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ABSTRACT

REBCO Conductor and Stabilizer Materials Under
Neutron Irradiation: The Un-Doped-Tape Rule,
Graphene-Reintorced Stabilizers and V203 Seli-

Protection for a Spherical-Tokamak Breeder

neutron environment is a separate materials question, and the answer changes the conductor specification. The Kronos Hyperion

centrepost sees a peak field of 16.84 T and a fast-neutron fluence budget capped at a frozen 3.9 x 1022 nm—2, while its physically
distinct D—3He tandem-mirror burner plug operates at 26.49 T; both are wound from rare-earth barium copper oxide (REBCO) coated
conductor. We formalise and quantify four coupled conductor-materials results, each a frozen anchor in the Kronos physics de-risking
register. First, a fast-neutron-lifetime selection rule: for fusion fluence the plain, un-doped tape outlasts the artificial-pinning-centre (APC)
tape, whose engineered defects are optimised for in-field critical current, because irradiation supplies its own pinning and the doped tape
reaches its critical-current break-even knee sooner — an inversion of the room-temperature selection. A two-population pinning model
with a displacement-damage sink reproduces break-even fluences of ®}, = 5.64 x 10%2 n m—2 against ®%pc = 3.82 x 102 nm—2 (x1.48
), and a 4 000-sample Monte-Carlo confirms the ordering holds with probability 1.00. Displacement-cascade molecular dynamics and DFT
+U locate the limiter on the oxygen sublattice, which absorbs & 78% of the displacements. Second, a J,-onset-knee screening surrogate
that ranks candidate tapes by the break-even fluence without a full reactor campaign. Third, a graphene-reinforced ultra-pure aluminium
stabiliser whose saturating high-field magnetoresistance retains a low-loss current bypass to 30-35 T where copper's non-saturating
magnetoresistance does not. Fourth, a vanadium-sesquioxide (V5 03) self-protecting interlayer whose Mott metal—insulator transition acts
as a temperature-triggered turn-to-turn resistance — insulating at the ~ 20 K operating point, conducting on a hot spot — escaping the no-

T he high-field REBCO magnet of a compact spherical-tokamak breeder is usually de-risked on field and stress; its survival in a

insulation charge-time-versus-protection trade. We close the quench budget: an adiabatic hot-spot integral gives a 3.67 s margin, and a
fused strain-rate/magnetisation precursor fires 34 earlier than terminal voltage, holding the peak temperature to 63 K. Together these
define a conductor architecture for a neutron environment, distinct from the magnet field/stress design.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645779 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: REBCO coated conductor fast-neutron irradiation critical-current degradation artificial pinning centres

graphene--aluminium stabiliser V$_2$0%_3$ Mott interlayer quench protection 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)



8§ 1

Introduction

The economic and physics case for the compact, high-field spherical tokamak rests on a high on-axis and, more demandingly, a high on-

conductor field "?3!, In the Kronos Hyperion breeder the toroidal-field return is a single-turn, demountable, water- or helium-cooled
centrepost carrying the plasma current I, = 9.66 MA at major radius Ry = 1.20 m, aspect ratio A = 2.5, elongation & = 2.0 and negative
triangularity § = —0.30, delivering @ = 3.076 and Py, = 85.04 MW with an on-axis field By = 8 T and a peak centrepost field of 16.84
T. The physically distinct D—3He tandem-mirror burner uses a separate high-field plug coil at 26.49 T. Both magnets are wound from

REBCO (RE BayCugO5_g) coated conductor, the only conductor class that reaches these fields at a tractable temperature 457/,

A fusion magnet's conductor is chosen for field and stress. But at the centrepost it must also survive years of fast-neutron fluence at cryo-
genic temperature, an environment no accelerator or NMR magnet imposes. Fast neutrons displace atoms in the REBCO layer, and the
resulting defects both help — adding flux-pinning sites that raise the in-field critical current at low dose — and harm — eventually degrad-
ing the superconducting connectivity and suppressing the critical temperature [*9'°!, The competition between these two effects, and the
differing starting points of a plain tape and an engineered artificial-pinning-centre (APC) tape, sets which conductor lives longer under
fusion fluence. This paper reports the conductor-materials results behind the Kronos magnet, and shows that the neutron environment
selects a different tape, stabiliser and quench-protection scheme than a non-nuclear optimisation would.

