KRONES CFUSIEQN 5N EREN

FARIE RO G 6 o SaPRHE RO 220 2 & S FRILES

ECH-Sustained Thermal-Barrier Decoupling in the D-3He
Tandem-Mirror Plug: Hot-Electron and Sloshing-Ion Formation
of the Ion-Confining Potential

The recirculating power of a tandem-mirror fusion burner is set almost entirely by the
electrostatic potential the end plugs must raise to confine the central-cell ions, and in a...

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

B PESESE QIR DESAN DS GRS SRS GHINIS D 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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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

ECH-Sustained Thermal-Barrier Decoupling in
the D-5He Tandem-Mirror Plug: Hot-Electron and

Sloshing-lon Formation of the lon-Contining Potential

he recirculating power of a tandem-mirror fusion burner is set almost entirely by the electrostatic potential the end plugs must raise
T to confine the central-cell ions, and in a deuterium—-helium-3 (D—3He) machine that potential is large: the frozen Kronos burner

design point demands an ion-confining potential ¢; ~ 248.75keV at an ion temperature T; ~ 90keV (e¢;/T; = 2.764), a mirror
ratio Ry = 4.61, and an engineering gain Qg = 1.318 that sits only just above break-even. The binding constraint is that, when the plug
electrons and the central-cell electrons are Boltzmann-connected along the field line, raising ¢; requires raising the central-cell electron
temperature, and heating the whole central column to hold the potential costs a frozen 1092.5 MW of electron-cyclotron power. We
formalise the thermal-barrier mechanism that breaks this coupling. A localised depression of the electron density and potential, sustained
jointly by electron-cyclotron-heated (ECH) hot electrons and a sloshing-ion population whose turning points bracket the barrier, thermally
isolates the plug electrons from the central-cell electrons, so the confining potential is set by a hot plug electron temperature and a density
ratio rather than by the central-cell temperature. We derive the field-line potential structure, the barrier-depth decoupling condition
edy/Te > In(n/np), the sloshing-ion density profile from the adiabatic invariants, and the Pastukhov confinement scaling
ntp x (edi/T;) e?/Ti and we solve the coupled quasineutrality—confinement—power balance self-consistently. Booking the barrier, the
confining-potential requirement falls to ¢; ~ 167.9keV — a 33% cut in the binding gate, dominated by making T; the lever — and the
1092.5 MW of central-cell heating is removed from the recirculating budget, lifting Qg from 1.318 toward 3-5 in the fully realised limit.
The kinetic barrier model (bounce-averaged Fokker—Planck) and the loss-cone microstability bound (warm-fill knee at 6.256%; residual
Alfv\'en ion-cyclotron activity at y/we; =~ 0.037) are computed on the NVIDIA GPU high-performance-computing campaign. Against the
TMX-U, GAMMA-10 and gas-dynamic-trap thermal-barrier records the mechanism is well precedented; its single retirement experiment
is a WHAM-scale barrier demonstration. Every headline quantity is a frozen anchor (gate KX-L1-A13-BU) in the Kronos Physics De-
Risking Register.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645781 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: tandem mirror thermal barrier sloshing ions electron-cyclotron heating Pastukhov confinement

plug potential recirculating power D--$"3$He
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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 TANDEM MIRROR AND THE COST OF THE PLUG

A tandem mirror confines a long, low-field central cell between two high-field end plugs that raise an electrostatic potential to reflect the
central-cell ions [©7#], Unlike a closed toroidal device, an open mirror has no rotational transform and therefore no bootstrap current, no
disruptions and no requirement for a divertor of the tokamak kind; the price for that simplicity is that the ion end-loss is governed directly
by an electrostatic barrier, and the power needed to maintain that barrier is the machine's dominant recirculating load. In a deuterium—
helium-3 (D—2He) burner the price is steep, because the optimum ion temperature is high — of order 90 keV — and the confining potential
must scale with it. The Kronos burner closes its zero-dimensional power balance at a design point (gate BU-L1-A1) with fusion power
Prs = 4298.5 MW, neutron power P, = 233.95 MW (neutron fraction f, = 5.44%), engineering gain @ g = 1.318, and an ion-confin-

ing potential ¢; = 248.75keV [2429], The gain sits only 32% above engineering break-even; the plug is the binding gate.

