corroborated by AG-CX-07) shows that the warm-fill that
stabilises the DCLC loss-cone mode does not quench the anisotropy-driven AIC branch, which sits at 7y/w¢; = 0.037, flat across fi, = 0—
10 %. This residual AIC activity is a distinct control caveat — not a showstopper, but the one plug gate that warm-fill alone cannot close. It
is owned by the sloshing-ion (BU-003) and sloshing-angle (BU-018) controllers, which shape the plug's perpendicular anisotropy to hold it
down, and its closure is a registered follow-on. The closed-loop controller results themselves are, at this stage, pre-registered targets built
to the reproduced physics anchors; the anchors are frozen and independently re-run, but the controllers' hardware-in-the-loop confirma-
tion is the gate to full runtime authority in figure 9.
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§ 8

Conclusion

The burner control suite is a physics-anchored family of sixteen real-time controllers — plug potential, sloshing-ion and ambipolar-hole
shaping, DCLC/AIC microstability, RF alpha-channeling, central-cell density and mirror-ratio regulation, direct-energy-conversion
dispatch, and millisecond-class load-following — for a D-3He tandem-mirror burner at plug field 26.49 T, npec = 0.49 and Qg = 1.318.
Each controller is a receding-horizon MPC (equation 10) confined to a forward-invariant safe set by a control-barrier projection
(equation 13), and each setpoint is bound to a reproduced De-Risking Register anchor: the DCLC margin at 5.9 % warm-fill against the
6.25 % target, the ambipolar potential from the 16x density ratio, RF alpha-channeling returning up to 195 MW to the ions, and direct
conversion closing @g = 1.318, with a 40 000-sample Monte-Carlo placing P(Qg > 1) = 1.0. Because the plug operating point, the
converter efficiency and the density gate are all demonstrated, the control task is to hold a known-good operating point rather than to
search for one; the millisecond load-following this enables is the burner's distinctive grid asset. With the one open AIC gate honestly
flagged and owned by named controllers, and with an explicit maturity-gated path from a reproduced anchor to runtime authority, the
suite provides the closed-loop operating basis a tandem-mirror D—3He burner requires.
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INTELLECTUAL PROPERTY

The patent portiolio

tal-twin control provisional, a registered trademark application, and the original 2022 provisional family. Every patentable disclo-

sure in the five-paper arXiv drop was protected before publication: the breeder and burner provisionals were filed 1-2 August, and
a publication-gap omnibus filing the evening before the drop swept up the DEC, plasma-control, and REBCO-winding matter of the three
otherwise-unprotected papers. Patent numbers and application serials are matters of public record; claim scope is summarised, not
reproduced.

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

GRANTED & PENDING UTILITY

US 12,009,112 High-field tilted graded-REBCO magnet architecture (KRONO-002A) - app. 17/878,550 GRANTED

US 17/878,507 Core device / method (KRONO-001A) - utility

2026 PROVISIONAL FILINGS — MAPPED TO THE PRODUCTS

64/124,209 Hyperion — spherical-tokamak tritium / helium-3 foundry - breeder - filed Aug 2026 FILED
64/124,220 Aegis [ MetroVolt — synchrotron-cutoff, fuel-selection & plug-winding - generator - filed Aug 2026 FILED
64/115,167 KRONOS-CTRL digital-twin plant control - provisional - filed Jul 2026 FILED
64/005,440 Integrated spherical-tokamak fusion architecture - early integrated-architecture filing - filed Mar 2026 FILED
64/105,530 Negative-triangularity spherical-tokamak architecture - foundational ST filing - filed Jul 2026 FILED
64/128,097 Publication-gap omnibus — quasineutral two-species expander DEC - provenance-gated | latency-split plasma FILED

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

TRADEMARK & ORIGIN

FTK-98801894 Kronos Fusion Energy — trademark application FILED

KR-2022-% Original provisional family (KR-2022-00001 ... 00027) - 27 filings, 2022 PRIORITY

The narrow, defensible magnet novelty — the specific conductor and the digital-twin winding optimisation, not high-field REBCO as a
category — is the commercial core that can earn ahead of any Q > 1 milestone, with markets in fusion magnet supply, MRI/NMR, accelera-
tors, and proton therapy. The claim is scoped honestly: the high field is a system field result, not a stand-alone-coil record; the small-bore
plug coil is structurally infeasible as a bare winding but resolved by a stress-managed structural shield (feasible-pending-FEA); and the
winding-tape experiment returned a null result. The value is the method, not a field record.
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THE TEAM

Founding partners, board, advisors & auditors

operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or

K ronos is built by a bench of advanced-fuel-fusion, high-field-magnet, direct-conversion, and materials specialists, with a board and
is term-ending, the range says so.

