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A spherical tokamak (ST) has almost no inboard room for a central solenoid, so it cannot
induce and ramp its plasma current the way a conventional tokamak does; startup is...
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ABSTRACT

From Brealkdown to Flat-Top: Solenoid-Free
Startup and Disruption-Free Ramp Access for a
Negative-Triangularity Spherical-Tokamalk Breeder

: spherical tokamak (ST) has almost no inboard room for a central solenoid, so it cannot induce and ramp its plasma current the way
A a conventional tokamak does; startup is therefore a defining physics and engineering constraint rather than a solved preliminary.
We formalise and quantify a solenoid-free startup and ramp path for the Kronos Hyperion breeder (design point plasma current
I, =9.66 M A, fusion gain @ = 3.076, P, = 85.04 MW, negative triangularity 6 = —0.30, on-axis field By = 8 T', centrepost peak field
16.84 T, elongation x = 2.0, major radius Ry = 1.20m, aspect ratio A = 2.5). We write the poloidal-flux (current-diffusion) equation
with an explicit non-inductive source, close the volt-second budget through a Poynting/Ejima accounting, and state the helicity-balance,
electron-Bernstein-wave pre-ionization, and current-drive figure-of-merit relations as governing equations. The flux budget resolves the
register anchor ¥, ~ 20 weber into a 14.5 weber external-inductive, 5.8 weber internal-inductive, and 5.8 weber resistive (Ejima) parti-
tion, cross-checked against the empirical 2.0 weber / M A Doublet-III rule (19.3 weber). A reduced current-diffusion integrator whose non-
inductive fixed point is Iy = Icp/(1 — fis) = 8.16/0.845 = 9.66 M A reaches 95% of flat-top in 42 s at a disruption-benign ramp rate of
0.22 M A/s and an inductive loop voltage below 1.4 V; the driven current 8.16 M'A (118.5 MW neutral-beam current drive, y¢p = 0.331)
and the bootstrap current 1.50 M A close the 9.66 M A balance exactly. The ramp corridor stays below the Greenwald limit at fg = 0.30
and holds gg5 > 3 throughout, and a runaway-electron avalanche band of 4.8—-8.2 M A is met by a precursor stack whose lead times (
31 ms physics-informed, 47.2 ms fused-magnet) clear the 30 ms shattered-pellet-injection requirement. Every number is a frozen anchor
in the Kronos de-risking register. We flag one honest gate: the ramp is stated here as a quantified strategy with a bounded volt-second and
current-drive budget, not as a closed-loop controlled sequence, and the bootstrap fraction carries a model-to-model spread that we report
rather than average away.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645760 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: solenoid-free startup non-inductive current ramp helicity injection electron Bernstein waves

bootstrap current runaway electrons 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)
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Introduction

THE SOLENOID-FREE IMPERATIVE

The central solenoid (CS) that a conventional tokamak uses to induce and ramp its plasma current occupies the bore of the machine, and
its available flux swing scales with the cross-sectional area it can enclose on the inboard side. A spherical tokamak trades exactly that
inboard volume for a slender, high-field centrepost: the low aspect ratio A = Ry/a that gives the ST its high natural elongation, high boot-
strap fraction and compact neutron-source geometry »*3! also removes the room a CS would need. In the Hyperion breeder the inboard
leg is a demountable REBCO centrepost carrying peak field 16.84 T'; there is no transformer core. Solenoid-free startup is therefore not an
operational convenience but a first-order design constraint. The question this paper answers is quantitative: with no inductive trans-
former, what flux, what power, and what trajectory take the machine from cold gas to a 9.66 M A non-inductive flat-top, and does that
trajectory stay clear of the density, current-profile and runaway limits that make a ramp dangerous?

THE KRONOS HYPERION OPERATING POINT

Hyperion is a compact, negative-triangularity ST breeder. Its frozen design point — re-anchored and audited in the de-risking register 3%
— is I, = 9.66 MA, Q = 3.076, Py,; = 85.04 MW, normalised beta Bnx = 1.53, energy-confinement time 7 = 0.358 s at Hgg = 1.0
(stored energy W = 16.06 M.J), edge safety factor gg5s = 3.0, Ry = 1.20m, a = 0.48 m, A = 2.5, kK = 2.0, § = —0.30, and on-axis field
By = 8T. Negative triangularity is chosen because it accesses good core confinement without the H-mode pressure pedestal and its edge-
localised-mode cycle [“5); the resulting quiet, ELM-free L-mode edge is an operational asset that also removes a class of transient edge
loads from the ramp. The centrepost field 16.84 T is the breeder magnet; the 26.49 T plug coil that appears elsewhere in the Kronos
programme belongs to the separate D—2He tandem-mirror burner and plays no role here. We keep the two magnets distinct throughout.

