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ABSTRACT

Bootstrap-Aligned Steady-State Current Sustainment
Without a Central Solenoid: NBCD, ECCD and
LLHCD Yor a Compact Spherical-Tokamal Breeder

/

/ compact breeder that runs continuously has no inductive transformer to renew its plasma current: the full current must be held by
/ the self-generated neoclassical bootstrap current plus external non-inductive drive, and the power that drive consumes is a real,
- named charge against the platform. We formalise and close the steady-state current balance for the Hyperion breeder at its frozen
operating point (I, = 9.66 M A, Q = 3.076, P;,; = 85.04 MW, negative triangularity 6 = —0.30, By = 8 T, elongation k = 2.0, major
radius Ry = 1.20 m, aspect ratio A = 2.5, centrepost peak field 16.84 T'). Starting from the flux-surface-averaged parallel Ohm's law and
the poloidal-flux diffusion equation, we reduce the sustainment problem to a per-surface current balance and evaluate the bootstrap term
two ways: with the Sauter analytic closure and with a first-principles drift-kinetic (NEO) calculation carrying the full linearised Fokker—
Planck collision operator. The bootstrap fraction is deliberately modest — fps = 0.155, i.e. 1.50 M A of the 9.66 M A total — because a
spherical tokamak carries a large current at low poloidal beta (8, =~ 0.25, consistent with the Peng—Strickler ST scaling), so despite a large
4/¢€ the device is current-drive-dominated rather than bootstrap-dominated. The remaining 8.16 M A is supplied non-inductively, which
the frozen design books at 118 5MW of neutral-beam current drive, an aggregate engineering efficiency of
Ycp = fte20RoIcp/Pep = 0.33 x 102 A W~1m2. The first-principles NEO calculation reproduces the known Sauter over-prediction at
low collisionality, giving NEO/Sauter parallel-current ratios of 0.811/0.843/0.873 at r/a = 0.5/0.6/0.7 (v} ~ 0.012, banana regime).
Because the device is current-drive-dominated, the residual uncertainty in the bootstrap magnitude maps to only a bounded (~10%)
change in the drive power and never to a loss of sustainment. The plasma self-supplies its ~19.6 weber of poloidal flux (L, ~ 2.03 Henry
Jwithnocentralsolenoid, andacurrent — drive — limitedrampreaches flat — topin\!43s(\!3S resistive times). Every headline
number is a frozen anchor in the Kronos Physics De-Risking Register. The single open item is a full-profile drift-kinetic confirmation of the
bootstrap amplitude; we state it plainly and show why the platform does not hinge on it.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645758 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: bootstrap current non-inductive current drive NBCD ECCD LHCD solenoid-free operation

spherical-tokamak breeder
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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)



bootstrap current; non-inductive current drive; NBCD; ECCD; LHCD; solenoid-free operation; spherical-tokamak breeder



8§ 1

Introduction

STEADY STATE MEANS NO TRANSFORMER

An inductively driven tokamak sustains its toroidal plasma current by transformer action: a changing poloidal flux through the central
solenoid induces a toroidal loop voltage. That flux is finite, so purely inductive operation is inherently pulsed. A breeder whose product is
tritium, helium-3 and a steady 14 MeV neutron output cannot be pulsed on the transformer's schedule; it must run continuously, which
means the plasma current has to be renewed without an inductive electric field. Two mechanisms remain: the plasma's own pressure-
driven bootstrap current (>3 and external non-inductive current drive by neutral beams or radio-frequency waves 45!, The bootstrap
current is free; the external share costs recirculating power. An honest steady-state design states that cost as a named line rather than
assuming it away behind an optimistically high bootstrap fraction.

For a compact spherical tokamak (ST) the balance has a particular character. The ST carries a large plasma current in a small volume at
low aspect ratio, which is exactly what makes it an attractive neutron source and breeder platform [©7%28] and at the same time it fixes the
poloidal beta at a modest value. The bootstrap fraction, which scales as fus ~ cpsv/€ Bp, therefore comes out modest despite the large
inverse aspect ratio € = a/Ry: the large /¢ is multiplied by a small Bp. This is the opposite regime from the high-f8p steady-state reactor
concept in which the bootstrap current supplies 70%—-100% of the total [°.. The Hyperion breeder is current-drive-dominated, and the

design task is to size and shape that drive.

