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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

RFE Alpha-Channeling in a D—"He Tandem-

Mirror Burner: Raising the Recoverable
Charged-Particle Fraction from 8% Toward 80%

n a deuterium—helium-3 (D-3He) tandem-mirror burner the fusion-born 14.68 MeV proton and 3.67 MeV alpha carry the overwhelm-
] ing majority of the released power as fast, mirror-trapped ions. Left to thermalise, that energy is shared between electron drag and a

broadly heated ion background whose confined, usefully recoverable share is small; the rest exits the loss cone as heat and inflates the
recirculating power that sets the burner's engineering gain @ g. RF alpha-channeling—a resonant wave that extracts perpendicular energy
from a fusion product, hands it to the fuel ions, and simultaneously diffuses the spent ash toward the loss boundary—converts this loss into
a directed gain. We formalise the mechanism as a bounce-averaged Fokker—Planck problem closed by a quasilinear cyclotron-resonant
diffusion operator, derive the Fisch—Rax energy—position coupling AE/A = w/n that makes channeling a bounded lever rather than a
closure mechanism, and evaluate it at the frozen M-45 burner operating point (7; = 90keV, n, = 2.6 x 102 m=3, 23y, = 0.30, mirror-
throat field B,, = 17 T, central-cell field By, = 5.50 T, effective mirror ratio R,,, = 4.61). A reduced two-dimensional velocity-space
kinetic solve, cross-checked against ray-tracing and particle-in-cell codes on the NVIDIA GPU HPC campaign, raises the recoverable
charged fraction from a collisional baseline near 8% to about 80% and recovers up to 195 MW into the confined fuel ions—enough to cover
the 40—110 MW plug-localised warm-fill RF cost with margin, while a full-volume warm fill (~ 3.7 GW, ~ 85% of Prys) is energetically
precluded. We are explicit that this closes only under plug localisation (channeled power confined to ~ 1-3% of the central-cell volume)
and that the plant gain remains gated by the plug potential, not by channeling: the design-point @z = 1.318 is untouched. Every headline
quantity is a frozen anchor in the Kronos de-risking register.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645712 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: alpha-channeling ICRF heating quasilinear diffusion deuterium--helium-3 tandem mirror

Fokker--Planck kinetics recirculating power direct energy conversion


https://doi.org/10.5281/zenodo.22645712
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation

CONTENTS

Table of Contents

RF Alpha-Channeling in a D-2He Tandem-Mirror Burner: Raising the Recoverable Charged-Particle Fraction from 8%
Toward 80%

Introduction

Governing equations and the formal problem

Computational methodology: the NVIDIA GPU HPC campaign

Results

Discussion

Limitations

Conclusion

References

One programme, many papers

o)
12
21
22
2
28
31



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 CHARGED PRODUCTS OF AN ADVANCED-
FUEL MIRROR ARE A RESOURCE, NOT A LOSS

The deuterium—helium-3 reaction
D +3He — “He(3.67MeV) + p (14.68 MeV)

releases 18.35 MeV entirely in charged particles, which is precisely why it is attractive for a low-neutron, directly converted burner '*. In
the Kronos D—3He tandem-mirror burner these products are born deep inside the confined region as fast, mirror-trapped ions, and their
disposition dominates the machine's power balance. Classical slowing down splits their energy between electron drag and a broadly heated
ion background; in a magnetic mirror the heated background is only partially confined, so a large share ultimately leaves through the loss
cone as heat. That heat must be replaced by external drive, and the replacement is the recirculating power that sets the engineering gain

P, net, electric q 1
Q= ——"— / drive ~ ,

F recirc recirc

so anything that redirects fast-ion energy back into confined fuel ions, rather than losing it, lowers frecire and raises the net electric output.

