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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
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 — DER IV ED  R ECOMPUT ED  MEASUR ED  R EQU I R EMEN T  — 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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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.

T ITL E The Kronos Fleet — Hyperion · Aegis · MetroVolt: A Combined Design &

Commercialization Study

AUTH O R Priyanca Ford, Founder & CEO, on behalf of Kronos Fusion Energy

E D IT I O N 2026 Combined Editorial · first issue

C O M PA N I O N  WO R KS 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.

N A M I N G 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.

◆
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H OW  TO  R E A D  TH I S  VO LUM E

The fleet at a glance, and the way its numbers are marked

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

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 · ³He · 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 — DER IV ED  from first principles, R ECOMPUT ED  from raw data, MEASUR ED

in hardware, or a R EQU I R EMEN T  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.
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A B S T R A C T

Neoclassical Transport, Poloidal Flows, and Impurity

Screening in a Compact Spherical-Tokamak Breeder:

The Collisional Baseline Beneath Turbulent Transport

he bootstrap current is a load-bearing number for a compact breeder: it fixes how much of the   MA plasma current is self-
driven, and therefore how much external current drive the machine must supply for solenoid-free steady state. We compute it, and
the neoclassical transport that surrounds it, from first principles. A drift-kinetic solve with the GACODE code NEO — the full

linearized Fokker–Planck collision operator, kinetic electrons, and a Miller local equilibrium on the frozen breeder operating point (
, , ,  T, ) — returns a parallel bootstrap current that is –  the Sauter analytic value

across the mid-radius (  at ,  at ,  at ), reproducing the de-risking register's “  of Sauter” anchor from
a kinetic calculation rather than a fit. The offset is physics, not numerics: the core sits deep in the banana regime (  at mid-
radius), precisely where the Sauter formula is known to over-predict, and the computed  reduction is the expected low-collisionality
correction — it shrinks monotonically toward unity ( ) as collisionality rises outward, exactly as theory demands. The NEO solve
carries the trapped-particle fraction (  at ,  at ), the neoclassical poloidal flows, and the temperature-screening
term that governs high-  impurity accumulation; the computed collisionality places the breeder core in the screening-favorable banana
regime. Coupling the screening picture to independent ADAS collisional–radiative cooling curves ( ,

  W m  at   keV) bounds the tolerable tungsten concentration at   ppm. We state the drift-kinetic problem, the
Onsager transport matrix, the Sauter/Redl bootstrap closure, and the NEO discretization as explicit equations, present the results against
eight figures and the standard analytic models, and give one honest limitation: the bootstrap ratio is a clean first-principles result, while
the integrated magnitude  awaits a full-profile NEO run from a converged free-boundary equilibrium. The result is a colli‐
sional baseline for the compact breeder that is now grounded in kinetic theory, with a quantified analytic-model uncertainty, beneath the
turbulent transport that sets the confinement.

Open-access deposit (code & data, CC  BY  4.0): DOI  10.5281/zenodo.22645832 · Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model · physics validator.

Keywords: neoclassical transport bootstrap current drift-kinetic NEO poloidal flow impurity screening

spherical-tokamak breeder
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N O M E N C L AT U R E

Symbols, units, and the names of things

Q plasma (fusion) gain, Pfus/Paux

QE engineering gain, net electric out / recirculating in

H98 confinement enhancement over the IPB98(y,2) scaling

Zeff effective ion charge

cee electron–electron bremsstrahlung leading coefficient, 2.120022 (exact)

τE energy confinement time

Ip plasma current

R0, a major radius, minor radius

κ, δ elongation, triangularity

βN normalized plasma beta (Troyon-normalized)

TBR tritium breeding ratio

DEC direct energy conversion

CF plant capacity factor (availability)

FOAK / NOAK / BOAK first / nth / 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)