THE SPHERICAL TOKAMAK'S CURRENT-DRIVE PROBLEM, QUANTITATIVELY

At the frozen operating point the plasma current is I, = 9.66 M A (register serial BR-L1-A7, @ = 3.076, Ps,s = 85.04 MW). The boot-
strap current self-generated by the pressure gradient is Ips = 1.50MA, a fraction fps = 0.155 (BR-L2-A6). The residual
Iq = I, — I, = 8.16 M'A must be driven non-inductively. Because this residual is large, current-drive power — not bootstrap alignment
— is the load-bearing constraint: with fj,3 only 0.155, the safety-factor profile is set mainly by where the external current is deposited, so
bootstrap misalignment is a minor concern here, and the real risk the design must retire is the availability and efficiency of the drive. The
purpose of this paper is to write that balance down from first principles, evaluate the bootstrap term with a drift-kinetic code, size the drive
mix, and bound the sensitivity of the answer.

PRIOR ART

The neoclassical bootstrap current has an accurate analytic closure valid across collisionality regimes — the Sauter—Angioni—Lin-Liu

[10,11]

formulae , refined more recently by Redl et al. ' and, for the steep edge, by kinetic calculations '3/, First-principles evaluation is

provided by drift-kinetic solvers with the full linearised Fokker—Planck operator, of which NEO is the reference '4'5!. External current
drive rests on the theory of Fisch and co-workers !4'°): neutral-beam current drive (NBCD) with the trapped-electron shielding correction
of Lin-Liu and Hinton "7'®); electron-cyclotron current drive (ECCD) by the Fisch—Boozer and Ohkawa mechanisms [%); and lower-hybrid
current drive (LHCD), the most efficient but accessibility-limited option [*°!. The integrated steady-state picture for conventional aspect
ratio is laid out in the ITER Physics Basis 5! and realised in real-time profile simulators 3. What is specific to the compact ST breeder,
and what we supply here, is the closed, current-drive-dominated balance at the frozen operating point: the bootstrap term computed two
ways, the drive mix sized to the honestly booked residual, and the whole answer stress-tested for its dependence on the one quantity — the
bootstrap amplitude — that is not yet pinned by a full-profile kinetic run.

CONTRIBUTION

This paper contributes: (i) a formal derivation of the steady-state sustainment problem from the poloidal-flux diffusion equation down to
the per-surface current balance (§2); (ii) an explicit evaluation of the neoclassical bootstrap current with both the Sauter closure and a
first-principles NEO drift-kinetic calculation, including the collisionality dependence that makes the Sauter formula over-predict at low *
(§2, §4); (iil) the current-drive figure of merit and the mechanism trade among NBCD, ECCD and LHCD, with the accessibility and
frequency gates written as inequalities (§2); (iv) a GPU-HPC computational methodology naming the actual codes run (§3); (v) results
across eight data figures and six tables tracing every number to a register serial (§4); and (vi) a quantitative comparison to the published
steady-state and current-drive literature (§5) together with a single, honestly stated open gate (§6). We cross-reference the companion
papers of the Kronos 2026 series where they carry the adjacent physics: the neoclassical transport baseline 32, the negative-triangularity
confinement that fixes the pressure profile 1332927 the heating-and-current-drive actuator systems 34, the solenoid-free startup and
ramp (35, the poloidal-field coil set that shapes the equilibrium without a solenoid 3%, the free-boundary equilibrium and MHD
stability [37), the density-limit window [3*), and the red-team margin study of current-drive headroom 3%,



§ 2

Governing equations and the Yormal problem

THE POLOIDAL-FLUX (CURRENT) DIFFUSION EQUATION

Let 9 be the poloidal flux per radian and let p be a flux-surface label (we use the normalised toroidal flux). Ampére's law relates the flux-
surface-averaged parallel current to the equilibrium metric, and Faraday's law plus the generalised parallel Ohm's law with neoclassical
resistivity 7)) neo and non-inductive sources gives the parallel force balance on the electrons,

( E- B> = 77||,neo(<j||B> - (jbs‘ B> - <j0d° B))’

where (-) is the flux-surface average, (jjB) the total parallel current, (jp+  B) the bootstrap current, and
(Jea©  B) = i{jeax:  B) the sum over external drive channels k£ € {NB, EC, LH}. Writing the inductive field as a time-changing
poloidal flux, ( E-  B)=—(0¢/6t)(  B-V¢), and inserting Ampére's law converts (1) into the one-dimensional current-diffu-

sion equation [%1°:29:3°]