WHY THE POTENTIAL IS EXPENSIVE: THE BOLTZMANN COUPLING

The reason the plug is expensive is a coupling, not a magnet limit. Along a magnetic field line the electrons of each connected population
sit in Boltzmann equilibrium with the potential, so their density is tied to the local potential through their temperature. If the plug elec-
trons and the central-cell electrons are one connected population, then the potential difference the plug can sustain is fixed by the central-
cell electron temperature and a density ratio. To raise the confining potential one must then raise the central-cell electron temperature,
and heating the entire central column with electron-cyclotron waves to hold that temperature is what costs the frozen 1092.5 MW ¢!, The
machine is dragged upward by its own electrons.

THE THERMAL BARRIER

Baldwin and Logan [%! recognised that this coupling can be broken by inserting, between the central cell and the plug, a local depression of
the electron density and potential — a thermal barrier — that thermally isolates the two electron populations. Once decoupled, the plug
electrons can be heated to a high temperature independently, and the confining potential is set by the plug electron temperature and a
local density ratio; the central-cell electrons stay cool. The barrier is not free: it must be dug and held against collisional filling. In practice
it is sustained by two ingredients acting together: ECH-driven mirror-trapped hot electrons, whose diamagnetic pressure deepens the
magnetic and electrostatic well, and a sloshing-ion population — ions injected at a pitch angle so their turning points sit on either side of
the barrier midplane, producing a density minimum at the midplane. The concept was demonstrated on the tandem mirror experiments
TMX-U " and, with distinction, on GAMMA-10, where an energetic-electron-confining potential and transport barrier were formed and
controlled !'?); the gas-dynamic trap has since shown that modern ECH can raise mirror electron temperatures far beyond the classical
expectation >4, and the Wisconsin HTS Axisymmetric Mirror (WHAM) provides a high-field, high-density platform on which a barrier

can be dug and diagnosed at reactor-relevant parameters 5,

CONTRIBUTION

This paper does three things. First (section 2) it states the thermal-barrier decoupling as a formal boundary-value problem on the field
line: the Boltzmann relations for the connected and decoupled electron populations, the barrier-depth condition, the sloshing-ion density
profile from the adiabatic invariants, the hot-electron diamagnetic well, and the Pastukhov ion-confinement scaling, closed against the
self-consistent ambipolar potential and the burner power balance. Second (section 3) it describes the NVIDIA GPU high-performance-
computing (HPC) campaign that produced the anchored numbers — the reduced-order mirror engine that closes the zero-dimensional
balance, the bounce-averaged Fokker—Planck solve of the sloshing distribution and ambipolar potential, and the particle-in-cell and kinet-
ic-dispersion evaluation of the loss-cone microstability bound — with its verification and reproducibility. Third (sections 4 —5) it reports
the result: the confining-potential requirement drops from 248.75keV to 167.9keV (a 33% cut), the 1092.5 MW of central-cell ECH is
removed, Qg lifts from 1.318 toward 3-5, and the whole reduction is retired by a single WHAM-scale experiment. Every quantitative
claim is a frozen anchor in the de-risking register [*%); the aggressive Qg range is explicitly a model-limit and is flagged as such (section 6).
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Governing equations and the Yormal problem

FIELD-LINE COORDINATES AND THE BOLTZMANN RELATION

We work along a single magnetic field line parametrised by arc length z, with the field strength B(z) forming a symmetric well between the
central-cell midplane (z = 0, B = Bp,) and the mirror throat (B = Bpay), of mirror ratio Rme = Bmax/Bmin = 4.61. The electrostatic
potential #(z) and the field are the unknowns of the equilibrium; particle motion conserves the magnetic moment g = mv? /2B and the
total energy £ = %m(vﬁ + %) + g¢.

Each electron population that is collisionally connected across a region sits, to leading order in the small electron mass, in Boltzmann equi-
librium with the potential,

e [9(2) ~ 4o
)

ne(z) = nep exp(

with g and ¢g reference values and 7 the temperature of that connected population. The ions, being nearly unmagnetised on the paral-
lel scale, are described by their guiding-centre distribution and enter through quasineutrality,

Z ds n8(¢(z)a B(z)) =0,

summed over the fuel ions (D, 3He), the fusion products, and the electron populations. Equations 1—2 determine ¢(z) once the trapped-
particle populations are specified. The confining potential seen by a central-cell ion is the height it must climb from the central-cell
midplane to the potential peak in the plug,

®i = Ppeak — ¢(0).