PRIOR ART

Neutron-irradiation studies of REBCO coated conductors — reactor and spallation campaigns on commercial tapes 9!, and ion- and light-

particle surrogates [/ — establish that J, first rises then falls with fluence, with a peak near 1022-102% n m~2 depending on tape, tempera-
ture and field. Selvamanickam and co-workers and others engineered APC tapes (BaZrOs, BaHfO 3 nanocolumns) that raise the unirradi-

ated in-field J, 7!, and this is the correct choice for a non-nuclear high-field magnet. The high-field magnet-technology programmes —
SPARC/ARGC, the 45.5 T LBNL/NHMFL insert, VIPER-cable fusion conductors — have converged on no-insulation (NI) or partial-insula-
tion (PI) winding for self-protection (>3] but NI trades a valuable protection margin against an impractically long magnetisation charge
time, and quench detection in HTS is hard because the normal-zone propagation velocity (NZPV) is two orders of magnitude below that of
low-temperature superconductors [2?>23!, The microscopic mechanism of REBCO radiation tolerance — which sublattice is displaced, and
how chain-oxygen loss degrades J, — is a first-principles materials question that the companion paper treats by DFT+U and displace-
ment-cascade molecular dynamics [2.18].

CONTRIBUTION

Against this background we contribute a conductor-materials specification for a neutron environment, stated as governing equations and
quantified against the frozen anchors of the de-risking register!*"):

A fast-neutron-lifetime selection rule (§2.1, Figs. 1-2). A two-population strong-pinning model with an irradiation-driven defect
source and a displacement-damage sink predicts that the un-doped tape reaches its critical-current break-even fluence later than the APC
tape, ®}, = 5.64 X 1022 nm~2 versus ®ipc = 3.82 x 102 nm=2 (x1.48), and a 4 000-sample Monte-Carlo shows the ordering is robust
with probability 1.00.

A displacement-damage partition (§2.2, Fig. 3) built on the Norgett—Robinson—Torrens (NRT) model and cascade molecular
dynamics, placing &2 78% of the atomic displacements on the oxygen sublattice and identifying chain-oxygen loss as the J, limiter.

A J.-onset-knee screening surrogate (§2.3) that ranks candidate tapes by the break-even fluence, providing a screening metric
without a full reactor-irradiation campaign, together with an honest statement of the in-field operating-point tension (Fig. 4).

A stabiliser and self-protecting interlayer (§2.4—§2.5, Figs. 5-9): a graphene-reinforced ultra-pure aluminium bypass whose
saturating magnetoresistance beats copper at 30-35 T, and a V203 interlayer whose Mott transition provides passive, temperature-
triggered turn-to-turn shunting that escapes the NI/PI trade. enumerate

All computation was performed on the NVIDIA GPU HPC campaign (§3). We separate what is reactor-qualified from what is a screening
result or a material-property target throughout, and state a single honest gate in §6. The companion set fixes the surrounding context: the
consumable-centrepost neutronics and coil integrity [2.16], the fast-fluence/dpa life-limiter and shielding [2.26], the first-principles radia-
tion tolerance [2.18], the fused NV-diamond quench detection [2.19], and the 26.49 T burner plug coil [2.21]; the REBCO field envelope for
both magnets is set in [1.3].
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§ 2

Governing equations and the Yormal problem

We assemble the conductor-materials model as four coupled sub-problems: critical current under fluence (§2.1), the microscopic displace-
ment source (§2.2), the stabiliser conductivity (§2.4), and the self-protecting interlayer and quench budget (§2.5—§2.6). Throughout, ®
denotes the accumulated fast-neutron fluence (E,, > 0.1 MeV) in nm 2 and 7' the local temperature.

CRITICAL CURRENT UNDER FAST-NEUTRON FLUENCE AND THE LIFETIME RULE

The usable life of a REBCO tape ends when neutron-induced damage has degraded its critical current below the design margin at the peak-
field point. In the damage-dominated regime the critical-current density falls with fluence approximately exponentially,

d
18) = 2 exp (5 ).
0

where ® is the characteristic degradation fluence. The lifetime rule is the fluence at which J falls to the operating current density Jgp at
the peak field,

JO
Diire = P9 hlJc = & In(my), mo = J?/Jop,
op

so raising the design margin mg buys life only logarithmically. This is why the neutron shield, not the conductor margin, is the primary
lifetime lever [2.26], and why raising ®y — the materials lever — is pursued in parallel.