PRIOR ART

Solenoid-free startup has an experimental record on the world's STs and on conventional tokamaks operated at low loop voltage. The tech-
niques divide into three families [°. Pre-ionization and low-voltage assist: electron-cyclotron heating lowers the required breakdown elec-
tric field — Lloyd et al.\ demonstrated ECH-assisted startup on DIII-D at E ~ 0.15 V//m, roughly half the Ohmic value ' — and on an
overdense ST edge the electron Bernstein wave (EBW) is the accessible branch for both pre-ionization and non-inductive drive (8,91
Helicity injection: coaxial helicity injection (CHI) builds closed flux surfaces without a transformer, demonstrated on HIT-II and NSTX,
where transient CHI reached 1 M A from only 258 maweber of solenoid flux — a ~50% flux saving — at an efficiency near 10 A/J [°l. Non-
inductive drive and bootstrap: neutral-beam, electron-cyclotron and lower-hybrid current drive grow and then sustain the current, with
the self-generated bootstrap current supplying the aligned balance of a steady state ['>3], The physics of each ingredient is mature; what
a compact nuclear ST needs is a single, quantified budget that shows the ingredients combine to reach a specific operating current along a
specific, limit-avoiding trajectory. That budget is the contribution here.

CONTRIBUTION

This paper (i) states the governing equations of a solenoid-free start — the poloidal-flux diffusion equation with a non-inductive source, the
Poynting/Ejima volt-second balance, the helicity-injection balance, the EBW breakdown power balance, and the current-drive figure of
merit (§3); (ii) closes the flux and current budget of the Hyperion ramp against the frozen anchors, resolving the 20 weber register number
into its inductive and resistive parts and reconciling the 118.5 MW current-drive power with the 8.16 M A driven current and 1.50 M A
bootstrap current (§5); (iii) gives the numerical formulation and the NVIDIA GPU HPC campaign that produced the results, with a tempo-
ral-convergence verification (§4); (iv) demonstrates a disruption-free ramp corridor below the Greenwald limit and above the g = 2
surface, with a runaway-electron avalanche budget met by a precursor stack (§5); and (v) benchmarks each number against the published
ST and tokamak-startup literature (§6). We cite the companion papers of the Kronos 2026 series where they carry the load: the steady-
state current-drive paper ?7! for the flat-top that the ramp hands off to, the equilibrium and ideal-MHD paper ?®) and the vertical-stability
paper 2% for the shape the PF set must hold, the poloidal-field-coil paper [3%! for the coil currents that provide the outboard flux swing, the
disruption and runaway paper 3" for the mitigation case, and the real-time control-suite paper [3?! for the ramp controller that closes the
loop.
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The startup problem: formal statement

WHY THE TRANSFORMER IS UNAVAILABLE

A CS drives the plasma by mutual induction: a changing solenoid current I¢g(#) links a flux g = Mcsplcs to the plasma, and the loop
voltage V; = —® g both breaks down the gas and drives I,. The deliverable flux swing is bounded by A¥¢g S waés ABgs, set by the
solenoid bore acg and its peak field. In an ST the inboard bore is consumed by the centrepost, so acg — 0 and AW g — 0: the trans-
former term vanishes and the plasma must be initiated and grown by the flux and current the outboard coils, the injected helicity, and the
non-inductive drive can supply. The formal problem is to find a trajectory {I,(t), n(t), Te(t), ¥(p, t)} from breakdown to flat-top that (a)
satisfies the poloidal-flux balance at every instant, (b) never violates the density, current-profile or runaway limits, and (c) terminates at
the non-inductive fixed point I, = 9.66 M A where drive plus bootstrap balance resistive decay. Figure 1 sketches the four-phase strategy
the equations below make concrete.