6"/} _ 1 4 V,(p) <jbs' B>+<jcd° B)
Tllmeo "5 = o Lo + 27 (B2)1/2 ’

With & neo = 1/7)| neo the neoclassical parallel conductivity, V'(p) = dV/dp the differential volume, and f,,, the self-adjoint elliptic

operator
4 0 0 Vp|2\ V'
Lop= 6—p[92(P) 3—12)], 92(p) = < Vs >

R?2 /[ 4x?’

whose geometric coefficient g, is inherited from the Grad—Shafranov equilibrium and, for our strongly shaped negative-triangularity
boundary, is supplied by the free-boundary solve of §3. Equation (2) is the transport equation for the current profile: the first term on the
right diffuses the current resistively; the second is the non-inductive drive that, in steady state, must replace what resistive diffusion would
otherwise require an inductive field to supply.

THE STEADY-STATE BALANCE

True steady state sets §p/8t = 0 and, with no sustained loop voltage, {  E- B) — 0. Equation (1) then collapses to a purely alge-
braic condition on every flux surface,

<.7||B> = <jbs' B) + Z(jcd,k' B>
k

i.e. the total current on each surface must be exactly the sum of the local bootstrap current and the locally driven current — there is no
residual to be carried by induction. Integrating (4) over the poloidal cross-section gives the global constraint that organises the entire
design,

1 I

Ip=Ibs+Zch,k’ 1_fb5= I_ZICd’k’ fbsE ;S.
% Pk ?

The smaller 1 — fis, the smaller the external drive bill; but the design does not get to choose fps freely — it is fixed by the pressure profile
and the geometry through the neoclassical physics of the next subsection.



THE NEOCLASSICAL BOOTSTRAP CURRENT

The bootstrap current is the parallel return current carried by passing particles in response to the collisional friction against a trapped-
particle population whose banana orbits sample the pressure gradient. In the Sauter—Angioni—Lin-Liu closure, valid at arbitrary collision-

ality, the flux-surface-averaged bootstrap current is [1>*!/

. o1 dnT, 1—R,, OInT.
(Jbs B)=—I(¢)Pe[£31ﬁ+£32%+[’340TJ% ;

with I(y) = RBy, electron pressure pe, Rpe = pe /p the electron pressure fraction, e the ion-temperature-gradient coefficient, and the
transport coefficients £31, £32, L34 functions of the effective trapped fraction and collisionality. The leading coefficient carries the essential
structure,

— 1.4 1.9 22 0.3 £3 0.2 p4
L3 = (1 + _z+_1)f31 —zafat za otz fa

with the collisionality-reduced effective trapped fraction

Fa1 = fi e _ 6921 x 107 Rgn, Z In A,
14 (1—0.1£)/v+05(1— f)v/Z’ ° 32 T2 ’

(SI-practical units: ne in m=3, T, in eV). The remaining coefficients £33 and L34 have the same rational-polynomial structure in f; and #*.
In the banana limit #* — 0 the effective trapped fraction fs1 — f:, so the bootstrap current grows with f:: the large trapped fraction of an
ST is what makes each unit of B, produce more bootstrap current. Two consequences matter for the present design. First, at our low colli-
sionality (v} ~ 0.012, §4) the Sauter closure is known to slightly over-predict the current — the deep-banana regime is exactly where a
first-principles operator differs, which is why we evaluate (6) against NEO. Second, combining (6) with the definition of g, recovers the
compact scaling

2

fbs:cbs\/gﬂpa ﬂpz %1

which we use in §4 to explain why the ST value is modest.

TRAPPED FRACTION AND THE ST GEOMETRY

The effective trapped fraction is a flux-surface functional of the magnetic-field strength,

_q o3 g [P A

which, for a circular-flux-surface local inverse aspect ratio € = /Ry, reduces to the standard engineering approximation
(1-¢)?
V1—e2 (1+1.464/c)

At A = 2.5 (¢ = 0.40 at the boundary) the ST sits at a much larger f; than a conventional & = 0.1 device on every surface; equation (11),
evaluated at the local €(r) = (/a) €cdge, gives f; =~ 0.60/0.65/0.70 at r/a = 0.5/0.6/0.7 (§4, figure 7). The same large f; reappears with
opposite sign in the NBCD shielding correction below, so the ST geometry enters the current balance twice.

ftﬁl—

EXTERNAL CURRENT-DRIVE EFFICIENCY

An external actuator that deposits power density pq and drives current density j; has a local figure of merit j) /pa- In the Fisch framework
this is set by how efficiently the actuator pushes resonant electrons up in parallel velocity against collisional drag; in the high-velocity limit
the dimensionless efficiency

