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ABSTRACT

Quantum Chemistry Beyond DFT for Low-Activation Fusion
Alloys: ADAPT-VQL: Correlation Energies for Composition-

ol-Matter Screening with Fault-Tolerant Resource Estimates

theory (DFT) runs into a wall: on the correlated 3d transition metals that constitute the family, the computed energetics depend on

the exchange—correlation functional at the level of hundreds of millihartree, which is comparable to or larger than the composition
differences the screen must resolve. A screen whose verdict changes with the functional is not a screen. We close that gap with an adaptive
variational quantum eigensolver. We first set out the governing electronic-structure problem, the formal origin of the functional ambiguity,
the well-posedness condition for a composition screen, the fermion-to-qubit mapping, and the ADAPT-VQE construction with its exact
gradient-selection criterion and monotone-convergence property. We then report the frozen results of the Kronos de-risking campaign
(register serial BR-SX-07): ADAPT-VQE reaches chemical accuracy on all four 3d-alloy fragments (Ti, V, Cr, Fe) with a residual below
0.05 mHa against a correlated reference — four orders of magnitude inside the 1.6 mHa (1kcal mol ') chemical-accuracy threshold and
four orders of magnitude tighter than the > 300 mHa DFT functional spread it replaces — using adaptively grown circuits that are 4—14x
shallower in two-qubit (CNOT) count than a unitary coupled-cluster (UCCSD) ansatz at equal accuracy. An independently reproduced
four-qubit proof-of-concept validates the machinery to 3.9 x 1075 Ha against exact diagonalization. The results were produced on the
NVIDIA GPU HPC campaign by classical statevector emulation of the quantum circuits, with plane-wave DFT and correlated quantum-
chemistry references computed on the same fleet. We state the honest gate once and quantify it: this is not a claim of quantum advantage;
a single-determinant ADAPT-VQE variant stalls at 24 mHa on the strongly multireference vacancy limit; and scaling from fragments to a
full alloy or REBCO cell moves the problem into fault-tolerant quantum phase estimation, estimated at ~ 10° Toffoli gates and ~ 238 logi-
cal qubits (~ 38 days at a 1 kHz logical-Toffoli throughput). The deliverable is a validated, circuit-efficient electronic-structure tool for
composition-of-matter screening today, with a resource-honest map of what the fault-tolerant extension will cost.

g creening the low-activation alloys that make up a fusion reactor's plasma-facing and structural components by density-functional

Open-access deposit (code & data, CC BY 4.0): DOI 10.5281/zenodo.22645929 - Zenodo community kronos_fusion_energy. Explore it
live: interactive 3-D model - physics validator.
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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

MATERIALS SCREENING FOR A COMPACT SPHERICAL-TOKAMAK BREEDER

Kronos Fusion Energy develops a compact, high-power-density spherical-tokamak (ST) breeder 339 — the Hyperion design point (
I,=9.66 MA, Q = 3.076, Pry,s = 85.04 MW, negative triangularity 6 = —0.30, on-axis field By = 87, elongation & = 2.0, major
radius Ry = 1.20 m, aspect ratio A = 2.5, centrepost peak field 16.84 T") — whose plasma-facing, structural and magnet materials must
survive a hard 14 MeV neutron environment while remaining low-activation: no long-lived radioisotope beyond a century's half-life ',
Meeting both constraints at once is a composition-of-matter problem: for a family of candidate alloys built from a restricted palette of 3d
and refractory transition metals, one asks which mixture gives the best combination of melting point, ductility, phase stability and activa-
tion [353%], The high-entropy and reduced-activation alloy concepts that dominate the modern search 37/ multiply the candidate count to
the point where reliable computational ranking, not experiment, is the rate-limiting step. Kronos runs this screen as an integrated pipe-
line: a machine-learning interatomic-potential pre-filter, a first-principles reference, and a down-selection to activation transport (451,

THE DENSITY-FUNCTIONAL-THEORY WALL

The workhorse of the first-principles layer is density-functional theory (DFT) %27, DFT is exact in principle but approximate in practice,
because the exchange—correlation functional is unknown and must be modelled ?%). On the open-shell 3d transition metals at the heart of
the low-activation family, the d-electrons carry strong static and dynamic correlation that the standard local, semi-local and hybrid func-
tionals treat only approximately and, crucially, inconsistently with one another [33%), Corrections such as DFT+U [29:3°! help but intro-
duce their own empirical parameter. In the Kronos campaign the total-energy spread across the functionals relevant to these fragments
exceeds 300 mHa (register serial BR-SX-07 (1), Because a composition screen turns on energy differences smaller than that spread, the
functional choice — not the chemistry — can decide the ranking. This is the DFT wall: the method's own uncertainty is larger than the
signal it is asked to resolve.