(Schematic.) Solenoid-free startup and ramp sequence for the Hyperion breeder

I. Breakdown &
burn-through

i i Bootstrap-aligned
Il. Seed current flat-top

H / EBW pre-ionizatio helicity injection + i i 8.16 MA driven +
24 GHz, ~15 gyrotrong beam-driven seed + 118.5 MW NBCD 1.50 MA bootstrap
(BOM-08) (0.1-0.5 MA) 43 s, difdt~0.22 MA/s = 9.66 MA (hand-off)

—’
time (t=0 gas breakdown - flat-top at ~43 s)

9.66 MA
[27] [35]

VOLT-SECOND ACCOUNTING

The flux the machine must build to hold the flat-top current has an inductive part, stored in the poloidal field, and a resistive part, dissi-
pated while the current is established. Following the Poynting-theorem accounting of Ejima et al. '), the surface flux consumed to reach
the current flat-top is

8R L;
Wiot = LpIp + Cg uoR()Ip, Lp = uoRo [hl_o — 2+ _t:| ,
~— — a 2
inductive resistive

with internal inductance £; and the empirical Ejima coefficient Cg ~ 0.4. Equation (1) is the budget a purely inductive machine would
have to supply from its transformer. A solenoid-free machine cannot supply the inductive term from a CS and does not want to pay the
resistive term inductively at all; the strategy is to build L,I, from the poloidal flux linked to the driven current itself plus a limited
outboard-coil swing, and to carry the resistive term with continuous non-inductive drive. Section 5 evaluates equation (1) at the Hyperion
point and shows the partition (figure 2).



§ 3

Governing equations

THE POLOIDAL-FLUX (CURRENT-DIFFUSION) EQUATION

Let ¥(R, Z, t) be the poloidal flux per radian. Amp) “ere's law in axisymmetry gives the toroidal current density from the Grad—Shafranov

(elliptic) operator,
) Vi 0 (1 0%y
e * * = 2 ‘7. — — — [ —>—> —
HoRjs = —A%, AY=R (Rz) RaR(RaR>+aZZ'

The mean-field parallel Ohm's law relates the inductive electric field to the difference between the total and the non-inductive (bootstrap +
current-drive) current,

E|=n(j) — jbs — Jea), Ej=-3

where 7| is the neoclassical parallel resistivity (Spitzer—H\ "arm ['5! corrected by the trapped-particle factor of Sauter [2!). Combining (2)—
(3) yields the current-diffusion equation for the poloidal flux,

a5
ot

M As . .
=—A R S c
o At (dbs + Jea)

— a nonlinear parabolic equation in which the first term diffuses poloidal flux resistively and the second is the non-inductive source that, at
steady state (82 = 0), pins the current profile so that —A*w/ugR = jps + jea. For a numerical solution it is convenient to reduce (4) to
one dimension on a flux-surface label p (the square-root of normalised toroidal flux). Writing %(p, t) and flux-surface-averaging, the stan-
dard transport form is

0 0
OV gp = oo 35 PG o | + (i B)/(B),

with o =1/n) the parallel conductivity, G(p) the geometric metric coefficient (|Vp|?/R?), and jni = Jbs + jea. Equation (5) is the
RAPTOR- and TSC-class flux-diffusion equation [">'7); its natural boundary conditions are the on-axis regularity 0,%|o = 0 and an edge

condition set by the enclosed current, 8,%|q o Ip(t), which the outboard poloidal-field coils and the driven current together supply 3.
The characteristic timescale of (5) is the resistive (skin) time

_ poa’
Y

TR

which at a ramp-phase electron temperature of a few keV is O(15 s) and rises steeply (7 ocTe_a/ 2) as the plasma heats, so the current
relaxes over a few tens of seconds — the physical origin of the slow, disruption-benign ramp quantified below.

HELICITY INJECTION AND TAYLOR RELAXATION

Before the driven current dominates, a seed current can be established by helicity injection. Magnetic helicity K = fV A. BdV

obeys the balance [1*¢!

dK 2
i 2 Vinj ¥inj — ;K,

where Viy; is the injector voltage, Wiy; the injected poloidal flux threading the injector electrodes, and 7x the helicity dissipation time.
Sustained injection drives toroidal current when the drive term exceeds resistive decay. Under Taylor relaxation to a minimum-energy
(constant-)) state the amplified toroidal current relates to the injected current by the current-amplification factor

I, Ay
i o i

>>1,

the mechanism by which transient CHI produced 1 M A-class currents from sub-Wb injector flux on NSTX ['°!. For Hyperion the helicity
seed is booked as one route to the 0.1-0.5 M A seed current of phase II (figure 1); the beam-driven alternative is discussed in §3.4.
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BREAKDOWN AND BURN-THROUGH: THE EBW/ECH POWER BALANCE

Because there is no large loop voltage to drive Townsend avalanche, breakdown is electron-cyclotron assisted. The zero-dimensional elec-
tron power balance through burn-through is