Alpha-channeling is the mechanism that performs exactly this redirection. Introduced by Fisch and Rax !, it uses a resonant wave to
remove energy and perpendicular momentum from a fusion-born fast ion and deposit it in the bulk fuel ions, while diffusing the spent
“ash” outward toward the loss boundary. The idea was developed for the tokamak alpha population “57), extended to rotating plasmas '/,
and—most relevant here—worked out specifically for magnetic mirrors by Fisch [?! and simulated by Zhmoginov and Fisch 3!, where the
open field line makes the outward diffusion of ash a natural companion to the energy extraction. This paper places alpha-channeling
correctly in the power balance of a compact D—3He tandem-mirror burner and quantifies it as a bounded lever.

THE TANDEM-MIRROR LINEAGE AND THE PLUG GATE

The magnetic mirror confines by the adiabatic invariant g = m’uﬁ_ /2B: particles with too little perpendicular energy fall inside the loss
cone and stream out the ends [%'°!. The tandem mirror closes this leak with electrostatic end plugs '*': a high-field, high-density plug
raises an ambipolar potential ¢; that reflects central-cell ions, converting an end-loss machine into a genuinely confining one, as demon-
strated on 2X1IIB '8! and the thermal-barrier tandem mirrors 4. The Kronos burner is a modern, HTS-enabled instance of this lineage, of
the same family as the contemporary axisymmetric mirrors WHAM [%°! and the gas-dynamic trap 2?2, but operated as a plugged tandem
at a plug-coil field engineered to a canonical 26.49 T 134, The plant gain is set at that plug: the ion-confining potential ¢; and the plug/ther-
mal-barrier recirculating power fix Qg [?>3'!. Alpha-channeling does not change this gate; it eases the recirculating burden inside it.
Keeping that distinction is the central honesty of this paper.

CONTRIBUTION

Prior alpha-channeling work established the mechanism and its mirror realisation [>3); prior Kronos work established the burner operat-
ing point and its plug gate 29333! and the direct-energy-conversion stage that harvests the surviving charged power 3%, What has not
been written down for this machine is (i) a formal statement of the channeling problem as a bounce-averaged Fokker—Planck kinetic
system closed by a quasilinear resonant operator, with the energy—position coupling derived rather than asserted; (ii) an evaluation at the
frozen burner point that separates the classical slowing-down split from the channeled recoverable fraction and books the recovered power
against the RF cost; and (iii) an explicit, quantitative statement of the one condition—plug localisation—under which the ledger closes.
This paper contributes all three. Section 2 gives the governing equations and the formal problem; Section 3 gives the GPU-accelerated
computational methodology, the numerical formulation, and its verification; Section 4 presents the results in eight figures and four tables;
Section 5 benchmarks them against the published mirror alpha-channeling and advanced-fuel literature; Section 6 states the single honest
gate; and Section 7 concludes. Every quantitative claim traces to a frozen serial in the Kronos Physics De-Risking Register [?*; serial iden-
tifiers (e.g. BU-L2-A8) are cited inline so each number is auditable.
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Governing equations and the Yormal problem

Figure 1 orients the machine: a plugged tandem mirror in which fusion products are born in the central cell, a plug-localised ICRF antenna
drives the channeling wave, the channeled energy is returned to the confined fuel ions while the ash is diffused toward the loss cone, and
the charged-particle power that survives to the ends is harvested by the direct-energy converter.

Tandem-mirror burner: plug-localised RF alpha-channeling

lug coil .
BHE}(Z%.LIQ T) plug coil

channelled
energy — fuel ion

centrasl cell
— Boc=5.50T

—i
Ti=90 keV, xspe =0.30

to DEC
n=0.49

ICRF antenna
(plug-localised)

(Schematic.) The D—3He tandem-mirror burner and the place of RF alpha-channeling in it. The central cell (Bg, = 5.50 T, T; = 90 keV,
z3g, = 0.30) is confined between two plug throats (canonical plug-coil field 26.49 T [341), A plug-localised ICRF antenna drives the channeling
wave; the Fisch—Rax coupling (equation 9) returns fast-ion energy to the confined fuel ions and diffuses the ash outward, while the surviving

charged power is directly converted at 7prc = 0.49 B3], Layout is stylised; all field and temperature labels are frozen anchors (Table 4).