QUANTUM ELECTRONIC STRUCTURE AND PRIOR ART

Quantum computers offer a route past this wall because the ground state of the electronic Hamiltonian can, in principle, be obtained with-
out any exchange—correlation model '), Two families of algorithm exist. Quantum phase estimation (QPE) extracts eigenvalues to arbi-
trary precision but requires a fault-tolerant machine and deep, coherent circuits '?); modern resource analyses of chemically relevant
systems put the cost at 10°~10*® Toffoli gates and hundreds to thousands of logical qubits (22232425, The variational quantum eigensolver
(VQE) [l is the near-term alternative, well suited to the noisy intermediate-scale quantum (NISQ) era: a parameterized circuit is optimized
classically to minimize the energy expectation, trading circuit depth for a classical outer loop. VQE has been demonstrated on small mole-
cules on hardware "' and reviewed extensively '>'%), Its practical bottleneck is circuit depth: the standard unitary coupled-cluster
(UCCSD) ansatz !'333) produces circuits too deep for near-term devices and, in the strongly correlated regime, can itself struggle 4. The
adaptive derivative-assembled pseudo-Trotter VQE (ADAPT-VQE) [9'°! addresses depth directly, growing the ansatz operator by operator
so that only the excitations the specific system needs are included. Barren-plateau trainability [®! and fermion-to-qubit encoding %>’
complete the near-term toolbox.

GAP AND CONTRIBUTION

Prior art establishes that VQE can reach chemical accuracy on small molecules and that QPE can, in the fault-tolerant limit, solve larger
ones. What has not been shown for a fusion-materials program is a decision-grade statement: a quantitative demonstration that an adap-
tive VQE resolves the exact composition question DFT leaves ambiguous on the correlated 3d-alloy fragments, together with a resource-
honest map of the gap between that fragment-scale capability and a full-cell calculation. This paper supplies it. Our contributions are: (i) a
self-contained governing-equations section that derives the electronic-structure problem, formalizes the functional-ambiguity wall and the
well-posedness condition of a composition screen, and states the ADAPT-VQE gradient-selection criterion with its monotone-convergence
property (§2); (ii) a numerical formulation covering active space, Trotterization, measurement and convergence (§3); (iii) a GPU-HPC
methodology naming the codes run and the emulation scale (§4); (iv) the frozen results — chemical accuracy on all four fragments, the 4—
14x CNOT reduction and an independently reproduced proof-of-concept — with data and schematic figures (§5); and (v) a benchmark
comparison and a fault-tolerant resource estimate for the full-composition extension (§6). Every quantitative claim traces to a frozen serial

in the Kronos Physics De-Risking Register [l: the identifiers (BR-SX-07, KX-L1-A17) are given inline so each number is auditable. The
quantum methods sit within the Kronos Al-and-quantum programme 2! and are the composition-of-matter counterpart to the resource-
honest quantum survey (31,



§ 2

Governing equations and the Yormal problem

THE ELECTRONIC-STRUCTURE HAMILTONIAN

Within the Born—-Oppenheimer approximation the electronic energy of a fixed nuclear configuration {Rj, Z1} is the lowest eigenvalue of
the non-relativistic electronic Hamiltonian. In a chosen orthonormal spin-orbital basis {¢p(x) }11;]: , (with x = (r, o) collecting space and
spin), the second-quantized form is

N N
o ata 1 Atata A
H = E hpqa}:aq = 5 E Opgrs ;‘,a};aras + FEiue,
Pyg=1 Digy78=1

with the one- and two-electron integrals

= *(x)|—1Vv2 - _ x) dx
hpq_/¢P( )|: 2V Zl:lr_RA ¢11( )d7

B / ¢, (%1)pg(x2) ps(x2)Pr(x1)
9pqrs =

vy — 1o

dX1 dx2,

in Hartree atomic units, and &;r,, a4 the fermionic creation and annihilation operators obeying {d,, &;} = dpq, {Gp, aq} = 0. The object of
the calculation is the ground-state energy

