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Axion Searches Above 4 GHz
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• Volume scaling V ∝ ν−3

• Cavity volume scales inversely with
frequency.

• Volume enhancement:
ADMX-VERA

• Standard Quantum Limit Pbkgd ∝ ν
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Photon Counting

Pbkgd = hν∆ν

(
1

ehν/kBT − 1
+ N

)
• For SQL, N = 1.

• For Squeezed-State amplifiers,
N = 1/squeeze gain. High frequencies
are more challenging.

• In photon counting, only the power is
measured and the quantum limit is
completely evaded. N ≈ DCR/∆ν.
The lower DCR the better!

DCR = 100/s, ∆ν = 100 kHz ⇒ N =
1

1000

Assume 100 days for 5% bandwidth.

Plot adapted from Phys. Rev. D 111,

123018 by O. Wen
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Detect a Microwave Photon

Can such a detector be made? YES! As demonstrated and advanced by the
Quantronics group at Paris-Saclay University

• Phys. Rev. X 10, 021038 (2020): η = 58%, DCR = 1.4 /ms

• Phys. Rev. Applied 21, 014043 (2024): η = 43%, DCR = 85 /s 50 MHz tunable

Narrow-band Axion search demonstration. Phys. Rev. X 15, 021031 (2025)

• arXiv:2501.07354 (2025): η = 80%, DCR = 30 /s

∆ν : 100 kHz − 1 MHz

|1B , 0W , g⟩ −→ |0B , 1W , e⟩ κW−−→ |0B , 0W , e⟩
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Stanford Device and Testing: V2, non-tunable prototype

3 GHz 4 GHz 5 GHz 6 GHz 7 GHz 8 GHz 9 GHz

ωb ωwωq ωp (4WM)
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Resonators Characterization

Simulations are done in AWR Microwave Office
for resonators and coupling capacitance.
Good agreement with measurements!

Parameter Simulation Measurement Unit
Buffer mode
ωg
b /2π 6.739 6.917 GHz

κext/2π 0.16 0.22 MHz
κint/2π – 40 kHz

Waste mode
ωg
w/2π 7.400 7.742 GHz

κext/2π 1.14 1.96 MHz
κint/2π – 50 kHz
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Qubit Characterization

Parameter Simulation Measurement Unit

Qubit

ωq/2π 4.5 4.379 GHz

T1 – ∼ 20 µs

T ∗
2 – ∼ 15 µs

α/2π 240 248 MHz

gb/2π 114 126 MHz

gw/2π 324 314 MHz

χqb/2π -2.0 -1.6 MHz

χqw/2π -10.3 -8.0 MHz

• Qubit is found at 4.379 GHz.

• gb/w reflect the coupling
strength between resonators
and the qubit.

• χqb/qw also depend on
res-qubit coupling and can be
measured as the resonance
shift with qubit in |g⟩ v.s. |e⟩.

• Measured energy relaxation
time T1 about 20 µs.
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First Sight of Four-Wave Mixing: Preliminary Results
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Detection Efficiency Estimation

η = η4WM · ηRO · ηD · ηqubit
• η4WM: 4WM efficiency. Maximum
84% with the measured κint and κext.

• ηRO: p(1|e) ∼ 70% with optimized
readout.

• ηD: Duty cycle Td/(Td + Tidle).

• ηqubit: Qubit decay. Decrease with
Td .

For the V2 device, estimated η 30 ∼ 40%
with readout optimization.

Cheng Zhang, Ph.D., Stanford University Denver CO, Mar 19 2026 9 / 11



Up next: Tunable Resonators

3 GHz 4 GHz 5 GHz 6 GHz 7 GHz 8 GHz 9 GHz

Final Tunable Range

ωb ωwωq ωp (4WM)V2 non-tunable
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Conclusion

• Demonstrated a non-tunable SMPD. Key resonator and qubit parameters are in
consistent with simulations. Observed 4-wave mixing at expected frequency.

• In progress of measuring: detection efficiency, dark count rate, and detection
bandwidth.

• Constructing systematic study of tunable resonators.

Thank you!
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