KRONES CFUSIEQN 5N EREN

RINIPIE R 22356 To = ARSI RO S 202 60 SFRINES

Recirculation-Resolved Q E Closure in a D-3He Tandem-Mirror
Burner: The Synchrotron-Limited Operating Point and the
Carried-Open Plug Gate
A power-producing magnetic mirror is judged not by its physics gain but by its

recirculation-resolved engineering gain , the ratio of gross electrical output to the
electrical...

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

B PESESE QIR DESAN DS GRS SRS GHINIS D 210126 ER ORI AT E D RTREOIN



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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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

Recirculation-Resolved ) E Closure ina D-"IHe
Tandem-Mirror Burner: The Synchrotron-Limited
Operating Point and the Carried-Open Plug Gate

) power-producing magnetic mirror is judged not by its physics gain but by its recirculation-resolved engineering gain
// QE = Pgross/ Precirc, the ratio of gross electrical output to the electrical power that must be pumped back into the plug and thermal-
£ barrier drive to keep it burning. We report a zero-dimensional, self-consistent power balance for the Kronos D—3He tandem-mirror
burner — a Pastukhov-plugged central cell shared by the Aegis fixed-installation and MetroVolt data-centre products — in which every
term of the recirculating loop is resolved. At the frozen design point the balance closes at Qg = 1.318, with fusion power Py, = 4298.5
MW, neutron power P, = 233.95 MW and a neutron fraction of only f, = 5.44%, at a self-consistent central electron temperature
T. = 89.72 keV and ambipolar ion-confining potential ¢; = 248.75 keV. Resolving the plant loop for the full-scale reference gives a gross
electrical output of 3522 MWe against a recirculated drive of 2672 MWe — a recirculating fraction of 0.759 = 1/Qg — for a net export of
4850 MWe. We derive the governing model from the fusion, radiation and Pastukhov end-loss balances, cast the engineering gain and its
net-power constraint as explicit equations, and show that the operating point is set, above all else, by the synchrotron radiative-transfer
model: the correct reflective-cavity (Albajar—Fidone—Johner, AFJ) treatment gives Qg = 1.32, an optically-thin wall collapses the gain to
Qg = 0.39, and net gain therefore imposes a hard first-wall specification, Ryan =, 0.83. The closure is robust: a 40,000-sample global
uncertainty quantification on the NVIDIA GPU HPC campaign returns Qg = 1.317 & 0.14 with P(Qg > 1) = 1.0, a 25-case design-
space scan clears unity in every configuration, and a net-power Monte-Carlo places the machine at P(net > 0) = 73 % when it is deliber-
ately pushed to the cliff. A Saltelli-Sobol decomposition names the single load-bearing lever: the plug-to-central density ratio (S1 = 0.41,
St = 0.87), whose net-gain floor sits at n,/n. = 14 against a design value of 16. This is the carried-open plug gate — the one honest
open engineering item — and it is reported here as an explicit, testable requirement rather than a hidden assumption. The reported gain
uses a deliberately conservative direct-energy-conversion efficiency, npgc = 0.49, below the literature floor of the DEC ladder, so the
closure is a floor and not a ceiling. The burner's binding field is the 26.49 T plug coil, a magnet distinct from the Hyperion breeder
centrepost.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645860 * Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: tandem mirror D--$7{3}$He{} fusion synchrotron radiation recirculating power engineering gain

Pastukhov plug direct energy conversion uncertainty quantification
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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 MIRROR POWER BALANCE AND THE ANEUTRONIC PROMISE

A power-producing magnetic mirror lives or dies by its power balance. Unlike a toroidal device, a linear tandem mirror is an inherently
open system: particles and energy leak continuously out of the ends, and the machine is held in a burning state only by a large, continu-
ously supplied plug and thermal-barrier drive. The figure of merit for such a plant is therefore not the physics gain @ = Pgys/ Pheat but the
recirculation-resolved engineering gain,

Q _ P, gross
E= &5,

F recirc
the ratio of gross electrical output to the electrical power recirculated into the drive; net electrical export is
Poet = Pyrogs — Precire = vecire(@E — 1), and the machine is a power plant only if Qg > 1. A mirror that closes its physics balance can
still fail as an engineering system if the recirculating loop is too large; conversely, resolving that loop term-by-term is what turns a

favourable single-point balance into a buildable specification.