Equation 1 omits the low-dose rise of J,.. To capture the full non-monotone behaviour that governs the selection between tapes we resolve
the critical current from the pinning-force balance. In the critical state the Lorentz force density on the flux lattice equals the volume
pinning force,

J.(B,®) B = F,(B,?®),

and, in a strong, sparse-pin (direct-summation) limit, the volume pinning force is the areal density of active pins times the elementary
pinning force,

Fy(B, ®) = np(®) f(B) ¢,

with ¢ a dimensionless collective-pinning efficiency. Fast neutrons create cascade defects (nanoscale amorphous zones and point-defect
clusters) that act as additional pins; the areal density evolves toward a saturation 7g,; under a first-order accumulation law,

dny p 0 0 —3/®,
5 a1 2) = w0 s a0

where ®, = 1/(03/nsat) is the pinning-saturation fluence and ng the as-manufactured pin density. Simultaneously, displacement damage
degrades the superconducting condensate — oxygen disorder lowers the local T}, and severs current paths — which we write as a multi-
plicative connectivity factor g(®) = 1 — (®/®,)? that captures the accelerating collapse near end-of-life. Combining, the normalised in-
field critical current is

Je(®)
Je

(nsat - ng)fpc
J°B

= [1+a@-e*#)][1- (2/2)"], 4

with A the maximum fractional pinning gain available from irradiation. The break-even fluence ®* is the post-peak fluence at which the
irradiation-enhanced current returns to its unirradiated value,

Jo(®*)
Je

=1 < A(l-e*7%) = (2*/8,)",

which, for ®* > ®,., reduces to ®* ~ <I>g\/Z: the break-even fluence scales with the geometric mean of the available pinning gain and the
damage scale.


https://doi.org/10.5281/zenodo.22645708

The inversion. The APC tape is engineered with a high as-manufactured pin density ng—)nsat, so its available irradiation gain Aapg is
small (the pinning landscape is already near saturation) while its dense defect population brings the damage collapse forward (smaller @,
). The un-doped tape has ng <& Mgy, So irradiation supplies a large gain Aun > Aapc and its break-even fluence is later. This reverses the
room-temperature ranking, in which the APC tape is preferred for its higher unirradiated in-field J,. Section 4 fixes the model parameters
against the register's frozen break-even anchors and the cascade-MD/DFT+U chain (§3, [2.18]).

THE DISPLACEMENT SOURCE: NRT AND THE OXYGEN-SUBLATTICE PARTITION

The fluence-to-damage conversion is set by the primary-knock-on physics. A 14.03 MeV D-T source neutron (the deep-fluence-dominat-

ing channel at the centrepost) transfers a recoil energy T to a lattice atom with the elastic kernel do/dT’; the number of stable Frenkel

pairs produced by a recoil of damage energy Taam follows the Norgett—Robinson—Torrens model 1'?],

0.8 Tqam T

Ny(T, = -

with E4 the sublattice displacement threshold and the second factor the Lindhard electronic-loss partition. The displacement-per-atom
rate is the spectrum-folded displacement cross section,

d(dpa) 1
dt Ny

Tmax d a
/ O(E,) d—;(En,T) Ny(T)dE,dT = o4 &,
Eq

so total damage is linear in fluence through the effective displacement cross section o'qps. The partition of Ng over the four YBCO sublat-
tices is set by their displacement thresholds and site multiplicities: oxygen, with the lowest E; (~20 eV) and the highest multiplicity (7 — &
of ~13 atoms per formula unit), absorbs the majority of the displacements. The cascade-MD/DFT+U campaign (§3, [2.18]) resolves this
partition at & 78% on oxygen and identifies the loss of chain oxygen — which controls the hole doping of the CuO5 planes — as the opera-
tive J.-degradation channel. This microscopic picture is what makes Eq. 6 physically legitimate: the connectivity factor g(®) is chain-
oxygen depletion, and the APC nanocolumns, being oxygen-poor perovskite phases embedded in the matrix, do not protect the chain
oxygen.

THE CRITICAL-CURRENT-ONSET-KNEE SCREENING SURROGATE

A full reactor-irradiation qualification of every candidate lot is slow and scarce. Equation 7 supplies a screening surrogate: rank candidate

tapes by their computed break-even fluence ®* = <I>g\/z, evaluated from two measurable inputs — the as-manufactured pin margin
A = (ngat — n)) f¢/(J2B) from low-dose in-field J(B) characterisation, and the damage scale ®, from the sublattice-resolved o dpa of
Eq. 9. The surrogate orders tapes by lifetime without a multi-year fluence campaign; it is a screen, not a qualification, and its uncertainty is
propagated in §4.

