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ABSTRACT

Direct-Energy-Converter Collector Physics ina D-°He
Tandem-Mirror Burner: Multi-Stage Deceleration, Secondary
Emission, and the Space-Charge-Limited Grid Optimum

s D-3He tandem-mirror burner deposits the bulk of its useful output not as neutrons but as a stream of fast charged particles that
A leave the machine along open field lines. A direct energy converter (DEC) decelerates that stream against a graded set of collector
= electrodes and draws the kinetic energy off as high-voltage direct current, with no thermal cycle. We give a formal, first-principles
account of the collector physics for the Kronos burner and reduce it to practice on a GPU high-performance-computing (HPC) campaign.
The collector-efficiency problem is cast as a one-sided energy quantization of the F=428 keV end-loss spectrum subject to a Child—
Langmuir space-charge constraint on every decelerating gap; we derive the electrode-placement optimality condition, the space-charge
current limit, and a secondary-electron-emission correction, and we show that the resulting staircase efficiency matches the frozen
module-level result of 7gec = 0.70 at three stages and 0.83 at six (1)grig = 0.93). The plant is anchored conservatively at 9 = 0.49, deliber-
ately below the model floor of 0.56, on a scope ladder whose Moir—Barr design value is 0.70 and whose ideal proton-only ceiling is 0.85.
The efficiency is robust to operation — 0.70 — 0.687 over a six-fold turndown to 16% load, with the ion decelerating potential ¢; shifting
only ~5%. A traveling-wave converter gives only ~51% at the raw 34% end-loss spread and needs an upstream buncher, so the electro-
static multi-stage collector is the primary path. The converter is HVDC-native: it reaches the bus in three conversion stages against five to
six for an AC path, a single silicon-carbide dual-active-bridge stage runs at 98.85% (15.8 kHz) and beats a solid-state-transformer path by
3.0 points with one fewer stage, and the inherently smooth DC output holds 1% ripple with only ~234 uF. The collector electrodes are
drawn from a first-principles low-activation refractory alloy, WgTig3CrigTasVy,, whose density-functional formation energy of —92
meV/atom favours a single-phase BCC solid solution. Against the published DEC and power-electronics literature the collector is efficient
in absolute terms and a strictly better electrical fit to a DC load than a thermal plant, and the anchoring at 0.49 makes the plant power
balance carry margin against the converter rather than depend on its best case.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645858 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: direct energy conversion multi-stage collector space-charge limit secondary electron emission

tandem mirror D--$"3$He burner HVDC-native refractory electrode
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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)



direct energy conversion; multi-stage collector; space-charge limit; secondary electron emission; tandem mirror; D—3He burner; HVDC-
native; refractory electrode
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Introduction

WHY A BURNER RECOVERS ITS POWER ELECTROSTATICALLY

The defining physical advantage of a D-%He tandem-mirror burner is that its dominant reaction,
D + 3He — “He (3.6 MeV) + p (14.7 MeV), is aneutronic: essentially all of the reaction energy emerges as charged particles "?. In a
linear mirror those particles, together with the thermal end-loss plasma, stream out of the magnetic bottle along the open field lines at the
two ends. Because that exhaust is a directed, charged beam rather than isotropic heat, its kinetic energy can in principle be recovered elec-
trostatically — decelerated against biased electrodes and drawn off as direct current — instead of being thermalised and passed through a
Rankine or Brayton cycle. This is the direct-energy-conversion (DEC) idea introduced by Post and reduced to an engineerable geometry by
Moir and Barr in the “Venetian-blind” collector ®4), and demonstrated experimentally at the tens-to-hundreds of kilovolts relevant
here [5!. For an advanced-fuel mirror it is not a marginal refinement; it is what lets the plant approach a usable engineering gain at a
mirror's confinement quality, and it is the reason the tandem-mirror burner is a credible aneutronic power source at all [29:33,

Two questions decide whether that promise survives contact with a real machine. First, how efficiently a practical, finite-stage collector
converts the actual end-loss spectrum — which is not a mono-energetic beam but a broad distribution centred near 428 keV — once space-
charge limits and secondary electron emission are accounted for. Second, how well the resulting high-voltage DC output fits the grid or
load it must serve. This paper answers both for the Kronos burner. It treats the collector as a physics problem with an explicit optimisation
structure, solves that structure on a GPU-HPC campaign, and shows that the answer is both efficient and a better electrical fit to a DC load
than a thermal plant would be.