THE BARRIER-LESS COUPLING AND THE RECIRCULATING-POWER PENALTY

Consider first the machine without a thermal barrier, so the plug electrons and the central-cell electrons form one connected population at
temperature 7T,.. Applying 1 between the central-cell midplane (density n.) and the plug potential peak (density n,) gives the confining
potential directly,

(no barrier) Tee . Mp
& ——em’e
e T

The confining potential is chained to the central-cell electron temperature: a large ¢; demands a large T¢.. The central-cell electron power
balance then carries the cost. Writing Pgé.; for the electron-cyclotron power delivered to the central column and 7ge for its electron ener-
gy-confinement time,

neTe: Ve

aF 2 rad (Tec)a
TEe

3
Pry ~ 9
with V the central-cell volume and P,,q the radiated (bremsstrahlung and synchrotron) power, which itself grows with Ts.. At the D—3He

operating point the required T to sustain ¢; = 248.75keV forces Pggy = 1092.5 MW (28] This is the term the thermal barrier is
designed to delete.



THERMAL-BARRIER DECOUPLING

Now insert a local minimum of the potential, the barrier, of depth ¢ below the central-cell potential, located between the central cell and
the plug. The barrier interrupts the parallel electron flux: an electron of the central-cell population must, to reach the plug, first climb the
barrier. The two electron populations decouple when the parallel flux over the barrier falls below the collisional supply from the central
cell, which — inserting the Boltzmann factor for the flux suppression across a potential step of depth ¢, at temperature T, — is the
condition

e oy > ™
T. Ny

where nj is the density at the bottom of the barrier and n, the central-cell density. Equation 6 is the decoupling criterion: once satisfied,
the plug electrons behave as a separate population at their own (hot) temperature T¢p. The confining potential is then set on the plug side
of the barrier,

i T.
glamen) _ gy 4“1 7P
e n}

in which T, no longer appears. The central cell may be held cool while the plug holds a large potential; the 1092.5 MW of 5 is not spent.
This is the entire lever of the paper, and equations 4 and 7 are its two poles.

SLOSHING-ION FORMATION OF THE BARRIER DENSITY MINIMUM

The barrier density minimum is dug in part by sloshing ions: energetic ions injected (by neutral beams or by the natural plug population)
at the barrier midplane field By with a pitch angle 6y chosen so their turning points lie between the midplane and the throat. From g and €
conservation, neglecting the potential over the beam energy, the pitch angle evolves along the field as

B
sin? 6(B) = B sin’ 6,

(1]
so the ion mirrors (turns) where sin? 6 = 1, at the turning field
B
Bt = . 20 .
sin“

The parallel speed is v (B) = vp \/ 1 — (B/By) sin? 8y, and the density along a flux tube of cross-section A(B) o 1/B follows from flux
conservation of the guiding centres,

T, « B/By
ABMB) "\ [1_ (B/Byantes

which is minimal at the midplane and rises to an integrable singularity at the turning points B — B;. A population injected so that its
turning points straddle the barrier therefore piles up at the two turning points and is rarefied at the midplane, producing exactly the
density minimum that 6 requires. The loss-cone half-angle for the burner mirror ratio,

ng(B) =

0, = arcsin RLM = 27.77°,
sets the floor on the sloshing injection angle: the ions must be injected outside the loss cone (6y > 6).) to be confined at all. Figure 4 plots
10 for the burner well.

HOT-ELECTRON DIAMAGNETIC WELL

The second barrier ingredient is a mirror-trapped hot-electron population produced by ECH at the electron cyclotron resonance. Their
perpendicular pressure pep, 1 = nepTen diamagnetically depresses the field in the resonant zone, deepening the magnetic well by
0B/B ~ —f,1,/2 with the hot-electron beta S, = 2p10Den, 1 / B2, the deeper well in turn deepens the potential depression through 2. The
trapped hot electrons contribute a Yushmanov potential [*°! that holds warm ions in the barrier region and thereby regulates the barrier
filling. In the reduced model the hot-electron population enters through an effective barrier temperature T¢p, and a trapped fraction that
sets np/n,; both are inputs to the ambipolar solve of section 3 and are anchored to the kinetic Fokker—Planck result.



