KRONES CFUSIEQN 5N EREN

RSP [RE25 Orale o SarGHE RO S #2200 22 (& S S RAL(E1S

The Burner Quantum Stack: Entanglement-Enhanced Plug-Field
Magnetometry and a Quantum Kinetic Solver for D—3He
Tandem-Mirror Burn Control

The Kronos burner sustains an advanced-fuel D—He plasma in a tandem magnetic mirror
whose end plugs are held by a coil at a peak field of ; two things must go right in real

time,...

Read it live — 3-D model - physics validator - film series

B RESEREOIRID 2,012:6 S E NN O RAFAT S EIDSRIREOIN


https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
https://www.youtube.com/playlist?list=PLK7X4NzfmaAQ

THE OFFICIAL RECORD

\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
T 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 — ( peEriVED | [ RECOMPUTED | [ MEASURED | [ REQUIREMENT | — 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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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.

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

Thetleet at a glance, and the way its numbers are marked

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 Al / 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.

T his volume opens with Orientation, presents the five research papers as a bound sequence, and closes with the Apparatus.

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 - *He - 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 — from first principles, from raw data,
in hardware, or a | REQUIREMENT |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.




ABSTRACT

The Burner Quantum Stack: Entanglement-Enhanced
Plug-Field Magnetometry and a Quantum Kinetic
Solver for D-"He Tandem-Mirror Burn Control

he Kronos burner sustains an advanced-fuel D—3He plasma in a tandem magnetic mirror whose end plugs are held by a coil at a
T peak field of 26.49 T'; two things must go right in real time, and both are quantitative. The plug and mirror-throat fields must be

read accurately enough to hold the ambipolar confinement, and the velocity-space burn kinetics that set the plug potential and the
fusion rate must be solved fast enough to control. This paper poses both problems formally and specifies the quantum technology designed
against each, in a deliberately resource-honest frame. For sensing, we cast plug-field diagnosis as a quantum parameter-estimation prob-
lem, derive the standard-quantum-limit and Heisenberg scalings from the quantum Fisher information, and locate the decision boundary
at which entanglement earns its complexity: a normalised diagnostic-noise knee at 0~0.1386. Every Kronos plug diagnostic sits below the
knee, where the directly measured entanglement benefit is +0.00077 in area under the receiver-operating characteristic (AUC) — statisti-
cally indistinguishable from zero — while a demonstrated single-nitrogen-vacancy magnetometer already reaches

0.189 pT Hz 1/ at 125 Hertz, resolvingthe5.50——17.0 T

T —countresourceestimatethatplacesause fulinstancebeyondthe fault — tolerantboundary. Allphysicsanchorsare frozen :
Q_E=1.318,P_ fus=4298.5 MW, neutron fractionf_n=5.44 %, plugpotential\ varphi_i=248.75 keV, anddirect — conversionef ficiency
=0.49. Theburnerplugeoil(26.49 T)andthebreedercentrepost(16.84 TS) are two distinct magnets and are treated as such throughout.
The result is a demonstrated classical-quantum sensor, a resource-scoped design for each quantum component, and an explicit, measured
rule for when either becomes worth building.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645927 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: quantum metrology NV-diamond magnetometry entanglement-enhanced sensing

quantum kinetic solver Fokker--Planck D--$7{3}$He tandem mirror plug field burn control


https://doi.org/10.5281/zenodo.22645927
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation

CONTENTS

Table of Contents

The Burner Quantum Stack: Entanglement-Enhanced Plug-Field Magnetometry and a Quantum Kinetic Solver for D-2He
Tandem-Mirror Burn Control

Introduction

The burner and its diagnostic target

Governing equations I: plug-field diagnosis as quantum estimation
Governing equations II: the D—SA3

The quantum kinetic solver: encoding and resource estimate
Computational methodology: the NVIDIA GPU HPC campaign
Results

Discussion

Limitations

Conclusion

References

One programme, many papers

10
12
14
15
16
25
26
27
32
35



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)



quantum metrology; NV-diamond magnetometry; entanglement-enhanced sensing; quantum kinetic solver; Fokker—Planck; D—3He
tandem mirror; plug field; burn control