THE FROZEN OPERATING POINT AND THE TWO-MAGNET ARCHITECTURE

The Kronos burner is a D—3He tandem mirror whose engineering gain, neutron fraction and confining fields are frozen anchors of the
Kronos Physics De-Risking Register [*): net engineering gain Q5 = 1.318, neutron power fraction f, = 5.44%, and an end-plug peak
field of 26.49 T supplied by a no-insulation REBCO plug coil 3/, That plug magnet is a distinct device from the 16.84 T spherical-tokamak
breeder centrepost that anchors the companion breeder line; the two machines share a materials and control palette but not a magnet. The
converter studied here sits at the expander end of the burner, downstream of the plug and the central cell, and its conservative plant effi-
ciency anchor is 174ec = 0.49. The present paper takes those anchors as boundary conditions and asks only what happens inside the collec-
tor and after it, on the wire.

PRIOR ART AND ITS GAPS

The DEC literature has three strands. The electrostatic strand — Post's periodic and Moir—Barr's Venetian-blind collectors [3%, and Barr's
100 kV beam-direct-converter experiments !5/ — established that a graded electrode set can recover a large fraction of a kilovolt-to-mega-
volt ion beam, but the classic analyses treat a narrow or idealised beam and stop short of an explicit finite-stage optimum for a broad spec-
trum with space-charge and emission losses folded in. The traveling-wave strand recovers a bunched high-energy channel with a phase-
matched RF structure and is attractive for a mono-energetic 14.7 MeV proton line, but it degrades sharply on an un-bunched, broad beam.
The power-electronics strand — wide-bandgap SiC devices '), the dual-active-bridge isolated converter "), modular multilevel [*"! and
solid-state-transformer [*°! topologies — has matured enormously for terrestrial HVDC and data-centre power but has not been matched
to a DEC source, whose native output is already high-voltage DC. What is missing is a single treatment that (i) writes the finite-stage
collector efficiency as an explicit optimisation over electrode potentials, (ii) closes that optimisation against the Child—Langmuir space-
charge limit and a secondary-emission model, (iii) validates it on a first-principles GPU-HPC campaign over the real end-loss spectrum,
and (iv) carries the result forward to a quantitative, HVDC-native grid interface. That is the contribution of this paper.

CONTRIBUTION

We contribute: a governing-equations section that derives the single-particle deceleration map, the multi-stage collector efficiency as a
one-sided energy quantiser, the electrode-placement optimality condition, the Child—Langmuir space-charge constraint that turns “grid
transparency” into a hard limit, and a Furman—Pivi secondary-emission correction (§2); a computational-methodology section describing
the NVIDIA GPU-HPC campaign — an electrostatic particle-in-cell (PIC) model of the collector gaps, a density-functional electrode calcu-
lation, and a power-electronics transient model — with discretisation, solver and convergence (§3); a results section with the efficiency
ladder, the spectrum and electrode sorting, the space-charge optimum, throttling robustness, the traveling-wave comparison, the grid
path, ripple filtering and the electrode formation energies (§4); a discussion against the published DEC, power-electronics and materials
benchmarks (§5); one honest limitation (§6); and a conclusion. Every number traces to a frozen register serial, quoted inline (e.g. BV-10,

MV-CX-04) so each is auditable against the register [>/,
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Governing equations and the Yormal collector problem

SINGLE-PARTICLE DECELERATION AND THE RECOVERED ENERGY

Consider an ion of charge g and kinetic energy E entering a decelerating region in which the electrostatic potential rises monotonically
from 0 at the entrance to a collector electrode held at potential V. By energy conservation the ion arrives at the electrode with residual
kinetic energy

E.(E,V)=E—q4V, provided E > 4V,

and is turned back before reaching the electrode if E < qV. If the ion is collected on an electrode at potential V, the charge g is delivered
to the external circuit at bias V/, so the electrical energy recovered per ion is gV and the energy E.es = E — qV is deposited as heat on the
electrode (or passed to a later stage). The ideal single-electrode recovery of a mono-energetic beam of energy Ej is therefore maximised by
setting qV — By, giving n — 1; the loss is entirely the mismatch E — gV between the ion energy and the electrode bias. A spread beam
cannot be matched by one electrode, and this is the whole problem.