The Kronos burner is a D-3He tandem mirror. Its promise is a largely aneutronic reaction: the dominant D + 3He — *He + p channel
releases 18.35 MeV entirely into charged products, so most of the fusion power emerges as fast ions and protons that a direct energy
converter (DEC) turns into electricity without a thermal cycle (%3], The neutron budget is set only by parasitic D-D and by the D—T self-
burn of the tritium those D—D reactions make; the neutron fraction is consequently a small number, which is what makes the burner
sitable near defended installations and data centres 45, The counterpart risk is that the very high electron temperature that lifts the D—3
He reactivity also drives strong radiation: bremsstrahlung and, above all, synchrotron emission from a hot magnetized electron
population '), The burner's operating point is thus a competition between an aneutronic charged-power source and a radiation sink,
mediated by an end-loss channel that a strong electrostatic plug must suppress.

PRIOR ART

The tandem mirror is a mature reactor concept. The end-plug idea of Dimov and of Fowler and Logan [%'°), the thermal-barrier refinement
of Baldwin and Logan "', and the Pastukhov theory of collisional end-loss from an electrostatically confined species !'>'3! together define
the physics we reduce to a zero-dimensional balance here. Later work established axisymmetric MHD-stable mirror configurations 4! and
simpler high-gain tandem schemes '), The contemporary experimental basis is strong and directly relevant to the Kronos field regime:
the gas-dynamic trap raised bulk electron temperatures into the several-hundred-eV range [*?3, and the Wisconsin HTS Axisymmetric
Mirror (WHAM) now operates a 17 T high-temperature-superconductor mirror — the exact magnet class the Kronos design assumes (245!,
On the radiation side, the reflective-cavity treatment of electron-cyclotron (synchrotron) radiative transfer by Albajar, Bornatici and
Engelmann "®192°! and the universal-coefficient treatment of Trubnikov >/ bracket the emission model; the D—3He reactivities are taken
from the Bosch—Hale parametrization !'7'; and direct conversion follows the Venetian-blind and travelling-wave lineage of Post, Moir and
Barr 23],

Within the Kronos series this paper is the load-bearing power-balance node. The Aegis and MetroVolt product papers state the closure as a
product requirement [DOI1:10.5281/zenodo.22645693; https:/ /www.kronosfusionenergy.com/publications/aegis-burner.html]; the direct-
energy-conversion basis is developed separately [DOI:10.5281/zenodo.22645700; https://www.kronosfusionenergy.com/publications/di-
rect-energy-conversion.html]; the design-space map and the WHAM benchmark are given in the tandem-mirror mapping
paper [DOI:10.5281/zenodo.22645911; https://www.kronosfusionenergy.com/publications/tandem-mirror-design-space-mapping-for-a-
d-he-burner-0-.html]; the synchrotron transport that pins the electron temperature is treated in detail [DOI:10.5281/zenodo.22645772;
https:/ /www.kronosfusionenergy.com/publications/synchrotron-radiation-transport.html]; and the ECH thermal barrier and the slosh-
ing-ion ambipolar potential that sustain the plug are the subjects of two further papers [DOI:10.5281/zenodo.22645781; https:/ /www.kro-
nosfusionenergy.com/publications/ech-thermal-barrier-decoupling.html], [DOI:10.5281/zenodo.22645913; https: //www.kronosfusionen-
ergy.com/publications/sloshing-ion-ambipolar-potential-formation-in-a-d-he-ta.html].
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CONTRIBUTION

We make the recirculating loop explicit. Prior Kronos treatments reported the physics anchors of the balance; here we (i) derive the zero-
dimensional model as a coupled fixed-point system in the central-cell state, the plug potential and the electron temperature; (ii) define the
recirculation-resolved engineering gain (1) and resolve every branch of the plant electrical ledger against reproduced numbers; (iii) show
quantitatively that the operating point is synchrotron-limited, so that the first-wall reflectivity R,y = 0.83 is a hard design requirement;
(iv) close the balance under two independent uncertainty quantifications carried out on the NVIDIA GPU HPC campaign; and (v) identify
the single carried-open engineering gate — the plug density ratio — as the dominant variance driver, with a named margin. Every number
in this paper is a reproduced gate of the Kronos physics de-risking campaign, cross-checked against the frozen reduced-order mirror solver
and, where an external machine exists, against WHAM.
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Governing equations and the Yormal problem

