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ABSTRACT

A Flowing-Lithium Vapor-Box Divertor with Molten-Salt In-L.oop
Tritium Extraction for a Compact Spherical-Tokamalk Breeder

; compact spherical tokamak concentrates its exhaust power onto a small divertor and, in a nuclear device, onto a surface that must
A not become a tritium reservoir. A solid target erodes, thermally fatigues, and traps tritium; a flowing liquid-metal surface removes
the first two failure modes by renewal, but the choice of metal is then set by tritium retention, because in a breeder the divertor is
part of the fuel cycle. We formalise a flowing-lithium vapor-box divertor with molten-salt in-loop tritium extraction and reduce it to prac-
tice on the Hyperion breeder design point (I, = 9.66 M A, Q = 3.076, Pr,; = 85.04 MW, negative triangularity 6 = —0.30, By = 8T,
elongation x = 2.0, major radius Ry = 1.20m, aspect ratio A = 2.5). We give the governing equations as a coupled system: the
Hartmann-number magnetohydrodynamic drag on the film, the enthalpy- and evaporation-limited film heat balance
Gmax = P 0 Cp AT yap, the two-point detachment model that sets the incident load, and the diffusion—trapping permeation problem
whose Sieverts'-law solubility ordering explains the retention ranking. Coupled FESTIM/TMAP permeation—retention modelling at 673 K
ranks four candidates by steady tritium loss relative to pure lithium: lithium 1X, a Lig2Snag eutectic 6,812%, lead—lithium 41,889, and
pure tin 4,760,504x — three to six orders of magnitude. Reduced thermofluid modelling gives a handled film heat flux of
2.8/4.9/6.7 MW /m? at film velocities of 2/5/101m/s, and, in series with a stacked Super-X detached configuration, the vapor-box surface
caps the peak target load from ~31 to 0.16 MW /m2. In-loop molten-salt extraction converts what would be a static ~ 1.3 kg lithium
tritium trap (37x the operating inventory) into a milligram-scale in-vessel inventory and a recovery stream. Flowing lithium therefore
couples the two hardest subsystem problems — power handling and tritium inventory — into one solution. This is an internal-platform
concept, not a built system; every headline number is a frozen anchor in the Kronos Physics De-Risking Register.

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645750 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.

Keywords: liquid-metal divertor flowing lithium vapor box tritium retention molten-salt extraction

detachment heat exhaust spherical-tokamak breeder


https://doi.org/10.5281/zenodo.22645750
https://kronosfusionenergy.com/3D_Model
https://kronosfusionenergy.com/physics_Validation_Simulation

CONTENTS

Table of Contents

A Flowing-Lithium Vapor-Box Divertor with Molten-Salt In-Loop Tritium Extraction for a Compact Spherical-Tokamak
Breeder

Introduction

Governing equations and the formal down-select problem

Computational methodology: the GPU-HPC campaign

Results

Discussion

Limitations

Conclusion

References

One programme, many papers

12
13
24
25
26
gl
&5



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)



liquid-metal divertor; flowing lithium; vapor box; tritium retention; molten-salt extraction; detachment; heat exhaust; spherical-tokamak
breeder
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Introduction

THE EXHAUST PROBLEM OF A COMPACT BREEDER

The divertor is where a compact machine's power-handling problem is sharpest. A spherical tokamak (ST) confines a large plasma current
in a small volume (%), which is precisely what makes it an attractive 14 MeV neutron source and tritium-breeding platform and, at the
same time, what concentrates the scrape-off-layer (SOL) power onto a divertor of only a few square metres. The same concentration chal-
lenge drives the compact, high-field tokamak line generally %%, In the Hyperion breeder the parallel heat flux entering the SOL is of order
gq| ~ 27GW /m? into a heat-flux width of Ay~ 0.21mm — consistent with the inverse-poloidal-field narrowing of the Eich multi-
machine scaling [%43%); without mitigation the peak load on a conventional attached target reaches ~1.37 GW /m?, two orders of magni-
tude above the ~10 MW /m? that any actively cooled plasma-facing component (PFC) can steadily survive 35). The power-exhaust prob-
lem is not incidental to the compact breeder; it is one of the two hardest constraints on whether the platform can be built at all.