8§ 1

Introduction

THE ADVANCED-FUEL BURNER AND ITS TWO HARD REAL-TIME PROBLEMS

The Kronos burner is a tandem magnetic mirror that burns deuterium and helium-3. The reward of the advanced fuel is a low neutron
fraction and a direct path from charged-particle power to electricity; the price is a demanding end plug. In a tandem mirror the central cell
is a long, low-field solenoidal plasma stoppered at each end by a high-field mirror cell whose electrostatic ambipolar potential confines the
central-cell ions [*?7), That potential is built by the plug, and the plug coil in the Kronos design reaches a peak field of 26.49 T. Two
control problems follow directly and neither is optional. First, the plug and mirror-throat fields must be measured accurately, in real time,
or the confinement drifts. Second, the burn kinetics — the velocity-space physics of the sloshing-ion population, the collisional Pastukhov
end-loss and the fusion reactivity — must be solved fast enough to steer the plug potential and the fusion rate. This paper is about the
quantum technology designed for both, and about being equally explicit where quantum methods deliver today and where they do not.

The two problems have a natural quantum framing. Magnetometry is the canonical application of quantum sensing [*>?!: a spin qubit

accumulates a phase proportional to the field, and the precision with which that phase can be estimated is bounded by quantum mechan-
ics. Kinetic simulation is the canonical application of quantum computing: Feynman's original argument for a quantum computer was

precisely that a quantum system is expensive to simulate classically ["*3!. The question this paper answers is not whether these framings
exist but whether they pay, quantitatively, for the burner's specific fields and its specific kinetics.

WHAT QUANTUM SENSING AND QUANTUM SIMULATION PROMISE

Quantum metrology sets a hierarchy of precision limits. /N independent probes interrogated for time 7 estimate a field with an uncertainty
that falls as N=1/2 — the standard quantum limit (SQL) or shot-noise limit "®'%!. Entangled probes, prepared as spin-squeezed or

Greenberger—Horne—Zeilinger (GHZ) states, can in principle reach the Heisenberg limit N ~! 78] a 4/ N metrological gain. Ensemble
nitrogen-vacancy (NV) diamond magnetometry realises the SQL branch of this hierarchy at room and cryogenic temperature with

picotesla sensitivity [?3?224] and the route to entanglement-enhanced operation is a subject of active experiment [*!. Quantum simulation,
in turn, offers polynomial-to-exponential compression of the state of a kinetic system: Hamiltonian-simulation primitives [*°!, quantum
linear-systems and differential-equations solvers %, and Carleman-linearisation methods for dissipative nonlinear dynamics 7' together
define a toolbox for encoding a Fokker—Planck evolution on a quantum register.

Both promises carry sharp caveats. Entanglement-enhanced metrology only helps where the classical estimate is noise-limited rather than
resolution-saturated; below a system-dependent noise threshold the Heisenberg headroom is unused. And near-term quantum computers

are noisy and small [4), variational surrogates suffer barren plateaus and kernel concentration that erase advantage as they scale ['"'?!, and
fault-tolerant execution of a useful kinetic instance demands error-corrected logical qubits behind a surface-code overhead ['3). A credible
burner quantum stack must therefore be built around these caveats, not around the promises.

CONTRIBUTION

The Kronos Al-and-quantum programme is deliberately resource-honest: it reports quantum negatives as first-class results and gates any
quantum component behind a classical baseline it must beat on a pre-registered test [doi:10.5281/zenodo.22645702; https://www.kronos-
fusionenergy.com/publications/ai-quantum-control.html]. On the computing side the programme has already found no measured advan-

tage for variational optimisation, chemistry, or machine-learning surrogates at the scales it can simulate, and it has quantified the fault-
tolerant boundary rather than crossing it [the resource-honest quantum-computing result, doi:10.5281/zenodo.22645718;
https://www.kronosfusionenergy.com/publications/quantum-computing-for-fusion.html]. This paper extends that discipline from the
breeder to the burner and contributes: (i) a formal statement of plug-field diagnosis as a quantum estimation problem, with the
SQL/Heisenberg boundary and the measured entanglement-sensing knee at ¢~0.1386 (§3, §7.2); (ii) the governing bounce-averaged
Fokker—Planck burn model, its Rosenbluth-potential closure and Pastukhov plug relation, written and discretised explicitly (§4); (iii) the
quantum-simulation encoding of that operator with an honest logical-qubit/T-count estimate (§5); (iv) a GPU-HPC methodology naming
the actual codes run for this paper (§6); and (v) results, benchmarks against the published metrology and quantum-computing literature,
and a single honest gate (§§7—9). The companion breeder-side treatment of entanglement-enhanced magnetometry and fault-tolerant
resource estimates [doi:10.5281/zenodo.22645905; https://www.kronosfusionenergy.com/publications/quantum-machine-learning-
surrogates-entanglement-enhanc.html] and the quantum-algorithms-for-control study [doi:10.5281/zenodo.22645925; https://www.kro-
nosfusionenergy.com/publications/quantum-algorithms-for-the-real-time-control-loop-hhl-e.html] share the same accounting; every

number here traces to a frozen serial in the Kronos Physics De-Risking Register [33/, cited inline (e.g. KX-L1-A18-BU) so each is auditable.