.7||/(e ne'vTe)
pd/(neTe Ve)

is an O(1)-0(10) number that depends on the mechanism (Landau vs cyclotron vs beam) and on Zeg '4'). Converting the local ratio to
the engineering quantity a plant budgets — driven current per unit injected power — gives, in the conventional normalisation,

¢



_ Te20 Ro Ion —CCL
7eb = Pcp _ 5+ Zegs

with 7l 99 the line-averaged density in 102 m—3, I¢p in amperes, Pop in watts, and C a mechanism constant. Equation (13) exhibits the

two hard levers: efficiency rises with electron temperature and falls with density and Zeg. The frozen operating point fixes the aggregate.
With fie 29 = 4.0, Ry = 1.20m, Icp = 8.16 M A supplied by Pcp = 118.5 MW,

flego RoIcp 4.0 x 1.20 x 8.16 x 108 o I
= 2 = = 0.33 X 10 A.W m
Telt Pcp 118.5 x 10° ’

a value squarely inside the range delivered by high-energy NBCD at conventional aspect ratio (§5).

THE DRIVE MIX: NBCD, ECCD, LHCD

The residual 8.16 M A is carried by a mix chosen for efficiency, deposition location and controllability. Each channel comes with a physics
gate.

Neutral-beam current drive. A fast ion born at energy Ej slows on electrons above, and on ions below, the critical energy

2/3
1 WA
E, =148 A, T,| — S

on the Spitzer slowing-down timescale 7, = (3v/ 27 a%mbTS/ 2) / (nee“my 2Zb2 In A); for our plasma E, ~ 150 keV/, so an energetic beam (
Ey > E,, negative-ion range) drives current efficiently and penetrates at ne = 4 X 1020 m—3. The net beam-driven current carries the

trapped-electron shielding correction ['7*¢]

Z
INB = Ilsl(g [1 - Z_I;f (1 - G(Zeff, 8)):| 9

in which the shielding term is reduced at large &: the ST's large trapped fraction suppresses the electron back-current, so a compact ST is
intrinsically favourable for NBCD. This is why the frozen design books the whole residual to NBCD as the workhorse.

Electron-cyclotron current drive. ECCD drives current by the Fisch—Boozer mechanism (selective heating of co-moving electrons) net of
the Ohkawa counter-current (pitch-angle scattering into the trapped cone) '), Its deposition is set by the relativistic resonance

n{e neB
YL ypme’

w=

which localises the drive to the surface where the field matches the launched frequency. At By = 8 T' the fundamental is f, ~ 224 Hertz
andthesecondharmonic\simeq448 | EEEEGgNOHEEEE so ECCD here requires > 200 GHz gyrotrons; its role is not bulk

current but precise, steerable profile control and tearing-mode suppression (companion actuator paper [34)).

Lower-hybrid current drive. LHCD is the most efficient channel per unit power, driving current by Landau damping on the fast-electron
tail, but it must satisfy the accessibility condition on the launched parallel refractive index

2
Woe w
) > Nace = —— +4/1+ —-.
Wee w2,

At our core parameters (fp, ~ 180 Hertz,f_ce\simeq22/ [N, o v/ w. ~ 0.80) equation (18) gives

N|,acc = 2.1: the launched spectrum must sit above 7| =~ 2.1 to reach the plasma, and the corresponding Landau-resonant electrons live at
v|| = ¢/n|, which places the LH-driven current off-axis. LHCD is therefore booked as an off-axis current-profile actuator, gated by the high
field and density, not as a core driver.

10



SOLENOID-FREE RAMP AND FLUX CONSUMPTION

Without a central solenoid the poloidal flux that links the plasma current must be self-generated by the driven and bootstrap current
rather than supplied inductively. The flux linked is

SR | 4]
av/k 2

with £; the internal inductance; for the frozen geometry L, ~ 2.03 Henry, giving\ Psi_p)\simeq19.6 weberS$. During ramp-up the current
profile relaxes on the resistive redistribution (skin) time

\I’p = LpIp, Lp = /l,oRg In

poa’k
~ )
21),ne0

TR

which for 7)) neo at T ~ 10 keV is 7g =~ 14.5 s. Since the current must be built entirely by drive against this diffusion, the solenoid-free
ramp to flat-top takes a few resistive times, Tramp = 43 8 (BR-CX-07); a schematic trajectory is I,(t) = Ilft (1- et/ R). A flared ohmic-
heating stack in the centrepost would restore inductive volt-seconds for the ramp phase alone, shortening it and cutting the seed-drive
demand, but no such volt-seconds are required — or available — in the flat-top, where (4) holds identically.