Two families of solution exist and are complementary. The first shapes the magnetic geometry to spread and lengthen the exhaust channel
— the Super-X [°), snowflake |7 and double-null configurations — and radiates the majority of the power volumetrically by impurity seed-
ing before it reaches the target [®9!, The second replaces the solid target itself with a renewable liquid metal, so that erosion and thermal
fatigue are removed by continuous refreshing of the surface and the incident power is dissipated by evaporation and vapour-cloud radia-
tion 2], This paper is about the second family and, specifically, about which liquid metal a breeder must choose — a question whose
answer is dictated not by thermal engineering but by tritium.

LIQUID-METAL PLASMA-FACING SURFACES AND THE VAPOR BOX

Liquid-metal PFCs have a mature experimental basis. Capillary-porous systems (CPS) that hold liquid lithium or tin against magnetohy-
drodynamic (MHD) ejection have run as limiters and divertor targets on T-11M, FTU, TEXTOR and NSTX 54121 and whole-vessel liquid-
lithium walls have been operated on the Lithium Tokamak Experiment [°!. The vapor-box divertor of Goldston and colleagues ') takes the
idea one step further: a series of baffled chambers holds a controlled lithium vapour cloud that radiates the incident power and that is
confined by strong differential pumping through condensation on cold surfaces, so that the low-Z vapour that detaches the plasma does
not migrate into the core. A liquid-metal target additionally exhibits vapour shielding: as the surface heats, evaporation raises a protective
vapour layer that radiates and caps the surface temperature, an experimentally observed, self-limiting oscillatory equilibrium 3/, The
flowing-lithium vapor box combines all three mechanisms — a renewable surface, an evaporative/radiative dissipation channel, and self-
shielding — into one target.

WHY LITHIUM, AND WHY A BREEDER MAKES THE CHOICE FOR YOU

In a breeder the divertor surface is exposed to a 14 MeV-driven tritium flux and therefore becomes a node in the tritium inventory and
safety accounting. The metal that best handles the heat is not automatically the metal that best protects the fuel cycle. Tin is attractive
thermally — it has a far lower vapour pressure than lithium and a correspondingly wider evaporation margin '>'3/ — but tin retains and
permeates hydrogen isotopes strongly. Lithium's chemical affinity for hydrogen, usually cited as a liability, turns out to be the property
that keeps the tritium bound in a controllable, continuously reprocessed loop rather than permeating into coolant and structure. The
central result of this paper, quantified in §4, is that lithium is optimal for the fuel cycle by three to six orders of magnitude over the alterna-
tives, so that the surface that best handles the power is also the surface that best controls the inventory. The remaining liability of lithium
— a large static in-vessel tritium trap — is removed by extracting the tritium in loop with a molten-salt contactor, a technique with a long
pedigree 8],



CONTRIBUTION

Prior art treats these ingredients separately: the vapor box as a heat-exhaust concept '°!, liquid lithium as a wall-conditioning and low-
recycling measure %4/ permeation modelling of solid PFCs [%!, and molten-salt tritium extraction as a blanket-chemistry process "',
What is missing for a compact nuclear ST is a single, quantitatively closed statement that (i) writes the film hydrodynamics, heat balance,
detachment boundary condition and permeation physics as one coupled governing system; (ii) resolves the liquid-metal down-select on
the fuel-cycle criterion with a first- principles permeation ordering; (iii) closes the tritium inventory with an explicit in-loop extraction
balance; and (iv) traces every number to a reproducible, GPU-accelerated result set. This paper contributes exactly that. We give the
governing equations and the formal down-select problem (§2); the computational methodology, including the NVIDIA GPU high-perfor-
mance-computing (HPC) campaign that produced the results and its verification and reproducibility posture (§3); the results as eight data
figures and supporting tables (§4); a quantitative discussion against published liquid-metal and detachment benchmarks (§5); one honest
limitation (§6); and a conclusion (§7). Every quantitative claim traces to a frozen result in the Kronos Physics De-Risking Register [2%);
serial identifiers (e.g. HX-16, BR-SX-09) are given inline so each number is auditable. The divertor-geometry context — the stacked
detachment portfolio and the concept down-select that selected the flowing-lithium surface — is developed in the companion
papers 293931 the SOL boundary condition that sets the incident load in [3%)] the thermal-hydraulic and safety envelope in [33, the coat-

ing-chemistry choice of lithium over tin in (4], and the inventory bookkeeping that this divertor feeds in 35,



§ 2

Governing equations and the formal down-select problem

The flowing-lithium vapor-box divertor is governed by four coupled sub-problems: (i) the MHD-constrained film hydrodynamics that
determine whether a stable liquid surface can be maintained; (ii) the film heat balance that sets the handled surface flux; (iii) the
SOL/detachment boundary condition that sets the incident load reaching the surface; and (iv) the diffusion—trapping—permeation prob-
lem that sets the tritium retained and lost. We state each and then combine them into the formal down-select.