STATE VARIABLES AND THE REDUCED GEOMETRY

We reduce the tandem mirror to a zero-dimensional central cell of volume V}, closed by two high-field plugs (Figure 1). The plasma state is
the vector

T
u = (nc, T, Te, ¢i, RmC) ’

with central-cell density 7, ion and electron temperatures T}, T, ambipolar ion-confining potential ¢;, and mirror ratio Rme = By,/Be
between the throat field By, and the central field B,. The plug is characterised by the plug-to-central density ratio 7, = n,/n., held at the
frozen requirement r, = 16. The central cell is quasineutral with a D:¥He mixture at 3He fraction zsy, and an effective charge

Zesi = 1.462. The single-particle constants of the design point are a/p; = 143.9 (a is the plasma radius, p; the ion gyroradius) and an axial
flow time 7 = 0.0416 s.

ECH drive Precirc
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12 recirc

FUSION POWER AND THE REACTION BRANCHES

The volumetric fusion power sums over reacting pairs (a, b),

ngn
Pfus = (Eb:) 1:(;;(’ <0v>ab(Ti) Eab7 Pfus = Vp Pfus;
a,

with dgp the Kronecker symbol removing double counting of like-species pairs and (ow)q5(T;) the Maxwellian-averaged reactivities of

Bosch and Hale 7). Four channels contribute: the aneutronic D—3He channel (E = 18.35 MeV, all charged); the two D—D branches, the
neutron branch D(d, n)3He (2.45 MeV neutron) and the proton branch D(d, p)T (all charged); and the D-T self-burn of the tritium bred
by the D—D proton branch (14.1 MeV neutron). The neutron power is

P,
Pfus7

P, = Pppy + Por, fo =



and the charged (directly convertible) power is Pg = Pps — P,. At the design point the branches close exactly (Table 1, §4) to
Prys = 4298.5 MW with P, = 233.95 MW, so that f,, = 5.44 %: the neutron budget carries 60 % of its power but only 21 % of its count at
the 14 MeV line, which sets the shielding basis [BV-07].

RADIATION: BREMSSTRAHLUNG AND SYNCHROTRON TRANSFER

The electron power balance is dominated by radiation. Relativistic bremsstrahlung from a hot Maxwellian is
P = Coun? Zeg VT 14+ Yasliz |, e =535 x 1077 Wm®keV /2,

with the bracket the leading relativistic correction (a ~20 % enhancement at T ¢ 90 keV). The governing — and the load-bearing — term
is synchrotron emission. A hot magnetized electron population radiates electron-cyclotron harmonics that are partly reabsorbed by the
plasma and partly reflected by the first wall, so the net loss is a radiative-transfer problem, not a local emissivity. Writing the optically-thin
volumetric emission

piin = Oyn T.B%,  Cy=621x10"" Wm’keV T2,

the physically realised net loss is reduced by reabsorption and by wall reflectivity Ryan through a transfer factor @,
n 1/2
Py = Vppon ®(Te,ne, B, a, Ryan), ® « (1— Rya) '~ ¥(T.,neaB),

where the (1 — Rwau)l/ % dependence is the reflecting-cavity scaling common to the Trubnikov and Albajar—Fidone—Johner (AFJ)
closures [?'82°1 and ¥ carries the opacity of the plasma slab. Equation (7) is the crux of the paper: the coefficient ® spans nearly two
orders of magnitude between the optically-thin limit (Ryan — 0) and a good reflecting cavity, and it is this coefficient, not the plasma
state, that decides whether the balance closes above unity. We evaluate three closures — the optically-thin bound, the AFJ reflective cavity

(adopted as canon), and the Trubnikov reflective model — and carry the total radiated power

PradZPbr+Psyna fra.dEPrad/Pfus-

PASTUKHOV END-LOSS AND THE AMBIPOLAR PLUG

The open ends are plugged electrostatically. Electrons are confined by an ambipolar potential ; that holds ions in the central cell; the
residual collisional loss of the confined species through the potential peak is the Pastukhov rate, which for a mirror of ratio R and potential
¢ scales as