The operating-point caveat. The break-even fluence measures when the tape stops benefiting from irradiation; it is not the same as the in-
field current margin at end of life. At the fixed operating point 16.84 T, 20 K, the APC tape's higher unirradiated in-field .J, can leave it
with more absolute margin at the frozen 3.9 x 1022 nm~2 budget even though it broke even earlier. We treat this tension quantitatively in
§4 (Fig. 4) and in the discussion (§5); it is why the selection rule is stated as a lifetime rule under a shield-limited fluence, not as a blanket

claim that un-doped tape is superior at every field.

THE STABILISER: MAGNETORESISTIVE CONDUCTIVITY OF THE BYPASS

A quench-margin stabiliser must carry the transport current briefly when the REBCO goes normal, with the lowest possible resistivity at 20
K and > 30 T. Both copper and aluminium are pure metals whose resistivity in field is governed by Kohler's rule,

Ap(B,T) B . ;
(D) _F(PO(T)) = F(RRR - B),

where pg(T) is the zero-field resistivity and RRR the residual-resistance ratio. For copper F is non-saturating (approximately linear in B
at high RRR - B), so the field penalty grows without bound; at RRR~150 and 30 T the magnetoresistance more than doubles p. Very

pure polycrystalline aluminium, by contrast, exhibits a saturating high-field magnetoresistance !, so the normalised conductivity

a(B) |

0(0) 1+ F(RRR-B)

tends to a field-independent floor rather than collapsing. A graphene-reinforced ultra-pure aluminium composite adds the mechanical
strength that pure aluminium lacks while preserving the saturating behaviour, retaining a low-loss bypass at 30-35 T where copper does
not (Fig. 5); the register target is a retained cryogenic conductivity of order 2 x 104 S cm~ in that band (anchor Reg. #29).
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THE V503 SELF-PROTECTING INTERLAYER AS A MOTT SWITCH

No-insulation (NI) winding self-protects: on a local normal zone the transport current bypasses turn-to-turn through the metal-to-metal
contact, so no external dump is strictly required. The cost is the magnetisation charge time, set by the L/R time of the radial bypass; a low
contact resistance (good protection) implies a very long charge (§4, QS-05). Partial insulation raises the contact resistance to shorten the
charge but forfeits most of the self-protection. The trade is a single scalar — the turn-to-turn areal resistance R, — pulling in opposite
directions.

A material whose resistivity is a strong function of temperature breaks the trade. Vanadium sesquioxide (V203) undergoes a first-order
Mott metal—insulator transition near Tygr =~ 150-168 K: below it, the antiferromagnetic-insulator phase is resistive; above it, the para-

magnetic-metal phase is conducting '®'%', The resistivity ratio across the transition spans several orders of magnitude. Deposited as a
turn-to-turn interlayer, its areal resistance

Pi — Pm
1+ exp[(T — Tyar)/w]’

T
gt (T) = PV;03 (T) Ta PV,03 (T) = Pm +

(with 7 the interlayer thickness, p; > pn the insulating and metallic resistivities, and w the transition width) is high at the 20 K operating
point — so the coil charges as though insulated — and collapses once a turn heats above Tyt — so current shunts turn-to-turn exactly
where and when a hot spot forms (Fig. 6). The interlayer is a passive, self-triggering thermal switch requiring no detection or actuation,
and it places the conductor in the desirable corner of the charge-time/protection plane (Fig. 7). A functionalised-graphene delamination-
arresting interlayer and an operating-point-matched high-heat-capacity layer (anchors Reg. #28/#30) complete the stack (Fig. 8).

QUENCH PROPAGATION AND THE HOT-SPOT BUDGET

The protection case must close whether or not the passive interlayer fires. Under an adiabatic hot-spot assumption, energy conservation in
the normal zone equates the resistive dissipation to the enthalpy rise,

00 5 B Tmax C(T) _
/0 J2()dt = /T @ dT = U(Tmax),

the “MIITs” integral, where C(T') is the volumetric heat capacity of the winding pack, pey(T') the stabiliser resistivity, and J, the current
density referred to the stabiliser. The left side is the integrated square current the conductor absorbs from fault onset to dump; the right
side, a material property, caps the peak temperature at the design limit T3,,;. The normal zone spreads at the adiabatic longitudinal

velocity
vy = L [ PEm_
CVT —Typ

with kg, the thermal conductivity and T} the current-sharing temperature; for REBCO the low J/C and modest £, make vy, two orders of
magnitude below the LTS value, which is why a distributed precursor sensor, not a voltage tap waiting for the zone to grow, is the right
detector. The detection latency #4et and dump time constant £qump enter Eq. 13 through f chu dt =~ qu,o (taet + %tdump), closing the
budget in §4.