%(%neTe) = Pgcr — Prad — Pion — Peonv,

with Pgcg the absorbed electron-cyclotron power, P,y the line- and bremsstrahlung-radiated power, Piop = 7e70{0})ionEion the ioniza-
tion sink, and Py, the convective/conductive loss along open field lines. Wave access sets which branch delivers Prcg. At By = 8 T the
fundamental electron-cyclotron frequency is fee = eB/2mm, = 224 Hertz
; theratioo fplasmatocyclotron frequencyattheintendedstartupdensityis\ omega_pe/\omega_ce\simeqo.80

inthecore(underdense, sotheordinaryO — modeisabsorbed), buttheedgeisoverdense(\ omega_pe/\omega_ce>1

), wheretheO — modeiscutof fandtheelecironBernstei — — — reachedbyO — —X — —Bmod. 3ion — — — istheaccessiblebranch lagqua2007. The Hyperionpre — ionizati temisgizedat

Y

\l15gyrotronsati MWnear22/ I (rcgister serial BOM-08 [5)), Equation (9) and the access condition
are evaluated in §5.5 and figure 5.

NON-INDUCTIVE CURRENT DRIVE AND THE DRIVEN/BOOTSTRAP SPLIT

Away from breakdown, the current is grown and sustained non-inductively. The efficiency of external current drive is captured by the
dimensionless figure of merit !3!

e RO ICD

20 =il =¥
o [10° AW m™?],

Ycp =
so that the driven current is Iocp = ycpPop/ (e Ro)- Neutral-beam current drive is the primary actuator (register BOM-07): 118.5 MW
of 1 MeV negative-ion deuterium beams across eight beamlines drives Igp = 8.16 M A at yop = 0.331 — inside the 0.20-0.40 band
expected for an ST at this temperature — against a line-averaged density i, = fgnew = 0.30 X 13.34e19 /cubicm = 4.0€20 /cubicm.

The remainder of the current is self-generated. The bootstrap current fraction from the Sauter formulation at the frozen operating point
(register BR-L2-A6) is

I
Fos = % =0.155,  Ibs = foslp = 1.50MA,
p

so that Igp + Ips = 8.16 + 1.50 = 9.66 M A = I,,: the non-inductive balance closes exactly at the flat-top. The bootstrap fraction is delib-
erately low — the machine is current-drive-dominated, not bootstrap- dominated — which simplifies the ramp because the profile need not
be sculpted to a high-bootstrap alignment, but which also means the resistive term in equation (1) must be carried continuously by the
beams.

THE DISRUPTION-FREE RAMP: THE THREE LIMIT CONSTRAINTS

A ramp is dangerous where it crosses a stability boundary. The trajectory {I,(t), fie(t)} is constrained by three inequalities that must hold
at every instant.

Density. The line-averaged density must stay below the Greenwald limit,

I,(¢)
Ta?

ne(t) < new(t) = [10*°m~3, I, in MA],
which at fixed Greenwald fraction fg traces a straight corridor in the (I, 7.) plane (figure 2); operating at fg = 0.30 leaves a 3.3x
margin.

Current profile. The edge safety factor must stay above the ¢ = 2 external-kink boundary. Since qgs o< Boa? ket /(Rolp) at fixed shape,
ramping I, from the seed toward 9.66 M A lowers ggs monotonically toward its flat-top value 3.0, remaining above g = 2 throughout; the
internal g-profile, hollow while the seed and beam drive are off-axis, relaxes to a monotonic flat-top profile with go = 1 that avoids a low-
order rational on axis (figure 4).

Runaways. During low-density breakdown and the early ramp, a runaway-electron seed can be produced by the Dreicer mechanism and
amplified by close-collision avalanche [2>?3), The avalanche grows the runaway current as dIgg/dt ~ Ijg/Tay With Tay < (E/E, —1)7%,
and in a reactor-scale current channel can reach a multi-MA plateau. The register bounds the Hyperion plateau band at 4.8-8.2 M A (BR-
SX-10); §5.6 shows how the precursor stack meets it.
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Computational methodology: the NVIDIA GPU HPC campaign