MAGNETOHYDRODYNAMIC CONSTRAINT ON THE FILM

A flowing liquid-metal film in a magnetic field B is opposed by the Lorentz force acting on the current induced by its own motion. The rela-
tive strength of that drag to viscous forces is the Hartmann number

Ha=BL‘/i,
pv

with o the electrical conductivity, p the density, v the kinematic viscosity, and L the characteristic transverse dimension of the film. For a
lithium film of thickness L ~ 2mm in a multi-tesla field, Ha > 1: the flow is Hartmann-laminar, with a thin (éga ~ L/Ha) boundary
layer at the conducting wall and a flat core. The MHD pressure gradient required to drive the flow depends on the electrical boundary
condition. For a thin conducting wall of conductance ratio ¢,, = ot /(0L) < 1 the dimensionless pressure drop scales as

JAY ) Cuw

~ Ha » ¢y Ha
pu? 1+ ¢y ol U

i.e. linearly in Ha (rather than the Ha? of a perfectly conducting duct), which is the design regime that keeps the required pumping head
bounded 7!, Free-surface stability of the film against the combined Lorentz, gravitational and capillary forces is governed by the balance

U A
pﬁz—Vp+p g+ J % B+ ks ndg,

where J=o( E+ U X B) is the induced current density, -y the surface tension, k, the surface curvature and dg the
surface-localisation distribution; capillary confinement in a porous or grooved substrate (the CPS principle) supplies the restoring ~yx,

term that suppresses droplet ejection ', Equations (1)-(3) define the admissible window (u, 8, B) within which a stable, replenished
lithium surface exists; the heat balance below selects a point in that window.

FILM HEAT BALANCE AND THE EVAPORATION LIMIT

The film removes the incident surface heat flux g, partly as sensible enthalpy carried away by the flow and partly as latent heat of evapora-
tion. Integrating the surface energy balance over a film of thickness § moving at mean velocity u, the sensible-enthalpy limit on the
handled flux is

Ufmizse = (b0 A0

where ¢, is the specific heat and ATeyap = Tevap — Tin is the allowable surface temperature rise from the inlet temperature to the point at
which evaporation becomes intolerable. The evaporation ceiling itself is set by the Hertz—Knudsen (Langmuir) evaporative mass flux

psat(Ts) Lvap
0 () = e T,) = _
eva.p( 8) o LikBTs ) psat( s) Po exp( kBTs )

with pgat the saturation vapour pressure and Ly, the latent heat; the design constraint is that I'ey,p stay below the value at which the rede-
position/differential-pumping balance (§2.3) can still contain the vapour. Because gmax o< ud but the evaporation ceiling grows only
weakly (logarithmically in g through T5), the handled flux increases sub-linearly with velocity — the origin of the 2.8/4.9/6.7 MW /m?
ladder at w = 2/5/10m /s computed in §4. Above the film, incident power is additionally dissipated by line radiation from the lithium
vapour cloud; the radiated volumetric power density is

Prag = nenyy LZ(Te),

with Lz(Te) the lithium cooling function, so that a fraction frad of the SOL power is removed before it reaches the liquid surface.



VAPOUR CONTAINMENT: DIFFERENTIAL PUMPING AND REDEPOSITION

The vapor box is admissible only if the evaporated lithium is overwhelmingly recaptured. Let I'eya, be the local evaporative flux and I'cong
the condensation flux onto the cold baffles; the escape fraction of lithium toward the main plasma is