PASTUKHOV ION CONFINEMENT AND THE CONFINING-POTENTIAL REQUIREMENT

The central-cell ions are lost by pitch-angle scattering into the loss cone against the confining potential ¢;. Pastukhov's solution of the
Fokker—Planck problem for an electrostatically-plugged mirror, refined by Cohen et al "*3!, gives the ion particle-confinement time as an
exponential function of the normalised potential u = e¢; /T,

9(Bne) mnTy u _
/& W(2Rm) 9(Fme) =

with 7 the ion—ion collision time. The exponential in 12 is why the potential is the binding gate: a modest change in ¥ moves the confine-
ment, and hence Q g, by a large factor. At the burner design point u = ed;/T; = 2.764 (i.e. ¢; = 248.75keV, T; ~ 90keV), and the plug

ion-confinement time closes at 7, = 3.73 s ?®\. The requirement, inverted, is that closing the machine at a given Q g demands a minimum

2R +1
2-Rmc

nT, =

In(4Rp + 2),

u, and any lever that raises T; (which lowers the required u for a fixed absolute confinement, because 7;; o Tis/ 2) buys the largest reduc-
tion in ¢;. Figure 3 plots 12; figure 2 shows the resulting lever ledger.

POWER BALANCE AND THE ENGINEERING GAIN

The burner engineering gain is the ratio of gross electric output to the recirculating electric input,

_ Moec Pair + 1t Pin
Pinj+P}§%H+Paux’

QE

where Py is the charged-particle power intercepted by the direct energy converter at efficiency gpgc = 0.49 133!, Py, the thermally-recov-
ered power, Py the neutral-beam/plug drive, and P,y the balance-of-plant auxiliaries. The barrier acts on 13 in two places: it deletes the
Pgén = 1092.5 MW term from the denominator, and it lowers the drive required to sustain ¢; by cutting the target potential from 248.75
to 167.9keV. Both push Qg up. With the design-point radiated powers held at their anchored values — bremsstrahlung
Pirems = 743.10 MW and synchrotron Py = 1803.04 MW, the latter pinned by an independent electron-cyclotron radiation-transport
calculation that fixes the operating electron temperature [3*) — the nominal balance closes at Qg = 1.318; removing the central-cell ECH
and reducing the potential lifts Q) z toward 3-5 in the fully realised limit (figure 7).

LOSS-CONE MICROSTABILITY CONSTRAINT

The plug and barrier ion distributions are strongly non-Maxwellian — a loss cone in velocity space — and are therefore prone to the drift-
cyclotron loss-cone (DCLC) and Alfv\'en ion-cyclotron (AIC) microinstabilities that would otherwise refill the loss cone and shorten Tp.
Marginal stability of the DCLC branch is reached by a small warm-ion “fill” that softens the loss-cone gradient; the marginal warm-fill frac-
tion is the solution of ypcrc(k; f) = 0. Kinetic dispersion and PIC evaluation place the knee at f = 6.25% (= 1/16) (31 a marginal
threshold rather than a comfortable margin, with a residual anisotropy-driven AIC branch that survives at 7y/w¢ =~ 0.037 across f = 0—
10%. This constraint is carried alongside the potential requirement (section 4) and is the subject of the companion microstability

paper 31,
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Computational methodology: the NVIDIA GPU HPC campaign

Every number in section 2 is produced by a chain of codes run on the NVIDIA GPU HPC campaign (an A100 / H100 / A10 fleet), verified

against frozen anchors and archived with byte-level provenance [?®3%), Table 1 lists the codes, their role for this paper, and their reproduc-
tion status. No result depends on proprietary data, and no economic quantity enters the physics chain.

@L L X L@ CODE CLASS ROLE FOR THIS PAPER STATUS

KRONOS reduced- 0-D mirror balance Self-consistent ambipolar potential, Pastukhov closure, Q g; anchors

order engine produces ¢;, T, @ (Mode-M) PASS

CQL3D-M bounce-avg. Sloshing-ion distribution, turning-point density peak, reproduced
Fokker—Planck ambipolar potential, ECH quasilinear drive

WarpX 1-D hybrid PIC DCLC/AIC warm-fill microstability, growth-rate extraction reproduced

LEOPARD kinetic dispersion DCLC «y = 0 warm-fill threshold (cross-check of the PIC knee) reproduced

Codes run on the NVIDIA GPU HPC campaign for this paper, their role, and reproduction status. GPU acceleration is used for the kinetic solves
(bounce-averaged Fokker—Planck and PIC); the reduced-order engine and the dispersion solver run on the same fleet.