THE END-LOSS SPECTRUM

The burner’s charged exhaust is characterised by the register (BV-10, and the central-cell escaping-ion analysis) as a broad distribution
9(E) with mean E = 428 keV and a fractional full width AE/E = 34%; the central-cell escaping ions populate the band 253—513 keV.
We model the spectrum, for the purpose of the efficiency functional, as a normalised density g(E) > 0, f gdE =1, supported on
[Eminy Pmax|, and use the measured Gaussian-like form (figure 2) with the width fixed by the 34% FWHM. The mean recoverable energy
perionis E = [Eg(E)dE.

MULTI-STAGE COLLECTION AS A ONE-SIDED ENERGY QUANTISER

A multi-stage periodic collector presents N electrodes at increasing potentials 0 < V3 < Vi < --- < Vv with qVy < Epax. Write the
energy levels £;, = qV. An ion of energy FE is decelerated until it can no longer climb the potential and is collected on the highest electrode
it can still reach, i.e. the electrode k(E) = max{k : £, < E}. The electrical energy recovered per ion is £z, so the collector maps each
ion energy to the nearest level below it — a one-sided (floor) quantiser of the spectrum. The module-level collector efficiency is the ratio of
recovered to incident energy,

Lrt1
Z I / 9(E)dE
4

Neoll ({£1}) = . ) In+1 = Emax.
/ Eg(E)dE
Emin

The numerator is the recovered energy; the loss per ion is the round-down residual E — £y > 0, so

Ley1 L
l_ncoll—_z‘/; E gk g(E) = —N

Maximising 7.0y over the electrode potentials at fixed NN is thus a scalar quantisation problem, and its structure is what a graded collector
is physically solving.

ELECTRODE-PLACEMENT OPTIMALITY CONDITION

Minimising the round-down loss £y in equation (3) with respect to an interior level £; (holding the others fixed) gives, on differentiating
the two bins that touch £,

oL L1
= _ (€ — Lr—1) 9(x) — / 9(E)dE =0,
6Zk Ly,

so that at the optimum each level satisfies the recursion

| (%r — £r—1) 9g(bx) = Py, Pr =Pr{E € [{,lr41)} |




i.e. the spacing to the level below, weighted by the spectral density at the level, equals the probability mass collected above it. Equation (5)
is the DEC analogue of the classical Lloyd—Max optimality condition for a scalar quantiser '), specialised to the one-sided (floor) map
that the retarding geometry enforces: electrodes crowd where the spectrum is dense and spread where it is sparse. In the continuum limit
N — 0o the optimal level density behaves as A(£) o g(£)/2 and the residual loss falls as £y = O(N ~2), which is the mathematical origin
of the observed 7)gec rising from 0.70 at N = 3 toward the ceiling as IV grows (figure 1). We solve equation (5) numerically by fixed-point

iteration on the measured g(E) for N =1...16.

THE SPACE-CHARGE-LIMITED GRID OPTIMUM

Equation (5) places the electrodes but ignores current. In practice each decelerating gap carries an ion current density J, and a decelerat-
ing gap is exactly a diode operated in retarding-field mode: the converging space charge of the slowed ions depresses the potential, and if J
exceeds a critical value a virtual electrode (a potential minimum) forms and reflects the beam. The critical value is the Child—Langmuir
space-charge limit, obtained from the steady one-dimensional flow

o p

Gz = e Pv=T=coust,  jmo’ =qp(@) — o)

which integrates, with the space-charge-limited boundary condition dy/dz|o = 0, to the classical Child-Langmuir result |7®! for a gap of

width d across a potential V'
Jor — 4 . [2q V3/2

For protons at the burner's ion decelerating potential ¢; = 248.7 kV (MV-L1-A3), equation (7) sets the maximum current density a gap of
spacing d can pass without reflecting the beam (figure 3); every stage of the collector must therefore satisfy the pair of constraints

Ji < JoL(Vk, d), transparency 73, < 1,

which couples the electrode potential V} chosen by equation (5) to the geometry d and the grid transparency 7. The full collector opti-
mum is thus the maximisation of equation (2) subject to equation (8) — a space-charge-limited grid optimum — and it is this constrained
problem, not the unconstrained quantiser, that the PIC campaign of §3 resolves.