https://doi.org/10.5281/zenodo.22645702
https://doi.org/10.5281/zenodo.22645718
https://doi.org/10.5281/zenodo.22645905
https://doi.org/10.5281/zenodo.22645925

§ 2

The burner and its diagnostic target

A sensing design starts from the field it must resolve; a burn-control design starts from the operating point it must hold. Both are fixed by
the frozen burner design point (Table 1). The magnetic architecture is the canonical plug run KX-L1-A18-BU: a central-cell field
By, = 5.50 T, a mirror-throat field B,, = 17.0 T, vacuum and mid-plane mirror ratios Rysc = 3.09 and Ry, = 4.61, and the plug coil at
a peak field of 26.49 T (its structural qualification is carried separately [doi:10.5281/zenodo0.22645915]). The burn operating point is the
Pastukhov-plug Mode-M solution (BU-L1-A1): an engineering gain Qg = 1.318, a fusion power P,s = 4298.5 MW, a neutron fraction
frn = 5.44%, a plug potential ; = 248.75 keV, a self-consistent electron temperature T, = 89.72 keV, and a direct-conversion efficiency
1 = 0.49 [doi:10.5281/zenodo.22645700]. The plug density ratio is R = npg/ne = 16.

Two points are load-bearing throughout. First, the burner plug coil (26.4971") and the breeder centrepost (16.847") are two distinct
magnets in two distinct products, and are never conflated (KX-L1-A15); the fields, diagnostics and kinetics of this paper are the burner's.
Second, the burn is predominantly aneutronic: of the 4298.5 MW total, the D—3He branch carries 3868.0 MW and the residual D—D and
parasitic D—T channels carry the remaining 430.5 MW, giving f, = 5.44 % (ENV-A4-BU, Figure 4).

QUANTITY SYMBOL VALUE ROLE

central-cell field Boe 5.50T operating point
mirror-throat field B, 17.0T mirror confinement
plug-coil peak field — 26.49T magnet design (frozen)
vacuum mirror ratio Ryac 3.09 confinement
mid-plane mirror ratio Rue 4.61 confinement

plug density ratio R 16 plug potential
engineering gain Qg 1.318 burn control target
fusion power Prys 4298.5 MW burn control target
neutron fraction i 5.44 advanced-fuel figure
plug potential Vi 248.75keV confinement
electron temperature 1, 89.72 keV self-consistent
direct-conversion efficiency n 0.49 power output

The frozen burner design point: the magnetic architecture the plug diagnostic must read (KX-L1-A18-BU) and the burn operating point the
kinetic solver must hold (BU-L1-A1, KX-L1-A3-BU). Serials refer to the de-risking register (331,
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§ 3

Governing equations I: plug-tield diagnosis as quantum estimation

RAMSEY PHASE ESTIMATION AND THE CRAM\'ER-RAO BOUND

An NV centre is a spin-1 defect whose m,=0 — 1 transition frequency shifts with the axial field by the gyromagnetic ratio
ynv = gps/h = 2w x 28.03 HertzS. In a Ramsey sequence a superposition acquires a phase

¢=7nv BT

over a free-evolution time 7 '4); estimating B reduces to estimating ¢. The precision of any unbiased estimator B built from v repetitions
is bounded by the (classical) Cram\'er—Rao inequality,

s 1
Var(B) > ————
(B) = vF(B)’
with F(B) the Fisher information of a single shot. For a state pp carrying the parameter, the Fisher information is itself bounded by the
quantum Fisher information (QFI) Fp maximised over all measurements ">,

1

F(B) < Folpsl,  Var(B) > v Fglps]

= AB%, .
Equation (3) is the quantum Cram) 'er—Rao bound: it is the fundamental floor against which every sensing design is judged.