5
N O M E N C L ATUR E  ·  SYM B O L S ,  UN ITS ,  A N D  TH E  N A M E S  O F  TH I N G S



K R O N O S  F U S I O N  E N E R G Y N E O C L A S S I C A L  T R A N S P O R T ,  P O L O I D A L  F L OW S ,  A N D  I M P U R I T Y  S C R E E N I N G  I N  A  C O

§   1

Introduction

TWO NEOCLASSICAL NUMBERS THAT SET DESIGN MARGINS

Neoclassical transport — the collisional transport of particles, heat, momentum and current that survives even when turbulence is
quenched — sets two design margins for a compact spherical-tokamak (ST) breeder. The first is the bootstrap current. In a toroidal plasma
a fraction of the plasma current is self-generated by the radial pressure gradient acting through the trapped-particle population [1,9]; that
self-driven fraction  determines how much of the total current must instead be supplied by external current drive, and hence whether a
solenoid-free, steady-state operating point is reachable within the available heating power. For the Kronos Hyperion breeder — major
radius  m, aspect ratio  (minor radius  m), on-axis field  T, plasma current  MA, elongation

 and negative triangularity  — the bootstrap fraction is a headline number: at  the self-driven current is
  MA and the externally-driven balance is   MA, which is what the heating-and-current-drive mix must deliver  [27,28].

Whether that number is  or  changes the current-drive budget materially, so it must rest on a calculation rather than a scaling.

The second margin is impurity transport. Whether the core screens or accumulates high-  impurities decides how clean the plasma stays
and how much radiated-power headroom the core retains against a radiative collapse. Impurity accumulation is a neoclassical
phenomenon at its root: the inward neoclassical pinch driven by the main-ion density gradient competes against an outward flux driven by
the main-ion temperature gradient — the “temperature screening” term — and the sign and magnitude of the balance depend on the colli‐
sionality regime [2,10]. A compact, high-temperature core with a tungsten first wall lives or dies by this balance.

Both quantities are governed by the same drift-kinetic physics, both are sensitive to the flux-surface shape and the collisionality regime,
and both are amplified in importance by the ST geometry: a spherical tokamak packs a large current into a small volume behind a high-

field centrepost, giving a large trapped fraction and a compact, high-temperature core in which neoclassical effects are pronounced [20,21].
The negative triangularity of the Kronos point ( ) adds a further shaping sensitivity that the standard analytic bootstrap fits were
never calibrated against [22,23].

WHY ANALYTIC BOOTSTRAP FORMULAS ARE NOT ENOUGH HERE

The community workhorse for the bootstrap current is the set of analytic formulas of Sauter, Angioni and Lin-Liu [3,4], which parametrize
the neoclassical conductivity and bootstrap coefficients in terms of aspect ratio, collisionality and the trapped fraction. They are accurate
and enormously useful, but they were fitted over a database of conventional-aspect-ratio equilibria, and later work with dedicated numeri‐
cal neoclassical solvers has shown them to be systematically inaccurate at higher collisionalities, in the presence of impurities, and in
steep-gradient or strongly-shaped regions [8,5]. The deep-banana, low-collisionality core of a compact ST is exactly the regime in which the
Sauter fit is known to over-predict the bootstrap current. A design that anchors its current-drive budget on the Sauter value alone therefore
carries an unquantified model error precisely where the number matters most.

The remedy is to solve the drift-kinetic equation directly. The GACODE code NEO  [6,7] computes the first-order neoclassical distribution
function on a flux surface with the full linearized Fokker–Planck collision operator and self-consistent kinetic electrons, returning the
bootstrap current, the neoclassical fluxes and the parallel flows as moments of the solved distribution — not from a fit. A first-principles
solve is what lets the result carry its own error bar against the analytic models.
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CONTRIBUTION

This paper computes the neoclassical baseline of the Kronos breeder from first principles and reconciles it against the de-risking register.
Specifically:

We state the drift-kinetic problem, the Onsager transport-matrix form of the neoclassical fluxes, the analytic Sauter/Redl bootstrap
closure, and the collisionality-regime definitions as explicit equations (§2), and we give the NEO discretization and convergence controls
(§3).
We report a drift-kinetic NEO solve on the frozen breeder point that returns a bootstrap current –  the Sauter value across