SECONDARY ELECTRON EMISSION

An ion striking a collector electrode, and the reflected ions and photons, liberate secondary electrons; a secondary electron born on an
electrode at potential V3 and collected on a lower-potential neighbour carries charge backwards through the external circuit and directly
debits the recovered current. With an effective secondary-electron yield dse per incident ion (energy- and angle-dependent), the net recov-
ered current on stage k is

B =LR(1-8), 0 = b (1= fou),

where fgyp € [0,1] is the fraction of secondaries returned to their electrode of origin by a suppression bias or magnetic trapping. We model

ds¢(E, 0) with the probabilistic Furman—Pivi formulation (141 in which the true-secondary, rediffused and backscattered channels are
drawn from energy-resolved yield curves; the effective collector efficiency is then

TNdec = Tcoll (1 - (5:£f> g) Ngrid

with 7)gria = 0.93 the frozen grid sub-efficiency (BV-10) that folds in interception on the physical grid wires and lead resistances.
Equation (10) is the quantity reported on the ladder of figure 1; suppression ( fgup, — 1) is what keeps the secondary debit from eroding the
staircase gain, and it is the reason the electrodes carry a suppression stage in the cascade schematic (figure 9).



THE EFFICIENCY SCOPE LADDER

The register treats DEC efficiency not as a single number but as an explicit scope ladder (BU-SX-01, BU-SX-03, MV-SX-01), and the math-
ematics above says why a ladder is the honest object: 774ec depends on the stage count N, on how close the electrode placement is to the
optimum of equation (5), on the space-charge headroom of equation (8), and on the secondary-emission debit of equation (9). The ladder
is

049 < 056 < 0.70 < 0.85 ,
~~ ~~ ~~ ~~
plant anchor model floor Moir--Barr design ideal proton-only ceiling

and the plant is frozen at the bottom rung, n = 0.49, below even the model floor, so that the burner power balance carries margin against
the converter rather than optimism. The demonstrated module collector reaches 0.70 at three stages, so the anchor sits below the least-
staged practical design.

THROTTLING AND THE LOAD DEPENDENCE

Finally, the efficiency must not collapse when the plant follows load. Because 7)4¢c depends on the match between ¢; and the spectrum, and
¢; tracks the central-cell potential which shifts only weakly with density, the sensitivity is small. The register (MV-CX-27) quantifies it:
over a six-fold turndown to 16% load, 7qe falls only from 0.70 to 0.687 while ¢; shifts by ~5% (figure 4). DEC efficiency is therefore not
what forces baseload operation; that constraint comes from the Q g and ramp physics reported elsewhere in the series 133!,
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§ 3

Computational methodology: the NVIDIA GPU-HPC campaign

The results of §2 are not analytic idealisations: each frozen anchor was produced by an explicit numerical campaign run on the NVIDIA
GPU HPC fleet (A100/H100/A10-class accelerators), and this section states the codes, the discretisations, the solvers and the convergence
and verification for the three computations that this paper rests on — the collector PIC model, the electrode density-functional calculation,
and the power-electronics transient model. Table 2 summarises the campaign.

ELECTROSTATIC PARTICLE-IN-CELL MODEL OF THE COLLECTOR

The collector gaps, the space-charge limit of equation (7) and the virtual-anode threshold are resolved by an electrostatic particle-in-cell
(PIC) model built on the WarpX framework (LBNL) !/, the same GPU-native PIC engine used for the burner's loss-cone microstability

campaign. The distribution function f,( iz v, t) of each species s evolves under the Vlasov—Poisson system
0 1
§+ vV fit2  E-V Lf,=0, V- E=—qu/fsd3v, E = -V,
Mg €0 =

represented by IV, macroparticles pushed with a leapfrog integrator in the standard particle-in-cell manner [910] Charge is deposited to a
structured mesh by cloud-in-cell weighting, the potential is obtained from the discrete Poisson equation

(vh‘P) i Pu/so

solved on the GPU by a geometric-multigrid V-cycle to a residual tolerance ||7||2/|o|l2 < 1078, and the field is interpolated back to the
particles. The electrodes enter as internal Dirichlet boundaries at the biases Vi set by equation (5); an ion reaching an electrode is
absorbed and its charge tallied to that stage, and secondary electrons are injected from the impact site with the Furman—Pivi model 4! of
equation (9). The run configuration is a reduced-dimensional 1D3V /2D3V representation of a single periodic cell of the collector, driven
by the measured end-loss spectrum g(E) as the injection distribution.