DISCRETIZATION OF THE FLUX-DIFFUSION EQUATION

Equation (5) is discretized by a conservative finite-volume scheme on a uniform p-grid of N, cells. The diffusion operator is written in flux
form, 8,[pG 8,%] — (Fj11/2 — Fj—1/2)/Ap with face fluxes Fjq/3 = pji1/2Gir1/2(¥j41 — ¥5)/Ap, giving a tridiagonal system. Time
advance uses an implicit (f-weighted Crank—Nicolson, § = %) step to remove the diffusive stability limit At < poAp?/ 2n)|; the nonlinear
coupling of 7 (Te) and the non-inductive source is resolved by Picard iteration to a relative tolerance 1078 each step. The enclosed plasma
current is recovered by quadrature,

2
Ip(t) = p’_: [pG 8p"/)] p=1’

and the surface loop voltage by V;(t) = 27 03| p—1-

REDUCED CURRENT-BUILD MODEL

For the ramp-trajectory study we use a lumped reduction of (5) in which the current relaxes toward its non-inductively supported value on
the skin time,

dl, Icp(t)— (1— fus)l .
d_tp _ Ts(kin s) p , ICD = Imn[%g%?, Idriven],

with fie(Ip) = feIp/ma? (density follows current at fixed fg) and the installed-NBCD ceiling Jgriven = 8.16 M A. The fixed point of (14) is
I = Iariven/(1 — fvs) = 8.16/0.845 = 9.66 M A, so the reduced model reaches the frozen flat-top by construction; its content is the
trajectory and the ramp time, not the endpoint.

FREE-BOUNDARY EQUILIBRIUM COUPLING AND THE CODE SUITE

The current-diffusion solve is coupled at each macro-step to a free-boundary Grad—Shafranov equilibrium so that the metric G(p), the
geometry of the negative-triangularity boundary, and the outboard-coil flux linkage are self-consistent along the ramp. The Kronos startup
campaign runs the following codes, each named for the role it plays in this paper:

FreeGS | FreeGSNKE ¥/ — free-boundary equilibrium sequence along the ramp trajectory; supplies G(p), the § = —0.30, x = 2.0
boundary, and the PF-coil currents that set the edge condition of (5) (companion PF study [301y,

Poloidal-flux transport solver (in-house, RAPTOR/TSC-class ['®'7)) — the discretization of §4.1 that integrates (5).

NEO and the Sauter model '*) — neoclassical conductivity and the bootstrap current of equation (11) (register BR-L2-A6).
TGLF/TGYRO "9 — turbulent-transport profile prediction feeding T¢(p, ¢) and hence 7 along the ramp.

ASCOTj5 12°) — Monte-Carlo orbit-following for the neutral-beam deposition and the driven-current profile jq(p).

DREAM (%! — coupled fluid—kinetic runaway-electron avalanche during breakdown and the early ramp, providing the plateau band of
§5.6.

CGYRO [?4] — the nonlinear-gyrokinetic quiescence at the operating point that the ramp delivers the plasma into (turbulence

companion [34)),
Graph-neural-network and physics-informed precursor networks — disruption/ramp-to-limit warning (register BR-CX-31), §5.6. itemize

GPU ACCELERATION, PROBLEM SCALE, AND REPRODUCIBILITY

The campaign executed on the NVIDIA GPU HPC fleet (A100/H100/A10 class). The GPU-accelerated workloads are the free-boundary
equilibrium sequences (hundreds of equilibria along each candidate ramp), the ASCOT5 orbit-following (order 10 markers per beam-
deposition evaluation), the DREAM avalanche scans across the electric-field and density trajectory, and the training of the precursor
networks; the reduced current-build integrator of (14) and the tridiagonal flux solve run at interactive speed and are used for the thou-
sands-of-samples ramp-trajectory sweeps. All headline numbers are frozen anchors in the de-risking register (35 and every figure in this
paper is regenerated by a single deposited script from those anchors. As a numerical-verification example, figure 7 shows the temporal
convergence of the current-build integrator: the error in the flat-top current falls first-order in the time step At, confirming the integrator
is converged at the step used for the trajectory figures.
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Results

THE FLUX BUDGET

Evaluating the volt-second balance (1) at the Hyperion point with #; = 0.8 and Cg = 0.40 gives the partition of figure 2: an external-
inductive flux Weyy = 14.5 weber, an internal- inductive flux ¥y, = 5.8 weber, an inductive total ¥;,q = 20.3 weber that matches the
register anchor ¥,, ~ 20 weber (BR-CX-07), and a resistive (Ejima) flux ¥ s = 5.8 weber. The inductive total agrees with the empirical
Doublet-III rule of 2.0 weber/MA "4, which predicts 2.0 x 9.66 = 19.3 weber — an independent cross-check of the register number to
within 5%. The design consequence is that the solenoid-free start must build ~ 20 weber of inductive poloidal flux without a transformer:

a few Wb come from the limited outboard-PF swing [3°), and the balance is carried by the flux linked to the driven current as it grows, with

the ~ 6 weber resistive term supplied continuously by the beams rather than by a transformer flux swing.

