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How to scale quantum systems

Energy-efficient Systems for Artificial Intelligence
and Quantum & Neuromorphic Applications
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Path 1: Top-Down
Modularize (photonic interconnects)

Path 2: Bottom-up
Expand control (phononic modes)
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Experimental system



lon trap quantum processor

trapped ion Coulomb crystals: 7'Yb*



Experimental system: Hardware
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Experimental system: Single qubit gates

1)
ela
~N
| —
\—
A /
—— e
10)
=) o ) -
] Joml ) &iie
a o @--3
=1 D00@ o B -8
a oREs %Y @ -®
Y BN i, B0, S0 S D
-w -

Duration(us)

Raman beat note

R-gate (x/y rotations) z-gates

¢

cos (- —isin(%)e— .
R¢(9) B !—fisin(;))eiCﬁ Cogé) ] Rz(é’) - [ 0 et0/2



Experimental system: Two-qubit gates
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A Quantum computer in User Facility mode
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Path 2: Bottom-up
Expand control (phononic modes)




Hybrid Quantum Simulation: The Yukawa model



Hybrid Quantum Simulation: The Yukawa model

2
1
V(r) = = e M

................................

Scalar field theory: scalar bosons (field) interact with fermions (matter)

Describes the Higgs field interacting with the leptons and quarks

Explains mass generation

Difficult to simulate classically and for a QC (bosonic mode cutoff).



Hybrid Quantum Simulation: The Yukawa model

Map fermions to spins and bosons to phonons
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Hybrid Quantum Simulation: The Yukawa model
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A. Than et al., arXiv:2509.1147 (Nat. Phys. in print)



Hybrid Quantum Simulation: The Yukawa model
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Hybrid Quantum Simulation: The Yukawa model
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Hybrid Quantum Simulation: Why it matters!

Slide Credit: Alexander Schukert (ENS Paris)

1-dimensional Z, Higgs-LGT with 20 sites (large Trotter step):
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Large Trotter step of Z, LGT model

Qubit-only circuits:
20*9*1000~1075 CNOT gates

Includes loss and dephasing of qubit-
boson gates

NISQ guantum advantage for a problem which (using current methods) would require a MegaQuop qubit machine!

Crane et al.; arXiv:2409.03747v2 (2024); Schuckert et al; arXiv:2503.03828 (2025)
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Path 1: Top-Down
Modularize (photonic interconnects)




Photon transmission through a municipal dark fiber
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Quantum networking: A fiber-ready quantum network node
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Quantum networking: A fiber-ready quantum network node
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Quantum networking: A fiber-ready quantum network node
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Quantum networking: A fiber-ready quantum network node
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Quantum networking: A fiber-ready quantum network node
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Results: lon-photon entangled state tomography
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Results: lon-photon entangled state tomography

Fidelity: 94.9(4)%
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Error analysis: lon-photon entangled

state

Error Budget, Laboratory Fiber

Error Source

Fidelity Error

Polarization Mixing
Atomic Qubit Decoherence
Atomic Qubit Readout
Photon Path Errors

7 /2-pulse Errors
Background Counts
Imaging Alignment

Raman Phase Noise

2 — 2.5 % 107*
1.25(6) x 102
6(2) x 1073
<5x1073
1% 16°
<1x1073
<1x1073
<1x1073

Additional Errors

in Deployed Fiber

Error Source

Fidelity Error

Polarization Instability

Atomic Qubit Decoherence

1.65 x 10~2
3.5 % 10~®

Zalewski et al. PRA 113 (2026)



Recent results
Time-bin qubit
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QLab: user facility mode 2.0
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