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TH E  O F F I C I A L  R E C O R D

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quantities in the underlying corpus moved after first publication; where a value has been withdrawn or restated, the record says so plainly.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

◆

1
TH E  O F F I C I A L  R E C O R D  ·  WH AT  TH I S  D O CUM E NT  I S ,  A N D  H OW  TO  R E A D  ITS  NUM B E R S



K R O N O S  F U S I O N  E N E R G Y T H E  G R E E NW A L D - F R A C T I O N  D E N S I T Y  L I M I T  A N D  T H E  R A D I A T I V E  B O U N D A R Y :  M A P P I

T
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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

A B S T R A C T

The Greenwald-Fraction Density Limit and the

Radiative Boundary: Mapping the Safe Operating

Envelope of a Compact Spherical-Tokamak Breeder

fusion power plant lives inside a bounded operating window, and the density limit is one of its walls. We pose the operating-window
boundary of the Hyperion breeder — a compact negative-triangularity spherical tokamak (  MA,  m, aspect ratio

, minor radius  m, elongation , triangularity ,  T) — as a formal feasibility problem and
map its density axis. From the geometry the Greenwald density is  m ; the design point operates at a
Greenwald fraction , a line-averaged density  m  and a density headroom of a factor  below the empirical
limit. We derive the four walls of the window — the Greenwald/radiative density boundary, the ideal-MHD  limit, the scrape-off-layer
detachment boundary and the radiative-collapse floor — as explicit inequalities, and we solve the enclosed feasible set on a nine-point
corner grid: the fusion gain holds a window –  ( – ) with every physics gate satisfied, enclosing the
frozen design point , . Because the geometry is fixed the neutron source strength and the first-wall loading are
a strict one-to-one invariant, so density is a controllable lever inside the window (  at  the reference wall loading) rather
than a cliff. Edge-transport solves place the high-density boundary at divertor detachment access near  — reached with a sub-one-
percent nitrogen seed that dissipates  of the exhaust power and holds the target heat flux within the plasma-facing-component limit
— well above the operating point, so the practical ceiling is a controlled radiative boundary and not a disruptive one. All quantitative
results are frozen anchors reproduced on an NVIDIA GPU HPC campaign spanning a reduced-order transport engine, the UEDGE and
SD1D/BOUT++ edge codes and the SOLPS-ITER reference edge code. The result is a quantified, gate-by-gate safe-operating envelope with
a wide density margin on the design point.

Open-access deposit (code & data, CC  BY  4.0): DOI  10.5281/zenodo.22645947 · Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model · physics validator.

Keywords: Greenwald density limit operating window negative triangularity detachment radiative boundary

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)
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Greenwald density limit; operating window; negative triangularity; detachment; radiative boundary; spherical-tokamak breeder
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§   1

Introduction

THE OPERATING WINDOW AND WHY THE DENSITY AXIS MATTERS

Every magnetically confined fusion device operates inside a bounded region of parameter space. Push the density too high and the
discharge terminates against the empirical density limit; push the pressure too high and it crosses the ideal-magnetohydrodynamic (MHD)

 limit; let the edge radiate too little and the divertor overheats; let it radiate too much and the plasma suffers a radiative collapse. For a
power plant the engineering question is not where these walls lie in the abstract but where the design point sits relative to them, and how
much of the window is available as controllable headroom. This paper poses the operating-window boundary of the Hyperion breeder as a
formal feasibility problem, derives its four walls as explicit inequalities, and maps the design point's position along the density axis — the
axis governed by the density limit, the radiative boundary and divertor detachment.

The density limit is the most robust of the empirical operational boundaries. Since Greenwald's compilation [1,2] the maximum line-aver‐
aged density accessible to a tokamak has been found to scale, to within the scatter of the multi-machine database, as the Greenwald
density

depending only on the plasma current  and the minor radius  and, strikingly, not on the heating power, the magnetic field, or the
isotope. Exceeding  in an inductive discharge drives a chain of edge cooling, current contraction and a  tearing mode to disruption.
The empirical robustness of 1 across four decades of experiments makes the Greenwald fraction  the natural coordinate for
the density axis of any new design's operating window.