§ 3

Computational methodology: the NVIDIA GPU HPC campaign

Every headline quantity was produced on the Kronos NVIDIA GPU HPC campaign (Lambda-fleet A100/H100/A10 nodes), under the veri-
fication-first protocol of the de-risking register: frozen anchors, seeded runs, and independent re-execution [2.97]. Four solver classes were
run for this paper.

Displacement-cascade molecular dynamics. The defensible, classically tractable part of the damage model — primary-knock-on displace-
ment cascades in the tape's metallic layers — was run with LAMMPS using embedded-atom-method (EAM) potentials for the copper
stabiliser and for nickel as a Hastelloy-C276 substrate proxy ['>'4), Single-PKA cascades were launched at recoil energies of 1, 5 and 10 keV
in face-centred-cubic supercells of 16 384, 55296 and 108 000 atoms respectively, GPU-accelerated through the KOKKOS backend and
pinned for reproducibility (seed 20260726). The NRT displacement rulers of Eq. 8 were fixed against the cascade defect counts; because
YBCO has no validated classical cascade potential, the ceramic layer is handed to first-principles methods rather than forced through an
unphysical potential.

DFT+U chain-oxygen energetics. The oxygen-sublattice partition and the chain-oxygen-vacancy formation energetics were computed with
plane-wave DFT (Quantum ESPRESSO, PBE exchange—correlation, Monkhorst—Pack k-meshes, variable-cell BFGS relaxation), with a
Hubbard U on the Cu 3d manifold to correct the self-interaction that plain GGA suffers on the cuprate ['>'°), The pristine YBagCugO7_s
supercell converged to a total energy of —2907.082 Ry; vacancy-formation and the full YBCO displacement-cascade extension are gated to
the next HPC allocation and reported as such (§6, [2.18]).

Neutron transport and fluence spectrum. The fast-neutron flux spectrum ¢(E,,) folded into Eq. 9, and the shield-attenuated fluence that
fixes the frozen 3.9 x 10*2 nm—2 budget, come from Monte-Carlo transport of the centrepost source with OpenMC on a CAD-derived

geometry !'7)) consistent with the life-limiter and consumable-centrepost analyses [2.26,2.16].

Selection-rule and uncertainty propagation. The pinning/damage model of Eq. 6, the break-even solve of Eq. 7, the stabiliser magnetore-
sistance of Eq. 11, the Mott-switch model of Eq. 12 and the hot-spot budget of Egs. 13—14 were evaluated in a vectorised NumPy/SciPy
pipeline; the ordering-robustness study is a 4 000-sample Monte-Carlo over log-normally perturbed model inputs (seed 20260726). The
figure-generation script is deposited with this paper so that every curve is regenerable byte-for-byte.
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8§ 4

Results

THE UN-DOPED-TAPE SELECTION RULE

Figure 1 shows the normalised in-field critical current of Eq. 6 for the two tapes. Both rise at low dose as irradiation adds pinning, peak,
then fall as chain-oxygen damage dominates. Fitting the model to the register's frozen break-even anchors gives ®%, = 5.64 x 102nm=2
for the un-doped tape and @}, = 3.82 X 1022 nm~2 for the APC tape, a factor ®},/®4pc = 1.48. The APC anchor sits essentially at the
frozen design fluence budget of 3.9 x 10?2 n m~2, whereas the un-doped tape retains its net-beneficial window well beyond it. The inver-
sion follows directly from the parameterisation of §2.1: the un-doped tape carries the larger available pinning gain Ay, > Aapc because

its as-manufactured pin density is far from saturation.