KINETIC DESCRIPTION OF THE FAST-ION POPULATION

Let f,( v, t) be the gyro-averaged distribution of species g in the central cell, bounce-averaged over the magnetic well between the two
plug throats. The fast fusion products (the 3.67 MeV alpha and the 14.68 MeV proton) evolve under Coulomb collisions with the back-
ground, a resonant RF quasilinear drive, a monoenergetic birth source, and the loss-cone sink,

95
ot

The collision term is the bounce-averaged Landau/Fokker—Planck operator in Rosenbluth potential form %/,

=C[fs] + Qre[fs] + Ss(  v) — L[f].

0 0
C[fs]=§:ﬁ’ Ass’fs+ﬁ'( Dss’fs) )

with the drag A,y and diffusion Dy built from the Rosenbluth potentials of the (near-Maxwellian) background. The birth source

Ss =n50(v—vs0)/ 47r'v§0 deposits products on the shell vsg = /2E0/m; the loss operator £ removes any particle whose pitch angle
enters the loss cone, defined below in equation (12).



THE QUASILINEAR RF OPERATOR AND THE RESONANCE CONDITION

The RF drive is the cyclotron-resonant quasilinear diffusion operator of Kennel and Engelmann ['>'7), Writing the operator in the reso-
nant-diffusion form,

_ 1 a n ~ _ k”vJ_ a 6 a
QRF[fs]—Eav—l(vJ.DQLLfS), L= (1_ ) 3’0||/3’0J_>3’UJ_,

where the resonant diffusion coefficient carries the Bessel-function coupling of the n-th cyclotron harmonic,

2
mq>
2m? 4

k
(B s (2) + Br Jans(A)|* 8w — kyoy —nf), 2= ==

DqL =

Here EZ are the left/right circularly polarised wave-field amplitudes, J,, the Bessel functions, and ; = g;B/m the cyclotron frequency.
The delta function enforces the Doppler-shifted cyclotron resonance

_ ZseB
=

w— k"'v” =nQ,, Q,

that localises the wave—particle interaction to a curve in velocity space. For deuterium at the mirror-throat field B,,, = 17 T the fundamen-
tal is fe; = Qp/2m = 128.7 MHz (serial SC-BU-2); the accessible harmonic ladder nfe; across the field profile By, — By, is mapped in
Section 4.

THE FISCH-RAX ENERGY-POSITION COUPLING:
WHY CHANNELING IS A BOUNDED LEVER

The physical content of channeling is that on resonance the wave couples the change in a particle's energy to the change in its guiding-
centre position. Consider a single quantum of the wave (w, k) absorbed at the n-th harmonic. Energy and the parallel canonical

momentum change in the fixed ratio set by the photon 2],
AFE = hw, Ap = hk, A(mv] /2) = h(w — kjv)) = nkQ,.

In an open mirror the conserved label of a drift surface is the flux coordinate % (equivalently the midplane radius or the longitudinal adia-
batic invariant J). Because the wave carries transverse momentum, each resonant quantum displaces the guiding centre in ¥ by an
amount proportional to 72, and eliminating A between the energy and displacement increments gives the Fisch—Rax relation

AF_w
Ay n

along the quasilinear diffusion characteristic. Equation (9) is the crux. A wave that removes energy from a fast ion (AE < 0) necessarily
transports that ion toward the loss boundary (A < 0) at a rate fixed by the harmonic n: the same interaction that cools the fast ion
expels the ash. Choosing w/n so that the diffusion path runs from the fast-ion birth shell down to the loss cone lets the wave carry energy
out of the fast ions and, via a second resonance with the bulk, deposit it in the confined fuel ions. The magnitude of the effect is bounded by
the resonant phase-space volume the wave can address—the channeled fraction cannot exceed the energy content lying on accessible diffu-
sion paths—so channeling is intrinsically a bounded lever, not an unbounded gain. This boundedness is the structural reason the plant
closure must rest on the plug potential and not on channeling.