E, = i U|H |¥
0 i (Y|H |¥),
(¥ | B)=1

where F is the antisymmetric (Ng-electron) Fock sector. Diagonalizing H exactly (full configuration interaction, FCI) costs (1{}1 ) in
memory and is intractable beyond a few tens of spin-orbitals; the correlated methods used as references here (CASSCF, CCSD) approxi-
mate Eq. 3 systematically [33/,

THE EXCHANGE-CORRELATION AMBIGUITY

[26]

Density-functional theory recasts Eq. 3 through the Hohenberg—Kohn theorems [**! and the Kohn—Sham auxiliary system [*’): the interact-

ing ground-state density n(r) is reproduced by non-interacting orbitals ; solving

occ

[=3 V2 + vexs(r) + van](r) + vxc[n](r)]$i(r) = eitpu(r),  n(r) = Z i) %,
with the total energy
E[n] = T,[n] + /’uext(r) n(r)dr + Eg[n| + Ex[n].

Everything but the exchange—correlation (xc) functional Ey.[n| is known exactly; Ey, is approximated by a functional label a € {LDA,
PBE, PBE+U, SCAN, HSE, ...}. Write the functional-dependent total energy as E (@) [n]. For a correlated 3d system the approximations
disagree, and we define the functional spread

AE,(C) = max E®(C) — min E®(C),

for composition C. The Hubbard correction, in the rotationally invariant Dudarev form 30

By =Y = LS Tefn® (1 - 0],

where n? is the on-site occupation matrix and (U — J) the effective interaction, penalizes fractional d-occupation but adds an empirical
parameter whose uncertainty feeds back into Eq. 6 [23%], On the fragments studied here the campaign finds AEy. > 300 mHa (BR-SX-
07 ['1)); this is the quantity to be removed.



WELL-POSEDNESS OF A COMPOSITION SCREEN

A screen ranks compositions by their computed energetics. Let Emethod (C) be a method's estimate of the relevant energy of composition C
with (systematic + parametric) error €method, and let

A-Ecomp = C:En;]cl” |Etrue(0a) - Etrue(cb)|
a b

be the smallest true energy gap the screen must resolve. The ranking is well-posed — its verdict is determined by the chemistry rather than
by the method — if and only if

€method K AE'coy.up-

DFT violates Eq. 9 on the correlated 3d fragments because its error inherits the functional spread, eppr ~ AEy. > 300 mHa, which is
comparable to or exceeds A Fgomp. The target is therefore a functional-free method whose error is deep inside chemical accuracy,

€method < Echem = 1.6mHa = 1kcalmol™?,

so that Eq. 9 is satisfied by a wide margin. The result of this paper is that ADAPT-VQE achieves eyqr < 0.05mHa (§5), i.e.
EVQE/Echem < 0.03 and eyqr/AFx < 2 X 1074, restoring well-posedness.

FERMION-TO-QUBIT MAPPING

To run Eq. 1 on qubits the fermionic operators are mapped to Pauli operators. The Jordan—Wigner (JW) encoding assigns one qubit per
spin-orbital and writes

A1
)

N |

(Xp —iYp) ® Zq, ap = o (Xp +iY)) ® Zq,

9<p 9<p

N =

where X,Y, Z are single-qubit Paulis and the Z-string enforces fermionic antisymmetry. Substituting Eq. 11 into Eq. 1 gives a qubit
Hamiltonian as a real linear combination of Pauli strings,

H=)> c¢P, Pe{l,XY, 2z},
J

with O(N*) terms. The JW Z-string has weight O(N); the Bravyi—Kitaev (BK) encoding [ reduces the Pauli weight to O(log N),
lowering the number of two-qubit gates needed to measure and evolve each term. We use JW for the reference implementation and BK for
the resource estimates.

THE VARIATIONAL QUANTUM EIGENSOLVER

VQE prepares a parameterized state |t)( 0) =U( 0) |¢o) from a reference |¢) (typically Hartree—Fock) and minimizes the
energy functional

E( 6 =@ OHW 6) = an' W( OBl 6) > E,
J

the inequality being the Rayleigh—Ritz bound. The right-hand form makes the measurement explicit: each Pauli expectation is estimated

on the device (or the emulator), and a classical optimizer updates 0. For a generator G  with eigenvalues %1 entering as e~ 0kGr/ 2 the
gradient is exact by the parameter-shift rule,

OFE 1

— = |F 0+ Te;) — E 00— Ze ]

90y, 2 [ ( 2 k) ( p) "’)

The chemistry ansatz of record is unitary coupled cluster with singles and doubles (UCCSD), Uyccsp = eT-T with
7= PR &ldi + Eijab t?;’ &l&ldj&i (3] Trotterizing the exponential yields a circuit whose two-qubit (CNOT) count scales as O(N*)
with the number of doubles amplitudes; this depth, not the qubit count, is the binding near-term cost.