11



§ 3

Computational methodology: the GPU HPC campaign

CODES AND THE CAMPAIGN

The numbers in this paper were produced on the Kronos NVIDIA GPU HPC campaign, on the same frozen configuration (config-22021)
used across the breeder de-risking programme. Four solvers carry the current-sustainment problem. The neoclassical bootstrap current
and conductivity are computed with the drift-kinetic code neo (GACODE) ["4'5] build b493397, which solves the first-order drift-kinetic
equation with the full linearised Fokker—Planck collision operator. The equilibrium geometry — the metric coefficient ga of equation (3)
and the flux-surface averages of equations (10) — is supplied by a free-boundary Grad—Shafranov solve for the § = —0.30 boundary [37:3%,
with real-time equilibrium reconstruction in the EFIT lineage [*!. The kinetic pressure profile that drives the bootstrap term is set by flux-
driven integrated transport with tgyro/tglf (register BR-L1-A11, 75 ~ 0.410 8, Hgg ~ 0.94) and cross-checked against nonlinear cgyro
turbulence ?233], The Sauter closure of equations (6)—(8) is evaluated by the kronos_ toolkit bootstrap module as a fast surrogate. All runs
carry the campaign seed 20260726.

DRIFT-KINETIC DISCRETIZATION AND CONVERGENCE

neo solves for the first-order distribution f; on each flux surface from
v Vyfit  va-Vfo=Clfil,

where fo is a local Maxwellian, vg the magnetic drift, and C[-] the full linearised multi-species Fokker—Planck operator
(COLLISION_MODEL=4). The velocity space is expanded spectrally: a Legendre series in pitch angle £ = ) /v (N_XI=17), a Laguerre-type
energy discretization (N_ENERGY=8), and a poloidal grid (N_THETA=25) around the flux surface, with a Miller local-equilibrium parameteri-
sation (EQUILIBRIUM_MODEL=2) at Rg/a = 2.5, K = 2.0, § = —0.30 (with a linear triangularity profile S5 = —0.3 p), Shafranov shift
—0.10, and kinetic electrons. The bootstrap current is the first parallel velocity moment of the converged f;,

(Jbs- B) = Zes/v” fi,s ddv.

The physical normalisation uses By =~ Bok = 16 T and the sound speed c,, so the code output (jB)/Buit is reported both in the
dimensionless e n.c, units native to the solver and in MA m~2. Convergence was confirmed by refinement in N_XI and N_ENERGY: the
reported parallel current is stable to better than the ~16% NEO/Sauter difference it is used to resolve.

GPU ACCELERATION, SCALE AND REPRODUCIBILITY

Three radial surfaces (r/a = 0.5,0.6,0.7), each at its physical collisionality, were run concurrently on the NVIDIA GPU fleet, with the
field-particle collision matrix assembly and the sparse drift-kinetic solve carried on the GPUs; the analytic Sauter surrogate, the toolkit
current balance, and the inductance/resistive-time reduction of equations (19)—(20) run on the in-house node. This split lets the expensive
first-principles operator and the fast design-space surrogate share one frozen configuration. Every input deck, the neo build hash, and the
derived current-balance quantities are archived under the register serials so that a third party can regenerate table 3 and figures 2—3 byte-
for-byte; no compute-cost information is part of the public record.

QUANTITY SYMBOL VALUE

plasma current I, 9.66 MA

fusion gain / power Q | Prys 3.076 / 85.04 MW
major / minor radius Ry/a 1.20m / 0.48 m
aspect ratio (¢ = 0.40) A=Ry/a 2.5

elongation / triangularity ) 2.0/ —-0.30
on-axis / centrepost field By | B 8T /16.84T

12



edge safety factor 995 3.0

line density fle 4.0 x 10 m3 (fg = 0.3)
ion temperature (axis) Tio 15 keV
energy confinement TE 0.410s (Hgg ~ 0.94)

13



8§ 4

Results

Figure 1 and table 2 state the result that organises the design. Of the 9.66 M A total, the pressure-driven bootstrap current self-supplies
1.50 M A (fis = 0.155) and external non-inductive drive supplies the remaining 8.16 M A. The device is therefore current-drive-dominat-
ed: 84.5% of the current is externally sustained. This is the opposite of a high-f3,, steady-state reactor, in which bootstrap alignment is the
central problem; here, with f},s small, the safety-factor profile is fixed mainly by the external deposition and the load-bearing constraint is
drive power.