1 _ 1 vag(R) exp(-¢/T) _
T Ti (p/T) In(R)+1’ 9(R) =

(2R +1)
2R

In(4R + 2),

after Pastukhov [?) and Cohen et al. 13!, with 7;; the ion—ion collision time. At the design point ¢;/T; = 2.764 and Ry, = 4.61 give a
particle confinement time 73, = 3.73 s and an energy confinement time 7g = 2 s. The end-loss power carried by escaping ions,

3 nVp(Ti + vi)
Pend = E - _
Tp

is not simply lost: the ambipolar and expander streams are collected by the DEC, which is why the recirculating loop and the converter are
inseparable from the plug physics. Sustaining the potential requires a maintained plug/thermal-barrier drive Pgcq, delivered by electron-
cyclotron heating at wall-plug-to-plasma efficiency ngcn; the plug potential is a rising function of the density ratio r, = n,/n., which is
why 7, is the load-bearing control variable of the whole machine.

THE RECIRCULATION-RESOLVED ENGINEERING GAIN
We now assemble the plant ledger. The gross electrical output splits into a directly-converted branch and a thermal branch,
Pgross = 7DEC Pcc];)ll + Mt Ptha

where Pcﬁ;’u is the charged power collected by the DEC at efficiency npgc, and Py, = Py, + Prag + Pctﬁ‘em is the power thermalised in the
blanket, wall and radiation dump, converted at a conventional cycle efficiency n:,. The recirculated electrical power is the sum of the drive
and balance-of-plant loads,

Prcr
TECH

P, recirc —

+ Pcryo + Ppump + Paux-
9



The engineering gain (1) and the recirculating fraction follow as

12 recirc _ i
P, gross QE ’
At the full-scale reference the reproduced ledger is Pgoss = 3522 MWe (of which 54.1 % is directly converted and 45.9 % thermal),

Precire = 2672 MWe, and P, = +850 MWe, so that fre = 0.759 = 1/1.318 closes (13) exactly. The recirculating bus is ~3x the export
bus; the machine is a genuine, but tightly balanced, net-power system.

2
gross _
QE = ’ f rec —

P, recirc

Pnet = Precirc (QE - 1)

THE CARRIED-OPEN PLUG GATE AS A CONSTRAINT

The plug potential — and therefore the entire closure — rests on the density ratio r,. We write the net-gain condition as an explicit inequal-
ity constraint on the design,

gpig(u) = rp—1, > 0, T, = 14, rgeSig” = 16,

so that the design carries a margin Ar, = 2 above the net-gain floor. Because 7y, is supplied to the zero-dimensional balance as a require-
ment on the plug rather than solved from a first-principles plug-formation model, (14) is the paper's one carried-open gate; §4 shows it is
also the top variance driver of Q z.

THE FORMAL PROBLEM
Steady state requires the particle and energy balances to vanish simultaneously. Writing the residual vector
Stuel — NcVp/Tp
Py + Pie — Pengj
F(u) = | Peca + Pei — Por — Poyn — Pende | = 0,
quasineutrality (<p,-; rp)
mirror\ constraint (Rmc; B, Bc)

the design point is the root u* of F(u) = 0, and the electron temperature is fixed not arbitrarily but at the maximum-gain condition

0Qg
OT. |p—o

=),

which yields the self-consistent T, = 89.72keV. Equation (16) is what makes the operating point a genuine optimum: below it the D-3He
reactivity falls faster than radiation, above it radiation wins, and the balance is pinned at the temperature where the two exactly trade.

10



§ 3

Computational methodology: the NVIDIA GPU HPC campaign

THE REDUCED-ORDER MIRROR SOLVER

The residual system (15) is closed by the Kronos reduced-order mirror evaluator (kronos_ toolkit, routine solve_mirror), a deterministic
zero-/one-dimensional solver that advances the coupled mirror equilibrium — central-cell density and temperature, plug potential, mirror
ratio and ambipolar end-loss — and closes the electron power balance including bremsstrahlung (5) and the three-model synchrotron
transfer (7). The root of F is found by a damped Newton iteration,

_ OF;;
a®t) — & _ Ak J(u(k)) lF(u(k))’ Jij = ij )

with the Jacobian J assembled by complex-step differentiation to machine precision and A a line-search damping factor. The temperature
optimum (16) is located by a golden-section search nested outside the Newton loop. Convergence is declared at ||F||o < 1078 in
normalised units; the design-point solve reproduces Qg = 1.31812, Pr,s = 4298.4993 MW and P, = 233.9509 MW to the digits quoted,
deterministically, under fixed seed 20260726.