Fevap - Fcond
fesc = F— =1l= Tredep)
evap
with 7;e4ep the redeposition (recondensation) efficiency. The containment requirement is fege < 3 X 1073, i.e. Tredep > 99.7%, so that core
lithium contamination stays tolerable (BR-CX-25). Differential pumping through the baffled chambers enforces this by geometry, condens-

ing the vapour between stages before it can stream out of the box '/,

SOL AND DETACHMENT BOUNDARY CONDITION

The incident load ¢, that the film must survive is itself a controlled quantity, set upstream by the SOL and by detachment. In the two-
point model the target heat flux relates to the upstream parallel flux and the radiated fraction by

in@
q1 = (l_frad) q sn} J_a

where 0, is the field-to-surface angle and f, the total flux expansion delivered by the advanced geometry (Super-X x double-null x
snowflake). Detachment — the roll-over of the target electron temperature below T, < 5 eV at which pressure and power are lost along the
flux tube before reaching the surface — follows the reduced detachment model of Stangeby !°!: momentum loss becomes strong as
T. — 1€V, and the target flux collapses. The combination of geometry (f,), seeding (fraq) and the liquid surface must bring g, below the
handled ceiling of §2.2. For Hyperion the required radiated fraction is fr,q =~ 0.94 to reach 10 MW /m?, with detachment achieved at
fraa = 0.91 (HX-14/HX-15); the flowing-lithium surface then absorbs the residual load with wide margin.

PERMEATION-TRAPPING AND THE RETENTION ORDERING

Tritium transport in the metal is governed by diffusion with reversible trapping (the McNabb—Foster /| TMAP formulation). For mobile
concentration ¢(z, t) and trapped concentration c;,

oc _ Bct
act

5 = W0 e Bt/kBT ¢ (ny — ¢;) — vy e BalkBT ¢,

with D(T) = Dy exp(—Ep/kpT) the Arrhenius diffusivity, n; the trap density, E;, E4 the trapping and detrapping energies, and S the
implantation source. The surface boundary condition follows Sieverts' law: the mobile concentration in equilibrium with a partial pressure
pr, of tritium is

Csut = Ko(T) /D1,  Ko(T) = Kyg e Bel*sT,
In steady state the permeation flux through a slab of thickness £ driven by an upstream pressure p is

T =20 /5, 8(T) = D) K,(T),

where ® is the permeability. The steady in-vessel retention/loss therefore scales with the product of diffusivity and Sieverts' solubility, and
it is precisely this product that separates the candidate metals by orders of magnitude: lithium's very negative hydride formation enthalpy
gives it a solubility so high (equivalently a tritium equilibrium partial pressure so low) that the permeation driving pressure /p collapses,
so lithium retains tritium in a bound, recoverable form while tin and lead—lithium permeate it into structure and coolant [34!. The transient
scale is the diffusive lag time

e2
tg = ——n )
¢ = 6 D(T)

which for the Hyperion film thickness is ~ 190 s at 600 K and ~ 30 s at 800 K: permeation reaches steady state within minutes of a burn
start, so the steady loss of Eq. (11) is the correct figure of merit.

10



IN-LOOP MOLTEN-SALT EXTRACTION BALANCE

The lithium tritium inventory is bounded not by suppressing uptake — lithium takes up tritium avidly — but by removing it in loop. A
counter-current molten-salt contactor exploits the favourable distribution of tritium (as LiT) between liquid lithium and a molten halide

salt 81, With distribution coefficient Kg = Csalt /e1i, salt-to-lithium flow ratio R = Vsalt / VLi, and N ideal counter-current stages, the
Kremser relation gives the single-pass extraction efficiency

8N+1 _&

77ext=m, E=KiR,

so that for an extraction factor £ > 1 the efficiency approaches unity with a few stages. The steady in-vessel lithium inventory then follows
from the balance between the tritium generation/pickup rate N and the loop clearance Vi, Next CLi:

I — Nt Tloop
Li — ’
Next

with Tieep the loop residence time. Equation (14) is what converts a static ~ 1.3 kg lithium trap (37x the operating inventory) into a
milligram-scale steady in-vessel inventory and a recovery stream feeding the fuel cycle (§4; BR-SX-09).

THE FORMAL DOWN-SELECT

Collecting the above, the liquid-metal choice is the constrained selection

min Lt(m) s.t. m) > q m) < 3 x 10~3, Ha-stable
me{Li, LiSn, PbLi, Sn} (m) Gumax(m) 2 415 fese () ’ ’
where L(m) is the steady tritium loss of Eq. (11) for metal m. The thermal constraints qma, > g, are satisfied by all four candidates in
the detached configuration (the surface sees < 10 MW /m?, well inside every candidate's evaporation ceiling); the containment and MHD
constraints are geometric. The objective L is therefore the decisive criterion, and it is minimised uniquely by lithium. This is the sense in
which the breeder makes the choice: the fuel-cycle objective, not the thermal one, is binding.