QUANTITY SYMBOL VALUE BASIS / SERIAL

external inductive flux Wert 14.5 weber eq.(1),4; =0.8

internal inductive flux Wint 5.8 weber eq. (1)

inductive total Wind 20.3 weber matches ¥, 220 (BR-CX-07)
resistive (Ejima) flux Wies 5.8 weber CruoRolp, Cr = 0.4

Ejima empirical cross-check — 19.3 weber 2.0 Wb/MA x 9.66

driven current (NBCD) Icp 8.16 MA 118.5 MW, 7¢p=0.331 (BOM-07)
bootstrap current Tis 1.50 MA fbs = 0.155 (BR-L2-A6)

flat-top current I, 9.66 MA Iop + Ips (BR-L1-A7)

ramp time to 95% Tramp 49s eq. (14); ~43 s (BR-CX-07)

Solenoid-free flux and current budget at the Hyperion flat-top. Anchors from the de-risking register [35; the Ejima cross-check from
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THE RAMP TRAJECTORY AND CURRENT BUILD

Integrating the reduced current-diffusion model (14) with Tgin = 12 8 and a beam-power ramp over the first 8 8 produces the current build
of figure 3: I, reaches 95% of the 9.66 M A flat-top in 42 s, consistent with the register's CD-limited ~43 s ramp (BR-CX-07). The mean

ramp rate is fp ~ 0.22 M A/s and the inductive loop voltage V; = Lpfp stays below 1.4V throughout, a factor of several below the level at
which vertical or tearing transients are provoked — the quantitative meaning of “disruption-free ramp access.” The driven and bootstrap
currents build together toward the exact balance 8.16 + 1.50 = 9.66 M A; at flat-top the surface loop voltage falls to zero as the state

becomes fully non-inductive and hands off to the current-drive companion %7/,

Non-inductive current build (reduced current-diffusion model)
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~
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o
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o
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VIIOL-JIB = Lp d!p!dt

~95% StAT <

30 50

time (s)
I(t) 95% 9.66 MA 425
I,~022MA/s Vi = Lyl, <14V 8.16 MA

fbst

CURRENT-PROFILE EVOLUTION

Figure 4 shows the safety-factor profile at four points along the ramp, reconstructed from a parametrized current-density profile with an
off-axis seed component that decays as the beam drive centralises. Early in the ramp the profile is hollow (reversed shear), a natural conse-
quence of off-axis helicity and beam seed deposition, with gg > 1 so that the axis avoids the ¢ = 1 sawtooth boundary. As the current
builds and the drive profile broadens, g relaxes to the monotonic flat-top profile with go ~ 1.1 and gg5 = 3.0. Throughout the ramp ggs
decreases monotonically from above toward 3.0 and never approaches the ¢ = 2 external-kink boundary, consistent with the free-bound-
ary equilibrium and ideal-MHD margins reported in the companion paper [?!. Vertical stability at k£ = 2.0 during the ramp is the province
of the companion vertical-stability study >, whose control-coil authority the PF set of [3°) provides.
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CURRENT-DRIVE RECONCILIATION

Figure 4 makes the closure of equation (10) explicit. The left panel plots the driven current against installed power for a family of figure-of-
merit values spanning the 0.20—0.40 ST band; the Hyperion operating point (118.5 MW, 8.16 M A) sits on the yop = 0.331 curve, repro-
ducing register serial BOM-07. The right panel stacks the driven and bootstrap currents to the 9.66 M A total, showing that the machine is
current-drive-dominated (85% driven) with a modest bootstrap contribution. The associated wall-plug demand — eight 1 MeV negative-
ion beamlines at a system efficiency that makes the total heating draw several times the fusion power — is the honest cost of a subcritical,

current-drive-dominated breeder; it is booked in the heating-and-current-drive actuator companion 33 and carries no economics here.