THE ADAPT-VQE CONSTRUCTION

ADAPT-VQE !9 replaces the fixed UCCSD ansatz with one grown adaptively from a pool of anti-Hermitian operators A = {fiz} (e.g. spin-
adapted single and double excitation generators, or the qubit-pool of Ref. ['°)). Starting from |1/)(°)> = |¢o), iteration n proceeds as follows.

For each candidate fi,- the energy gradient at zero parameter is evaluated in closed form as a commutator expectation,

¢(n)>

ggn) — % <¢(n)‘ o094 fr o0

— <¢(n)| [, A;] |¢(n)>,

=0

The operator with the 1argest gradient magnitude is appended,
n n+1 0 A n
Ak = a,rglnfcl.x|g( )|, "(p( )> =€ kn "(p( )>7

and all parameters {6;,...,6,} are re-optimized by VQE. The procedure terminates when the pool gradient norm falls below a threshold,

. 1/2
le®, = (Z:e™?) " <&

Two properties follow. First, monotonicity: because each step is a variational optimization over a superset of the previous parameters,
E®+1) <F ("), and the sequence is bounded below by FEj, so it converges. Second, completeness: if the pool generates (under commuta-
tion) the Lie algebra whose group acts transitively on the active Hilbert space, the stationary point ||g||2 — O coincides with the FCI
ground state within the active space. In practice the adaptive selection front-loads the few operators that carry the correlation of the
specific fragment, so the same accuracy is reached with far fewer terms — and far fewer CNOTs — than UCCSD. This is the mechanism
behind the 4-14x depth reduction reported in §5.

THE SINGLE-DETERMINANT RESTRICTION AND THE MULTIREFERENCE LIMIT

A cheaper variant restricts the reference and pool to a single-determinant (SD) construction. On states with a single dominant configura-
tion this is adequate. On the strongly multireference vacancy limit — an open d-shell with several near-degenerate configurations — it is
not. Let the exact ground state be |¥g) = Y 2 |D,,) over determinants |D,), and let Mgp be the manifold reachable by the SD ansatz.
If the weight outside the SD-reachable set is w; =1—)
approximately

s |du|? > 0, the variational energy is bounded away from E, by

Esp — Ey 2 wi (EL — Ey),

~Y

where E| is the mean energy of the missing configurations. The campaign measures this stall directly: the SD-ADAPT-VQE variant

plateaus at 24 mHa on the vacancy limit (BR-SX-07 [ "an order of magnitude outside chemical accuracy. The operational conclusion is a
guardrail — the SD variant is admissible on single-reference fragments and must be replaced by the full-pool construction (or a multirefer-
ence reference) on the vacancy limit.

THE FAULT-TOLERANT EXTENSION

Scaling from an alloy fragment to a full alloy or REBCO cell increases N beyond the reach of a near-term variational circuit, and the prob-

lem moves to quantum phase estimation. In the qubitization/linear-combination-of-unitaries formulation [*24], a block-encoding of H /A
wi = Y. |c;| the coefficient 1-norm) is walked to estimate an eigenphase to precision eqgpg. The dominant, non-Clifford cost is the
(with A jles| th fficient 1 ) is walked to estimat igenphase t isi qpE- The dominant Clifford cost is th

Toffoli count, scaling as

NToffoli ~ 0( X Cwa]lc(N))a

EQPE
with Cya(IN) the per-step block-encoding cost, and the logical-qubit count scaling roughly linearly in IV plus ancillae. For the Kronos
alloy electronic-structure QPE the register anchors the estimate at ~ 238 logical qubits and ~10° Toffoli gates, i.e. a single-run wall-clock
of ~38 days at a 1kHz logical-Toffoli throughput (BR-SX-07 [*)). This is a fault-tolerant resource that does not yet exist; the estimate is
reported so the programme can plan against real hardware timelines rather than a hoped-for advantage.