PRIOR ART: WHAT SETS THE DENSITY LIMIT

The physics behind 1 has been the subject of a long line of work, and the modern picture is that the limit is a radiative–transport boundary
rather than a hard cliff. Radiative-condensation models trace the limit to a loss of thermal equilibrium at the plasma edge: when impurity
line radiation, which scales as , can no longer be balanced by the heating power delivered to a cooling edge layer, the edge collapses into
a MARFE (multifaceted asymmetric radiation from the edge) [7] and the current channel contracts. Gates and Delgado-Aparicio [3] showed
that the onset of radiation-driven magnetic islands, when combined with a cylindrical model of the current channel, reproduces the empir‐

ical  scaling. Zanca et al. [4] formalised the boundary as the disappearance of a magnetic- and thermal-equilibrium solution of a
power-balance model, and Giacomin et al. [5] derived a first-principles scaling from the increase of boundary turbulent transport with edge
collisionality, predicting for reactor-scale plasmas a larger safety margin than the raw Greenwald value in the event of a confinement back-
transition. The common thread is that the limit is a power-balance boundary: it moves with heating power and edge radiation, and the
fractional margin  to 1 is a conservative lower bound on the true accessible margin [6,2].

The high-density boundary is coupled to the exhaust problem. As the upstream density rises the divertor target cools; below a few electron-
volts the target enters detachment, in which volumetric recombination and momentum loss detach the plasma from the plate and cap the
target heat flux [12,13]. Detachment is the intended high-density operating regime of a reactor divertor, accessed with seeded impurity radia‐
tion [11]; the scrape-off-layer (SOL) heat-flux width that sets the unmitigated load follows the drift-based and multi-machine scalings of
Goldston [8] and Eich et al. [9]. For a compact, high-power-density spherical tokamak the exhaust channel is narrow and the parallel heat

flux is severe [10,15], so where the detachment boundary sits relative to the density limit — and relative to the operating point — is a first-
order design question.
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CONTRIBUTION

This paper contributes a quantified, gate-by-gate map of the Hyperion breeder's operating window along its density axis, cast as a formal
feasibility problem and solved on a reproducible GPU HPC campaign. Specifically we: (i) derive the four walls of the window — the
Greenwald/radiative density boundary, the ideal-MHD  limit, the SOL detachment boundary and the radiative-collapse floor — as
explicit inequalities from a zero-dimensional power balance, a radiative-thermal-equilibrium criterion, and a two-point SOL model (§2);
(ii) solve the enclosed feasible set on a nine-point corner grid and show the design point sits inside a fusion-gain window of –

 rather than at its edge (§4); (iii) establish that source strength and first-wall loading are a strict one-to-one invariant at fixed geome‐
try, so density is a controllable lever; and (iv) place the high-density boundary at detachment access near , reached with a sub-one-
percent seed, well above the  operating point. The design point operates at a factor  below the density limit with every wall
bracketed. The reduced-order engine, the corner grid and the detachment onset are frozen anchors in the Kronos Physics De-Risking
Register [29] and are regenerable from the archived scripts. The result complements the negative-triangularity confinement and stability

results of the Kronos series [31,32,33] and the divertor-exhaust and detachment-control results [34,35,36], and situates the density-limit ques‐
tion within the platform mission of Hyperion as a compact strategic-materials source [30].
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§  2

Governing equations and the formal operating-window problem

We treat the operating window as a feasible set in the two-dimensional control plane  of Greenwald fraction and on-axis ion
temperature, at fixed geometry and triangularity. Each physics limit is an inequality ; the window is the intersection

and the design task is to certify that the frozen design point  lies in the interior of  with a stated margin
. Figure 1 sketches the window and its four walls. The remainder of this section derives the .

(Schematic.) The operating window of the Hyperion breeder in the density–pressure plane. The four walls are the Greenwald/radiative density
limit ( ), the detachment-access boundary near , the ideal-MHD  limit, and the radiative-collapse (MARFE) floor. The design

point sits at , , in the interior of the feasible set defined by equation 2.