PRE-IONIZATION ACCESS

Figure 5 evaluates the wave-access condition of §3.3. The ratio wpe/wee is 0.80 in the core — underdense, so the O-mode at the 224 Hertz

__ n _x— g , b laqua2007. Thisi 9 4 OM — 08sizingo,

\!15gyrotronsatl MW
: theO — modedoesthecorepre — ionizationandburn — throughofequation (), andthe EBW extendsheatingandnon — inductiveassistintotheoverdenseedge. The

22/ [ (ube is at the frontier of gyrotron technology and is flagged as such in the register; it is not a

solved procurement.

Pre-ionization access: O-mode core, EBW at the overdense edge

— "-*Jpe-"'wce

core 0.80 (underdense - O-mode ECH ok)

fee(8T)=224 GHz fundamental - ~15 gyrotrons @1 MW (BOM-08)

0.4 0.6
normalized minor radius r/a

Wpe /Wee is 0.80
F(8T) =224
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RUNAWAY ENVELOPE AND PRECURSOR MARGINS

The most consequential ramp hazard is a runaway-electron avalanche in the low-density breakdown and early-ramp phase. Figure 6(a)
shows the avalanche growing an initial Dreicer seed toward the register plateau band of 4.8-8.2 M A (BR-SX-10) if unmitigated, and the
arrest of that growth when the shattered-pellet- injection (SPI) system fires. The design case for always-armed SPI rests on a timing
margin, quantified in figure 6(b): the SPI physics requires a warning lead of 30 ms, and the precursor stack must clear it. The graph-neur-
al-network state reconstructor gives 8.5 ms of warning on the fastest paths — below the SPI requirement — so it cannot be the sole trigger;
the physics-informed ramp-to-limit precursor (register BR-CX-31) gives 31 ms and the fused strain-rate/magnetization magnet precursor
gives 47.2 ms, both clearing 30 ms. The design conclusion is that the mitigation system must be always-armed and driven by the longer-
lead precursors, with the fast GNN warning used as a corroborating rather than a sole trigger — the quantitative content of the “design
case for shattered-pellet mitigation” developed in the disruptions companion 3!,

Runaway avalanche vs mitigation Precursor margin to the SPI gate
I

plateau band 4.8-8.2 MA (BR-SX-10) GNN
warning

- meunmitigated avalancipgyN ramp-

= = always-armed SPI to-limit 31.0 ms

=
=
—
w
o
——
]
c
(]
| -
-
=2
o
>
m
=
o
c
=
|

used magnet
precursor

2 4 6 8 10 10 20 30°™ 40 50
time after thermal quench (ms) warning lead time (ms)
48 82MA
30ms 31ms 47.2ms 8.5ms

THE STARTUP SEQUENCE AS A PHASE TABLE

Table 2 collects the four phases with their actuator, the governing relation, and the quantitative target, and figure 7 shows the outboard-PF
flux linkage on the negative-triangularity equilibrium that the ramp holds. Together with the flux and current budget of table 1, they
constitute the quantified strategy this paper claims: a bounded volt-second demand, a bounded current-drive power, and a limit-avoiding
trajectory, each traceable to a frozen register anchor.

I breakdown ECH/EBW (224 GHz) burn-through eq. (9) ~15 MW, O/EBW (BOM-08)
II seed helicity + beam seed current egs. (7)—-(8) 0.1-0.5 MA

III ramp outboard PF + NBCD flux + current egs. (5),(14) 9.66 MA in ~43 s

IV flat-top NBCD + bootstrap sustainment egs. (10),(11) 8.16+1.50 MA (hand-off)
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8§ 6

Discussion

THE FLUX BUDGET AGAINST THE TOKAMAK-STARTUP RECORD

The inductive flux demand of ~20weber for a 9.66 MA current is exactly what the half-century-old Ejima scaling predicts:

2.0 weber/M A established on Doublet III near-circular plasmas 4! gives 19.3 weber, within 5% of the Hyperion budget and of the regis-
ter anchor. This is reassuring precisely because it is unsurprising — the volt-second cost of a current channel is set by geometry and resis-
tivity, not by how the flux is delivered, so a solenoid-free machine faces the same ~ 20 weber that a transformer would have to supply. The
novelty is not a smaller number but a different source: outboard induction plus the flux linked to the driven current, with the resistive
~ 6 weber carried continuously by the beams rather than burned from a finite transformer swing.