Irradiation-enhanced pinning and the break-even fluence (BR-SX-04)

8 later break-even

3
=
=i
e
L)
QL
&
S

2 3 4 5
Fast-neutron fluence ® (1022nm™=2)

®* =5.64 x 102nm2 3.82 x 102 nm2 1.48

3.9 x 102 nm2
[RO]

The ordering must be robust to the model inputs, not an artefact of a point estimate. Figure 2 is the distribution of &}, — ®}p over 4000
Monte-Carlo samples with log-normally perturbed pinning-gain and damage-scale parameters (~9% coefficient of variation). The gap is
positive in every sample: P(®}, > ®} ) = 1.00, with a mean gap of 1.8 x 102 nm~2. The un-doped-tape rule is a robust ordering, not
a marginal one.
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Selection ordering is robust across the input uncertainty (BR-SX-04)
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Figure 3 gives the displacement partition over the YBCO sublattices from the NRT/cascade analysis of §2.2. The oxygen sublattice absorbs
~ 78% of the atomic displacements, with the metal sublattices (Cu, Ba, Y) sharing the remainder. Because the operative degradation chan-
nel is loss of chain oxygen, which controls the CuO»-plane hole doping, the connectivity factor g(®) of Eq. 6 is physically a chain-oxygen-
depletion factor. The DFT+U pristine cell (—2907.082 Ry) anchors the vacancy-formation study reported in the companion first-princi-
ples paper [2.18].

Where the damage lands: the oxygen sublattice dominates (BR-SX-04)

o
o

chain-oxygen loss is the J, limiter
DFT+U pristine cell —2907.082 Ry

~]
=

=]
o

o
o

1N
=

W
o=

B
o

)
&~
nmi”
]
ek
=
=
Q@
Q
ge]
B,
)]
oy
o
&
=
(@]
e
o
o
Q
Q
=
ye]
=
7]

[
o

o

Cu Ba
YBa;Cuz0O7 _ s sublattice

~ 78% Jc [RO]

13


https://doi.org/10.5281/zenodo.22645923

THE OPERATING-POINT TENSION

The lifetime rule is a statement about break-even fluence; the coil designer also cares about the absolute in-field current margin at end of
life. Figure 4 plots the in-field I, margin at the operating point 16.84 T, 20 K against fluence. At the frozen 3.9 x 1022 n m~2 budget the
un-doped tape's margin has fallen to 1.23, below the 1.30 end-of-life design floor, while the APC tape — starting from a higher unirradi-
ated in-field J, — still holds 1.80 (anchor BOM-03). The two results are not in conflict: the un-doped tape wins on break-even fluence (it
keeps benefiting from irradiation longer), but the APC tape can win on absolute in-field margin at the high operating field because it
started higher. The design resolution is explicit in §5: the selection rule governs the lifetime-limited, shield-set regime, and the margin
figure sets when an APC lot is instead required for end-of-life headroom.

The operating-point tension: at 16.84 T the APC tape keeps margin (BOM-03)
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THE STABILISER

Figure 5 contrasts the normalised conductivity of copper and graphene-reinforced ultra-pure aluminium at 20 K as a function of field.
Copper's non-saturating magnetoresistance (Eq. 10) drives its conductivity down monotonically, losing more than half by 30 T at
RRR =~ 150; the aluminium composite's saturating magnetoresistance flattens to a floor, retaining a low-loss bypass across the 30-35 T
centrepost band. This is why the quench-margin stabiliser is aluminium-based rather than copper, and why the graphene reinforcement —
which restores the mechanical strength pure aluminium lacks — is enabling rather than incidental.

Why the stabiliser is aluminium: saturating magnetoresistance (Reg. #29)
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THE SELF-PROTECTING INTERLAYER AND THE ESCAPED TRADE

Figure 6 shows the interlayer resistivity of Eq. 12 across the Mott transition. At the 20 K operating point the V203 is in its insulating phase,
so the turn-to-turn areal resistance is high and the coil charges as though insulated; once a turn heats above T\gr ~ 160 K the resistivity
collapses by several orders of magnitude and the current shunts turn-to-turn, self-protecting the hot spot. Because the switch is passive
and self-triggering, it decouples the charge time from the protection: Figure 7 places the NI, PI and V5,03 options in the charge-time/self-
protection plane. No-insulation reaches a self-protection efficiency n = 0.99 but at a ~22-day magnetisation charge; partial insulation
charges in ~1 hour but at = 0.20; the V203 interlayer occupies the desirable corner — fast charge and high self-protection (anchor QS-
05).