11



§ 3

Computational methodology: the GPU-TPC campaign

Every quantitative result in this paper was produced on the Kronos NVIDIA GPU HPC campaign, a first-principles, multi-code compute
programme whose results are deposited and reproducible under CC BY 4.0. This section names the codes actually run for this paper, the
GPU acceleration and problem scale, and the verification and reproducibility posture.

CODES AND COUPLING

Four physics codes underlie the results, mapped to the four sub-problems of §2.

Permeation and retention (Eqs. 9—11). The tritium diffusion—trapping problem was solved with FESTIM %!, a finite-element hydrogen-
transport code built on the FEniCS framework, cross-checked against the TMAP tritium-migration analysis program [?°!. The four-candi-
date retention ranking (Li, LigoSngg, PbLi, Sn) was computed at a representative surface temperature of 673 K with candidate-specific
Dy, Ep, K4, E4 and trap parameters; the FESTIM and TMAP steady permeation fluxes agree, and both match the analytic slab solution
of Eq. (11) to a relative residual ~ 10~7 (BR-L2-A25, roster serial).

Edge and detachment (Eqgs. 8). The SOL and divertor solution was computed with SOLPS-ITER 2", coupling the B2.5 multi-fluid plasma
solver to the EIRENE Monte-Carlo neutral-gas code [*?, on the negative-triangularity Hyperion equilibrium (HX-14/HX-15). A one-
dimensional cross-check of the detachment roll-over was performed with SD1D/Hermes-3 in the BOUT++ framework, which reproduced
the detachment onset near 0.6 ngw and the sub-1% nitrogen-seed detachment (HX-14b). The parallel heat flux and heat-flux width enter-

ing Eq. (8) were taken from the negative-triangularity edge companion 32!,

Film thermofluids (Egs. 4—7). The flowing-lithium film heat balance, evaporation ceiling and redeposition/containment analysis were
evaluated with an in-house reduced thermofluid model consistent with the MHD constraints of §2.1, producing the handled-flux ladder
2.8/4.9/6.7T MW /m? at u = 2/5/10m/s (HX-16) and the 31 — 0.16 MW /m? peak-load cap in series with the stacked Super-X configu-
ration (BR-SX-09).

Surface chemistry and coatings (Eq. 11). The lithium-over-tin wall-chemistry ranking and the permeation-barrier coating factors (Al3Os,
Er203, TiC, TiN) were computed from density-functional-theory hydride energetics and permeation modelling (BR-SX-03), consistent
with the coating companion 34,

GPU ACCELERATION, PROBLEM SCALE AND VERIFICATION

The Monte-Carlo transport and the multi-parameter permeation and edge sweeps were run on the Kronos-owned NVIDIA A100/H100-
class GPU HPC (A100-80GB and H100 nodes, with A10 nodes for lighter offline sweeps). GPU acceleration enters at three points: the
neutral-transport and Monte-Carlo tallies of the coupled edge solution; the ensemble of FESTIM/TMAP permeation cases spanning the
four candidate metals and the temperature and trap-parameter ranges; and the batched thermofluid and containment sweeps over the film
velocity/thickness window. Numerical convergence was established by mesh and time-step refinement in FESTIM until the steady perme-
ation flux changed by < 0.1%, by particle-count convergence of the Monte-Carlo neutral tallies to their reported statistical uncertainties,
and by cross-method agreement between SOLPS-ITER and the SD1D/Hermes-3 one-dimensional solve. Verification was two-tier: analytic
verification of the permeation solver against the closed-form slab solution (residual ~ 10~7), and code-to-code cross-validation (FESTIM
vs TMAP; SOLPS-ITER vs SD1D). The complete result set is byte-exact reproducible from a cold-start runbook in the de-risking

register 28], No result in this paper depends on proprietary data, and no economic quantity enters the computation.

12
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Results

THE RETENTION RANKING: LITHIUM IS OPTIMAL BY ORDERS OF MAGNITUDE

Figure 1 shows the central result: the steady tritium loss of the four liquid-metal candidates from coupled FESTIM/TMAP permeation—
retention modelling at 673 K, normalised to pure lithium. Lithium is the baseline (1x); a LigagSngg eutectic is 6,812 x worse; lead—lithium
is 41,889 worse; and pure tin is 4,760,504 x worse. The ordering spans three to six orders of magnitude and follows directly from the
permeability ® = D K of Eq. (11): lithium's high Sieverts' solubility depresses the tritium equilibrium partial pressure and hence the
permeation driving pressure /p, binding the tritium in a recoverable form, while tin's low solubility and higher diffusivity let it permeate
freely into structure and coolant.