GLOBAL UNCERTAINTY QUANTIFICATION AND SOBOL ATTRIBUTION

A single root is only as trustworthy as its neighbourhood. We propagate uncertainty over five inputs — central-cell density 7., >He fraction
T3y, ion temperature Tj, central-cell B, and mirror field B,, — drawn from the design ranges. The global study uses Saltelli's extension of
Sobol sampling [?*?7): for d = 5 inputs and base sample size N the estimator evaluates N(2d + 2) model instances, from which first-order
and total-effect sensitivity indices

- Va-rui[IEu~¢(QE | 'U'z)] S = 1— Va-ru~¢[Eu¢(QE | u~i)]
0= Var(Qx) ’ 5 Var(Qr)

are formed with the Saltelli-Jansen estimators as implemented in a SALib-class pipeline [?%). The 40,000-sample global Monte-Carlo and
the 1000-sample net-power Monte-Carlo with Sobol attribution were executed as embarrassingly-parallel batches of the deterministic
evaluator across the NVIDIA GPU HPC campaign (A100/H100/A10-class accelerators), each solve independent, seeds recorded, and the
reduced-order kernel vectorised so that a full 40,000-sample plane completes as a single batched sweep. A companion 90-point kinetic
design-space database (electron temperature x 3He fraction X mirror ratio) was run on the same fleet.

VERIFICATION AND CROSS-CHECKS

The balance is verified against independent physics at three levels. (i) Reactivities: the Bosch—-Hale D—3He and D-D reactivities ['”) are
cross-checked against tabulated cross-sections. (ii) Radiation: bremsstrahlung is cross-checked against an independent (Xie-class) rela-
tivistic estimator, which agrees to +2.3 % (760.21 vs 743.10 MW); the synchrotron loss is evaluated in all three closures — AFJ 1803.04
MW (used, in its validity range), Trubnikov 918.59 MW, optically-thin 66,676.7 MW (the unshielded, non-physical bound) — and the
balance conservatively adopts the larger AFJ value. (iii) Fusion-product confinement: a velocity-space Fokker—Planck solve for the 14.68
MeV D-3He proton is validated to the analytic slowing-down partition and gives a deposited fraction of 0.983—0.996 across the envelope
with loss-cone loss < 2 %, confirming that the self-heating assumed in (15) is kinetically justified. The neutron branch of (4) that sets the

shield basis is cross-checked with a Monte Carlo neutron-transport model (OpenMC/DAGMC-class) 129/,

BENCHMARK AGAINST A REAL MACHINE (WHAM)

The single strongest external check is against an operating high-field mirror. Run at the WHAM regime (17 T HTS mirror, the Kronos field
class), the Kronos Pastukhov closure reproduces the correct confinement scaling — 7 rising from ~ 2.3 us at R~2 to ~15 us at R~12 —
and correctly predicts weak plugging at WHAM's low electron temperature. Fields and geometry agree within ~5 % (published By = 0.86
T vs 0.828 T modelled; vacuum mirror ratio 19.8 vs 20.5), the kV-class ambipolar potential and ¢, /T, ~ 5 are reproduced, and the D-D
neutron rate is bracketed within ~6x [*#?5!. The burner therefore rests its self-heating and net gain on validated velocity-space kinetics
rather than on assumption.

11
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Results

At the frozen design point the solver returns
Qe =1.3181, Prys = 4298.5 MW, P, = 233.95 MW, fn="5.44%,

with a self-consistent T, = 89.72keV and ¢; = 248.75 keV [BU-L1-A1, KX-L1-A3-BU]. The reaction is genuinely neutron-lean: the D-3He
channel carries 3868.0 MW of the total, while the neutron-producing D—D and residual D-T channels together account for the 233.95 MW
that sets the shielding basis (Table 1, Figure 2). Resolving the plant electrical ledger (Figure 3) closes (13) at Pgoss = 3522 MWe,
Precire = 2672 MWe and P, = +850 MWe, a recirculating fraction of 0.759.