THE STARTUP TECHNIQUES AGAINST THE ST RECORD

Each ingredient has an experimental precedent that the Hyperion budget stays within. ECH-assisted breakdown at E ~ 0.15V /m on
DIII-D |7 establishes that electron-cyclotron pre-ionization removes the need for the large loop voltage an ST cannot supply; the O-mode-
core/EBW-edge access of figure 5 is the standard ST picture [*°). Transient CHI on NSTX reaching 1 M A from 258 maweber of injector
flux [°] establishes that helicity injection can seed a closed-flux current at the @(0.1 M A) level Hyperion books for phase II. And boot-

strap-aligned non-inductive drive is the operating principle of advanced-tokamak and ST steady-state scenarios generally !'3%5); the
Hyperion novelty is only that the bootstrap fraction is low (0.155), so the machine leans on current drive rather than on a delicate high-
bootstrap alignment. The yop = 0.331 figure of merit is mid-band for a 1 MeV negative-ion beam at these parameters '), Where the
compact ST record is thinnest — a controlled, closed-loop ramp to near-10 M A on a reactor-scale machine — is where we are most careful

to claim a quantified strategy rather than a demonstrated sequence (§7). Modern high-field STs such as ST40 *°! and the NSTX-U class %%/
are the machines on which the individual ingredients are being pushed toward the reactor regime.

RELATION TO THE RAMP CONTROLLER

The trajectory here is open-loop: it shows that a bounded flux and power budget admits a limit-avoiding path to flat-top. Closing the loop
— rejecting disturbances, holding g and density inside the corridor, and detecting the ramp-to-limit precursor in real time — is the task of
the solenoid-free ramp controller in the breeder control-suite companion 32!, whose acceptance test is precisely “reaches 9.66 M A flat-top
in simulation without a solenoid” (register KFE-CF-BR-004). The present paper supplies that controller its reference trajectory and its
safety corridor; the controller supplies the closed-loop guarantee this paper does not claim.
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§7

Limitations

Two honest gates bound the claims. First, the ramp is a quantified strategy, not a demonstrated controlled sequence. The flux budget, the
current-drive closure, the density and g corridors, and the precursor margins are each computed and each traces to a frozen anchor, but
the ramp has not been closed in a self-consistent, disturbance- rejecting, closed-loop simulation of the full plant; that is the deliverable of
the ramp controller 3%/ and until it is met the ramp is booked as a carried engineering risk. Second, the bootstrap fraction carries a
model-to-model spread that we report rather than average away. The Sauter formulation gives f,; = 0.155 at the frozen operating point
(register BR-L2-A6), while an independent NEO drift-kinetic integration and a cfspopcon 0-D scaling place it lower, near 0.056—0.075, at
flat density and reduced-order geometry (register flag BR-L2-A16). The direction is consistent — all three agree the machine is current-
drive-dominated — and the difference is favourable to the startup case, since a lower bootstrap fraction means the ramp depends even
more on the well-characterised beam drive and less on a self-consistent high-bootstrap alignment. But the spread is real, we do not
collapse it to a single point, and a full-profile bootstrap reconciliation is a named open work item. Neither gate changes the paper’s claim,
which is a bounded, limit-avoiding budget, not a solved sequence.
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§ 8

Conclusion

A spherical tokamak has no room for a central solenoid, so the Hyperion breeder must be born and grown without a transformer. We have
written the governing equations of that start — the poloidal-flux diffusion equation with a non-inductive source (4), the Poynting/Ejima
volt-second balance (1), the helicity-injection balance (7), the electron-cyclotron burn-through balance (9), and the current-drive figure of
merit (10) — and closed the budget against the frozen anchors. The inductive flux demand of 20.3 weber resolves the register's 20 weber
and matches the empirical Ejima rule to 5%; a reduced current-diffusion integrator whose non-inductive fixed point is
Iop/(1 — fis) = 8.16/0.845 = 9.66 M A reaches 95% of flat-top in 42 s at 0.22 M A/s and a loop voltage below 1.4 V; the driven (
8.16 M A, 118.5 MW, vycp = 0.331) and bootstrap (1.50 M A) currents close the balance exactly; the ramp stays a factor 3.3 below the
Greenwald limit and above g = 2 throughout; and a runaway-electron plateau of 4.8—-8.2 M A is met by a precursor stack clearing the
30ms SPI requirement. The machine starts and ramps its current without a central solenoid, using electron-cyclotron pre-ionization, a
helicity or beam seed, and neutral-beam current drive, then hands off to the non-inductive and bootstrap currents that hold the 9.66 M A
flat-top. The remaining risk is the closed-loop ramp control and the bootstrap-fraction reconciliation, both flagged and both booked to
named companions.
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The intellectual-property estate, the people who built it, the limitations

that gate it, and the sources it rests on.
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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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