THE SELF-CONSISTENT AMBIPOLAR SOLVE

The reduced-order engine closes equations 1-7, 12 and 13 simultaneously. The unknown 1is the state vector
z = ($(0), $p, Teny /My T;y Te), and the solve enforces (i) quasineutrality 2 at the midplane, the barrier bottom and the plug peak,
(ii) the barrier-depth decoupling condition 6, (iii) the Pastukhov confinement balance n7, = (7 )required (Q &), and (iv) the power balance

13. Collecting these as a residual 7( z) = 0, the system is solved by damped Newton iteration,
or;
e = 2™ g 2By (0 2®), Jij = —,
oz j
with the Jacobian J assembled analytically where the Boltzmann and Pastukhov derivatives are closed-form and by complex-step
differentiation elsewhere, and the damping At € (0, 1] chosen by a line searchon || ||5. Convergence is declared at || r||z < 107°

in the normalised residual, typically in fewer than ten iterations; the design-point solution reproduces the frozen anchors ¢; = 248.75keV
,ep;/T; = 2.764, 7, = 3.73 5, Qg = 1.318 (gate BU-L1-A1 / KX-L1-A13-BU).

BOUNCE-AVERAGED FOKKER-PLANCK (SLOSHING
DISTRIBUTION AND AMBIPOLAR POTENTIAL)

The sloshing distribution and the self-consistent barrier potential are computed with a bounce-averaged Fokker—Planck solver (CQL3D-M

class [2422]), The distribution f,(v, ¥9; 2) of species s, with 1y the midplane pitch angle, evolves under Coulomb collisions, the ECH quasi-
linear operator, and sources/sinks,

% = C(fs) + Qrcn(fs) + S, — L,

where the overbar denotes the bounce average X = § X dz/v| / § dz/v| taken along the confined orbit, C is the Landau collision operator
linearised about the evolving background, and Qgcg is the quasilinear diffusion in velocity space at the cyclotron resonance. Velocity
space is discretised on a (v, %) grid with a logarithmic speed mesh resolving the tail to several times the thermal speed and a pitch mesh
refined across the loss-cone boundary; the elliptic collision operator is advanced with a fully-implicit ADI scheme and the potential is
updated between FP steps from quasineutrality 2. The steady state provides the turning-point density peak of 10 and the barrier depth ¢;
at reduced sub-scale (WHAM-like) parameters the solver reproduces a kilovolt-class axial potential with e¢/T, ~ 5 and a sloshing-ion
turning-point density peak that forms the confining well ) the qualitative signature the retirement experiment must show at burner
scale.

10



KINETIC MICROSTABILITY (PIC AND DISPERSION)

The warm-fill microstability knee is evaluated two ways for cross-check. A one-dimensional hybrid particle-in-cell calculation (WarpX
class [23241) advances the ion distribution with a prescribed loss cone plus a variable warm-fill fraction f, extracting the DCLC and AIC
growth rates from the exponential rise of the field energy spectrum; a linear kinetic-dispersion solve (LEOPARD class) locates the
marginal ypcrc(k; f) = 0 independently. The PIC uses of order 102 particles per cell, a grid resolving the ion Larmor scale, and a timestep
set by the ion-cyclotron CFL condition we; At < 1; growth rates are fit over an interval after the linear onset and before saturation. The
two methods agree: the dispersion solve gives y = 0 at f = 5.9% and the PIC knee sits at f = 6.25% (= 1/16), with the AIC residual flat
at y/we; ~ 0.037 131,

DISCRETISATION, CONVERGENCE AND VERIFICATION

The three solvers are held to a formal verification and validation protocol (gates KX-L1-A6, KX-L1-A10): the method of manufactured solu-
tions confirms the designed order of accuracy of the Fokker—Planck and Newton solvers; grid-convergence indices bound the discretisa-
tion error of the PIC growth rates and the FP steady state; and the reduced-order engine's frozen anchors are reproduced 19/19 on inde-
pendent re-run, with byte-for-byte computational provenance catalogued [**3%), The GPU acceleration is used where the cost is concen-
trated — the bounce-averaged collision operator and the PIC push — and does not alter the discrete equations; single- and double-preci-
sion runs agree to the stated tolerances. All figures in this paper are regenerated by a single deposited script from the anchored values
(section 7).