Relative steady tritium loss of liquid-metal divertor candidates
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HANDLING THE HEAT: THE EXHAUST LADDER TO THE LIQUID SURFACE

Figure 2 traces the peak target heat flux from the unmitigated case down to the flowing-lithium surface. A conventional attached target
would see ~1370 MW /m?; the Super-X flux expansion alone brings this to ~ 171 MW /m? (HX-14); detachment with f.,q &~ 0.94 brings
it below the ~10 MW /m? steady PFC limit (HX-14/HX-15); and, in series, the flowing-lithium vapor-box surface caps the residual peak
load at ~0.16 MW /m? (BR-SX-09). The liquid surface is thus not asked to survive the raw exhaust; it is the last, wide-margin stage of a
stacked mitigation chain.

Peak target heat-flux ladder to the flowing-Li surface
1370 MW m™?

SOMW IR TEC limit ~ 10 MW m-2

o
0
g
E
_|
o
]
5
=
e
a::
@
=
et
&
=~
s
et
K
:::
®
2,

Conventional Super-X Super-X + Flowing-Li
attached attached detachment vapor box
(HX-14) (HX-14) (HX-14/15) (BR-SX-09)

~ 10 MW /m>

Figure 3 shows the film heat balance of Eq. (4) against the frozen thermofluid anchors: the handled surface flux rises sub-linearly with film
velocity — 2.8/4.9/6.7 MW /m? at u = 2/5/10 m /s (HX-16) — reflecting the evaporation-capped enthalpy removal of Egs. (4)—(5). Even
at the low end of the velocity window the film alone handles several times the detached load, confirming the wide margin of Fig. 2.
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Handled heat flux of the flowing-Li film vs film velocity
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DETACHMENT SETS THE INCIDENT LOAD

Figures 4 and 5 quantify the detachment boundary condition of §2.4. Figure 4 is the two-point relation of Eq. (8) anchored at the Super-X
attached load gp = 171 MW /m2: the target flux falls below 10 MW /m? at a radiated fraction fraq = 94%, and the detached window (
T. < 5eV) opens at fraq = 91%. Figure 5 is the one-dimensional SD1D/Hermes-3 cross-check: the target electron temperature rolls over
through the detachment threshold as the upstream density approaches 0.6 ngw, and a sub-1% nitrogen seed drives the target to
T. ~1.9¢€V and g, ~ 10 MW /m? (HX-14b). The two independent methods agree that a modest radiative/seeding effort detaches the

plasma, so that the liquid surface receives an already-mitigated load.

Divertor detachment: target heat flux vs radiated fraction
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CLOSING THE TRITIUM INVENTORY

Figure 6 shows the permeation transient of Eq. (12): the diffusive lag time falls from ~190 s at 600 K to ~30 s at 800 K (register), so that
at the 673 K operating point permeation reaches steady state within a few minutes of burn initiation — the regime in which the steady loss
of Fig. 1 is the governing figure of merit. Figure 7 then shows why the lithium trap is not a liability once extraction is applied: a static
lithium screen would hold ~1.3 kg of tritium (37x the operating inventory), but the in-loop molten-salt extraction of Egs. (13)—(14)
reduces the steady in-vessel inventory to the milligram scale while turning the removed tritium into a recovery stream. Tin, by contrast,
holds a small surface inventory (~0.01 g) but permeates its tritium into the coolant and structure where it is neither contained nor
recovered.

Tritium permeation lag time vs temperature
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In-vessel tritium inventory held by the divertor surface
~1.3 kg (37x op.)

in-loop extraction converts the Li trap into a recovery feature
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SUPPORTING LEVERS: BARRIER COATINGS, GEOMETRY AND EDGE