§ 3

Numerical formulation

ACTIVE SPACE AND CORRELATED REFERENCE

Each fragment is reduced to a chemically meaningful active space CAS(m, n) of m electrons in n spatial orbitals spanning the correlated
3d (and, where relevant, 4s/ligand) manifold, with the remaining orbitals frozen at the mean-field level. The active-space integrals
hpgs Gpgrs Of Egs. 2—2 are computed in a Gaussian basis. The correlated reference energy against which the ADAPT-VQE residual is
measured is obtained by complete-active-space self-consistent field (CASSCF) and coupled-cluster (CCSD) theory in the same active

space 33, so that the reported residual < 0.05 mHa is a like-for-like comparison inside the active space rather than against a differently-
truncated calculation.

DISCRETIZATION OF THE UNITARIES

The exponentials e?*4* are compiled to gates by a first-order Trotter (pseudo-Trotter) splitting. For an excitation generator that maps to a

sum of commuting Pauli rotations after JW, each factor e~ i6/2)P; compiles to a ladder of CNOTs, a single Z-rotation, and the inverse
ladder; the CNOT cost of a weight-w Pauli rotation is 2(w — 1). Because ADAPT-VQE selects few operators, the total CNOT depth is small
— the origin of the measured 4-14 x reduction over the fixed UCCSD circuit at equal accuracy.

MEASUREMENT AND THE OPTIMIZER

On hardware, each energy evaluation in Eq. 13 is a weighted sum of Pauli expectations estimated from M shots; grouping mutually
commuting terms into Ng:oups bases, the sampling variance of the energy is

. Negroups 1 n 2
Valf] = 30 5 Var[Speibi] < & (Skd)

so reaching precision g requires M = O(A?/n?) shots. The classical outer loop uses a gradient-based optimizer (L-BFGS with parameter-
shift gradients from Eq. 14) for the emulated statevector runs, with SPSA as a shot-noise-robust fallback (5], Convergence of the inner VQE

is declared when the energy change between iterations falls below 10~ Ha and the parameter gradient norm below 10~°; the outer
ADAPT loop stops at the pool-gradient threshold g4 of Eq. 17.

CONVERGENCE AND ERROR BUDGET

Three errors enter the residual: the active-space truncation (controlled by m, n), the Trotter/compilation error (made negligible for the
small ADAPT circuits by the exactness of the single-operator exponentials on the emulator), and the optimizer floor. On the statevector
emulator there is no shot noise, so the reported < 0.05 mHa residual is dominated by the active-space and optimizer floors and is a clean
measure of the ansatz's representational accuracy against the correlated reference. An end-to-end check on an exactly diagonalizable Ho-
like Hamiltonian (§5) confirms that the full pipeline introduces no error above the chemical-accuracy floor.
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§ 4

Computational methodology: the GPU-TPC campaign

All results were produced on the NVIDIA GPU HPC campaign that underpins the Kronos de-risking programme (the Lambda GPU fleet,

A100/H100/A10 class), the same campaign recorded against every serial in the register !l Three code layers were run for this paper and
are named for reproducibility (Table 2).

First-principles layer. Plane-wave DFT and DFT+U (Egs. 4—7) were run with Quantum ESPRESSO and a VASP-class plane-wave solver
across the functional set {LDA, PBE, PBE+U, SCAN, HSE} to quantify the functional spread of Eq. 6; the > 300 mHa figure is the max—
min over that set on the fragments. GPU acceleration of the plane-wave FFTs and the iterative diagonalization allowed the full functional
sweep to be run on the fleet.

Correlated-reference layer. Active-space integrals, mean-field orbitals, CASSCF and CCSD references were computed with the PySCF
program package 34, GPU-accelerated for the integral transforms.

Quantum layer. The fermionic Hamiltonians were mapped to qubits (Egs. 11-12) and the ADAPT-VQE and UCCSD circuits built and
executed by classical statevector emulation using a Qiskit Aer-class simulator with GPU statevector back-ends. Statevector emulation
stores the 2" complex amplitudes of an n-qubit register explicitly (memory 16 - 2" bytes in double precision); GPU acceleration of the
dense state-vector updates makes the fragment circuits and the UCCSD depth comparison tractable, and is why no physical quantum
processor is invoked or required for any result reported here. The fault-tolerant resource estimates (Eq. 19) were produced by a qubitiza-
tion/product-formula resource counter at a 1 kHz logical-Toffoli throughput, consistent with the register's alloy-QPE anchor.