CLASSICAL SLOWING-DOWN SPLIT AND THE CRITICAL ENERGY

The baseline against which channeling is measured is the collisional disposition of the fast-ion energy. For a fast ion slowing on a two-
species D—3He background plus electrons, the instantaneous ratio of ion to electron drag is (E./E)®?, where the critical energy is [*)

272/3
Z neA; :| [keV],

E,=14.8T, A;

with Ay the fast-ion mass number and the sum over background ions j. At the burner point (T, = 89.72keV, zsg, = 0.30, so
np/ne. = 0.538 and nsy, /n. = 0.231 by charge neutrality), equation (10) gives E, = 3.68 MeV for the alpha—essentially equal to its birth
energy. The fraction of birth energy delivered to ions over the complete slowing down is then



E, [Po/B  dy
Fy(Bo) = == / e
Ey Jy 14+ ud/

which evaluates to F; = 0.748 at Ey = 3.67 MeV (serial BU-L2-A8). This is the classical ceiling on ion heating; critically, in a mirror much
of that ion heating is deposited across a distribution that is itself only partially confined, so the usefully recoverable confined-fuel-ion
share is far smaller than F;—of order 8% at this point (Section 4).

THE LOSS CONE AND THE RECOVERABLE CHARGED FRACTION

A particle is confined only if its pitch angle at the midplane exceeds the loss-cone half-angle set by the effective mirror ratio Ry,

sin? @y, = Rl , Ry =4.61 = 0, =27.77°

(serials KX-L1-A2, SC-BU-2). We define the figure of merit of this paper, the recoverable charged fraction Fie., as the share of fast-ion
energy that ends up as useful, confined fuel-ion heating (net of electron drag and loss-cone leakage) plus directly expelled ash energy avail-
able to the downstream direct-energy converter [3%);

F. = Econfi.ned ion heating + Edjrected ash
rec — .
E charged, born

The channeling problem is then to choose the wave spectrum (w, k,n) so that the quasilinear operator (5) drives diffusion paths (9)
that maximise Fre subject to (a) the resonance condition (7) being accessible along the field line, (b) the warm-fill population required for
loss-cone microstability [3°), and (c) the RF power budget remaining below the recovered power. The remainder of the paper solves this
problem at the frozen burner point.
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Computational methodology: the NVIDIA GPU HPC campaign

SOLVER STACK AND THE CODES RUN FOR THIS PAPER

The results were produced on the Kronos NVIDIA GPU HPC campaign (Lambda fleet, A100 / H100 / A10 accelerators) with the code
chain of Table 1. The frozen zero-dimensional operating point (the M-45 power balance, Qg = 1.318, P,y = 4298.5 MW) is set by the
Kronos reduced-order mirror engine (serial BU-L1-A1) and is an input to the present study, never re-fitted. The channeling kinetics are

solved by the in-house GPU Fokker—Planck module—a CuPy-accelerated !?7! bounce-averaged solver of equations (3)—(5)—in a reduced
two-dimensional (v, §) velocity space (¢ = Y| /v), with the loss-cone boundary (12) imposed as an absorbing sink (serial BU-L2-A8). The
resonant deposition and wave accessibility are cross-checked against the ray-tracing code GENRAY [ and the bounce-averaged mirror
kinetics of CQL3D-M [?4]; the warm-fill microstability that the channeling scheme must respect is taken from electromagnetic particle-in-
cell runs with WarpX [°! and the kinetic dispersion solver LEOPARD, cross-checked with Smilei (serials BU-L2-A5, BU-L2-A7,
companion 3°)),

CODE ROLE IN THIS STUDY SERIAL

Kronos reduced-order engine (in- M-45 0-D mirror power balance (input BU-L1-A1

house) point)

Kronos GPU Fokker—Planck (in- bounce-averaged FP + RF quasilinear BU-L2-A8

house, CuPy) kinetics

GENRAY [?°] ray-tracing RF power deposition / BU-L2-A8
accessibility

CQL3D-M [24] bounce-averaged mirror kinetics cross- BU-L2-A6/A8
check

WarpX [26] EM-PIC loss-cone (DCLC/AIC) BU-L2-A5/A7
microstability

LEOPARD / Smilei kinetic dispersion / PIC microstability BU-L2-A5/A7

cross-check

V\ V suite (MMS/GCI/Sobol) (in-house) verification of the KX-L1-
discretisation A6

Codes run for this paper on the NVIDIA GPU HPC campaign, their role, and the register serial. In-house tools are labelled; all are mapped to
their serial for reproducibility. No compute-cost figures are reported.