Stability and resolution. The explicit scheme is constrained by the plasma frequency and the Debye length: the timestep resolves the elec-
tron plasma oscillation, wyeAt < 2, and the mesh resolves the Debye length, Az < Ap, with the Courant condition vm,zAt < Az
enforced on the fastest electrons. Convergence of the reported collector efficiency and of the virtual-anode current threshold was estab-
lished by halving Az and At and doubling the macroparticle count until 77¢ec changed by less than the register's reporting precision; the
discrete energy balance

| % (5kin + 8field) — Pinj + Peon | < €5 Piyj

was monitored every step as a conservation gate, with injected, collected and stored powers closing to tolerance. Space-charge saturation
in the model reproduces equation (7) to within the discretisation error, which is the internal verification of the space-charge-limited
optimum.

DENSITY-FUNCTIONAL ELECTRODE CALCULATION

The collector electrodes sit in the charged-exhaust stream and must be low-activation and phase-stable at temperature. The screened elec-
trode alloy, W 4gTiz3CrigTasV4 (HX-19), was evaluated with plane-wave density-functional theory in Quantum ESPRESSO 7.3.1 5% using
the PBE exchange—correlation functional on a 16-atom special-quasirandom-structure (SQS) cell '7! that emulates the random solid solu-
tion. The formation energy per atom,

Eform — (Etst,?s Z ng [1,7,) ’

with p; the elemental reference chemical potentials, converges (plane-wave and charge-density cutoffs, Monkhorst—Pack k-mesh,
Marzari—Vanderbilt smearing) to Eform = —92 meV/atom for the DEC electrode (BR-SXD-01) — negative, so a single-phase BCC solid
solution is thermodynamically favoured over decomposition into the pure metals. An expanded tantalum-free family reduces the DEC elec-
trode to a near-neutral —15 meV/atom (BR-L2-A37) while remaining viable, so the electrode need not depend on tantalum. These A100-
class DFT runs are byte-for-byte reproducible from the archived Quantum ESPRESSO inputs.

11



POWER-ELECTRONICS TRANSIENT MODEL

The HVDC-native interface (§4) was sized with a switched transient circuit model of the silicon-carbide dual-active-bridge (DAB) isolation
stage ['®19! and the downstream DC distribution. The DAB power transfer under single-phase-shift control is

nViVs
2 f,L

Ppp = b (1 — L,iﬂ),

with V3, V5 the bridge voltages, n the transformer ratio, L the leakage inductance, f, the switching frequency and ¢4, the phase shift; the
loss model (conduction, switching and magnetic) was minimised over f, to the optimum f, = 15.8 kHz at a stage efficiency of 98.85%
(MV-CX-04). The output smoothing bank and the ITIC ride-through hold-up were sized from the charge-balance relations
Chripple = Tioad/(fr AV) and Choa = 2P tyae/(V? — V2,), giving 234 uF for 1% ripple against 4.9 mF of hold-up (MV-CX-03). The
stage-count comparison of the direct-DC and AC paths (MV-L1-A3, MV-L1-A6) is a topological count of cascaded conversions, not a fitted
result.

VERIFICATION, REPRODUCIBILITY AND PROVENANCE

Each computation carries a verification hook. The PIC model reproduces the analytic Child—Langmuir limit of equation (7) and conserves
energy through equation (14); the DFT formation energy is converged against cutoff and k-mesh and cross-checks the machine-learning
interatomic-potential screen that selected the alloy (HX-19); the power-electronics model is a standard switched-converter transient
benchmarked against the analytic DAB transfer of equation (16). All three feed frozen anchors in the register and are regenerable from the
archived inputs and figure scripts, as set out in the Reproducibility statement.