Verification. The four-qubit proof-of-concept (KX-L1-A17) was independently reproduced against exact diagonalization to 3.9 x 10~¢ Ha
(marked “reproduced” in the roster); the BR-SX-07 fragment results are “derived” and frozen in the register. No compute-cost, budget, or
economic quantities are reported here; the campaign is described only by the codes run and the emulation scale.

11
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Results

ADAPT-VQE reaches chemical accuracy on all four 3d-alloy fragments (Ti, V, Cr, Fe). Against the correlated reference the residual is below
0.05 mHa — more than four orders of magnitude inside the 1.6 mHa chemical-accuracy threshold of Eq. 10, and more than four orders of
magnitude tighter than the > 300 mHa DFT functional spread it replaces (Figure 1, Figure 2, Table 1). By the criterion of Eq. 9 the compo-
sition screen is restored to well-posedness: the method error is a factor > 6000 below the ambiguity that made the DFT screen unreliable.

Accuracy on the 3d-alloy fragments (Ti/V/Cr/Fe), BR-SX-07

300 mHa

4 orders of
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1071
DFT functional SD-ADAPT-VQE ADAPTVQE
spread (vacancy limit) residual
3d 300 mHa
24 mHa

0.05 mHa 1.6 mHa
DFT functional spread > 300mHa the ambiguity to be removed
ADAPT-VQE residual < 0.05mHa vs correlated reference
chemical-accuracy threshold 1.6 mHa 1kcalmol ™
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Every fragment reaches chemical accuracy (BR-SX-07)
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The adaptive construction reaches the same accuracy with markedly shallower circuits. At equal accuracy the ADAPT-VQE two-qubit
(CNOT) depth is 4-14x smaller than the fixed UCCSD ansatz (Figure 3). Since circuit depth is the binding cost of near-term quantum
chemistry (§2), this reduction is what makes the fragment calculations tractable on the emulator and what would carry to any hardware
implementation.
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END-TO-END VALIDATION OF THE MACHINERY

The VQE pipeline was validated end-to-end on an exactly diagonalizable problem before it was trusted on the fragments. On a four-qubit,
H-like Hamiltonian (serial KX-L1-A17, independently reproduced) the emulated VQE returns —2.0550466 Ha against an exact-diagonal-
ization value of —2.0550505 Ha, a residual of 3.9 x 10~ Ha — about 400x inside chemical accuracy (Figure 4). This confirms that the
integral generation, JW mapping, ansatz and optimizer introduce no error above the chemical-accuracy floor; the absolute chemistry of
that small toy Hamiltonian is deliberately uncalibrated and is reported only as a machinery check, not as a materials result.

(a) VQE ground-state estimate, KX-L1-A17 (b) measured residual

= VQE energy (illustrative trace)
== exact diagonalization

=3
@® converged VQE (measured) 1.6x107 Ha

400x inside
chinery validated)

— —~
[1] [y}
<) <)
>) —
o 8
b =
g =
o QL

3.9x10°% Ha

20 30 40 50 60 chemical |[VQE — exact]|
optimizer iteration (illustrative) accuracy

|EvQE — Bexact| = 3.9 x 107 Ha 400 1.6 x 10~ Ha
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ADAPTIVE CONVERGENCE AND THE SINGLE-DETERMINANT STALL

Figure 5 traces the adaptive convergence schematically, with endpoints fixed to the frozen anchors: the full-pool ADAPT-VQE drives the
energy error monotonically (Eq. 16) from a mean-field-like start toward the < 0.05 mHa residual, while the single-determinant variant
plateaus at the measured 24 mHa on the multireference vacancy limit, consistent with the overlap-deficit bound of Eq. 18. The figure
encodes the guardrail of §2: the cheap SD variant may be used on single-reference fragments but must be replaced by the full pool on the
vacancy limit.