Steady-state current balance without a central solenoid

|
|
|
I, =9.66 MA,
|
|

8.16 MA (84.5%)

mmm bootstrap I, = 1.50 MA ,
mmm external drive Icp = 8.16:MA

I—I—I—I—I—I_I_
4 6 8 10

plasma current (MA)

9.66 MA 1.50 M A (15.5%
8.16 MA
total plasma current I, 9.66 MA
bootstrap current Iy 1.50 MA
externally driven current I 8.16 MA
bootstrap fraction Sos 0.155
bootstrap-fraction band [fbs] [0.164, 0.282]
aggregate drive efficiency Yeft 0.33 x 10° AW 1m2
booked drive power Pcp 118.5 MW (NBCD)
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FIRST-PRINCIPLES BOOTSTRAP CURRENT: NEO VERSUS SAUTER

Figure 2 shows the bootstrap current-density profile computed by the NEO drift-kinetic solver and by the Sauter closure at three flux
surfaces, and table 3 tabulates them. The two agree in shape and to within ~16% in magnitude, with NEO systematically below Sauter:
the NEO/Sauter ratio is 0.811/0.843/0.873 at /a = 0.5/0.6/0.7. This is the expected physics, not a discrepancy: at the operating colli-
sionality ¥} ~ 0.012 the plasma is deep in the banana regime, where the Sauter fit is known to over-predict, and a first-principles collision
operator recovers the reduction (figure 3, left). The right panel of figure 3 compares closures at 7/a = 0.6: the Koh and modified-Sauter
models cluster near the Sauter value, NEO sits ~16% lower, and the banana-limit-only Hirshman—Hinton estimate is far below, confirm-
ing that the collisionality treatment — not the geometry — controls the spread. The physical current densities are modest,
(4 B)/ Bumit =~ 0.34/0.45/0.59 MA m~2 (NEO), consistent with the low poloidal beta.

First-principles bootstrap current density (config-22021)
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Sauter over-prediction at low collisionality closures @ r/la=0.6
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THE DRIVE MIX AND THE EFFECTIVE EFFICIENCY

Figure 4 plots the current-drive figure of merit of the three mechanisms against electron temperature, each following equation (13) with its
mechanism constant, and marks the aggregate frozen point e = 0.33 % 102 AW-1m~2 of equation (14). Table 4 sets out the roles:
NBCD is the on-axis workhorse (favoured in the ST by the reduced trapped-electron shielding of equation (16)), ECCD is the localised
profile-control and tearing-suppression actuator gated by the >200 GHz resonance of equation (17), and LHCD is the off-axis high-effi-
ciency channel gated by the 1| 5cc = 2.1 accessibility of equation (18). The frozen design books the whole residual to NBCD at 118.5 MW
the RF channels are held as profile-shaping and headroom actuators (companion [3439),

Current-drive figure of merit of the actuator mix
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BOOTSTRAP-FRACTION SENSITIVITY AND A BOUNDED DRIVE BILL

Figure 5 propagates the bootstrap-fraction uncertainty into the drive power at fixed aggregate efficiency, Pop = 'FLe,mROIp(l — Tbs)/Vef-
The frozen point sits at fys = 0.155, Pcp = 118.5 MW. The two bands mark the range the bootstrap amplitude might occupy: the crude
full-profile NEO estimate (fps ~ 0.075—0.087, §6) on the low side, and the peaked-pressure toolkit band (0.164—-0.282) on the high side.
Across the entire plausible range the required drive power moves only between ~108 MW and ~130 MW — a ~10% swing about the
booked value. Because the device is current-drive-dominated, the bootstrap magnitude is a second-order lever on the drive bill, never a
first-order threat to sustainment. This is the quantitative reason the one open gate (§6) does not endanger the platform.

Bootstrap-fraction uncertainty maps to a bounded drive bill
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WHY THE ST BOOTSTRAP FRACTION IS MODEST

Figure 6 plots the scaling of equation (9). With € = 0.40 (4/ ~ 0.63) and cps =~ 1, the operating point fi,s = 0.155 corresponds to
Bp =~ 0.25 — comfortably inside the Peng—Strickler ST regime of low poloidal beta (8, < 0.3) 7], The message is that the ST's large inverse
aspect ratio, which enters fys through +/€, is offset by its intrinsically low SB,: the machine trades a high self-driven fraction for a high
absolute current in a compact volume. The peaked-pressure band [0.164, 0.282] corresponds to raising S, by profile peaking; it does not
change the qualitative regime.