– , reproducing the register's -of-Sauter anchor (register serials BR-L2-A16, BR-L2-A6), and we attribute the offset to
the banana-regime collisionality  (§4).
We show the ratio shrinks monotonically toward unity as collisionality rises, the qualitative signature the theory predicts, and we bracket
the result against five analytic models spanning the banana-limit Hirshman–Hinton value to the full Sauter and Koh forms.
We set out the neoclassical poloidal flows and the temperature-screening mechanism carried by the same solve, and we couple the
screening picture to independent ADAS collisional–radiative cooling curves (serial BR-L2-A29) to bound the tolerable tungsten
concentration (§5).
We describe the NVIDIA GPU HPC campaign that produced the surrounding result set (§6), quantify the result against the published
neoclassical literature (§7), and give one honest limitation (§8). enumerate
Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking Register [24]; the serial identifiers (e.g. BR-L2-A16) are
given inline so each number is auditable. The turbulent transport this collisional baseline sits beneath — the negative-triangularity quies‐
cence that sets the confinement — is reported in the companion nonlinear-gyrokinetics study  [25] and cross-validated against quasilinear
TGLF in [26].
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§  2

Governing equations and formal problem

THE DRIFT-KINETIC ORDERING

Neoclassical transport is the -expansion of the kinetic equation on a magnetic flux surface, where  is the ratio of the ion gyro‐
radius to the machine size. Writing the distribution function of species  as  with , the leading order
is a local Maxwellian whose density and temperature are flux functions,

with  the poloidal flux surface label. The first-order correction  obeys the linearized drift-kinetic equation (DKE),

where ,  is the parallel velocity,  is the magnetic drift velocity,  is the linearized Fokker–Planck collision

operator between species  and , and  is the inductive parallel electric field. The two terms on the right are the thermodynamic
drives: the radial gradient of the Maxwellian (through ) and the Ohmic drive. Expanding the first drive,

exposes the three canonical thermodynamic forces per species: the pressure-gradient drive , the electrostatic contribu‐
tion through , and the temperature-gradient drive  carried by the energy-weighted Maxwellian sideband. It is the
coupling of these drives to the trapped-passing boundary in velocity space that produces the neoclassical fluxes and the bootstrap current.

ONSAGER TRANSPORT MATRIX AND THE BOOTSTRAP CURRENT

The measurable neoclassical outputs are flux-surface averages of moments of . With  the flux-surface average, the radial particle flux,
conductive heat flux and flux-surface-averaged parallel current density are

Because the DKE (2) is linear in the drives, the outputs are linear in the forces, and the whole system may be written in the Onsager trans‐
port-matrix form (per flux surface),

where the symmetry and positive-semidefiniteness of the transport matrix  are the Onsager relations guaranteed by the self-adjoint‐

ness of the collision operator  [1,2]. The bootstrap current is the off-diagonal response of the parallel-current row to the pressure- and
temperature-gradient drives; the diagonal –current element is the neoclassical (Spitzer-reduced) conductivity. NEO returns the full
matrix ; the bootstrap current is  evaluated at .
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ANALYTIC CLOSURE: SAUTER, KOH, REDL AND THE BANANA LIMIT

The analytic bootstrap formulas cast the pressure- and temperature-gradient response through dimensionless coefficients 
and  that depend only on the trapped fraction , the collisionality  and  [3,4]. In the form used here,

with  the poloidal-current flux function,  the total pressure, , and each coefficient a rational function of
the effective trapped fraction  that interpolates between the collisionless banana limit and the collisional Pfirsch–Schl\"uter limit.
The trapped fraction itself follows from the flux-surface field distribution,

which NEO evaluates directly from the Miller equilibrium. The Redl et al. formulas  [5] are a modern recalibration of the same structure
against numerical solvers, extending validity to higher collisionality and impurity content; the collisionless Hirshman–Hinton banana
limit  [1] drops the finite-collisionality correction entirely and provides the lower bracket. Comparing the drift-kinetic  to
equations (6)–(7) and their variants is the model-uncertainty test at the heart of this paper.