9
§  2  ·  G OVE R N I N G  E QUAT I O N S  A N D  TH E  F O R M A L  O P E R AT I N G -W I N D OW  …



K R O N O S  F U S I O N  E N E R G Y T H E  G R E E NW A L D - F R A C T I O N  D E N S I T Y  L I M I T  A N D  T H E  R A D I A T I V E  B O U N D A R Y :  M A P P I

THE GREENWALD DENSITY AND THE GREENWALD FRACTION

The Greenwald density 1 follows from the geometry alone. With the Hyperion parameters  MA and
 m,

The plasma current itself is set by the field, aspect ratio and safety factor through the cylindrical estimate
, and is sustained without a central solenoid by an aligned bootstrap fraction and off-axis current drive;

here we take  as the frozen anchor. The density wall is the inequality

The design point operates at , i.e.  m , so : a factor  of density
headroom.

ZERO-DIMENSIONAL POWER BALANCE AND THE FUSION-GAIN SURFACE

The operating point is the steady state of the volume-averaged energy balance

where  is the charged-particle heating for a deuterium–tritium plasma,  is the energy confinement time taken from an -
factor-scaled confinement law, and  is the total radiated power. The fusion power density is quadratic in density,

for a 50:50 fuel mix with  MeV, and the fusion gain and Lawson condition are

Solving 5–7 in steady state on the control plane  defines the gain surface . Because  is a steeply increasing function
of  up to  and , the surface is smooth and monotone in the neighbourhood of the design point; the operating-window
constraint is the requirement that the machine remains a net gain source,

At the frozen anchor the balance closes at , , neutron power  and neutron source strength
 s .

THE RADIATIVE BOUNDARY: THE DENSITY LIMIT AS A LOSS OF THERMAL EQUILIBRIUM

The physical density limit is not 4 directly but the loss of a stable thermal-equilibrium solution at the plasma edge. Consider a cooling edge
layer of volume  heated by a power  and cooled by impurity line radiation with cooling function  and impurity concentra‐
tion . The local power balance is

whose right-hand side scales as . As  rises, the radiative sink grows quadratically while the conducted heating grows more slowly;
above a critical density the two curves no longer intersect at a stable (high-temperature) root and the edge undergoes radiative collapse.
Linearising 9 about the edge temperature, the stable branch is lost when

recovering the power-balance density limit of [3,4,5]: a boundary that increases with heating power and decreases with impurity content.
The radiative-collapse floor is the complementary constraint that the core not be over-radiated,

10
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with  below unity to preserve the burn. In the negative-triangularity edge the impurity screening is favourable and the collisional
baseline is benign, so 11 is comfortably satisfied at the operating point; the full collisional-radiative closure of  is treated in the
companion impurity-radiation study [36].

THE SCRAPE-OFF-LAYER TWO-POINT MODEL AND DETACHMENT ONSET

The high-density boundary that matters operationally is the divertor exhaust. The parallel heat flux entering the SOL is

where  is the heat-flux width from the drift/multi-machine scalings [8,9] and  is the field-line pitch at the target. The upstream and
target conditions are related by the two-point model [12,13]. Conduction along the field gives the upstream temperature

with  the Spitzer–H\"arm conductivity coefficient and  the connection length; pressure balance with a momentum-loss factor
 and total-pressure conservation gives

with  the sheath transmission coefficient. Equation 14 shows the target temperature falls as  at fixed exhaust
power — the collapse observed in the edge-code scan of §4. Detachment sets in when  falls to a few electron-volts, where volumetric
recombination and charge-exchange momentum loss detach the target ( ). Solving the target-collapse condition  for
the upstream density yields the detachment-access scaling

which for the Hyperion exhaust places density-only detachment above the Greenwald limit — inaccessible without seeding — but brings
the boundary down to  once a modest impurity seed is added (below). The detachment-access constraint is

IMPURITY-SEEDED DETACHMENT: THE LENGYEL REQUIREMENT

The seed concentration required to detach follows from integrating the radiated power along the field. With  across the radi‐
ating layer, the Lengyel integral gives the parallel heat flux consumed by radiation,

so full dissipation ( , target detached) requires the seed fraction

Evaluated for the Hyperion exhaust with a nitrogen seed and an ADAS/radas cooling curve, 18 gives  for the  radiated
fraction that holds the target heat flux within the plasma-facing- component limit, consistent with the collisional-radiative closure [36] and

the stacked detachment portfolio [34]. Detachment is thus a controllable operating choice, actuated in real time by the strike-point and
seeding controller [35], not a passive limit.
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THE WINDOW AS A FEASIBLE SET