D-3He (aneutronic) 3868.0 direct-convertible charged products

D—-D neutron (2.45 MeV) 124.8 neutron budget (count-dominant)

D-D proton 129.7 charged

D-T (14 MeV) 176.0 neutron budget (power-dominant)

total Pryg 4298.5 fn=5.44%, P, = 233.95 MW
Prys

D--3He
(aneutronic)

D--D proton 129.7 MW

D--D neutron
(2.45 MeV) 124.8 MW

D-T
(14 Mov) 176.0 MW

500 1500 2000 2500 3000 3500 4000
branch fusion power (MW)

3 fo=5.44%
P, = 233.95
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(a) plasma power balance (b) plant electric ledger (Qg = Pgross/Precire = 1.318)

Prus charged products I DEC electric (54.1%)
4298 MW BBl neutrons [ thermal electric (45.9%)
[ bremsstrahlung I recirculated drive
3 synchrotron (AFJ) I net export

recirc
2672

w
o
o
o

Prad
2546 MW
fraa = 0.592

power {MW)
electric power (MWe)

fusion output radiated recirc.

743.1 1803.0 Fond = 0.592
3522 54.1% 45.9% 2672
+850 0.759 = 1/Qg

THE SYNCHROTRON-LIMITED OPERATING POINT

The single most consequential modelling choice is the synchrotron closure (7). Sweeping the balance across the three standard treatments
moves the engineering gain clean across the breakeven line while every plasma parameter is held fixed (Table 2, Figure 4) [AG-DR-01]: an
optically-thin wall collapses the gain to @z = 0.39; the AFJ reflective cavity gives the canonical Qg = 1.32; the Trubnikov reflective
model gives Qg = 4.56. The campaign adopts the AFJ result as canon — the conservative-but-correct reflective model — and treats
Trubnikov as an upper reference. The load-bearing consequence is a concrete engineering specification: because the transfer factor scales
as (1— Rwau)l/ 2 net gain requires a first-wall reflectivity Ryan = 0.83 (Figure 5). This is a hard requirement on the first-wall optical
finish and is why the operating point is best described as synchrotron-limited.

Pon Qs
optically thin (no reflection) 66 676.7 0.39 unshielded bound (non-physical)
AFJ reflective cavity 1803.0 1.32 canonical operating point
Trubnikov reflective 918.6 4.56 optimistic upper reference

Ryan 2 0.83
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Synchrotron model-form sensitivity (AF) adopted as canon)
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TEMPERATURE SELF-CONSISTENCY

The operating point sits at the maximum-gain temperature (16). Perturbing T, by +10 % about 89.72 keV swings the radiated fraction
from f.q = 0.447 to 0.778 and moves the gain from Qg = 1.158 (cooler) to Qg = 0.887 (hotter), so the design point is a true interior
optimum rather than a boundary (Figure 6) [KX-L1-A3-BU]. This is the quantitative content of the phrase “synchrotron-limited”: the elec-
tron temperature is pinned by the balance between rising D—2He reactivity and rising synchrotron loss, and the thermal barrier's job is to

hold the plasma exactly at that pin.

Temperature self-consistency at the maximum-Qg operating point
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ROBUSTNESS UNDER UNCERTAINTY QUANTIFICATION

Two independent uncertainty studies bracket the closure (Table 3). The 25-case design-space scan returns 25/25 configurations above
unity, Qg € [1.107,1.414], with the design point reproducing @z = 1.3181 exactly and a mild ridge to Qg ~ 1.375 at slightly higher
central temperature (Figure 8) [BU-L2-A2]. The 40,000-sample global Monte-Carlo gives Qg = 1.317 & 0.14 with P(Qg > 1) = 1.0
across the design ranges (Figure 7), the central-cell 8, the dominant driver at rank correlation 0.93 [KX-L1-A5-BU]. A Saltelli—Sobol
decomposition (18) identifies the plug density ratio as the first-order driver, S; = 0.41, interacting strongly with central 8, (ST = 0.87),
and a 1000-sample net-power Monte-Carlo — run with the burner deliberately placed near the @ g = 1 cliff — returns P(net > 0) = 73 %
with a 5th—95th percentile band @ € [0.81, 2.51], the variance led by the plug density ratio (Figure 9) [HX-05, AG-DR-02]. The closure
is not a knife-edge coincidence: it holds across the design box, and the levers that matter — reflectivity, thermal-barrier temperature, plug
density ratio — are named and specifiable.