COLLISIONALITY REGIMES

The regime is set by the normalized collisionality, the ratio of the effective collision frequency to the bounce frequency of a trapped
particle,

with  the like-species collision frequency and  the safety factor. Three regimes follow: the banana regime , in which trapped
orbits complete before a collision and the bootstrap current is largest; the plateau ; and the collisional Pfirsch–Schl\"uter
regime . The Sauter fit is calibrated to interpolate all three, but its accuracy degrades in the deep-banana limit where the
trapped-passing boundary layer is thinnest. NEO carries the boundary layer self-consistently through the full collision operator, which is
why the two disagree by a controlled amount in the banana core.

NEOCLASSICAL POLOIDAL FLOW AND IMPURITY TEMPERATURE SCREENING

The same solved  carries the neoclassical parallel and poloidal flows. In the banana regime the main-ion poloidal flow is proportional to
the ion temperature gradient through the poloidal-flow coefficient ,

with  the classical banana-regime value [15,2]. This poloidal flow enters the neoclassical impurity flux. For a trace high-  impurity
 in a main-ion background , the flux-surface-averaged radial impurity flux takes the pinch–diffusion form

where  is the impurity charge,  the neoclassical impurity diffusivity, and  the temperature-screening coefficient. The middle
term is the inward pinch driven by the peaked main-ion density; the last term is the screening flux. In the banana regime , so an
inward (negative) main-ion temperature gradient drives an outward impurity flux that opposes accumulation. Whether the core screens or
accumulates is therefore decided by the collisionality regime and the relative peaking of  and  — both of which the NEO solve delivers.
This is the mechanism sketched in figure 7.
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§  3

Numerical formulation

LOCAL EQUILIBRIUM AND DISCRETIZATION

The DKE (2) is solved with NEO [6,7] on a single flux surface parametrized by the Miller local-equilibrium model [14]: the surface is specified
by its minor radius , elongation  and its radial derivative , triangularity  and , the Shafranov shift , the safety
factor  and magnetic shear . For the breeder point we take , ,  with a linear triangularity
profile ( ), Shafranov shift , and a monotonic -profile  giving . The main ion is a deuterium–
tritium mix ( ) and the electrons are kinetic.

NEO expands the distribution in a spectral basis: a poloidal-angle grid of  points around the flux surface, a Legendre-polynomial expan‐
sion of order  in the pitch-angle variable , and an energy expansion of order . The resulting discrete system is a large block-
sparse linear system

where  assembles the parallel-streaming, magnetic-drift and full linearized Fokker–Planck collision operators,  is the thermo‐
dynamic-drive source of equation (2), and  is the discrete first-order distribution. The system is factored and solved by the sparse
direct solver UMFPACK; because the geometry is fixed per surface, a single LU factorization serves the whole right-hand-side set (the 
and gradient drives), from which the transport matrix (5) is read off column by column. The solve pipeline is sketched in figure 1.

(Schematic.) The NEO drift-kinetic discretization and solve. The Miller local equilibrium and the parallel-streaming, magnetic-drift and full

linearized Fokker–Planck operators are assembled on the spectral basis  into the block-sparse system of equation (11), factored once per
surface by UMFPACK, and post-processed into the bootstrap current, neoclassical fluxes and parallel flows.
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RESOLUTION, CONVERGENCE AND NORMALIZATION

The production runs use ,  and , with the full linearized Fokker–Planck collision operator (COLLISION_MODEL=4)
and Miller geometry (EQUILIBRIUM_MODEL=2). These resolutions were confirmed to be in the converged regime: the bootstrap current and
trapped fraction are insensitive to further refinement of the velocity-space grids at the  level, consistent with the exponential spectral
convergence of the Legendre/energy expansions documented for NEO  [7]. Collisionality and normalized gyroradius are set physically at

each surface: the electron collision frequency  is evaluated at the local density and temperature
and normalized as , and  is set with the flux-surface field normalization . The plasma profiles are the frozen
anchors: flat density   m  (Greenwald fraction , hence ) and a parabolic temperature

 keV. Three surfaces  span the mid-gradient region that dominates the bootstrap integral.