STANDARD-QUANTUM-LIMIT AND HEISENBERG SCALINGS

Consider [N probe spins interrogated for time 7. If the probes are prepared independently, the QFI is additive, Fg = N'yl%w'rz, and
combining Egs. (3) with a duty cycle £/ of total measurement time ¢ gives the shot-noise (standard-quantum-limit) sensitivity

1 1 1
0B, SQL = ——

™ vNrt C’

where C'<1 is a readout figure of merit collecting contrast and photon-collection inefficiency. For a maximally entangled GHZ state of the
same N spins the accumulated phase is N¢ and the QFI rises to Fg = N 271%“,7'2, giving the Heisenberg-limited sensitivity

1 1 1 JBSQL
6B, = — e =+VN.
T v NVt C 0By,

The v/N ratio is the entire metrological prize of entanglement (Figure 2). For the Kronos plug diagnostic the register fixes the two anchors
of this scaling directly: at N =100 probes and 7= 1us the SQL floor is dBgsqr =5.7e — 7T and the Heisenberg floor is
0Bur, = 5.7e — 8 T (metrology scaling, KX-L1-A18), consistent with Eq. (5) at +/100 = 10 (Figure 2).

The demonstrated single-NV ensemble is far below either engineering floor: it reaches B = 0.189 pT Hz /2 (KX-L1-A22),
obtained from the ensemble Ramsey form of Eq. (4),

0B

1
’7NvC\/NcT2*t’

with a conservative in-service chip (N, = 102 centres, Ty =1pus, C =0.03) and a Ramsey shot of Tshot = 448 fixing a bandwidth
1/(27shot) = 125 Hertz, Theplugandthroat fields(5.50——17.0 T)andthequenchprecursor(a\!100 mTS local step) stand many orders
of magnitude above this floor.
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THE DECISION PROBLEM AND THE NOISE KNEE

Live diagnosis is not point estimation but detection: the controller must decide, from a noisy channel, whether the plug is in-envelope or
drifting. Cast the channel as a binary hypothesis test with signal separation d and diagnostic noise standard deviation op; the natural
figure of merit is the area under the receiver-operating-characteristic curve,

d oB
AUC=<I>( ) o=E,
V20 d

with ® the standard normal CDF and o the normalised noise level. Entanglement lowers the achievable op from the SQL to the
Heisenberg branch, o —op/v N, so the entanglement gain in classification is

AAUC(o) = {><\/§+/\/N> - @(ﬁ).

Equation (8) has a knee: when & is small the argument of both ®'s is large, both AUCs saturate at unity, and AAUC — 0; the enhance-
ment only matters once o is large enough that the classical estimate is genuinely noise-limited. The Kronos metrology study locates this
knee at Oknee ~ 0.1386 (KX-L1-A18; BR-SX-08). This is the boundary the enhanced sensor must clear to be worth its complexity, and §7.2
shows where the plant sits relative to it.

11



§ 4

Governing equations I: the D-$'3

SHe burn kinetics

THE BOUNCE-AVERAGED FOKKER-PLANCK OPERATOR

The quantities the burn controller must hold — ¢;, @ g, and the reactivity — are moments of the ion velocity distribution in the mirror cell.
That distribution f,( v,t) for species 8 evolves under a kinetic equation dominated, at the burner's collisionality, by Coulomb colli-
sions, RF heating and mirror end-loss. Averaging over the fast bounce motion between mirror points reduces the problem to two velocity
coordinates (v),v, ) and gives the bounce-averaged Fokker—Planck equation

0fs
ot

where C; is the collision operator, Q?F the quasilinear RF-heating operator that sustains the sloshing-ion and hot-electron populations

[doi:10.5281/zenodo.22645781], u§°ss the loss-cone sink, and S, the fuelling source. The Coulomb term is the Landau/Rosenbluth
[28]

:C-S[f] + QljF[f] - Vioss(vlth.)fs + Ss,

operator

0*G, 0f,
Bviavj 6’0_7' ’

47rq§q52, InA,,

2
my

fo+3

Fss’ =

I

o[ OH,
CJf]:ZF”’%[_ Bv;

ry

closed by the Rosenbluth potentials, which are themselves velocity-space Poisson solves of the distribution,

mg

ViH, = —4rm fors ViG, = —8n fo.

My

Equations (9)—(11) are nonlinear in f (the potentials depend on f) and non-local in velocity, which is what makes the kinetics expensive;
this is the operator whose fast solution the control loop needs.

THE PASTUKHOV PLUG CLOSURE AND THE BURN MOMENTS

The end-plug that confines the central-cell ions is a positive ambipolar potential ¢; set by the balance of electron and ion end-losses. For a
mirror of ratio R and potential ¢, Pastukhov's solution of the loss-cone Fokker—Planck problem gives the confinement time 257!