11
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Results

FROZEN DESIGN-POINT ANCHORS

Table 2 collects the burner design-point anchors that fix the problem. They are the invariant inputs to every figure and are reproduced by
the self-consistent solve to the tolerance of equation 14.

@X L L@ QUANTITY SYMBOL VALUE
Fusion power Prys 4298.5 MW
Neutron power (fraction) P, (fr) 233.95 MW (5.44%)
Engineering gain (design point) Qe 1.318
Ion-confining potential (barrier-less) b; 248.75 keV
Ion-confining potential (with barrier) b; 167.9keV
Normalised potential ed;/T; 2.764

Ion temperature T; ~ 90keV
Central-cell electron temperature I 89.72keV
Mirror ratio [ 4.61
Loss-cone half-angle 61 27.77°
Plug ion-confinement time Tp 3.73s
Effective charge Zofs 1.462
Central-cell ECH removed by barrier Pgtn 1092.5 MW

Bremsstrahlung / synchrotron power

Pbrems / P, synch

743.10 / 1803.04 MW

Direct-energy-conversion efficiency 1IDEC 0.49
Warm-fill DCLC knee bi 6.25%
Burner plug peak field Byug 26.49 T

Frozen burner design-point anchors used in this paper (gate KX-L1-A13-BU / BU-L1-A1). Every value is a register anchor 28); the two magnet

fields belong to two distinct magnets (the burner plug and the breeder centrepost are different devices).

12



THE CONFINING-POTENTIAL CUT

Figure 1 contrasts the axial potential structure with and without the barrier. Without it, the potential rises monotonically to the plug and
the height is chained to a hot central cell; with it, a mid-line depression isolates the plug, whose potential is then held by the hot plug elec-
trons. The consequence is the central result of the paper: the confining-potential requirement falls from ¢; = 248.75keV to 167.9 keV
(figure 2, left), a 33% reduction in the binding gate. The reduction is decomposed by lever in figure 2 (right): making the ion temperature
the dominant lever supplies of order 111keV of the buying power, against < 14keV for every other lever (hot-electron temperature,
density ratio, mirror ratio, sloshing angle) individually. The barrier does not merely lower the number; it changes which knob sets it.

Axial potential structure of the tandem-mirror plug
————

== = barrier-less: ¢; = 248.75 keV (hot central cell)
=== thermal barrier: ¢; =167.9 keV (cool central cell)
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Binding-gate reduction T; is the dominant lever
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PASTUKHOV CONFINEMENT GAIN

Figure 3 plots the Pastukhov enhancement 12 against the normalised potential u = e@;/T; for the burner mirror ratio. The exponential
dependence is the reason the potential is the binding gate — and the reason a 33% cut in ¢; is worth so much: at fixed T the confinement
falls steeply with u, so recovering the same absolute confinement at a lower ¢; is possible only by raising T, which is precisely the lever the
barrier makes dominant. The operating point 4 = 2.764 is marked.

Exponential confinement gain of the electrostatic plug (R, =4.61)
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SLOSHING-ION BARRIER FORMATION

Figure 4 plots the sloshing-ion axial density 10 in the burner well: injected outside the loss cone, the ions pile up at their two turning points
(dashed) and are rarefied at the barrier midplane, producing the density minimum that the decoupling condition 6 requires. The magnetic
profile B(z)/Bm is overlaid. Figure 5 plots the decoupling condition itself: the barrier depth ey /Te required to suppress the electron
flux grows only logarithmically with the density ratio n./ns, so a modest density depression (ratio of a few) suffices to decouple the
populations.