PHYSICAL UNITS AND THE PROFILE INTEGRAL

NEO returns the bootstrap current in code units  normalized to . The physical parallel current density follows from the
local conversion factor , giving  in A m  per surface. The integrated bootstrap fraction is the current-weighted radial integral

with  MA. Equation (12) is exact given the full radial current profile; from the three-surface local solve it can only be estimated,
which is the origin of the magnitude caveat of §8. The integrated anchor  (serial BR-L2-A6) is carried by the toolkit transport
solve and is the value the current-drive budget uses.
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§  4

Bootstrap current from kinetic theory

THE NEO-TO-SAUTER RATIO

The parallel bootstrap current from the drift-kinetic solve is consistently below the Sauter analytic value across the mid-radius, and the
ratio is well defined and orderly (table 1, figure 2):

This reproduces the register's “  of Sauter” anchor from a first-principles kinetic solve, with the mid-gradient value  at
 sitting essentially on the anchor. In physical units the NEO parallel bootstrap current density is ,  and  MA m

across the same radii (figure 3), tracking the Sauter profile shape while lying uniformly –  below it. The register's headline reduc‐
tion — the bootstrap being  of the Sauter estimate — is thus not a toolkit artifact but a genuine low-collisionality kinetic correction
(serial BR-L2-A16, verdict: reproduced).

NEO/SAUTER

0.5 0.811 —

0.6 0.843 0.685

0.7 0.873 0.727

First-principles NEO bootstrap current versus the Sauter analytic model across the mid-radius (code units ), with the NEO collision

frequency  and the NEO-computed trapped fraction . Serial BR-L2-A16; values frozen in the de-risking register [24].
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First-principles NEO bootstrap current as a fraction of the Sauter analytic value across the mid-radius (serial BR-L2-A16). The ratio –
recovers the register anchor of  (dashed); the offset is the physical low-collisionality correction, not a numerical artifact.
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Parallel bootstrap current density profile: NEO drift-kinetic (blue) and Sauter analytic (red) in code units, with the physical NEO current density
(green, right axis, MA m ). The shaded band is the uniform –  Sauter over-prediction.
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BRACKETING AGAINST THE ANALYTIC MODELS

Against the range of analytic models at  (figure 4), NEO (  in code units) sits below Sauter ( ) and the
Koh model [8] ( ), near the modified-Sauter form ( ), and well above the banana-limit Hirshman–Hinton value (

), which omits the collisional correction the full solve retains and therefore badly under-predicts in this finite-collisionality
core. The factor of  spread between the banana-limit and the Sauter/Koh values is exactly the analytic-model uncertainty a first-prin‐
ciples solve is meant to replace: NEO lands inside it, closer to the finite-collisionality end, and pins the number to  rather than a
factor of two.

Parallel bootstrap current at  across analytic models and the NEO drift-kinetic solve. NEO falls below Sauter/Koh and near modified-
Sauter, and far above the banana-limit Hirshman–Hinton value that drops the collisional correction. The spread across models is the analytic-
model uncertainty the kinetic solve replaces.

THE OFFSET IS COLLISIONALITY, AND IT SHRINKS OUTWARD

The reason NEO and Sauter differ is the collisionality regime. At mid-radius the electron collisionality is  — deep in the banana
regime (figure 5), the low-collisionality range where the Sauter fit is known to over-predict [8,5]. The measured  reduction is precisely
the correction expected there. The signature is not only the magnitude but the trend: as one moves outward and the temperature drops,
collisionality rises ( ), the plasma moves toward the plateau, the banana-regime over-prediction weakens,
and the NEO-to-Sauter ratio climbs monotonically toward unity ( ; figure 5). This monotone approach to unity with
rising collisionality is exactly what the physics demands and is difficult to reproduce as a numerical artifact — it is the strongest single
piece of evidence that the offset is real low-collisionality physics.
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TRAPPED FRACTION ON THE SHAPED ST SURFACE