Assembling 4, 8, 11 and 16 gives the four walls of . The  wall is a fifth constraint, the ideal-MHD Troyon-type limit  certified in
the free-boundary equilibrium and stability study [32]; it is bracketed at the operating point and is not the binding density-axis constraint,
so we carry it as a passive gate. The certification task is to show  with margin — which §4 does numerically.
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§  3

Computational methodology: the NVIDIA GPU HPC campaign

Every quantitative result in this paper was produced or reproduced on the Kronos NVIDIA GPU HPC campaign, a verification-first
computing programme that re-runs each design gate in an independent code and stamps the result against a frozen anchor. The campaign
spans three latency tiers of silicon — microsecond field-programmable-gate- array edge logic, millisecond local GPU twins, and an offline
GPU HPC back end on NVIDIA A100/H100-class accelerators with an A10 pool for lighter jobs — with the heavy first-principles work run
on the A100/H100 platform and the reduced-order and analytic gates on an in-house 56-thread node. No cost or economic quantity enters
this paper; the campaign is described purely as the compute provenance of the numbers.

THE REDUCED-ORDER TRANSPORT ENGINE AND THE CORNER-GRID SOLVE

The operating-window map is produced by the KRONOS reduced-order engine, a deterministic zero/one-dimensional solver that closes 5–
7 at a fixed point by Newton iteration on  with an -factor-scaled confinement law and a collisional-radiative radiation term.
The engine evaluates, for each control point , the gain , the fusion and neutron powers, the wall loading, and the physics-gate
flags (coil, density, , duty). Two campaigns drive the present results:

the design-closure corner map (register serial KX-L1-A1): a  grid in  at fixed
, evaluated with a deterministic seed for byte-reproducibility, returning the gain window –  and –
;

the mission-point re-optimisation (register serial BR-L1-A2): a -point scan of ,  around the anchor,
returning the source-strength/wall-loading invariant. itemize

Uncertainty is propagated by quasi-/Monte-Carlo sampling over the input ranges with the standard-error estimator  and a
Sobol variance decomposition  to rank the dominant drivers; the global sensitivity of the breeder gain is
dominated by the confinement quality [30], which the corner grid brackets explicitly.

EDGE-TRANSPORT SOLVES FOR THE DETACHMENT BOUNDARY

The high-density boundary 16 is set by edge-transport codes run on the GPU HPC campaign and cross-checked against one another:

UEDGE (register serial BR-L2-A21): a finite-volume one-dimensional SOL solve on a  radial  poloidal slab at fixed slab power,
scanning upstream density to map the target-temperature collapse and the detachment onset; the first-SOL-tube values are quoted.
SD1D/Hermes-3 (BOUT++; register serials HX-14b/15b): a one-dimensional self-consistent SOL solve with neutral recycling and
nitrogen seeding, integrated with a CVODE stiff solver, confirming detachment onset near  with a sub-one-percent seed.
SOLPS-ITER (register serials HX-14/BR-L2-A11; the ITER reference edge code): the two-dimensional B2.5–EIRENE deck for config-
22021, used as the detachment arbiter and to set the  radiated-fraction requirement. itemize
The equilibrium geometry underpinning the SOL connection length and the corner grid is taken from a free-boundary Grad–Shafranov
solve (FreeGS) at the frozen shape, and the neutron source strength that sets the wall loading is cross-checked against Monte-Carlo
neutronics (OpenMC) [23]; the negative-triangularity confinement that places the design point is grounded in nonlinear gyrokinetics (CGY‐
RO) [22,31].