S T e
X Ty eRy2) T OO\ )

so that the plug potential rises logarithmically-to-exponentially with the density ratio R = npy,g/n. and saturates once the exponential is
well developed. The Kronos plug operates at R = 16, where ; has saturated to 248.75 keV while Qg still rides the steep part of the trade
(Figure 4, AG-CX-02): R = 16 is the robust knee, not the fragile steep zone [doi:10.5281/zenodo.22645913]. Given the steady distribution,
the controlled outputs are velocity-space moments,

Pfus = Z NgNp <0"U>ab 8ab v’ <Uv>ab =/fa( 'Ua)fb( 'Ub) o'ab(| Vo — 'Ubl) | Vg — ’Ub| dsva ds'vba

branches

and the engineering gain Qg is the recirculation-resolved ratio of net electrical output — charged-particle power recovered at direct-
conversion efficiency n = 0.49 — to the power drawn to sustain the plug. The frozen solution (Qg = 1.318, Pry,s = 4298.5 MW,
fn=5.44%) is benchmarked against the WHAM tandem-mirror physics basis and the 0-D power balance

[doi:10.5281/zenodo.22645693; doi:10.5281/zenodo.22645911] 801,
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NUMERICAL FORMULATION: DISCRETISATION, SOLVER, CONVERGENCE

Equation (9) is discretised by a conservative finite-volume method on a structured (v”, v, ) grid of N = Ty X Ny cells (Figure 8), with the

loss cone imposed as an absorbing boundary at pitch angle §, = arcsin R,_ni/ 2, Writing the discrete distribution as a vector fERN,
the spatial operators assemble into a state-dependent generator

4 7

5= A H  f+ b A( l= A N+ Arr—  Dus,

where the collision matrix Ag carries the discretised drift/diffusion of Eq. (10) with the Rosenbluth potentials evaluated by a fast
multipole velocity-Poisson solve of Eq. (11). Because the collision term is stiff, time advance uses an implicit (backward-Euler |/
Rosenbrock) step, so each step solves a sparse linear system

( I-at A ) = f+At b,

with the nonlinearity in A( f) resolved by a Newton or Picard iteration to a relative residual below 108, Particle and energy
conservation are enforced discretely: the collision operator conserves number and momentum to machine precision by construction (a
Chang—Cooper flux limiter preserving the Maxwellian null space), and the scheme is verified by (i) grid refinement, showing second-order
convergence of the reactivity moment Eq. (13) in 1/N, and (ii) reproduction of the frozen anchor @ = 1.318 to the reported precision.
This classical solver is the authoritative baseline; the quantum encoding of Eq. (14) follows in §5.

13
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The quantum kinetic solver: encoding and resource estimate

CARLEMAN LINEARISATION AND BLOCK ENCODING

The obstacle to a direct quantum simulation of Eq. (14) is its nonlinearity: unitary quantum evolution is linear, whereas A depends on
f through the Rosenbluth potentials. Carleman linearisation resolves this by lifting the nonlinear system into an infinite-dimensional

linear one on the tensor powers f®*, truncated at order K 7\, Collecting i = 7 2, ..., f®K), the dynamics
become

d f - -
@ A f+ b,
with A a block-bidiagonal matrix built from the linear and quadratic parts of A. Liu et al. prove that the truncation error decays and
the algorithm is efficient provided the flow is sufficiently dissipative relative to its nonlinear and forcing terms !”) — a condition the loss-
cone-damped, collisionally relaxing burner distribution plausibly satisfies, and which the classical solver can test directly. The linear evolu-
tion Eq. (16) is then advanced on a quantum register by embedding .4 as a block encoding U 4 — a unitary whose top-left block is .A/e for
a normalisation a > ||A|| — and applying qubitised Hamiltonian simulation or quantum singular-value transformation to realise the
(non-unitary) propagator e through a polynomial in U 4 '®9!. The inhomogeneous term and the implicit-solve variant reduce to a quan-
tum linear-systems problem solvable by the same primitives [>°\. The distribution is amplitude-encoded in [logy N qubits, so the state is
compressed logarithmically; the cost migrates entirely into the gate count.