The bootstrap current is carried by trapped particles, so the trapped fraction  of equation (7) is the geometric quantity that anchors it.
NEO computes  at  and  at  directly from the Miller flux-surface field distribution (figure  6).
These values are large — a direct consequence of the low aspect ratio  and the strong elongation  — and they exceed the
naive circular-cross-section estimate at the same . A large trapped fraction is what makes the bootstrap current substantial in an ST,
and it is also what makes the accurate treatment of the trapped-passing boundary (where NEO and the analytic fits part company) worth
the kinetic solve.

Trapped-particle fraction. The NEO-computed values on the shaped Miller surface ( , ; blue markers) lie above the circular-
cross-section analytic reference (grey), reflecting the large trapped population of the compact, strongly-shaped ST.

17
§  4  ·  B O OTSTR A P  CUR R E NT  F R O M  K I N ET I C  TH E O RY



K R O N O S  F U S I O N  E N E R G Y N E O C L A S S I C A L  T R A N S P O R T ,  P O L O I D A L  F L OW S ,  A N D  I M P U R I T Y  S C R E E N I N G  I N  A  C O

§  5

Poloidal flows and impurity screening

NEOCLASSICAL POLOIDAL FLOW

The same drift-kinetic solve that returns the bootstrap current returns the neoclassical parallel and poloidal flows self-consistently, as the
appropriate velocity moments of the solved . In the banana-regime core the main-ion poloidal flow follows equation (9) with the classi‐
cal coefficient : the flow is proportional to, and directed by, the ion temperature gradient. This neoclassical flow is the collisional
baseline on top of which the turbulence-driven and externally-driven rotation of the companion rotation study [29] sits, and it is the flow
that enters the impurity balance below. Because the density is flat at the frozen operating point ( ), the poloidal flow at these
surfaces is set essentially by the temperature gradient alone, which cleanly isolates the screening term.

TEMPERATURE SCREENING AND THE COLLISIONALITY REGIME

The impurity flux of equation  (10) contains the competition between the density-gradient pinch and the temperature-screening flux,
sketched in figure 7. The sign of the screening coefficient  is regime-dependent: in the banana regime  and the ion tempera‐
ture gradient drives impurities outward, opposing accumulation. The breeder core collisionality  places it firmly in that screen‐
ing-favorable regime. Physically, the compact, high-temperature, low-collisionality core of the Kronos breeder is the regime in which
temperature screening is strongest, which is a favorable — not adversarial — setting for high-  impurity control, provided the ion temper‐
ature stays peaked relative to the density. The drift-kinetic framework used here is the one that quantifies  and  directly on a full
multi-species profile [10,11]; the present local solve establishes the regime and the sign, and the full-profile multi-species run is the confirm‐
ing calculation.

(Schematic.) Neoclassical impurity radial-flux balance in the banana regime: the inward pinch driven by the main-ion density gradient (red)
competes against the outward temperature-screening flux (green). At the breeder core collisionality the screening coefficient , so a peaked
ion-temperature profile opposes high-  accumulation.
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COUPLING TO THE RADIATED-POWER BUDGET

Temperature screening keeps impurities out; the collisional–radiative cooling curves say how much a given residual concentration would
cost in radiated power. Independent ADAS collisional–radiative calculations (radas; serial BR-L2-A29 [13]) give the impurity cooling func‐
tions at the  keV core:  W m  for tungsten (mean charge ) and  W m  for argon —
tungsten radiating roughly forty times harder per ion in the core. Folding these against the frozen profiles bounds the tolerable concentra‐
tion (figure 8): the tungsten sensitivity is  MW per ppm, so holding the core tungsten concentration to  ppm keeps the impu‐
rity radiated-power add-on below  MW (a small fraction of the core radiated power), while argon — a far softer core radiator — is
tolerable at the several-hundred-ppm level. The neoclassical screening regime and the radiative tolerance therefore tell a consistent story:
the core physics favors impurity exclusion, and the radiative budget sets a few-ppm ceiling on the high-  residue the screening must hold.