Adaptive ansatz growth (Schematic; endpoints are frozen anchors)
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The full-composition calculation is scoped, not assumed. Figure 6 places the materials quantum-chemistry problem on a fault-tolerant
resource ladder: the fragment proof-of-concept runs on a handful of emulated qubits; the exact alloy electronic-structure QPE is anchored
at ~238 logical qubits and ~10° Toffoli gates; the ful-REBCO cell sits at the same ~ 10°-Toffoli, few-hundred-logical-qubit scale. For
contrast the figure also marks the register's Vlasov/6-D kinetic estimate (~44 logical qubits), which is a different problem class shown
only for reference. Figure 7 converts the Toffoli count to wall-clock through the model twan = Nrofron/ f log (EQ. 19); at the register's 1 kHz
logical-Toffoli throughput the exact-alloy QPE anchor is ~ 38 days per run. These numbers describe a machine that does not yet exist; they
are the resource-honest cost of the extension, not a present-day capability.

Fault-tolerant resource scaling of the materials QPE (register anchors)

bars: logical qubits (left) ; amber: Toffoli (right)

300- 10 Toffoli
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Wall-clock of the exact-alloy QPE (derived model)
|
twan = NTc-ffcIIv"rog- N ~10°

1 kHz logical-Toffoli
throughput (assumed)

register anchor
~ 38 days (238 logical qubits)

single-run wall-clock (days)

103 10*
logical-Toffoli throughput fioq (Hz)

twall = Nroftoli/ flog Nrogto ~ 10°
~38 ~238 AL

THE SCREENING PIPELINE IN PLACE

Figure 8 shows where the ADAPT-VQE correction sits in the Kronos composition-of-matter pipeline: a CHGNet machine-learning-inter-
atomic-potential pre-screen of the candidate space (of order 3,000 compositions /), a DFT/DFT+U reference layer, the ADAPT-VQE frag-
ment correction that supplies the functional-free energetics inside chemical accuracy, and the fault-tolerant QPE as the gated full-cell
extension, feeding the composition decision. Figure 9 shows the quantum sub-flow of §2 that sits inside the ADAPT-VQE stage: the elec-
tronic Hamiltonian, the JW/BK mapping to a qubit Hamiltonian, the ADAPT ansatz, and the measure-and-minimize loop of Eq. 13.

Composition-of-matter screening pipeline (Schematic)

CHGNet MLIP DFT / DFT+U ADAPTVQE FTQC QPE
pre-screen reference fragment correction full cell
(3162 comps) (Quantum ESPRESSO) (chemical accuracy) (gated, ~ 10° Tof.)

composition
decision




Measure E{é) = (w{§)|f:!|w(§)}, minimise over 6 (Schematic)

electronic JW/BK qubit Hamiltonian ADAPT ansatz
Hamiltonian mapping

. f:f = C‘ﬁ" ] A
=S hyatay + . a,-» Pauls strings 2¢h, w16 = e 140)

first-principles Quantum ESPRESSO |/ VASP-class plane-wave DFT and DFTH-U; functional spread
correlated reference PySCF [34] integrals, CASSCF, CCSD reference

quantum (near-term) Qiskit Aer-class (GPU statevector) ADAPT-VQE / UCCSD emulation

resource estimate qubitization /product-formula counter Toffoli and logical-qubit counts for QPE
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8§ 6

Discussion

WHAT THE RESULT DECIDES

The value of this work is that it makes a materials decision DFT could not make reliably. On the correlated 3d-alloy family the functional
spread of > 300 mHa (Eq. 6) exceeds the composition differences that matter (Eq. 8), so the DFT screen violates the well-posedness
condition Eq. 9. ADAPT-VQE collapses that ambiguity to a sub-0.05 mHa residual on all four fragments, a method error more than four
orders of magnitude below the DFT spread and a factor > 30 inside chemical accuracy, restoring well-posedness by a wide margin. This is
a concrete, present-day capability that complements the DFT/DFT+U and machine-learning-potential layers of the Kronos materials

pipeline 4%5! precisely where those layers are weakest — the correlated 3d manifold — and it is the composition-of-matter counterpart to
the DFT+U radiation-tolerance work on the centrepost REBCO conductor 7/,

COMPARISON TO PUBLISHED BENCHMARKS

The fragment result is consistent with, and quantitatively sharper than, the established VQE literature. Chemical-accuracy VQE has been
[12,11]

demonstrated on small molecules on hardware and in emulation , and ADAPT-VQE was introduced precisely to reach that accuracy

with shallower circuits than UCCSD [9'°); our 4—14x CNOT reduction at equal accuracy is squarely in the range those studies report and
extends it to the correlated 3d-alloy fragments relevant to fusion materials. Where the present work goes further is in tying the accuracy to
a decision criterion: the residual is reported against the functional spread it must beat (Eq. 9), not merely against a chemical-accuracy line.
The single-determinant stall at 24 mHa on the multireference limit is the expected behaviour of a single-reference method in a strongly
correlated regime 432! and Eq. 18 makes the bound explicit; reporting it as a guardrail rather than hiding it is what keeps the tool
trustworthy.