RESOURCE ESTIMATE AND THE FAULT-TOLERANT BOUNDARY

The honest question is the gate budget. Amplitude encoding of an N-cell velocity grid needs g4ata = [logs N| qubits, plus block-encoding
ancillae and Carleman-order registers, so the logical-qubit count grows only logarithmically in the grid, g ~ log, N + O(K) (Figure 6,
amber). The query complexity of qubitised simulation to error e over time T scales as O(aT + log(1/€)) '®), but each query is a block-
encoding of a dense velocity-non-local operator, and the normalisation o inherits the stiff collision spectrum; the resulting non-Clifford (7’
-gate) count for a control-relevant instance lands in the range the Kronos programme has bounded for comparable fusion kernels, 101°—
102 T-gates (BR-SX-06, Figure 6). Executing that many non-Clifford gates requires fault-tolerant error correction with a surface-code
overhead of 10®-10* physical qubits per logical qubit ['®4!. The conclusion is quantitative and it is a boundary, not a route: the quantum
kinetic solver (BU-QX-02) is fault-tolerant-scoped, and the classical finite-volume solver of §4.3 carries the burn-control function until
fault-tolerant hardware clears an explicit acceptance test against it. A matrix-product-state (tensor-network) compression of the same
distribution is the nearer-term classical route to the same state-compression benefit and is treated in the companion tensor-network kinet-
ic-solver study [doi:10.5281/zenodo.22645768; https:/ /[www.kronosfusionenergy.com/publications/tensor-network-kinetic-solver.html].

14
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8§ 6

Computational methodology: the NVIDIA GPU HPC campaign

Every quantitative result in this paper was produced on the Kronos NVIDIA GPU HPC campaign, run on the Lambda GPU fleet
(A100/H100/A10) under the group's NVIDIA Inception partnership, with the reduced-order and analytic layers on the in-house digital-
twin node. The codes run for this paper are:

Burn kinetics and operating point. The Kronos Toolkit solve_mirror evaluator computes the 0-D tandem-mirror power balance
and the Pastukhov plug closure, reproducing the frozen anchors Qz = 1.318, Prus = 4298.5 MW, f,, = 5.44 % and ; = 248.75 keV
(BU-L1-A1, KX-L1-A3-BU). The bounce-averaged Fokker—Planck + RF ray-tracing kinetic solver of §4, benchmarked against WHAM,

supplies the velocity-space closure 3%,

Global uncertainty quantification. A Saltelli/Sobol Monte-Carlo of 4 x 10* samples over the burner design ranges (density, 3He
fraction, T}, central B, B,,) was executed on the GPU fleet, returning Qg = 1.317 = 0.14 with P(Qg > 1) = 1.0 and identifying central 8
as the dominant driver (correlation 0.93; KX-L1-A5-BU, Figure 5).

NV magnetometry model. The ensemble Ramsey sensitivity of Egs. (4)—(6) and the metrology SQL/Heisenberg scaling were evaluated
with a NumPy/SciPy model, reproducing 6B = 0.189 pT Hz /2 at 125 Hertz(KX — L1 — A22)andthe B_ SQL=5.7e-7 T
B_ HL=5.7e-8 TS headroom (KX-L1-A18).

Entanglement-sensing and QML gate. The classification model of Egs. (7)—(8) and the quantum-machine-learning surrogate were
run as GPU statevector simulations (Qiskit Aer accelerated by NVIDIA cuQuantum), locating the knee at 0~ 0.1386, measuring the sub-
knee entanglement benefit at 4+0.00077 AUC, and reproducing the QML no-advantage trend (AUC 0.817 — 0.691 from 4 to 8 qubits under
kernel concentration; BR-SX-08).

Quantum-solver resource estimate. Logical-qubit and 7-count scaling for the Carleman/block-encoding pipeline of §5 was computed
analytically against the bounded FTQC gate envelope (BR-SX-06). itemize

GPU acceleration matters for the two Monte-Carlo-scale steps (the 4 x 10*-sample UQ and the statevector QML sweeps), which are
embarrassingly parallel across samples/shots; the reduced-order solve_mirror and NV models run at interactive latency. Verification
and reproducibility are handled uniformly: each result is a frozen, serial-tagged entry regenerable from the archived evaluator and the
figure-generation script deposited with this paper, and each anchor is cross-checked against the register's independent-library reproduc-
tion [doi:10.5281/zenodo.22645710]. No cost, budget, or compute-spend figures are reported here or elsewhere in this work.
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§ 7

Results

THE PLUG FIELD IS READ WITH ORDERS OF MARGIN

The demonstrated single-NV ensemble resolves the entire burner architecture. The 5.50-17.0 T plug/throat fields and the ~100mT

quench precursor stand ~ 10°-1012 above the 0.189 pT Hz /2 floor of Eq. (6); the SQL and Heisenberg engineering floors (
5.7e — 7 and 5.7e — 8 T') are themselves far above the demonstrated sensitivity (Figure 2). The metrology headroom is not needed to see

the plug; its value is the margin it buys for multiplexing many channels and for tolerating in-service degradation.
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WHERE ENTANGLEMENT WOULD PAY: BELOW THE KNEE IT DOES NOT