The V,05; self-protecting interlayer: a passive thermal switch (Reg. #10)
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Escaping the NI/PI charge-time-vs-protection trade (QS-05)
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The four materials results assemble into a single conductor architecture for the neutron-exposed centrepost, shown schematically in Fig. 8:
an un-doped REBCO layer on a strain-first substrate for break-even-fluence lifetime, the V503 Mott interlayer for passive turn-to-turn
self-protection, an operating-point-matched high-heat-capacity quench-margin layer, and the graphene-reinforced ultra-pure aluminium
bypass stabiliser, with a functionalised-graphene interlayer arresting delamination (anchors Reg. #28/#29/#30/#10).
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Conductor architecture for a neutron environment (Schematic.)

4
neutron flux

Graphene-reinforced ultra-pure Al bypass stabiliser

V203 self-protecting quench interlayer (Mott switch)

Un-doped REBCO layer (longest break-even fluence)

Delamination-arresting functionalized-graphene interlayer

The conductor-materials architecture for a neutron environment, assembling the un-doped REBCO layer, V203 self-protecting interlayer, high-
Cp quench-margin layer, graphene-reinforced aluminium stabiliser and delamination-arresting graphene interlayer (anchors
Reg. #28/#29/#30/#10®°)). (Schematic.)
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THE QUENCH BUDGET CLOSES

Figure 9 shows the hot-spot temperature trajectory. The adiabatic MIITs integral of Eq. 13 gives a 3.67 s budget to reach the 200 K design
cap with no dump (anchor BR-SX-14); the low REBCO normal-zone propagation velocity of 10.5 cm s~ (48 x below LTS, Eq. 14, anchor
QS-02) is what makes voltage-tap detection too slow and a distributed precursor necessary. With a fused strain-rate and magnetisation
precursor that fires 34 x earlier than terminal voltage (0.089 s versus 3.02 s, SNR 323; companion [2.19]), a 52 ms detection plus a 231 ms
dump holds the peak temperature to 63 K (anchor QS-03), an order of magnitude below the cap. Table 1 collects the protection numbers.
Table 2 summarises the paper's frozen anchors.

The quench budget closes with active detection (QS-02/QS-03/BR-SX-14)

EGDEK hot-spot cap == = Adiabatic (no dump): 200 K at 3.67 s VA
: == Detect 52 ms + dump 231 ms: Tyay =063 K

[
~J
(9]

[
(o)
o

fused strain-rate + magnétization
detector fires 34 x earlier

(0.089 s vs 3.02 s, SNR 323)

[
o
o

=]
o

o
&
B
e
8,125
=
QL
=
1<)
?
®
T

%))
o

b
(o))

1.0 1.5 2.0 2.5 3.0
Time after normal-zone onset (s)

200 3.67 [Ro] 52
231 63 Lol 34x
Adiabatic hot-spot budget to 200 K 3.67 s (2.59 s at RRR 10) BR-SX-14
MIITs integral U(200K) 9.9 x 10" A2 m~4 QS-03
Normal-zone propagation velocity 10.5 cm s~ (48 x below LTS) QS-02
Fused-precursor detection latency 0.089 s (34 x earlier than V; SNR 323) BR-SX-14
Detect + dump — peak temperature 52 ms + 231 ms — 63 K QS-03
NI self-protection efficiency / charge n=0.99 [~22d QS-05

19


https://doi.org/10.5281/zenodo.22645752

PI self-protection efficiency / charge n=0.20/~1h QS-05
XLLL RESULT VALUE FIG. SERIAL
Un-doped break-even fluence 5.64 x 102 nm~2 1 BR-SX-04
APC break-even fluence 3.82 x 102 nm 2 (x1.48) 1 BR-SX-04
Frozen design fluence budget 3.9 x 102 nm2 1 register!**/
Ordering robustness (4 000 samples) P =1.00 2 BR-SX-04
Oxygen-sublattice displacement share ~ 8% 3 BR-SX-04
DFT+U pristine YBCO cell energy —2907.082 Ry — BR-SX-04
In-field margin at 3.9 x 102 nm~2 (un-doped/APC) 1.23 /1.80 A BOM-03
Graphene—Al stabiliser conductivity (30—35 T) ~2x10*Scm™? 5 Reg. #29
V203 Mott transition ~ 160K 6 Reg. #10

Conductor-materials frozen anchors reproduced in this paper.
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Discussion

Against the irradiation literature. The non-monotone J.(®) of Eq. 6 — a low-dose rise from irradiation-added pinning followed by a
damage-dominated fall — reproduces the qualitative behaviour reported in reactor and spallation campaigns on commercial REBCO
tapes [#9) and in light-particle surrogates that deliberately introduce pinning defects ['°!. Our contribution is to make the selection between
tape types quantitative and to invert the room-temperature ranking for the fusion-fluence regime: because the APC tape is engineered near
pinning saturation, its available irradiation gain is small and its damage collapse arrives sooner, so it breaks even at 3.82 x 10?2 against
5.64 x 1022 nm~2 for the un-doped tape. This is consistent with, and sharpens, the general observation that irradiation and artificial
pinning are partly redundant.