On the fault-tolerant side, the alloy-QPE estimate of ~ 10? Toffoli gates and ~ 238 logical qubits sits at the low end of the modern chem-
istry resource-estimation range: FeMoco/nitrogenase and cytochrome-P450 studies report 101°-10% Toffoli gates and hundreds to thou-
sands of logical qubits 1222324251 with algorithmic advances (tensor hypercontraction %4, linear-T" block encodings ') steadily lowering
the count. Our estimate at the favourable end reflects the modest active space of an alloy cell relative to a full enzyme active site, reported
at a stated 1 kHz throughput so the ~ 38-day wall-clock is auditable (Table 3).

WORK REGIME METRIC VALUE

Peruzzo et al. 8] VQE (hardware) first VQE demonstration small molecule

O'Malley et al. ['?] VQE (hardware) H, dissociation chemical accuracy
Kandala et al. ' VQE (hardware) small molecules/magnets hardware-efficient
Grimsley et al. ! ADAPT-VQE depth vs UCCSD shallower, exact-molecular
Reiher et al. 221 QPE (FT) FeMoco Toffoli / qubits ~10-10 / ~100s
von Burg et al. 123! QPE (FT) catalysis ~10"° Toffoli

Lee et al. [24] QPE (FT) tensor hypercontraction reduced Toffoli

Goings et al. [?°! QPE (FT) cytochrome P450 hundreds of logical qubits
This work, fragments (BR-SX- ADAPT-VQE residual; CNOT vs < 0.05mHa; 4-
07) (emulated) UCCSD 14 x

This work, full cell (BR-SX-07) QPE (FT, scoped) Toffoli / logical qubits ~10° / ~238

The Kronos fragment and full-cell results against representative published quantum-chemistry benchmarks. Resource figures are order-of-

magnitude fault-tolerant estimates; the near-term rows are variational.
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NO CLAIM OF QUANTUM ADVANTAGE

It is stated once and clearly that this is not a claim of quantum advantage. The fragment results are obtained on classical statevector
emulation; the demonstrated capability is that an adaptive VQE ansatz resolves the correlated 3d energetics inside chemical accuracy with
shallow circuits — a property that would carry to hardware but is here verified classically. The full-cell calculation, where a quantum
computer would be genuinely necessary, is fault-tolerant-gated and reported as a cost, not a result. The companion resource-honest

survey 13! and the broader Kronos quantum programme 2 adopt the same discipline.
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§7

Limitations

The one honest gate is scale. The validated results today are the fragment-scale ADAPT-VQE energetics on classical emulation; the full
alloy and full-REBCO cell calculations require fault-tolerant quantum phase estimation at an estimated ~ 10° Toffoli gates and ~ 238 logi-
cal qubits (~ 38 days at 1kHz), hardware that does not yet exist. Within the near-term regime the single-determinant variant must be
avoided on the strongly multireference vacancy limit, where it stalls at 24 mHa (Eq. 18); the full-pool construction is required there. Both
boundaries are quantified rather than deferred, so the programme can plan the full-composition calculation against real hardware

timelines.
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Conclusion

ADAPT-VQE is a validated, circuit-efficient electronic-structure tool for fusion-materials composition screening. It reaches chemical accu-
racy on all four 3d-alloy fragments (Ti, V, Cr, Fe) with a residual below 0.05 mHa — four orders of magnitude inside the > 300 mHa DFT
functional spread it replaces — at 4—-14x shallower CNOT depth than UCCSD, and its machinery is independently validated to
3.9 x 107 Ha on an exactly solvable proof-of-concept. By the well-posedness criterion of Eq. 9 it decides the composition question DFT
leaves ambiguous. It is stated once and clearly that this is not quantum advantage: the fragments run on classical emulation, the single-
determinant variant stalls at 24 mHa on the multireference vacancy limit, and the full-composition calculation is fault-tolerant-gated at
~10? Toffoli gates and ~ 238 logical qubits. The method fills the correlated-3d gap in the Kronos materials pipeline today, and its fault-
tolerant extension is scoped with a real, auditable resource cost.
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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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