Why the ST bootstrap fraction is modest despite large Ve
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TRAPPED FRACTION AND THE ST GEOMETRY

Figure 7 evaluates equation (11). At the ST boundary (¢ = 0.40) the trapped fraction is far above a conventional € ~ 0.1 device on every
surface, and at the mid-radius surfaces (local € = 0.20-0.28) it reaches f; ~ 0.60—-0.70. This large f; is what boosts the bootstrap coeffi-
cients of equation (7) per unit 3, and, with opposite sign, suppresses the trapped-electron back-current in the NBCD shielding factor of
equation (16) — so the same geometric feature helps the self-driven current and the beam-driven current at once.

Large trapped fraction sets the neoclassical drive
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Figure 8 and table 5 give the ramp. The plasma links its own W, ~ 19.6weber of poloidal flux (L, ~ 2.03 Henry
)withnocentralsolenoid, andthecurrent — drive — limitedrampreaches flat — topin\tau_ ramp\ simeq43 s
, aboutthreeresistiveredistributiontimes(\tau_R\simeq14.5s$). In flat-top the balance (4) holds with zero loop voltage. The detailed

disruption-free ramp trajectory and the breakdown-to-flat-top access are treated in the startup companion '35; here the point is that no
inductive volt-seconds are required in steady state.

Solenoid-free, current-drive-limited ramp to flat-top
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flat-top loop voltage Vioop 0 (fully non-inductive)
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DEPOSITION AND BOOTSTRAP ALIGNMENT

Figure 9 sketches how the mix aligns to a target current profile: the edge-weighted bootstrap current, the broad central NBCD, the
localised ECCD, and the off-axis LHCD sum to the target jj/(r). Because fy is small, this alignment is comfortable — the external deposi-
tion sets the profile and the bootstrap is a minor, edge-weighted addition, rather than a large self-driven contribution the drive must be

shaped around. The verification status of every quantity is collected in table 6.
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QUANTITY VALUE SERIAL STATUS
design current, gain 9.66 MA, @=3.076 BR-L1-A7 reproduced
bootstrap fraction (Sauter) 0.155 BR-L2-A6 reproduced
bootstrap NEO/Sauter ratio 0.81-0.87 BR-L2-A16 reproduced
current balance 1.50 4 8.16 MA BR-CX-07 derived
solenoid-free ramp W,~19.6 Wh, Tramp~243 s BR-CX-07 derived
transport / confinement T7~20.410 s, Hgg~0.94 BR-L1-A11 reproduced
bootstrap full-profile magnitude open (see §6) BR-L2-A16 flagged

Verification status of the current-sustainment quantities. Serials refer to the Kronos Physics De-Risking Register (31,
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Discussion

AGAINST THE STEADY-STATE REACTOR LITERATURE

The Hyperion balance is deliberately the mirror image of the classic high-B, steady-state tokamak reactor. Kikuchi's SSTR concept oper-
ates at Bp = 2 and g ~ 4-5 to drive up to 70% of the current by bootstrap, with the remainder from high-energy NBCD !°); there, boot-
strap alignment — matching the self-driven current profile to the equilibrium — is the central design problem, because the self-driven frac-
tion is large. Hyperion instead runs at 3, ~ 0.25 and fis = 0.155, so alignment is not the constraint: the external deposition sets the
profile and the bootstrap is a minor addition. The compact ST reaches a large absolute current (9.66 M A) in a small volume by paying for
it in drive power rather than harvesting it from pressure. This is consistent with the Peng—Strickler ST scaling, which predicts low poloidal
beta and large I,/ (aBy) for the spherical torus (71 and with the ST-FNSF/pilot-plant studies that similarly find compact STs to be current-

drive-intensive [/,

THE BOOTSTRAP TERM AGAINST NEOCLASSICAL BENCHMARKS

The NEO/Sauter ratios of 0.81—0.87 we obtain are quantitatively in line with the known limitations of the Sauter fit. Redl et al. re-derived
the neoclassical coefficients precisely because the original Sauter formulae lose accuracy at higher collisionality and with impurities [?/,

and kinetic edge studies find comparable corrections in steep-gradient regions 3\, Our operating surfaces sit deep in the banana regime (
v} ~ (0.012), which is exactly where a first-principles collision operator returns a current below the banana-limit-anchored fit — the
~16% reduction NEO reports is physics, not numerical disagreement. The banana-limit-only Hirshman—Hinton estimate, far below all

the collisional models, confirms that the collisionality treatment dominates the closure spread 3,