design point (0-D balance) Qr =1.3181 BU-L1-A1l

design-space scan (25 cases) Qg € [1.107, 1.414], all>1 BU-L2-A2

global UQ (40k Monte-Carlo) Qrp=1.3171+0.14, P(Qg > 1) = 1.0 KX-L1-A5-BU

Sobol first-order driver plug density ratio, S; = 0.41, S7 = 0.87 HX-05

net-power UQ (1000 MC + Sobol) P(net > 0) =73%, Qg € [0.81,2.51] AG-DR-02
Qe>1

40 000-sample global UQ: Qg=1.317+0.14, P(Qe>1)=1.0
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Design-space scan: 25/25 configurations clear Qg > 1
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THE MIRROR-RATIO KNEE AND THE THERMAL-BARRIER LEVER

Two design knobs set the operating margin. The mirror ratio trades confinement against end-expander area: Qg rises from 1.18 to 1.53 as
Ry, goes from 3.3 to 6.8, saturating while the expander area grows roughly linearly, so the canonical Ry, = 4.61 (B;, = 17 T on axis) sits
at the practical knee (Figure 10) [AG-CX-06]. The thermal barrier is the larger lever: holding the central electron temperature near 90 keV
against end-wall-cooled collapse is worth a factor of +2.8 in Q g (from 0.47 to 1.318), so an electron-cyclotron-heated thermal barrier is a
plug-class subsystem, not an auxiliary (Figure 11a) [AG-CX-05].

Mirror-ratio & end-loss optimum at the practical knee
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DIRECT CONVERSION IS A CONSERVATIVE FLOOR

Because most of the fusion power is charged, the electrical output is dominated by the direct converter rather than a steam cycle, so the
reported gain depends on the DEC efficiency. Here the campaign is deliberately conservative. The DEC efficiency is best understood as a
ladder *3!: a conservative floor of 0.56, a Moir—Barr reference value of 0.70, and an ideal proton-only ceiling of 0.85. The frozen anchor
uses pec = 0.49 — below the floor of that ladder — and still returns @ = 1.318 (Figure 11b) [BU-SX-01]. To first order Qg o npgc for
the DEC-dominated output, so any realistic converter performance moves the operating point further above breakeven, not below it. The

engineering gain is thus reported against a pessimistic conversion assumption: it is a floor, not a ceiling.

(a) ECH thermal-barrier lever (b) DEC efficiency ladder (frozen anchor below floor)

=
N

=
o
N

T R+« +

conservativg

=
o

(=]
=3}

frozen
anchg

=
»

w - w
o o
c c
] ©
o > 1.8
o o
E0.33 c
| - |
Q QU
Q ]
c c
=)} (=]
c c
] QU

o

=
N

=
(=]

barrier ECH-sustained 0.5 0.6 0.7 0.8
collapsed Te =90 keV direct-conversion efficiency Npec

~90 +2.8X in Qg 0.47
1.318 DEC — 0.49
QF  7pEC

19



)

Discussion

The burner's power balance closes above engineering breakeven at Q5 = 1.318, with a genuinely low neutron fraction (f, = 5.44 %) and
a conservative conversion assumption, and the recirculating loop is resolved rather than hidden: a 2672 MWe drive returns 3522 MWe
gross for +850 MWe net, a recirculating fraction of 0.759 that follows algebraically from 1/Q . Placed against the published literature the
numbers are internally consistent and externally defensible. The neutron fraction is a 15-33x reduction on a D-T anchor, exactly the
advantage the D—3He cycle is advertised to deliver [45%!; the radiated fraction faq = 0.592 is squarely in the regime that Rider's non-equi-
librium critique identifies as the binding constraint for advanced fuels 7, and the paper answers that critique concretely by naming the
reflectivity that keeps the machine on the right side of it. The synchrotron model-form spread we report (AFJ vs Trubnikov differing by
~2x, 1803 vs 919 MW) is consistent with the known uncertainty band of electron-cyclotron radiative-transfer closures ['®'%2%2! and our
conservative adoption of the larger AFJ value is the pessimistic choice within that band. The confinement physics is anchored to an operat-
ing machine: reproducing WHAM's 17 T-regime Pastukhov scaling and kV-class ambipolar potential to within ~5 % on fields and ~6x on
the D—D neutron rate is a meaningful external validation for a reduced-order model ?4?522!, Finally, the identification of the plug density
ratio as the first-order variance driver (§7 = 0.41) converts a favourable balance into an engineering programme: the same quantity that
dominates the Sobol budget is the one carried as an explicit design requirement, so the uncertainty and the specification point at the same
subsystem. The plug coil that supplies that requirement is the burner's binding magnet at 26.49 T [DOI:10.5281/zenodo.22645915;
https: / /www.kronosfusionenergy.com/publications/engineering-the-26-49-t-plug-coil-of-a-d-he-tandem-mirr.html], a device distinct
from the Hyperion breeder centrepost at 16.84 T; the two magnets are not to be conflated.
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8§ 6