FOUNDING PARTNERS — SCIENCE

Dr. Gerald Kulcinski
Co-Founder - Helium-3 & Advanced-Fuel Fusion

Dr. Carl Weggel
Chief Scientist / S.M.A.R.T. Design

UW-Madison - 2023—Present

Dr. Robert J. Weggel
Magnetic Field Design
MIT Magnet Lab - 2022—Present

BOARD

Priyanca Ford
Founder & CEO - Executive Board
2022—Present

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. Jack J. Dongarra
HPC & Numerical Algorithms
Turing Award - 2025—Present

Dr. Siegfried Glenzer
Plasma Physics & Laser Fusion
Stanford / SLAC - 2022—Present

Dr. Donald A. Spong
Plasma Theory & Confinement
ORNL - 2025—Present

RADM (Ret.) David Goggins
Naval Engineering & Power-Plant Design
U.S. Navy - 2023-2026
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MIT Alcator Program - 2022—Present

Bandel Carano
Finance | Strategy

Oak Investment Partners / Stanford - 2025—2026

Dr. Patrick H. Diamond
Plasma Turbulence & Transport
UC San Diego - 2025—Present

Dr. Nasr M. Ghoniem
Chief Material Scientist
UCLA - 2025—-Present

Dr. David A. Hammer

Pulsed-Power Fusion
Cornell - 2025—Present

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

Dr. Konstantin Batygin
Mathematician
Caltech - 2022—-2025



Dr. Ruben Fair
Magnet Design / ITER Liaison
PPPL / Jefferson Lab - 2022—2025

SCIENTIFIC AUDITORS

Dr. Wilfred A. Cooper
Plasma Equilibrium Theory
EPFL / Swiss Plasma Center - 2025—Present

Dr. Patrick E. Hopkins
Extreme Thermal Materials
U. of Virginia - 2025—Present

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

Dr. Nitendra Singh
Nuclear Safety & Fuel Cycle
ITER - 2025—Present

Dr. Gary S. Was

Radiation Materials & Structural Integrity
U. of Michigan - 2025—Present

OPERATIONS

Michael Laughlin
Chief Operating Officer
2022—Present

MG (Ret.) Paul Pardew
Chief Contracting Officer
Army Contracting Command - 2022—Present

Sushma Bhatia
Environmental & Legislative
Google - 2022—Present

MG (Ret.) Robin L. Fontes
Cybersecurity & Defense
Army Cyber Command - 2022—Present

Jon Michel Greenwood
IT & AI Infrastructure
Live Nation - 2023—Present

Gen. (Ret.) Gustave F. Perna
DoD Liaison
Operation Warp Speed - 2022-2023

Dr. Paul S. Weiss
Materials & Nanotechnology
UCLA - 2022-2025

Dr. Ahmed Hassanein
Plasma—Material Interactions
Purdue / Argonne - 2025—Present

Dr. Peter Hosemann
Materials Joining & Structural Integrity
UC Berkeley - 2025—Present

Dr. Philippe Lebrun
Cryogenics & Magnet Cooling
CERN - 2025—Present

Dr. Guido Van Oost

Magnetic Confinement & Fusion Systems
Ghent University - 2025—Present

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

Martin Owens
Chief Strategy Officer
LANL / GE Hitachi - 2022—Present

David Beck
Fusion Commercialization
U.S. Space Force - 2024—Present

Michael De Frenza
Technology Licensing
2023—Present

Vijay Gehani
Supply Chain & Components
INOX India - 2024—Present

Brian C. O'Neill
National Security
CIA / ODNI - 2022—Present

Andrea Romero
Marketing Lead
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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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