Figure 8 ranks the permeation-barrier coatings that protect the structure behind the film: Al203 delivers a permeation-reduction factor
(PRF) of order 102 and Ers03 of order 3 x 102, with TiC and TiN ranked below (BR-SX-03); these defend against the residual permeation
not caught by the flowing loop and are developed in the coating companion [34), Figure 9 shows the two geometry/edge levers upstream of
the surface: the double-null configuration splits the outboard target load from 8.0 to 4.4 MW /m? (a 1.8 reduction, BR-CX-02), and the
negative-triangularity, ELM-free edge — which accesses good confinement without the H-mode pedestal and its edge-localised-mode
cycle 2427) — removes the ~1028 MW /m? Type-1 ELM transient (128 the steady load) that a conventional H-mode pedestal would
impose (BR-CX-08), so the surface sees only the steady, mitigated flux. Table 1 summarises the down-select of Eq. (15), and Table 2 the
exhaust budget.
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Edge/geometry levers upstream of the liquid-metal surface
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Lt Gmax > q1
Li (pure) 1x pass pass selected
Lig2Snss 6,812 % pass pass rejected (fuel cycle)
PbLi 41,889 x pass pass rejected (fuel cycle)
Sn (pure) 4,760,504 % pass pass rejected (fuel cycle)
Parallel heat flux g ~ 27T GW /m? HX-14
Heat-flux width A, ~ 0.21 mm HX-14
Conventional attached peak ~ 1370 MW /m? HX-14
Super-X attached peak ~ 171 MW /m> HX-14
Required radiated fraction Sraa = 0.94 HX-14/15
Detachment onset 2 0.91; ~ 0.6 ngw HX-14b/15
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Film handled flux (u = 2/5/10) 2.8/4.9/6.7T MW /m? HX-16

Vapor-box capped peak ~ 0.16 MW /m? BR-SX-09
Vapour containment fosc <3 x1073 BR-CX-25
Static Li T trap / in-loop ~ 1.3kg — mg BR-SX-09

THE COUPLING RESULT

The two schematics of Figs. 10 and 11 summarise the architecture and its central claim. The flowing-lithium vapor-box surface (Fig. 10)
dissipates the incident SOL power by vapour-cloud radiation and evaporation while presenting a continuously refreshed target; the same
lithium loop (Fig. 11) carries the tritium it picks up to a molten-salt counter-current extractor, returns tritium-lean lithium to the surface,
and delivers the recovered tritium to the fuel cycle. The heat-exhaust solution and the fuel-cycle solution are the same piece of hardware.
This is the coupling result: the divertor choice is not a standalone thermal-engineering decision but the intersection of Eq. (15), where the
surface that best handles the power is also the surface that best controls the inventory.

(Schematic.) Flowing-lithium vapor-box divertor

SOL power qj

Li vapour cloud
(line radiation)

to salt
extractor

flowing-Li film u, 6

Jese <3 x 103 u, 0
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(Schematic.) Coupled exhaust + molten-salt in-loop tritium recovery

Vapor-box divertor Hot Li loop
(flowing-Li film) (T dissolved as LiT)

T recgvered

Breeding blanket Cold Li return
(net TBR=1.05) (T-lean)
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Discussion

THE RETENTION ORDERING AGAINST THE LIQUID-METAL LITERATURE

The three-to-six-order-of-magnitude penalty of tin and lead—lithium relative to lithium (Fig. 1) is consistent with, and quantifies, the quali-

tative wall-chemistry expectation of the liquid-metal PFC literature. Reviews of liquid surfaces for fusion [**'? note lithium's strong hydro-
gen gettering as both its low-recycling asset and its tritium-inventory liability; the LTX programme demonstrated the low-recycling benefit
at the whole-wall scale "], and NSTX and CPS experiments 4’5 established that a capillary-held lithium surface survives reactor-relevant
loads. What the present result adds is the ordering as a decision criterion: because the permeability ® = D K (Eq. 11) is dominated by
lithium's very high Sieverts' solubility, lithium binds tritium in a recoverable form while tin — thermally attractive for its low vapour pres-
sure 2131 — permeates it. The tin surface inventory is small precisely because tin does not hold the tritium; it passes it through. For a
breeder, in which the divertor is a fuel-cycle node, that is the wrong direction, and the coating companion 34! reaches the same lithium-
over-tin conclusion from the barrier-chemistry side.