Sloshing-ion turning points bracket the barrier depression
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RECIRCULATING-POWER ELIMINATION AND THE Qg UPLIFT

Figure 6 shows the burner power channels and the recirculating heat the barrier removes. The 1092.5 MW of central-cell ECH — present
in the barrier-less machine to hold a hot central cell — is deleted outright once the plug electrons are decoupled and heated locally.
Feeding both effects (the removed ECH and the reduced confining potential) into the engineering-gain balance 13 lifts @ g from the design-
point 1.318 toward 3-5 as the barrier is realised (figure 7); the aggressive end assumes a fully formed, fully decoupling barrier and is
flagged as a model limit (section 6).

Burner power channels (design point) Recirculating heat removed

W
o
=]
=]

B
o
=]
=]

3
2
3
3
o
=
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[28]
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Engineering gain rises as the barrier decouples the plug

aggressive-limit band (3--5)
=== nominal decoupling path
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THE MICROSTABILITY CONSTRAINT CARRIED ALONGSIDE

The potential reduction is not the whole plug gate. Figure 8 shows the loss-cone microstability bound that is carried alongside it: the DCLC
growth rate crosses zero at the warm-fill knee f = 6.25% (a marginal threshold, reproduced by the reduced dispersion at 5.9%), while a
residual anisotropy-driven AIC branch survives at y/w¢s ~ 0.037 essentially flat across f = 0-10%. The barrier lowers the potential; it

does not by itself close the microstability of the strongly non-Maxwellian plug, which is a distinct, companion gate 3/,

DCLC loss-cone stabilisation 0 0g{esidual anisotropy-driven AIC branch

V/We = 0.037 (residual, flat)
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:
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|
Q
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4 6 8 ' 2 4 6 8
warm-fill fraction (%) warm-fill fraction (%)

6.25% (= 1/16 5.9% ¥/wei ~ 0.087 f=0-10%

[28,31]

GATE LEDGER

Table 3 states the gate cut as a ledger: what the barrier buys, and against what it is weighed.

Confining potential, barrier-less — barrier 248.75 — 167.9keV (—33%)
Dominant lever (7;) buying power ~ 111 keV (others < 14keV)
Central-cell ECH removed 1092.5 MW

Engineering gain, design — aggressive limit 1.318 — 3-5

Barrier-depth decoupling requirement edp/Te > In(n./np)

Sloshing injection floor 09 > 0,c = 27.77°

Warm-fill microstability knee (carried) f = 6.25% (marginal)

Residual AIC activity (carried) v/wei =~ 0.037

Retirement experiment WHAM-scale barrier demonstration
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Discussion

BENCHMARK AGAINST THE TANDEM-MIRROR THERMAL-BARRIER RECORD

The mechanism is not speculative; it has an experimental record. Table 4 places the Kronos barrier requirement against the published
thermal-barrier and mirror-electron-heating results. TMX-U produced and identified a thermal barrier and demonstrated the potential
enhancement that decoupling allows '!); GAMMA-10 formed and controlled an energetic-electron-confining potential with an associated
transport barrier, and remains the most complete demonstration of ECH potential formation in a tandem mirror [*?); and the gas-dynamic
trap has shown that modern gyrotron ECH raises the bulk mirror electron temperature several-fold, well past the classical expectation, on
an axisymmetric device !>, The Kronos requirement — a barrier depth of order e¢s/T, ~ 1 and a confining potential of 167.9keV at
T; ~ 90keV — is a high-field, high-density extrapolation of these results, not a new physical effect. What is new here is the quantitative
booking of the barrier into a D-3He burner power balance: the specific 33% cut and the 1092.5 MW deletion.

@L X L@ DEVICE DEMONSTRATED RELEVANCE TO THE KRONOS GATE

TMX-U [11] thermal-barrier production and identification; potential the decoupling exists and is diagnosable
enhancement

GAMMA-10 [12] ECH energetic-electron-confining potential formed and the plug-side potential can be built by ECH
controlled

GDT [13,14] several-fold ECH electron heating on an axisymmetric hot-electron barrier ingredient at reactor-
mirror relevant field

WHAM [13] high-field (~ several T), high-density HTS axisymmetric the platform to dig and diagnose the barrier
mirror at scale

Kronos burner (this ¢;: 248.75—167.9keV; 1092.5 MW ECH removed the booked requirement to be retired

work)

The Kronos thermal-barrier requirement in the context of the tandem-mirror / mirror-ECH record (qualitative; see cited works for device

parameters).
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THE RETIREMENT EXPERIMENT