NUMERICAL FORMULATION

The kinetic equation (3) is discretised in the reduced (v, £) plane by a conservative finite-volume method. The collision and RF operators
are both cast in flux-divergence form,; for the velocity diffusion the flux through a cell face at v;+;/3 is

iz — £

Fivrja — Ficay2
Fis1/a = Vis1jp D(viz1/2) — Ay (Qf)i =

Av v?

so that the discrete operator conserves particles by construction (the divergence telescopes) and preserves the Maxwellian null space of the
collision operator to round-off. Pitch-angle diffusion is discretised identically in £. Time advance uses a semi-implicit (operator-split)
scheme: the stiff collision and RF diffusion are treated implicitly by a tridiagonal solve in each velocity ray, while the source and loss are
explicit. The steady channeled state is obtained by iterating equation (3) to a relative residual ||8;f||/||f|| < 108. Runs use a fixed seed
(20260726) for exact reproducibility.

10



VERIFICATION AND CONVERGENCE

The discretisation (14) was verified by the method of manufactured solutions on the spherically symmetric diffusion operator
(1/?) 8y(v2D(v) 8, f) with D(v) = Dy[1 + (v/w)?] and manufactured solution fms = exp[—(v/w)?]; the analytic source § = Q fis is
imposed and the discrete Ly error against fys is measured under grid refinement. Table 2 and figure 9 show the observed order of accu-
racy converging to 1.98, confirming the second-order design of the scheme (serial KX-L1-A6). The kinetic solver additionally passes two
physical checks used throughout: the pitch-angle and energy operators relax to the Maxwellian(7;) null space in the absence of RF and
source, and the collision coefficients reproduce the classical slowing-down time and the split F; = 0.748 of equation (11).

CELLS N SPACING h Ly ERROR OBSERVED ORDER
20 1.50 x 107! 7.74 x 1073 -

40 7.50 x 1072 2.21 x 1073 1.81

80 3.75 x 1072 5.95 x 1074 1.89

160 1.88 x 1072 1.55 x 10~* 1.94

320 9.38 x 1073 3.97 x 107° 1.97

640 4.69 x 1073 1.01 x 1075 1.98

Method-of-manufactured-solutions convergence of the finite-volume velocity-diffusion discretisation (14); L2 error against the manufactured
solution and the observed order between successive levels (serial KX-L1-A6).

PROBLEM SCALE, GPU ACCELERATION, AND REPRODUCIBILITY

The bounce-averaged kinetic solve is inexpensive per point but is embedded in a scan over the wave spectrum, the warm-fill fraction, and
the channeling parameter, so the campaign runs many thousands of steady-state solves; the velocity-ray tridiagonal solves and the
Rosenbluth-potential convolutions are the GPU kernels, mapped across the Lambda A100/H100 accelerators via CuPy 7/, with the ray-
tracing and PIC cross-checks (GENRAY (%%, WarpX [2°)) run on the same fleet. The GPU particle-in-cell cross-check inherits the exascale-
class WarpX mesh-refinement machinery [?°!. Because every governing quantity in this paper is a frozen register anchor and every figure is
regenerated by a single deposited script from those anchors, the results are reproducible end-to-end from the open deposit; no result
depends on proprietary data, and no economic quantity enters the computation.