12



8§ 4

Results

THE EFFICIENCY LADDER

Figure 1 shows the collector efficiency against stage count. The module-level PIC/collector model (BV-10) reaches 74ec = 0.70 at three
stages and 0.83 at six; the saturating fit through those two frozen points asymptotes toward the ideal proton-only ceiling of 0.85 as the
round-down loss of equation (3) falls as N 2. A finely graded practical implementation reaches the 0.70 design value robustly at ~10-13
stages (MV-CX-27, shaded band), a more conservative count than the idealised module because it holds margin against the space-charge
and secondary-emission debits. Against this the four rungs of the scope ladder — the 0.49 plant anchor, the 0.56 model floor, the 0.70
Moir—Barr design and the 0.85 ideal ceiling of equation (11) — are drawn as horizontal lines; the plant is frozen at the lowest, below even
the least-staged practical value.
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THE END-LOSS SPECTRUM AND ELECTRODE SORTING

Figure 2 plots the end-loss spectrum g(E) (E = 428 keV, 34% FWHM; BV-10) with the central-cell escaping-ion band (253-513 keV)
shaded, overlaid with the graded electrode potentials that sort ions of different energy onto successive collectors. A single decelerating gap
cannot match this width; the staircase of electrodes, placed by the optimality condition (5), is what converts a broad beam efficiently.
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THE SPACE-CHARGE-LIMITED GRID OPTIMUM

Figure 3 evaluates the Child—Langmuir limit of equation (7) for protons at ¢; = 248.7 kV. The space-charge-limited current density falls
asd~2, so a gap that is too wide throttles the beam; the optimum grid spacing d* is where Jgr, meets the current density the collector must
pass. This is a first-principles physics evaluation (marked as such), and it is the constraint (8) that the collector optimisation must respect
— the “space-charge-limited grid optimum” of the title.
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THROTTLING ROBUSTNESS

Figure 4 shows the efficiency and the ion decelerating potential as the plant follows load. Over a six-fold turndown to 16% load the effi-
ciency falls only from 0.70 to 0.687 (a 1.3-point drop) while ¢; shifts by ~5% (IMV-CX-27). The endpoints are frozen; the interpolation is
illustrative. The weak load dependence is a direct consequence of the shallow sensitivity of 7gec to the spectrum-potential match.
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WHY THE COLLECTOR IS ELECTROSTATIC, NOT TRAVELING-WAVE

Figure 5 compares a traveling-wave DEC (TWDEC) with the multi-stage electrostatic collector against beam energy spread. A TWDEC
recovers a phase-bunched, near-mono-energetic channel efficiently but degrades as the un-bunched spread grows; at the raw 34% burner
end-loss spread it delivers only ~51% and needs an upstream buncher (AG-CX-12). The electrostatic multi-stage collector, which sorts by
energy rather than phase, holds 0.70 across the spread and is therefore the primary path; the TWDEC remains available as a second stage
on a pre-bunched high-energy proton line, a trade examined in the companion architectures paper 3%,
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Because the collector produces high-voltage direct current, the converter is HVDC-native, and that reshapes the balance of plant electri-
cally (figure 6; Table 1). Delivering power to the bus takes three conversion stages on the direct-DC path against five to six for a thermal
plant's AC path (MV-L1-A3, MV-L1-A6). The isolation and step-down collapse into a single silicon-carbide dual-active-bridge stage opti-
mised at 15.8 kHz with a 98.85% efficiency, and the direct path beats a solid-state-transformer-fed path by 3.0 points with one fewer stage
(MV-CX-04). The gross HVDC-native delivery is 54.1% at ¢; = 248.7 kV (MV-L1-A3). The cascade and the two grid paths are shown

schematically in figures 9 and 10; the detailed load-side interface is developed in the companion interface paper ) and the topology

comparison in 3%/,
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DC POWER QUALITY: RIPPLE VERSUS HOLD-UP

Figure 7 shows the smoothing capacitance the DC output needs. Because the DEC output is inherently smooth, holding ripple to 1% needs
only ~234 uF — far below the ~4.9 mF of hold-up that an IT load's ITIC ride-through already requires (MV-CX-03). The hold-up require-
ment dominates the capacitor bank, so no active harmonic filtering is needed; the DEC delivers clean DC by construction.
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Figure 8 shows the DFT formation energies of the plasma-facing alloy family. The DEC electrode W4gTi33CripTas4Vy sits at —92 meV/atom
(BR-SXD-01), negative like the first-wall and divertor alloys, so a single-phase BCC solid solution is favoured; the tantalum-free family
brings the DEC electrode to a near-neutral —15 meV/atom (BR-L2-A37). The electrode is thus drawn from the same qualified low-activa-
tion refractory palette as the rest of the plasma-facing set (34352223241 3 composition-of-matter result rather than an off-the-shelf choice.
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ITIC ride-through hold-up
traveling-wave DEC at 34% spread
electrode alloy

electrode formation energy

electrode formation energy (Ta-free)