Scored on design-preservation, test-platform maturity and residual gap, the ECH thermal-barrier decoupling is the Kronos burner's most
retire-able escape route: same machine, testable on an existing platform class, at technology readiness of order four, with a “closeness-to-
buildable-closure” of 0.83 that ranks it first among the burner's alternatives [2*3%], The single named experiment is a WHAM-scale barrier
demonstration — to establish the sustained barrier depression and the electron decoupling at accessible field and density, and to show the
sloshing-ion turning-point density peak that the bounce-averaged Fokker—Planck solve predicts. This is a plasma-physics experiment, not

a materials or magnet gate: it does not require the burner's 26.49 T plug coil [3” or a full D—3He fuel supply, only the barrier physics at
representative e@y/T,. Figure 9 lays out the maturity ladder from the reduced-order closure to full-plant plug authority.

Maturity ladder from reduced-order closure to plug authority

0-D reduced-order closure
Q E 1.318, phi_i 248.75 keV

(KRONOS engine, KX-L1-A13-BU)

Kinetic barrier model
CQL3D-M sloshing distribution;
turning-point density peak A

Microstability bound
WarpX / LEOPARD warm-fill knee 6.25%;

AIC residual gamma/omega ci 0.037
A

WHAM-scale barrier demo

sustained depression + decoupling
at accessible B, n (TRL 4, closeness [}.23)

Full-plant plug authority

decoupled phi 1 167.9 keV;
central-cell ECH 1092.5 MW removed

RELATION TO THE COMPANION GATES

The thermal barrier is one of a coupled set of plug gates. The confining-potential requirement is entangled with the sloshing-ion ambipo-
lar-potential formation and its density-ratio Pareto [3°); the electron temperature that fixes the synchrotron loss and hence the operating
point is pinned independently [3?; the recoverable charged-particle fraction that the direct converter sees can be raised by RF alpha-chan-
neling [3%33); and the whole recirculation-resolved Qg closure, with the plug gate carried open, is treated in the closure companion 2%/, The
33% potential cut derived here is the single largest of these levers, and it is the one whose retirement path is clearest.
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8§ 6

Limitations

The honest gate is this: the 33% potential reduction and the 1092.5 MW ECH deletion are self-consistent zero-dimensional and reduced-
kinetic results at the design point, and the aggressive Q g range of 3—5 assumes a fully realised barrier — complete decoupling of the plug
and central-cell electrons, at the modelled hot-electron temperature and density ratio. That assumption is exactly what the WHAM-scale
experiment must confirm; the barrier's ECH coupling efficiency, the collisional filling rate that sets the sustained depth, and the microsta-
bility of the barrier region (the carried DCLC/AIC constraint of figure 8) are carried risks, not closed results. The barrier lowers the bind-
ing gate; it does not, by itself, close the machine. No claim of demonstrated hardware or of an achieved Qg > 1.318 is made here.
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§ 7

Conclusion

The plug potential is the tandem-mirror burner's binding gate, and the thermal barrier is the mechanism that makes it affordable. By
inserting an ECH-hot-electron and sloshing-ion density depression between the central cell and the plug, the confining potential is decou-
pled from the central-cell electron temperature: it is set instead by a hot plug electron temperature and a local density ratio through equa-
tion 7, and the barrier is sustained once the depth satisfies the logarithmic decoupling condition 6. Booking the barrier, the ion-confining-
potential requirement falls from 248.75keV to 167.9keV — a 33% cut, dominated by making the ion temperature the lever — the
1092.5 MW of central-cell electron-cyclotron heating is removed from the recirculating budget, and the engineering gain lifts from 1.318
toward 3-5 in the fully realised limit. The mechanism is well precedented on TMX-U, GAMMA-10 and the gas-dynamic trap, and its single
retirement experiment is a WHAM-scale barrier demonstration. It is the burner's cornerstone plug mechanism; every headline quantity is
a frozen anchor (gate KX-L1-A13-BU) in the Kronos Physics De-Risking Register.
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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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tokamak breeder and its low-neutron D—3He tandem-mirror burners. Every headline number is a frozen anchor in the Physics De-
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https://kronosfusionenergy.com/publications/de-risking-register
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
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A real fusion company building real machines. Explore the science, live.
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