11
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Results

Figure 2 states the headline result. Without RF, the collisional disposition of the fast-ion energy—electron drag plus a broadly heated, only
partially confined ion background—leaves a recoverable charged fraction of only Fie. =~ 8% at the burner point. With a mode-converted,
plug-localised channeling wave whose diffusion paths (9) run from the alpha birth shell to the loss cone, the reduced kinetic solve raises
F,. to about 80%: a factor-of-ten lever (serial BU-L2-A8). The mechanism underneath the number is the classical slowing-down split of
figure 3: the critical energy E, = 3.68 MeV computed from equation (10) sits essentially at the alpha birth energy, so the classical ion frac-
tion is F; = 0.748, but the confined, usefully recoverable part of that heating is small—channeling is what converts the diffuse, leaky classi-
cal deposition into a directed transfer to confined fuel ions.

The bounded power lever (BU-L2-A8)
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Classical slowing-down split at T, = 89.7 keV
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LOSS-CONE GEOMETRY AND THE WARM FILL

Channeling operates against the loss-cone geometry of figure 4. At the effective mirror ratio R,,. = 4.61 the loss-cone half-angle is
0;c = 27.77° (equation 12). The scheme must coexist with the warm-fill population—a 6.25% (= 1/16) fractional fill at effective tempera-
ture T =~ 57 keV that sits near the loss-cone boundary and stabilises the drift-cyclotron loss-cone (DCLC) mode [30] (serial BU-L2-A5).
The channeling wave both feeds this warm fill (its RF cost, below) and must avoid destabilising the residual anisotropy-driven Alfv\'en-
ion-cyclotron (AIC) branch, which the PIC cross-check finds flat at 4/Q ~ 0.037 across fill fractions 0-10% (serial BU-L2-A7,

companion 13°)),

Loss-cone geometry, R, =4.61

Viwarm fill 6.25\%
=57 keV

01 = 27.77°
6.25%, Tegr ~ 57




RESONANCE ACCESSIBILITY AND CHANNELING CHARACTERISTICS

The channeling wave must resonate along the accessible field profile. Figure 5 maps the deuterium cyclotron harmonics nf; from the
central-cell field By, = 5.50 T to the mirror throat B, = 17 T; the fundamental at the throat is f,; = 128.7 MHz (serial SC-BU-2), placing
the operating band in the ICRF range where a mode-converted fast wave can be launched and can reach the fast-ion population. Figure 6
sketches the resulting quasilinear diffusion characteristics in velocity space: on each harmonic-n resonance the Fisch—Rax constraint (9)
fixes the direction of the energy-and-position flow, carrying fast ions down in energy while pushing them toward the loss cone as ash.

ICRF deuterium-cyclotron resonance structure
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Wave-driven channelling characteristics

- =1 resonance
3.67 MeV alpha shell n =72 resonance

- N = 3 resonance
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AE/AY =w/n 3.67
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FUSION POWER LEDGER AND THE RF BUDGET

The channeled power must be booked against the machine's fusion power and the RF cost. Figure 7 shows the branch decomposition of the
total fusion power at the burner point, Prs = 4298.5 MW: the D—3He channel dominates at 3868.0 MW, with the parasitic D-D and D-T
branches contributing the remainder and setting the neutron fraction f, = 5.44% (P, = 233.95 MW) (serials BU-L1-A1, ENV-A4-BU).
Against this, the RF ledger of figure 8 and Table 3 is decisive. Sustaining the warm fill over the full central-cell volume would cost ~ 3.7
GW—about 85% of Pr,s—and is therefore energetically precluded. Restricting the warm fill and the channeling wave to the plug region,
~ 1-3% of the central-cell volume, brings the full-balance RF cost to 40-110 MW (16—47 MW injection-only). Against that cost, alpha-
channeling redirects the otherwise electron-bound share of the 3.67 MeV alpha and recovers up to 195 MW into the confined fuel ions

(falling to 86 MW at the more conservative spectral parameter x = 4). The recovered power covers the plug-localised warm-fill RF cost
with margin—this is the self-consistency result (serial BU-L2-A8).