GPU ACCELERATION, PROBLEM SCALE AND CONVERGENCE

The heavy first-principles verifications — nonlinear CGYRO at the real electron mass ratio, the two-dimensional SOLPS-ITER B2.5–
EIRENE solve, and the three-dimensional OpenMC neutronics — are the GPU-bound components of the campaign and run on the
A100/H100 platform; the reduced-order corner grid and mission-point scans, being deterministic fixed-point solves, run at interactive
speed on the in-house node and are embarrassingly parallel over the grid. Convergence of the edge solves is monitored by the residual of
the discretised transport equations and by cross-method agreement: the UEDGE divertor/upstream density ratio at onset ( )
agrees within  with the one-dimensional arbiter ( ), and the SD1D, self-written and Lengyel estimates of the seed fraction agree
that a sub-one-percent nitrogen seed detaches. One honest fidelity caveat is carried: the SD1D integrator was CVODE-stiff at the full design
parallel heat flux and was run at an ITER-class throat, with the full-flux case confirmed by the self-written solver and the analytic Lengyel
model (§6).
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VERIFICATION, FROZEN ANCHORS AND REPRODUCIBILITY

The campaign is verification-first [30]: each result is a frozen anchor with a serial identifier, a deterministic seed (20260726), and an inde‐
pendent-code reproduction. The design point, the corner-grid window and the detachment onset are the anchors BR-L1-A2, KX-L1-A1 and
HX-14b/BR-L2-A21; a regression suite re-verifies the full anchor set on every build. All figures in this paper are regenerated from a single
archived script that reads the anchor values, so the map is reproducible byte-for-byte from the deposit.
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§  4

Results

THE DESIGN POINT AND ITS PARAMETERS

Table 1 collects the frozen design-point parameters. The geometry fixes the Greenwald density through 3, and the power balance fixes the
gain and the neutron output. The line-averaged density at  is  m .

QUANTITY SYMBOL VALUE

plasma current  MA

major radius  m

aspect ratio

minor radius  m

elongation

triangularity

on-axis field  T

centrepost peak field  T

Greenwald density  m

Greenwald fraction (operating)

line-averaged density  m

fusion gain

fusion power  MW

neutron power  MW

neutron source strength  s

first-wall neutron loading  MW m

Frozen design-point parameters of the Hyperion breeder (register anchors BR-L1-A2, KX-L1-A1). Two distinct magnets are modelled — the
breeder centrepost at  T and the separate burner plug at  T — and only the breeder centrepost is relevant here.
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THE DENSITY MARGIN

Figure  2 places the operating point on the Greenwald-fraction axis. The design point at  sits a factor  below the
Greenwald limit at , with the detachment onset near  in between. Operating at roughly a third of the Greenwald density is
a deliberate design choice: it keeps the machine far from the radiative/disruptive density boundary while leaving density available as a
control lever for source strength (§4.4). The geometric origin of the limit is shown in Figure  3, which maps  over the

 plane with the design point marked; the limit is set by current and minor radius alone, so the wide margin is robust to the physics

scatter in the empirical scaling [2,5].

The density axis of the operating window. The operating point at  (navy), the detachment onset near  (amber), and the

Greenwald limit at  (red), with a density headroom of a factor . Data anchor: BR-L1-A2/HX-14b.
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The geometric origin of the density limit. Contours of  over plasma current and minor radius; the Hyperion design point (
 MA,  m) gives  m . The limit depends on current and minor radius alone, not on power or field.
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THE FUSION-GAIN WINDOW

Figure 4 and Table 2 give the gain window solved on the nine-point corner grid. The fusion gain holds a window –  with
fusion power – , and every physics gate — coil, density,  — is green at every corner. The design point ( ,

) sits inside this window, not at its edge: it lies at  of the way through the  range and  through the  range.
Three of the nine corners (the hot, dense corners) tripped the tritium duty band, an over-breeding exceedance rather than a physics fail‐
ure, confirming that the binding constraint at high density is a mission-duty choice and not a stability wall.

The fusion-gain window over the nine-point corner grid (register KX-L1-A1). Top: gain window – ; bottom: fusion-power
window –  MW. The design point (amber) is enclosed in both, not pinned to an edge.