~4.9 mF MV-CX-03
~51% (needs buncher) AG-CX-12
WygTiggCrigTasVy HX-19

—92 meV/atom BR-SXD-01
—15 meV/atom BR-L2-A37

COMPUTATION CODE METHOD / ANCHOR
DISCRETISATION
collector gaps \ space charge WarpX (LBNL) [*°] electrostatic PIC, CIC deposit,
GPU multigrid Poisson
electrode Quantum ESPRESSO plane-wave DFT (PBE), 16- BR-SXD-01, BR-L2-A37
formation energy 7.3.1 [15.16] atom SQS 17}
SiC DAB\ DC bus switched transient circuit single-phase-shift DAB, charge-
balance sizing
grid stage count topology analysis cascaded-conversion count, MV-L1-A3, MV-L1-A6

DC vs AC

The NVIDIA GPU-HPC campaign behind the results. No compute cost is reported.
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Discussion

THE COLLECTOR EFFICIENCY AGAINST THE PUBLISHED DEC RECORD

The classic Venetian-blind analysis of Moir and Barr projected collector efficiencies in the 0.7—0.9 range for mirror end-loss beams 4}, and

Barr's 100 kV beam-direct-converter experiments demonstrated recoveries consistent with that projection on real hardware /. Our result
sits squarely inside that record: the module model reaches the Moir—Barr 0.70 design value at three stages and 0.83 at six over the actual
428 keV, 34%-wide spectrum, and the one-sided-quantiser structure of equations (2)—(5) makes the N-dependence a derived rather than
an asserted curve. Where we differ from the classic treatment is in deliberately anchoring below the demonstrated value: the plant is
frozen at 0.49, below the model floor of 0.56, so the power balance carries margin against the converter. This is the opposite of the histori-
cal tendency to quote a converter's best case, and it is the reason the burner's @ g = 1.318 closure does not lean on the DEC.

THE SPACE-CHARGE AND EMISSION PHYSICS

Two effects that the idealised efficiency functional omits are exactly the ones the GPU-HPC campaign was built to resolve. The Child—
Langmuir limit of equation (7) turns “grid transparency” from a free parameter into a hard constraint (8): the current a decelerating gap

can pass scales as 4)?/ 2 /d?, so a practical collector trades stage count and gap spacing against space-charge headroom, and this is why the
robust graded design uses 10-13 stages rather than the three of the idealised module. Secondary electron emission, modelled with the

probabilistic Furman—Pivi channels 4], debits the recovered current through equation (9); a suppression stage is therefore not optional
but part of the cascade. Both are standard in the vacuum-electronics and accelerator literature; what is new here is folding them into a

fusion DEC efficiency over a measured spectrum on a GPU-native PIC engine ['3°],

THE GRID INTERFACE AGAINST THE POWER-ELECTRONICS LITERATURE

The HVDC-native path is where direct conversion pays a second dividend. The single SiC dual-active-bridge stage at 98.85% is at the high
end of what wide-bandgap devices and the dual-active-bridge topology deliver [''%! and the direct path's advantage over a solid-state-
transformer-fed alternative [>>?) — 3.0 points with one fewer conversion stage — follows directly from the DEC's output already being
high-voltage DC, so the AC generation, step-up and rectification of a thermal plant are simply absent. The inherently smooth DC output,
needing only ~ 234 yF for 1% ripple against ~4.9 mF of load-mandated hold-up, means the converter is a clean DC source by construc-

tion. For a DC-native load such as a data centre or a forward-base microgrid this is a structural, not incremental, advantage [3%3132],

MATERIALS CONSISTENCY

The electrode is not a separate materials problem. Its formation energy of —92 meV/atom (BR-SXD-01), and the near-neutral —15
meV/atom of the tantalum-free family (BR-L2-A37), place it in the same first-principles low-activation refractory high-entropy family as
the first wall and divertor 1343522231 screened to avoid the long-lived activation tail 4. The converter is therefore materials-consistent
with the machine it serves, and its electrode is a composition-of-matter result of the same DFT campaign, not an off-the-shelf choice.