Py =4298.5 MW, f,=5.44% (P,=233.9 MW)

D--*He 3868.0 MW
(aneutronic)

124.8 MW

129.7 MW

176.0 MW

1000 2000 3000 4000
branch fusion power (MW)

3
fn =5.44% (P, = 233.95 Prys = 4298.5

3868.0
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RF power ledger: recovery covers the plug-localised cost

3700 MW
( ~ 85\% Prus)

up to 195 MW
40--110 MW

=
5
=]
(=N

[
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full-volume plug-localised channelled
warm fill warm-fill RF recovery
(PRECLUDED) (full balance) into ions
~ 3.7 ~ 85% of Prys 40

110 195 86 k=14
full-volume warm-fill RF ~ 3700 MW ~ 85% of Pry; precluded
plug-localised warm-fill RF (full balance) 40-110 MW plug region ~ 1-3% of cell volume
plug-localised warm-fill RF (injection only) 16-47 MW
channeled recovery into fuel ions up to 195 MW redirects electron-bound alpha share
channeled recovery at Kk = 4 86 MW conservative spectral parameter
recoverable charged fraction F;.. (baseline) ~ 8% collisional
recoverable charged fraction Fi.. (channeled) ~ 80% worked embodiment

Qp =1.318
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DESIGN-POINT ANCHORS

Table 4 collects the frozen anchors that define the operating point and the channeling ledger, each with its register serial, so that every
number in the figures is auditable.

QUANTITY SYMBOL VALUE SERIAL
ion temperature T; 90 keV BU-L1-A1l
electron temperature ar, 89.72 keV KX-L1-A3-BU
electron density Tle 2.6 x 102 m=3 BU-L1-A1
He-3 ion fraction T3ge 0.30 BU-L1-Al
mirror-throat field (M-45) B, 17T BU-L2-A8
central-cell field By, 5.50T SC-BU-1
plug-coil canonical field Biiug 26.49 T 2.21 [34]
effective mirror ratio R 4.61 KX-L1-A2
loss-cone half-angle 01 27.77° SC-BU-2
D fundamental ICRF freq. (throat) fei 128.7 MHz SC-BU-2
ion-confining potential i 248.75 keV BU-L1-A1
warm-fill fraction i 6.25% BU-L2-A5
classical ion-heating fraction F; 0.748 BU-L2-A8
engineering gain (untouched) Qr 1.318 BU-L1-A1
total fusion power Prys 4298.5 MW BU-L1-A1l
neutron fraction fn 5.44% BU-L1-A1

Frozen design-point and channeling anchors used in this paper, with register serials [?8]. The plug-coil canonical field (26.49 T) is the structural
design field of the coil [341: the mirror-throat field at the M-45 kinetic solve is By, = 17 T.
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VERIFICATION FIGURE

Figure 9 is the verification companion to Table 2: the finite-volume velocity-diffusion discretisation (14) converges at the second order it is
designed for, with an observed order of 1.98 at the finest refinement, so the kinetic results above rest on a verified solver.

MMS verification of the FP diffusion operator (order = 1.98)
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Discussion

AGAINST THE MIRROR ALPHA-CHANNELING LITERATURE

The result should be read against Fisch's mirror alpha-channeling programme. Fisch [/ established that in an open mirror a wave can cool
fusion products and eject the ash through the same resonant interaction, and Zhmoginov and Fisch 3/ simulated the process and
confirmed that a substantial fraction of the fast-ion energy can be extracted along accessible diffusion paths. Our worked embodiment is
consistent with that picture: the factor-of-ten lift in Fye. from 8% to 80% (figure 2) is of the order those studies anticipated for a well-
matched wave, and the Fisch—Rax coupling (9) we derive is exactly the constraint they identified as making ash removal automatic. Where
our study adds value for a specific machine is in booking the recovered power against a concrete RF budget (Table 3) and against the
microstability-mandated warm fill [3°!, and in identifying plug localisation as the condition that makes the ledger close: the full-volume RF
cost of ~ 3.7 GW is the quantitative reason channeling must be a plug-region intervention rather than a bulk one.