DETACHMENT AND HEAT HANDLING AGAINST BENCHMARKS

The required radiated fraction fraqa =~ 0.94 and detachment onset near 0.6 naw (Figs. 4, 5) are consistent with the impurity-seeding and
detachment physics established across present devices, ITER and DEMO studies [*93 and with the SPARC divertor-mitigation analysis for
a compact, high-field device !5\ The stacked-geometry flux expansion (Super-X ), double-null, snowflake |7’) that reduces the attached
load from 1370 to 171 MW /m? is the same lever set analysed in the Kronos stacked-detachment portfolio [3°) and concept down-
select [2), and its real-time control is treated in the detachment-control companion [3!). The handled film flux of 2.8—6.7 MW /m? (Fig. 3)
exceeds the detached incident load with margin, and the vapour-shielding self-limitation observed on liquid-metal targets ! provides an
additional, passive protection channel not credited in the budget of Table 2. The thermal-hydraulic and walk-away safety envelope into
which this divertor is integrated is developed in (33,

IN-LOOP EXTRACTION AGAINST THE TRITIUM-PROCESSING LITERATURE

Molten-salt extraction of tritium from liquid lithium is a technique with a fifty-year pedigree ["®): the favourable distribution of LiT into a
molten halide salt, followed by electrolysis or gettering, is exactly the Kremser counter-current balance of Eq. (13). The novelty here is not
the unit operation but its placement in loop with the divertor, so that the same lithium stream that dissipates the exhaust is continuously
stripped of tritium, and the inventory of Eq. (14) is set by the loop clearance rather than by the surface hold-up. This is what converts the
~1.3 kg static trap into a milligram-scale steady inventory (Fig. 7) and feeds the real-time tritium-accountancy twin 35, The permeation
transient (Fig. 6) confirms that the loop operates in the steady regime within minutes of burn start, so the extraction balance — not a tran-
sient uptake surge — governs the standing inventory.

SIGNIFICANCE

The compact ST breeder has two problems that dominate its buildability: getting rid of the concentrated exhaust power, and keeping the
tritium inventory small enough for the safety case. The result of this paper is that these are not two problems but one, and that they share a
single solution. A flowing-lithium vapor-box surface with in-loop molten-salt extraction handles the power with wide margin and
minimises the divertor's tritium inventory by orders of magnitude relative to any alternative liquid metal. The choice of metal is dictated
by the fuel cycle, and the fuel cycle chooses lithium.
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8§ 6

Limitations

This is an internal-platform concept, not a built or tested divertor, and one gate is carried openly. The retention ranking of Fig. 1 is a
modelling result at a single representative temperature (673 K); the ordering is robust because it follows from the permeability ordering,
but the exact multipliers depend on the candidate-specific solubility and trap parameters and on the operating-temperature profile across
the film, which a built system would need to measure. The free-surface stability of flowing lithium under the combined Lorentz, gravita-
tional and capillary forces of Eq. (3), the vapour-cloud control that maintains fesc < 3 X 1073, and the MHD pumping head of Eq. (2) are
engineering risks carried but not retired here; they require flowing-lithium loop experiments in a prototypic field. The handled heat flux is
a design target from reduced thermofluid modelling, and the two-dimensional SOLPS-ITER confirmation of the detached solution at the
full parallel load remains open (the full B2.5 solve is the next-fidelity step). None of these caveats changes the down-select conclusion,
which rests on the permeation ordering alone.
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§ 7

Conclusion

A flowing-lithium vapor-box divertor with molten-salt in-loop tritium extraction couples the compact breeder's heat-exhaust and fuel-
cycle problems into one solution. We have written the film hydrodynamics, heat balance, detachment boundary condition, permeation
physics and extraction balance as one coupled governing system, and resolved the liquid-metal down-select on the fuel-cycle criterion.
Coupled FESTIM/TMAP modelling at 673 K ranks lithium optimal for tritium retention by three to six orders of magnitude over a lithi-
um-tin eutectic (6,812%), lead—lithium (41,889 %) and pure tin (4,760,504 %); reduced thermofluid modelling gives a handled film flux of
2.8/4.9/6.7T MW /m? at 2/5/10m/s; and in series with a stacked Super-X detached configuration the vapor-box surface caps the peak
target load from ~ 31 to 0.16 MW /m?, while in-loop extraction reduces the divertor's static ~1.3 kg lithium tritium trap to a milligram-
scale in-vessel inventory and a recovery stream. The surface that best handles the power is also the surface that best controls the inventory.
The concept is an internal platform, stated as such; every headline number is a frozen anchor in the de-risking register and is reproducible
from the archived, GPU-accelerated result set.
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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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THE TEAM

Founding partners, board, advisors & auditors

operations team drawn from defense, national laboratories, and industry. Dates are shown as ranges; where a tenure has ended or

K ronos is built by a bench of advanced-fuel-fusion, high-field-magnet, direct-conversion, and materials specialists, with a board and
is term-ending, the range says so.
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