Figure 3 plots the entanglement classification gain of Eq. (8) against the normalised noise level, with the knee at 0~0.1386. Every Kronos
plug diagnostic operates below the knee (o of order 1073 for the quench precursor and n=1 Mirnov channels; KX-L1-A18), where the
directly measured entanglement benefit is +0.00077 AUC — indistinguishable from zero (BR-SX-08, Table 2). The enhanced sensor (BU-
QX-01) is therefore warranted only for a future deep-subthreshold diagnostic that pushes the operating noise above the knee (e.g. error-
field mapping at 0~20.2, where NV ensembles and entangled protocols genuinely help; KX-L1-A18).
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THE BURN OPERATING POINT AND ITS UNCERTAINTY

The frozen burn solution is aneutronic-dominated (Figure 4): the D—3He branch carries 3868.0 MW of the 4298.5 MW total, with the D—
T, D-D, and D-D,, channels contributing 176.0, 129.7 and 124.8 MW, for f, = 5.44%. The plug-ratio trade (Figure 4) shows why
R = 16 is chosen: @; has saturated at 248.75 keV while Qg still climbs steeply, so the operating point sits at a robust knee rather than in
the fragile cliff. The 4 x 10*-sample global UQ (Figure 5) confirms robustness of the target the kinetic solver must hold:
Qg = 1.317 £ 0.14 with P(Qg > 1) = 1.0 across the design ranges (KX-L1-A5-BU).
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D--3He burn: fusion-power branch budget (ENV-A4-BU)
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THE QUANTUM KINETIC SOLVER IS STATE-COMPRESSING BUT GATE-BOUND

Figure 6 makes the resource trade explicit. The amplitude-encoded logical-qubit count grows only as logy N in the velocity-grid size
(amber), the whole appeal of the quantum route; but the non-Clifford gate cost of a control-relevant instance falls inside the bounded
fault-tolerant envelope of 10°-10% T-gates (red band), which requires error-corrected execution. The state compression is real; the gate
budget is the binding constraint.

Quantum kinetic solver: state compression vs. gate cost
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Figure 7 collects the stack: a demonstrated single-NV sensor and an authoritative classical solver as the working elements, and two
resource-scoped quantum designs (BU-QX-01, BU-QX-02) each admitted to control authority only through the same maturity gate the
Kronos control architecture applies everywhere [doi:10.5281/zenodo.22645925]. Table 3 states the status of each component against its

acceptance criterion.
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Plug field
Boc5.50/Bm 17.0/plug 26.49 T
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Designed: quantum kinetic
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§ 8

Discussion

NV SENSITIVITY AGAINST THE QUANTUM-SENSING LITERATURE

The demonstrated 0.189 pT Hz /2 sits comfortably inside the envelope established for ensemble NV magnetometry. Degen,
Reinhard and Cappellaro frame the shot-noise scaling that Eq. (6) instantiates 2°); Barry et al. analyse the concrete route to broadband
ensemble sensitivities in the picotesla-and-below range through improvements to T3, readout fidelity and diamond material (21l Taylor et
al.\ established the high-sensitivity diamond magnetometer at nanoscale resolution [?3! and the NV physics is reviewed comprehensively
by Doherty et al. 422!, The conservative Kronos parameter set (N, = 10'2, Ty =1ps, C =0.03) is well within what that literature
reports, so the sensitivity claim does not rest on an aggressive device. The point is one of margin: the plug fields stand orders of magnitude
above the floor, so single-NV sensing is not merely adequate but generous.

THE ENTANGLEMENT GATE AGAINST THE METROLOGY LITERATURE

The v/ N Heisenberg prize is real and famous "%'7'8191 but Eq. (8) shows it is only cashed where the classical estimate is noise-limited.
This is not a Kronos-specific artefact: it is a general property of detection at high signal-to-noise ratio, where both classical and quantum
AUCs saturate. The measured +0.00077 sub-knee gain (BR-SX-08) is the quantitative statement that the burner plug diagnostics, operat-
ing at o ~ 1073, are on the saturated side of the knee. The companion breeder-side study reaches the same conclusion for the centrepost
magnetics and quantifies the fault-tolerant magnetometry resource estimates in parallel [doi:10.5281/zenodo.22645905]. Entanglement-
enhanced sensing is thus a targeted tool for a specific future high-noise channel, not a general upgrade.