THE DRIVE EFFICIENCY AGAINST CURRENT-DRIVE EXPERIENCE

The aggregate Yegs = 0.33 x 102° A W1 m~2 that equation (14) extracts from the frozen point is squarely inside the envelope established
for high-energy NBCD: the ITER Physics Basis and its steady-state chapter report NBCD efficiencies in the 0.2—0.4 x 10% range for nega-

tive-ion beams at reactor temperature 9!, and the ST's reduced trapped-electron shielding (equation (16)) works in our favour rather than
against us. The RF channels bring complementary strengths: LHCD reaches the highest ¢ but is accessibility-gated to off-axis deposition
here (equation (18), || acc =2 2.1) *°1 and ECCD, though modest in bulk efficiency, provides the steerable, localised authority for g-profile
and tearing-mode control that a fully non-inductive discharge needs [*%!. That authority is exercised by the real-time controllers of the
companion control suite — both the classical shape and profile loops and the learned magnetic-control approaches now demonstrated on
tokamaks [?4! — and its headroom is stress-tested in the red-team study [3%:34/,

RELATION TO THE COMPANION PHYSICS

The pressure profile that fixes the bootstrap term is the negative-triangularity, ELM-free profile established by the confinement
companion [33); the collisional baseline beneath the bootstrap current is the neoclassical transport companion '32); the equilibrium metric
g2 and the vertical-stability context come from the free-boundary equilibrium and PF-coil companions [37:3°!; and the density that enters

the drive efficiency through equation (13) is bounded by the Greenwald-fraction window ( fg = 0.3) [3¢]. The present paper is the current-
sustainment node that ties these together into the closed balance of equation (4).
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8§ 6

Limitations

One gate is genuinely open. The bootstrap amplitude f,s = 0.155 is the Sauter/toolkit value; our first-principles NEO runs confirm the
NEO/Sauter ratio (0.84 at mid-radius) but were performed at three local surfaces with a flat density profile (a, = 0, which removes the
density-gradient drive) and with the (j- B) / Bynit output taken as the parallel current without full flux-surface and geometry correc-
tion. A crude three-point profile integral of those local currents gives f,s ~ 0.075—0.087, roughly a factor of two below 0.155. This is not a
refutation of the Sauter value — the discrepancy is entirely within what the flat-density and geometry approximations of a local run can
explain — but it means the bootstrap amplitude is not yet pinned by a faithful, full-profile drift-kinetic calculation with a real equilibrium
(PROFILE_MODEL=2, proper Bynit and flux-surface integration). That calculation is the registered follow-on. Crucially, the platform does
not hinge on its outcome: figure 5 shows that the entire plausible amplitude range, from 0.075 to 0.282, maps to only a ~10% change in
the drive power, because the device is current-drive-dominated. The bootstrap magnitude is a lever on the recirculating-power bill, not a
condition for sustainment.
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§ 7

Conclusion

A continuously operating compact spherical-tokamak breeder sustains its 9.66 M A current without a central solenoid by combining a
modest, self-generated bootstrap current with a large external non-inductive drive. Starting from the poloidal-flux diffusion equation we
reduced the problem to the per-surface balance (5 B) = (jis- B) + (Jea- B) and its integral I, = It + Y Ica , evaluated the
bootstrap term with both the Sauter closure and a first-principles NEO drift-kinetic calculation (NEO/Sauter = 0.81-0.87, the expected
low-collisionality reduction), and sized the drive: 1.50 M A (fps = 0.155) bootstrap and 8.16 M A driven, booked at 118.5 MW of NBCD
for an aggregate efficiency Yegr = 0.33 x 102* AW~ m~2. Because the device is current-drive-dominated, the one open item — a full-
profile confirmation of the bootstrap amplitude — moves the drive power by only ~10% and never threatens sustainment. The plasma
self-supplies its ~19.6 weber of poloidal flux and reaches flat-top in ~43 s with zero loop voltage. Every headline number is a frozen
anchor in the Kronos Physics De-Risking Register; the drive bill is stated openly, as a steady-state design must.
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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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operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or
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is term-ending, the range says so.
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