The honest tension, resolved. Figure 4 shows the APC tape retaining more in-field margin at the operating field even though it broke even
earlier. We do not paper over this. The resolution is that the two metrics answer different questions: break-even fluence answers “which
tape keeps benefiting from irradiation longest,” relevant when the lifetime is set by a shield-limited fluence budget and the conductor is
replaced on a cartridge cadence [2.26,2.16]; in-field margin answers “which tape has the most current headroom at end of life,” relevant
when the operating field is pushed to the conductor limit. For the Hyperion centrepost at 16.84 T with a 3.9 x 10*2 nm~2 shield-set
budget, the un-doped-tape rule governs the lifetime and the margin figure sets the crossover field above which an APC lot is instead
required — a design-space statement, not a contradiction. The register carries both anchors precisely so the coil designer can choose per
operating point.

Against high-field magnet practice. The convergence of SPARC/ARC, the 45.5 T insert and VIPER-cable programmes on NI/PI

winding (53! is driven by the same self-protection logic we formalise in §2.5; the V203 interlayer is a materials route to the self-protection
benefit without the charge-time penalty, which is a genuinely different point in the design space than a fixed turn-to-turn contact resis-
tance. The saturating-magnetoresistance argument for an aluminium bypass ! is standard in cryomagnet stabiliser selection; the
graphene reinforcement is what makes it structurally viable at 30-35 T. The quench-detection numbers are competitive with the HTS
quench-detection literature [2%223; the low REBCO NZPV that defeats voltage taps is exactly the regime those works target, and the fused

precursor's 34 earlier trigger is a meaningful margin in a deliberately hard, weak-signal regime.

Two distinct magnets. The centrepost (16.84 T) and the burner plug (26.49 T) are physically different coils with different fluence and stress
environments; the conductor-materials specification here applies to the neutron-exposed centrepost, while the plug coil's structural and
quench engineering is treated separately [2.21]. We are careful throughout not to conflate the two field values or their magnets.
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8§ 6

Limitations

The lifetime rule and the onset-knee surrogate are screening results anchored to available irradiation data, cascade molecular dynamics in
the metallic layers, and a DFT+U energetics chain whose full chain-oxygen-vacancy and YBCO cascade extension are gated to the next
HPC allocation; they are not a full reactor-irradiation qualification, and the break-even fluences carry the underlying data's uncertainty
(propagated in Fig. 2). The single honest gate is the same one flagged across the magnet programme [2.19]: an in-winding precursor
sensor must survive a required tolerance of order 3.9 x 10 ncm ™2, roughly 39x above the demonstrated ~ 10" ncm=2, and that
survival is not yet proven. The stabiliser conductivity target and the V503 transition parameters are material-property targets to be
confirmed at winding scale. These materials define a conductor specification; they do not by themselves qualify a coil.
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§ 7

Conclusion

In a fusion neutron environment the REBCO conductor specification changes. A two-population pinning model with a displacement-
damage sink, anchored to cascade molecular dynamics and DFT+U, predicts that the un-doped tape outlasts the artificial-pinning-centre
tape on break-even fluence (5.64 x 1022 versus 3.82 x 102 nm2, x1.48; ordering robust with probability 1.00 over 4000 samples),
inverting the room-temperature ranking, with the damage localised on the oxygen sublattice (= 78%). A break-even-fluence surrogate
screens candidate tapes without a full reactor campaign, and the in-field operating-point margin resolves the crossover to an APC lot
honestly rather than by fiat. A graphene-reinforced ultra-pure aluminium stabiliser beats copper as a cryogenic bypass through its saturat-
ing magnetoresistance to 30—35 T, and a V503 Mott interlayer gives passive, temperature-triggered turn-to-turn quench protection that
escapes the no-insulation charge-time trade. The quench budget closes with a 3.67 s adiabatic margin and a fused precursor firing 34 x
early to hold the peak temperature to 63 K. This is the conductor-materials architecture behind the magnet, distinct from its field and
stress design.
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The intellectual-property estate, the people who built it, the limitations
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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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