ADVANCED-FUEL AND TANDEM-MIRROR CONTEXT

Nevins' review of advanced-fuel confinement requirements [®! frames why a D-3He system lives or dies on its recirculating-power budget:
with most of the released energy in charged particles and a demanding Lawson-like requirement, the margin between drive and recovery is
thin, and any lever on the recirculating power is consequential. The tandem-mirror lineage supplies the confinement that makes the

charged-particle recovery worthwhile: the electrostatic plug of Baldwin and Logan ', demonstrated through the thermal-barrier experi-
ments 4 and the earlier neutral-beam-sustained mirrors !/, converts an end-loss device into a confining one. Contemporary axisymmet-
ric mirrors—WHAM [2° and the gas-dynamic trap with its demonstrated bulk-electron heating [?>?'!—show the modern HTS-enabled
version of the same physics on which the Kronos burner builds. Alpha-channeling is the additional lever this paper quantifies inside that
confinement.

DIRECT ENERGY CONVERSION AND THE RECIRCULATING BUDGET

The channeled power and the direct-energy-conversion (DEC) stage act on the same quantity from opposite ends. Channeling redirects
fast-ion energy back into confined fuel ions before it is lost, reducing the drive the plug and central cell must supply; the DEC stage recov-
ers the charged-particle power that does leave the ends, at an efficiency npgc = 0.49, converting it directly to electricity without a thermal
cycle 1321, Both ease the recirculating power that appears in equation (2); neither sets the gain. The engineering gain @& = 1.318 is fixed by
the ion-confining potential ¢; = 248.75 keV and the plug/thermal-barrier recirculating power 3] and channeling leaves it untouched.
This is the appropriate accounting: channeling is a bounded upside that improves the generator's internal economy of power, evaluated
here as worth up to 195 MW of recovered fuel-ion heating, but it is not the mechanism by which the machine achieves net gain.
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8§ 6

Limitations

One honest gate bounds every claim above. The 80% recoverable fraction and the 195 MW recovery are outputs of a reduced kinetic
model: a two-dimensional (v, £) bounce-averaged Fokker—Planck solve with a quasilinear RF operator, zero-dimensional in configuration
space, with an idealised wave field and no full ICRF ray tracing, mode-conversion physics, or resonance-overlap accessibility calculation—
these are represented by GENRAY cross-checks, not resolved self-consistently. The warm-fill loss cone is magnetic-only (the ambipolar
potential is not credited in the boundary), and the result is self-consistent only under plug localisation: the channeled power balance closes
when the warm fill and channeling wave are confined to ~ 1-3% of the central-cell volume, and it does not close for a full-volume fill,
whose ~ 3.7 GW RF cost is precluded. Realistic antenna coupling, wave accessibility across the field profile of figure 5, and ash-diffusion
losses will reduce the idealised fraction. Kronos has built no channeling antenna; this is a modelled lever, and the closing engineering step
is a launcher/coupling design and a full wave-field solve. Crucially, the lever does not change the plug-gated closure, so even a partial
experimental realisation advances a named, frozen quantity without overstating the machine.
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§ 7

Conclusion

RF alpha-channeling is a bounded power lever for the D—3He tandem-mirror burner. Formalised as a bounce-averaged Fokker—Planck
problem closed by a cyclotron-resonant quasilinear operator (equations 3-6), it obeys the Fisch—Rax energy—position coupling
AE/AvY = w/n (equation 9) that extracts perpendicular energy from the 3.67 MeV alpha while expelling the ash, and that same coupling
caps its reach—channeling is structurally a bounded lever. Evaluated at the frozen burner point on the NVIDIA GPU HPC campaign with a
verified second-order solver, it raises the recoverable charged fraction from a collisional baseline near 8% to about 80% and recovers up to
195 MW into the confined fuel ions, covering the 40-110 MW plug-localised warm-fill RF cost with margin, provided the intervention is
localised to the plug region; a full-volume fill (~ 3.7 GW) is precluded. The lever improves the generator's internal power economy; the
plug potential remains the closure gate, and the engineering gain @z = 1.318 is untouched. Booked this way, RF alpha-channeling is a
genuine, auditable upside for a compact advanced-fuel burner—and a defined experimental target—without being mistaken for what
makes the machine close.
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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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