RELATION TO THE DISPATCH AND CONTROL LAYER

The collector does not run open-loop. Its potentials, suppression bias and dispatch are commanded by the burner's real-time control suite
— the DEC dispatch and efficiency optimiser, the direct-converter collector optimiser, the end-loss-ion recovery optimiser and the two-

species expander controller [37) — which hold the electrode placement near the optimum of equation (5) as the spectrum drifts, and which
are what make the throttling robustness of figure 4 an operational property rather than a static one.
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8§ 6

Limitations

The collector efficiencies reported here are validated at module level in simulation — an electrostatic PIC model of a single periodic cell
over the measured spectrum, with the space-charge and secondary-emission physics resolved — and cross-checked against the published
Venetian-blind and beam-direct-converter record 45!, The one open confirming measurement is a collector-prototype beam bench that
recovers the staircase efficiency on real hardware at the burner's potential and current density; until that bench exists, the plant is deliber-
ately anchored at n = 0.49, below the model floor of 0.56, so that the design carries margin against the converter rather than depending on
its best case. This is a single, honest gate, and it does not move the frozen anchors.
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§ 7

Conclusion

The Kronos burner's direct energy converter is efficient and grid-friendly at the frozen operating point, and both properties are now
derived rather than asserted. Casting the multi-stage collector as a one-sided energy quantiser of the 428 keV end-loss spectrum, subject to
the Child—Langmuir space-charge limit on every gap and a Furman—Pivi secondary-emission debit, yields an electrode-placement opti-
mality condition whose staircase efficiency matches the frozen module result: 74ec = 0.70 at three stages and 0.83 at six, with an
7Ngrid = 0.93 sub-efficiency, on a scope ladder anchored conservatively at 0.49 and topping out at an ideal 0.85. The efficiency holds under
a six-fold turndown (0.70 —0.687), a traveling-wave converter is inferior on the raw 34% spread (~51%), and the HVDC-native output
reaches the bus in three stages with a 98.85% SiC dual-active-bridge stage and needs only ~234 uF of filtering. The electrodes are a near-
neutral, low-activation refractory alloy from the same qualified palette as the rest of the plasma-facing set. Direct conversion is both the
efficient and the electrically simpler way to take power off this machine, and the plant is built to carry margin against it.
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INTELLECTUAL PROPERTY

The patent portiolio

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

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

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

GRANTED & PENDING UTILITY

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

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

2026 PROVISIONAL FILINGS — MAPPED TO THE PRODUCTS

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

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

TRADEMARK & ORIGIN

FTK-98801894 Kronos Fusion Energy — trademark application FILED

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

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

Founding partners, board, advisors & auditors

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

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

FOUNDING PARTNERS — SCIENCE

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

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

UW-Madison - 2023—Present

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

BOARD

Priyanca Ford
Founder & CEO - Executive Board
2022—Present

Patrick Schweiger

Fusion Device Engineering
Oklo / CFS / TerraPower - 2025—Present

SCIENTIFIC ADVISORS

Dr. Steven O. Dean
Fusion Policy & History
DOE / Fusion Power Associates - 2025—Present

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

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

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

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

Bandel Carano
Finance | Strategy

Oak Investment Partners / Stanford - 2025—2026

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

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

Dr. David A. Hammer

Pulsed-Power Fusion
Cornell - 2025—Present

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

Dr. Konstantin Batygin
Mathematician
Caltech - 2022—-2025



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

SCIENTIFIC AUDITORS

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

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

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

Dr. Nitendra Singh
Nuclear Safety & Fuel Cycle
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Dr. Gary S. Was

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

OPERATIONS

Michael Laughlin
Chief Operating Officer
2022—Present

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

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

Jon Michel Greenwood
IT & AI Infrastructure
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Gen. (Ret.) Gustave F. Perna
DoD Liaison
Operation Warp Speed - 2022-2023

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

Dr. Ahmed Hassanein
Plasma—Material Interactions
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Dr. Peter Hosemann
Materials Joining & Structural Integrity
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Dr. Philippe Lebrun
Cryogenics & Magnet Cooling
CERN - 2025—Present

Dr. Guido Van Oost

Magnetic Confinement & Fusion Systems
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Dr. Ray Sedwick
Direct Energy Conversion
U. of Maryland - 2025

Martin Owens
Chief Strategy Officer
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Legal counsel is retained; those roles are held on the internal roster and are not listed here.
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