BOUNDARY VALUE DESIGN-POINT MARGIN

Greenwald density limit  (  m ) operates at  ( )

detachment onset (seeded) below onset at the operating point

radiative-collapse floor satisfied (favourable NT screening)

ideal-MHD  limit bracketed (passive gate)

fusion-gain window ( ) – design point  enclosed

fusion power ( ) –  MW design point  MW enclosed

The operating-window boundary along the density axis and the design-point margins.
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SOURCE STRENGTH AND FIRST-WALL LOADING: THE ONE-TO-ONE INVARIANT

Because the geometry is fixed, both the neutron source strength  and the first-wall neutron loading  scale directly with the neutron
power , so their ratio is invariant across the whole  plane. Figure 5 and Table 3 show the invariant and three representative
operating points. Raising density and temperature to the hot–dense corner ( , ) reaches a peak source strength of

 s , a factor  above the design point, at exactly  the reference wall loading — off the duty band. The Pareto-
interesting neighbour ( , ) delivers  the design source strength at a slightly lower wall loading with a higher
gain , on-duty. There is no free operating-point gain: source strength and centrepost life are a strict one-to-one trade, and
density is a smooth lever inside the window rather than a cliff. The lifetime-constrained operating-window synthesis [37] closes this trade
against the consumable- centrepost replacement cadence.

The source-strength/first-wall-loading invariant (register BR-L1-A2). Both quantities scale with the neutron power, so they trade one-for-one

along the dashed invariant. Design point (amber); the  neighbour (green, , on-duty); the  peak (red,
, off-duty). Above  the reference loading the tritium duty band is exceeded by over-breeding.
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OPERATING POINT  [KEV]  [  S ]  [MW M ]

design point —  ( )

low-  neighbour  ( )  (on-duty)

hot–dense peak  ( ) off-duty

Representative operating points from the mission-point scan (register BR-L1-A2).  and  are a strict one-to-one invariant at fixed
geometry.

THE HIGH-DENSITY BOUNDARY: DETACHMENT, NOT DISRUPTION

The practical high-density edge of the window is set by divertor exhaust, not by the disruptive density limit. Figure 6 shows the UEDGE
one-dimensional SOL scan: as the upstream Greenwald fraction rises the target temperature collapses from  eV (attached) through

 eV (marginal at the  eV detachment threshold) to  eV (detachment onset), following the two-point-model scaling 
steepening to  near onset, with the divertor/upstream density ratio rising to . Mapped to the Greenwald-fraction axis the
onset lies near , well above the  operating point, so the machine can raise density toward detachment access without
approaching the disruptive limit.

Figure 7 makes the density-limit/detachment relation explicit through the detachment-access scaling 15. Density-only detachment at the
design parallel heat flux would require an upstream density of –  — above the disruptive limit and therefore inaccessible with‐
out seeding. Adding a sub-one-percent nitrogen seed, which supplies the  radiated fraction required to hold the target flux within
the plasma-facing-component limit, brings detachment access down to . Both the operational ceiling (seeded detachment
access at ) and the physics ceiling (the Greenwald limit at ) therefore lie above the operating point, and the radiative
boundary is a controllable operating choice inside the window (Figure 9), actuated by the real-time detachment controller [35] and backed

by the collisional-radiative cooling curves that set the seed requirement [36].
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The divertor target temperature versus upstream Greenwald fraction (register BR-L2-A21, UEDGE). The measured attached/marginal/detached

points follow the two-point-model collapse ; detachment onset (target  eV) lies near , above the operating point at
.
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Detachment access versus parallel heat flux, from the two-point scaling . Density-only detachment at the design exhaust ( –

 GW m ) would require – ; a sub-one-percent nitrogen seed brings access to , still above the operating point.
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THE MARGIN SUMMARY AND THE RADIATIVE BOUNDARY

Figure 8 summarises the position of the design point within every wall of the window as the fraction of available margin used. The density
axis is the most generous: the design point uses only  of the distance to the Greenwald limit and sits below the detachment onset. The
gain and power windows bracket the design point near their centres, and the wall-loading duty band binds at  the reference loading —
a mission choice, not a physics wall. Figure 9 shows the radiative boundary as the controlled loop it is: a seed of  produces the

 SOL radiated fraction that drives the target to  MW m  and  eV, a detached, plasma-facing-component-safe diver‐
tor held by real-time feedback.

Distance from the design point to every wall of the operating window, as the fraction of available margin used (navy) versus headroom (green).
The density axis is the most generous; the wall-load duty band is a mission choice rather than a physics limit.