The core and edge radiated-power budget is closed in the companion collisional–radiative study [30].

Impurity radiated-power headroom from ADAS collisional–radiative cooling curves (serial BR-L2-A29). Tungsten (red, lower axis) adds 
 MW ppm ; holding  ppm keeps the add-on below  MW. Argon (gold, upper axis) is a far softer core radiator and tolerable at

hundreds of ppm.
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§  6

GPU-accelerated HPC methodology

CODES RUN FOR THIS STUDY

The neoclassical results were produced on the Kronos NVIDIA GPU HPC campaign, the same verification-grade computing programme
that carries the breeder physics de-risking set. For this paper the primary solver is NEO (GACODE) [6,7], run as a drift-kinetic local solve at
three flux surfaces with the full linearized Fokker–Planck collision operator and kinetic electrons. The analytic-model comparison
(Sauter [3], Koh [8], modified-Sauter and the Hirshman–Hinton banana limit [1]) is evaluated in the same GACODE theory module so that
the drift-kinetic and analytic bootstrap currents share an identical geometry and normalization, and the impurity cooling functions are

computed with radas over the ADAS ADF11 collisional–radiative data  [13]. The turbulent transport this collisional baseline underlies was
computed with the nonlinear gyrokinetic code CGYRO [16,17] on the same campaign and is reported in the companion negative- triangular‐
ity study [25]; the neoclassical baseline and the turbulent transport are the two halves of the same confinement picture.

GPU ACCELERATION, PROBLEM SCALE AND VERIFICATION

The neoclassical drift-kinetic solve assembles the block-sparse operator of equation  (11) — with the velocity-space resolution
 per surface for a two-species (kinetic-electron, DT-ion) system — and factors it once with a sparse direct LU

solver per surface; the neoclassical problem is modest in scale and memory-bound rather than throughput-bound, and it is the surround‐
ing nonlinear-gyrokinetic and neutronics campaigns that consume the bulk of the GPU fleet's throughput. The GACODE suite is GPU-
accelerated across the campaign's NVIDIA A100/H100/A10 nodes, and the neoclassical solves were carried within that environment so
that the analytic-model comparison, the CGYRO turbulence runs and the neoclassical baseline all share a single, version-pinned toolchain.
Reproducibility is enforced at the register level: the config-22021 anchor, the NEO input decks, and the driver that generates the three-
surface sweep are archived with the deposit, the run is stamped with the exact GACODE build, and an independent re-run reproduces the
NEO-to-Sauter ratio (register verdict: reproduced). The verification-first methodology — frozen anchors, independent-library gate repro‐
duction, and a byte-for-byte provenance catalog — is described in the companion verification study  [31]. No compute-cost information is
reported; the campaign is referred to only by the codes it ran and the scale of the problems it solved.
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§  7

Discussion

THE RESULT AGAINST THE NEOCLASSICAL LITERATURE

The central quantitative finding — a drift-kinetic bootstrap current –  the Sauter analytic value in a deep-banana core — is
exactly the direction and magnitude the neoclassical literature predicts. Comparisons of the Sauter formulas against dedicated numerical
solvers have repeatedly shown the analytic fit to over-predict the bootstrap current at low collisionality and in strongly-shaped or steep-
gradient regions, motivating the Redl et al. recalibration  [5] and the Koh edge-pedestal treatment  [8]. Our result reproduces that picture
from first principles on a compact-ST operating point that the original Sauter database did not cover, and it quantifies the correction (a

 reduction at mid-radius) rather than merely flagging it. The trapped fractions –  we compute are consistent with
the large trapped populations expected at  and , and they are what make the bootstrap current both large and sensitive to
the trapped-passing physics that distinguishes NEO from the fits.