Limitations

One gate is carried open, and it is named. The global UQ fixes the plug density and excludes central-cell radial transport, which is treated
in a separate transport analysis; and the plug-to-central density ratio 5, is supplied to the balance as a requirement, 7, = 16, rather than
solved from a first-principles plug-formation model. Equation (14) states the constraint explicitly: net gain holds down to 7 = 14, so the
design carries a margin Ar, = 2, but demonstrating that the plug actually forms and holds this ratio in hardware — together with the
associated first-wall reflectivity requirement Ry,n 2 0.83 and the assumed, not-yet-MHD-solved central B, = 0.55 — is the load-bearing
open item for the burner. It is met by a plug-formation and optical-finish specification and confirmed on a reflectivity test coupon and a
plug-physics experiment; until then it is reported as a carried-open gate, not a closed result.
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§ 7

Conclusion

The Kronos D—3He tandem-mirror burner closes its recirculation-resolved power balance at Qr = 1.318, with Prys = 4298.5 MW,
P, = 233.95 MW and f,, = 5.44% at a self-consistent T, = 89.72keV and ¢; = 248.75keV. Resolving the plant loop gives 3522 MWe
gross against a 2672 MWe recirculated drive for +850 MWe net, a recirculating fraction of 0.759 = 1/Qg. The operating point is
synchrotron-limited: the correct AFJ reflective-cavity model places the machine above breakeven, an optically-thin treatment would not,
and net gain requires Ryan 2 0.83. The closure is robust under a 40,000-sample global UQ (P(Qg > 1) = 1.0) and a net-power Monte-
Carlo (P(net > 0) = 73 % at the cliff), it is reported against a conservative direct-conversion efficiency of 0.49 below the literature floor,
and its one open gate — the plug density ratio, with a named net-gain floor at 14 against a design value of 16 — is stated as an explicit,
testable requirement. The result is a defensible, floor-not-ceiling engineering-gain closure with its controlling physics and its single open
item both made explicit.
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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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Explore it live — turn the interactive 3-D model, run the deposited solvers in the physics

validator, and watch the companion film series.
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LEGAL NOTICE

Notice, status, and distribution

Conceptual design & simulation study. This document reports a conceptual design and simulation study. It is not a construction
commitment, a safety-analysis report, a regulatory filing, or an offer of securities. Forward-looking statements — schedules, costs, market
sizes, and performance — are estimates subject to the limitations set out in the Simulations part and may change.

Numbers and their classes. Quantities are reported with evidence classes and case labels; modelled, assumed, and requirement-class
values are identified as such and are not to be quoted without their labels.

Public edition. This edition carries the physics and design only; all financial, funding, and defense-commercial content has been
removed for public distribution. The scientific text corresponds to the arXiv and journal submissions.

© 2026 Kronos Fusion Energy. All rights reserved. Hyperion, Aegis, and MetroVolt are product designations of Kronos Fusion Energy.
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THE 2026 KRONOS SERIES

One programme, many papers

his editorial is one paper in the Kronos 2026 series — a real fusion company’s complete, reproducible physics record for a spherical-
tokamak breeder and its low-neutron D—3He tandem-mirror burners. Every headline number is a frozen anchor in the Physics De-
Risking Register.

Explore the whole programme: the De-Risking Register, the interactive 3-D model, and the physics validator.
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A real fusion company building real machines. Explore the science, live.
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