(Schematic.) The radiative boundary as a controlled operating choice. A sub-one-percent impurity seed produces the SOL radiated fraction (
) that caps the target heat flux and detaches the divertor, held inside the window by real-time detachment feedback.
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THE BURNER DESIGN-SPACE, FOR CONTRAST

The same discipline — engineer the operating point to sit inside the window with margin — governs the separate burner line, a distinct D–
He tandem-mirror machine with its own window and its own magnets. In the burner design-space database every one of the scanned

corner points clears net electrical gain ( ), with  rising with density along a temperature ridge near ; the burner design
point sits at  with neutron fraction , direct-conversion efficiency  and a plug field of  T. We cite
it here only to show that the design-inside-the-window discipline is common to both product lines; the burner's magnets (  T plug)
and the breeder's magnets (  T centrepost) are two distinct devices and are never conflated.
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§  5

Discussion

THE DENSITY MARGIN AGAINST THE PUBLISHED DENSITY-LIMIT LITERATURE

The design point's factor  density margin should be read against the modern understanding that the Greenwald value is a conserva‐
tive, power-dependent boundary rather than a hard cliff. The empirical scaling 3 carries a scatter of tens of percent across the multi-
machine database [1,2]; the first-principles turbulent-transport scaling of Giacomin et al. [5] predicts, for reactor-scale plasmas at full heat‐
ing power, a limit above the raw Greenwald value, and the power-balance model of Zanca et al. [4] and the radiation-driven-island criterion
of Gates and Delgado-Aparicio [3] both make the limit increase with heating power. A design that operates at  therefore sits
safely below even the most pessimistic reading of the boundary, and the large fractional margin is robust precisely because it does not
depend on which physics model of the limit is correct. In -mode devices the density limit is reached through a sequence of confinement
degradation and back-transition [6]; operating at a third of the Greenwald density keeps the machine far from the first rung of that
sequence. The confinement quality that places the operating point on the gain surface is itself the dominant driver of the gain [30], and is
grounded in the negative-triangularity turbulence suppression that gives the edge its quiet, ELM-free character [31,33].

THE EXHAUST BOUNDARY AGAINST THE DIVERTOR LITERATURE

The finding that density-only detachment is inaccessible below the Greenwald limit, while seeded detachment is reached at , is
consistent with the divertor physics of high-power-density compact tokamaks. The parallel heat flux 12 for a compact spherical tokamak is
severe because the heat-flux width [8,9] is narrow at high current; the SPARC divertor analysis reaches the same conclusion that the unmiti‐
gated parallel flux is an order of magnitude above the target limit and that seeded, detached operation is mandatory [10]. The Lengyel
requirement 18 of a sub-one-percent nitrogen seed for a  radiated fraction is in line with the analytic partially-detached-divertor
scalings of Kallenbach et al. [11] and the ultimate-detachment physics of Krasheninnikov and Kukushkin [12]. Because the detachment onset
lies at , above the operating point, the divertor solution is decoupled from the density limit: the machine can seed and detach with‐
out approaching the disruptive boundary, and the two-dimensional SOLPS-ITER arbiter and the stacked Super-X/double-null portfolio
close the exhaust gate at a tolerable seed [34,35]. The radiative-collapse floor 11 is the complementary constraint — the core must not be
over-radiated — and is comfortably satisfied because the negative-triangularity edge screens impurities favourably [13].

DENSITY AS A CONTROL LEVER

The one-to-one source/wall invariant (§4.4) reframes the density axis as a control lever rather than a constraint. Within the window the
operator can raise density to increase the neutron source strength (at a proportional cost in centrepost life), lower it to extend life, or push
toward the detachment boundary to protect the divertor, all with a factor  of headroom to the density limit throughout. This is the
operating philosophy that the real-time control suite and the certified safe-envelope controller are built to exploit [35,30]: density is a
smooth, bidirectional actuator inside a certified feasible set, not a boundary the controller must avoid. The disruption and runaway-elec‐
tron loads that a density-limit excursion would drive are quantified and mitigated in the companion disruption study [38], so even the fail‐
ure mode that the density limit guards against is bounded.
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§  6