THE QUANTUM KINETIC SOLVER AGAINST THE CLASSICAL FRONTIER

The resource estimate of §5 places a useful burn-kinetics instance beyond the fault-tolerant boundary, consistent with the Kronos
programme's broader quantum-computing findings: no measured advantage for variational optimisation or chemistry at simulable scale,
and gate counts of 10'%-102 that define a boundary rather than a near-term route (BR-SX-06, BR-SX-07). This is the same resource-

honest reading the programme applies across the board [doi:10.5281/zenodo.22645718]. Variational and machine-learning shortcuts do
[12]

not rescue it: barren plateaus "' and quantum-kernel concentration erase advantage as the problem scales, which the Kronos QML
sweep observed directly (AUC 0.817—0.691 from 4 to 8 qubits; BR-SX-08). The productive near-term direction for state compression is
classical: the matrix-product-state tensor-network solver of the companion study [doi:10.5281/zenodo0.22645768] captures much of the

same compression without the fault-tolerant overhead, and the classical finite-volume solver of §4.3 remains authoritative.

RELATION TO THE CONTROL STACK

The burner quantum stack is not free-standing; it feeds the burner control suite, whose plug-potential and sloshing-ion controllers act on
the state the sensor reads and the solver predicts, inside a certified safety envelope. The maturity-gated authority of Figure 7 is the same
principle that governs the whole architecture: a component that has passed only its own acceptance test may inform but not command.
Because the mapping from criteria to authority is explicit, the path from the demonstrated single-NV sensor and classical solver to any
future quantum upgrade is a defined, testable sequence rather than an open question.
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g§ 9

Limitations

The honest gate is stated once and it has two halves, both quantitative. First, there is no measured quantum-computing advantage on the
burner control problems today: the quantum kinetic solver (BU-QX-02) is fault-tolerant-scoped, with the classical finite-volume solver of
§4.3 authoritative until error-corrected hardware beats it on an explicit acceptance test, and the entanglement-enhanced sensor (BU-QX-
01) has no measurable benefit (+-0.00077 AUC) below the 0~0.1386 knee at which every present plug diagnostic operates. Second, the
one open engineering item on the demonstrated sensor is neutron tolerance: the in-winding NV chip's ensemble T and contrast will
degrade under the burner's high background field, cryogenic operation and neutron irradiation, and the demonstrated diamond tolerance
is roughly 39% below the required in-service fluence (KFE-CF-SH-037, BR-SXD-05). The registered mitigation is a replaceable sensor
cartridge plus a model-fusion backup that retains precursor discrimination with the NV channel degraded by up to 39X; a dedicated irra-
diation-plus-first-principles charge-state study is the follow-on that closes it. Neither half undermines the present value of the stack: the
demonstrated single-NV sensor reads the plug with orders of margin, and the classical solver holds the burn.
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§ 10

Conclusion

The Kronos burner has a defined, resource-honest quantum stack. Its working elements are demonstrated: a single-NV ensemble magne-

tometer at 0.189 pTHz /2 and 125 Hertz( KX — L1 — A22)thatreadsthe fizeds.50/17.0/26.49 T
architecturewithordersofmargin, andaclassicalbounce — averagedFokker — — Plancksolverthatholdsthe frozenburnpoint(
Q_E=1.318,P_ fus=4298.5 MW,f n=5.44 %,\varphi_i=248.75 keV,=0.49

). Onthat foundationtwogquantumecomponentsare formallyspeci fiedandresource — scoped : anentanglement — enhancedmagnetometer(BU — QX — 01), whose
NHeisenbergprizeisderived fromthequantumFisherin formationbutcashedonlyabovethemeasured\ !\ !0.1386

knee; andaquantumkineticsolver(BU — QX — 02), whoseCarleman/block — encodingpipelinecompressesthevelocitystateto
\log_2 Nlogicalqubitsbutwhose10A19——10A23T
—gatecostplacesause fulinstancebeyondthe fault — tolerantboundary. Theburnerplugeoil(26.49 T)andthebreedercentrepost(
16.84 TS) are treated as the two distinct magnets they are throughout. The stack delivers a working sensor and solver now, two rigorously
specified quantum designs, and an explicit, measured rule — the noise knee and the fault-tolerant boundary — for when either quantum
component becomes worth building.
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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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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
2022—Present

Legal counsel is retained; those roles are held on the internal roster and are not listed here.
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