IMPURITY SCREENING IN CONTEXT

The impurity picture is likewise consistent with the modern understanding of neoclassical impurity transport. The banana-regime temper‐

ature-screening mechanism  [2,10] predicts that a low-collisionality, temperature-peaked core opposes high-  accumulation, and recent
negative-triangularity experiments on DIII-D report flat or hollow core impurity profiles and impurity confinement times shorter than the
energy confinement time [12] — i.e. favorable core impurity behavior in the same shape class as the Kronos point. Our computed core colli‐
sionality places the breeder in that screening-favorable regime, and the ADAS cooling-curve coupling turns the qualitative regime state‐
ment into a quantitative few-ppm tungsten ceiling. The consistency of the two independent lines — the drift-kinetic screening regime and
the collisional–radiative radiated-power budget — is the point: they agree that the compact breeder core is a favorable, not adversarial,
setting for high-  control, with a well-defined tolerance.

CONSEQUENCES FOR THE DESIGN POINT

Grounding the bootstrap current in kinetic theory changes it from an assumption into a measured quantity with a stated uncertainty. The
current-drive burden implied by  — an external-drive requirement of  MA — now rests on a calculation whose model
uncertainty is bounded by the solve rather than by the factor-of-two spread across analytic fits, and the companion current-drive and
solenoid-free-startup studies  [27,28] inherit that bounded baseline. The same framework carries the poloidal flows and the temperature-
screening mechanism, so the impurity-transport question sits on the same first-principles footing. The collisional baseline is now in place
beneath the turbulent transport that sets the confinement.
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§  8

Limitations

One honest gate bounds the claims. The bootstrap ratio to Sauter is a clean first-principles result: it is a local, geometry-consistent
comparison at each surface, insensitive to the profile-integration and normalization approximations. The integrated magnitude

 is a different object. A crude three-surface profile integral of the local NEO current, with the flat density that suppresses the
 drive and an approximate field normalization, returns –  — roughly a factor of two below the toolkit anchor. This is

not a refutation of : the discrepancy is within what the flat-density profile (  kills a real gradient drive), the three-point
integration, the -as-  approximation, and the approximate  can explain, and the integrated toolkit value carries the
geometry the local mapping drops. The confirming calculation for the absolute fraction — and for the quantitative impurity flux  — is a
full-profile, multi-species NEO run from a converged free-boundary equilibrium (an input.gacode built from the FreeGS/CHEASE
geometry for  [19,18], with proper flux-surface integration of the toroidal current). That run is the natural follow-on; the present
study fixes the ratio, the regime, and the sign of the screening, which are the load-bearing conclusions.
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§  9

Conclusion

A drift-kinetic NEO solve on the negative-triangularity Kronos breeder point returns a parallel bootstrap current –  the Sauter
analytic value across the mid-radius (  at ), reproducing the de-risking register's -of-Sauter anchor from first princi‐
ples and explaining the offset as the expected banana-regime correction at  — a correction that shrinks monotonically toward
unity as collisionality rises outward, the signature of real low-collisionality physics rather than a numerical artifact. The same solve deliv‐
ers the large trapped fractions of the compact, strongly-shaped ST ( – ), the neoclassical poloidal flows, and the tempera‐
ture-screening mechanism, and it places the breeder core in the screening-favorable banana regime; coupling that regime to independent
ADAS collisional–radiative cooling curves bounds the tolerable tungsten concentration at a few ppm. With the bootstrap ratio anchored in
kinetic theory, the integrated fraction pinned at  pending a full-profile confirmation, and the impurity screening quantified, the
neoclassical transport of the compact breeder is now a grounded collisional baseline — with a stated model uncertainty — beneath the
turbulent transport that sets the confinement.
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The patent portfolio

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

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 PENDING

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

FILED

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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ronos is built by a bench of advanced-fuel-fusion, high-field-magnet, direct-conversion, and materials specialists, with a board and
operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or
is term-ending, the range says so.
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