Limitations

The claims rest on one honest fidelity gate. The Greenwald limit is an empirical scaling boundary rather than a first-principles one, and the
operating-window claim rests on the large fractional margin ( ) to that empirical boundary and on the detachment onset lying
above the operating point — both robust to the scatter in the scaling and to the choice of density-limit physics model. The one open
computational item is the edge-code fidelity at the full design parallel heat flux: the SD1D/Hermes-3 integrator was CVODE-stiff at the full
exhaust flux and was run at an ITER-class throat, with the full-flux detachment confirmed by a self-written solver and by the analytic
Lengyel model, and the two-dimensional SOLPS-ITER arbiter for config-22021 remains the next fidelity step. The sub-one-percent seed
requirement and the  onset are cross-method-agreed across UEDGE, SD1D and Lengyel, so the qualitative conclusion — a wide
density margin and a controllable, seeded high-density boundary — does not depend on closing that item, which is a refinement rather
than a gate.
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§  7

Conclusion

The Hyperion breeder operates inside a quantified safe envelope with a wide density margin. From the geometry the Greenwald density is
 m , and the design point operates at a Greenwald fraction  — a density headroom of a factor  below

the empirical limit. The four walls of the operating window — the Greenwald/radiative density boundary, the ideal-MHD  limit, the SOL
detachment boundary and the radiative-collapse floor — were derived as explicit inequalities and the enclosed feasible set was solved on a
nine-point corner grid: the fusion gain holds a window –  ( – ) with every physics gate satisfied,
enclosing the frozen design point , . Because the geometry is fixed, source strength and first-wall loading are a
strict one-to-one invariant, so density is a controllable lever (  at  the reference wall loading) rather than a cliff. The high-
density boundary is set by seeded divertor detachment near  — reached with a sub-one-percent nitrogen seed that dissipates

 of the exhaust power and holds the target heat flux within the plasma-facing-component limit — well above the operating point, so
the density limit is a distant wall and the radiative boundary is a controlled operating choice, not an operating constraint.
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I N T E L L E C T UA L  P R O P E R T Y

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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TH E  T E A M

Founding partners, board, advisors & auditors

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.

FOUNDING PARTNERS — SCIENCE

Dr. Gerald Kulcinski
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BOARD

Priyanca Ford
Founder & CEO · Executive Board
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Finance / Strategy
Oak Investment Partners / Stanford · 2025–2026
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ORNL · 2025–Present
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MIT / Idaho National Lab · 2025–Present

RADM (Ret.) David Goggins
Naval Engineering & Power-Plant Design
U.S. Navy · 2023–2026

Dr. Konstantin Batygin
Mathematician
Caltech · 2022–2025
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Dr. Ahmed Hassanein
Plasma–Material Interactions
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Dr. Gary S. Was
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Dr. Ray Sedwick
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U. of Maryland · 2025

OPERATIONS

Michael Laughlin
Chief Operating Officer
2022–Present

Martin Owens
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Chief Contracting Officer
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C O L O P H O N

How this document was made

The Kronos Fleet — Combined Editorial, 2026 is set in Fraunces (display), Gelasio (text), and

IBM Plex Mono (data & equations), carried forward from the Kronos editorial design system.

The figures are rendered at 300 dpi from the deposited generator scripts; the document is

composed as a single self-contained file with embedded fonts and imagery, paginated to

US Letter, and rendered to PDF through a headless Chromium engine in matched light and dark

editions.

Every headline quantity carries an evidence class; withdrawn and restated values are marked as

such. Nothing herein is frozen beyond the founder-approved Tier-A set.

Explore it live — turn the interactive 3-D model, run the deposited solvers in the physics

validator, and watch the companion film series.

◆
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https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
https://kronosfusionenergy.com/physics_Validation_Simulation
https://www.youtube.com/playlist?list=PLK7X4NzfmaAQ
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L E G A L  N O T I C E

Notice, status, and distribution

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

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

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

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

TH E  2026  K R O N O S  S E R I E S

One programme, many papers

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

Explore the whole programme: the De-Risking Register, the interactive 3-D model, and the physics validator.
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https://kronosfusionenergy.com/publications/de-risking-register
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation
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