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Photon box
• 𝜔𝑐𝑎𝑣/2𝜋 = 50 GHz
• 𝑇1 = 130 ms
• 𝑄 = 4 ⋅ 1010

• 𝑛𝑡ℎ = 0.05 @ 800 mK

from Cavity Quantum Electro Dynamics … …to circuit Quantum Acousto Dynamics

Phonon box
• 𝜔𝑚/2𝜋 = 1 MHz
• 𝑇1 = 2 minutes
• 𝑄 = 109

• 𝑛𝑡ℎ = 50 @ 10 mK

A Journey through quantum optics at LKB
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Goal: experimental test of spontaneous collapse models
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Circuit Quantum Acousto Dynamics

Schrödinger cat states of a 16-microgram mechanical oscillator
Bild et al, Vol 380, Issue 6642 pp. 274-278, Science 2023
Yiwen Chu group @ ETH
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Bulk accoustic mode @ 6 GHz Superconducting qubit @ 6 GHz



Coupling a MHz mechanics to a superconducting qubit

Freq.

Ultra high-Q resonator @ 5 MHz Superconducting qubit @ GHz

𝜔𝑔𝑒/2𝜋

Ωm/2𝜋

Typical superconducting qubits
are microwave devices:

• “Cold environment”,  qubit is 
initialized  in ground state

• Simple qubit readout by a 
microwave cavity (one would need a 
1 m-long cavity for a resonance in 
the MHz range)

      

𝑘B𝑇/ℎ

?

ℏΩm

|𝑒⟩

|𝑔⟩

ℏ𝜔𝑔𝑒

∼ 5 GHz

∼ 5 MHz

∼ 500 MHz

Viennot et al, PRL 121 (2018)



Our approach

Energy

Ultra high-Q resonator @ 5 MHz Superconducting qubit @ 5 MHz

?

|𝑒⟩

|𝑔⟩
ℏΩm

𝑘B𝑇/ℎ ∼ 500 MHz

Ωm/2𝜋 𝜔𝑔𝑒/2𝜋

      

?
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𝑘𝐵𝑇

208 MHz 

@10mK

𝜔𝑞 ∼ MHz

Thermal population 
scaling:

Qubit is prepared via sideband preparation

B.-L. Najera-Santos et al.… , High-Sensitivity ac-

Charge Detection with a MHz-Frequency Fluxonium 
Qubit, PRX (2024)

99% preparation fidelity

Fluxonium readout
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Qubit

Readout response depends 
on the qubit state
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cavity 

|𝑔⟩
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7 µ𝑠

Single-shot readout 
with 77 % fidelity

Complex reflection coefficient
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99% preparation fidelity

Sideband preparation

Qubit

Readout
cavity 

Single-shot readout 
with 77 % fidelity

Complex reflection coefficient

Readout response depends 
on the qubit state

𝜏reset

Luis

Najera-Santos

Effective temperature:     
𝑇eff = 23 𝜇K

|𝑔⟩

|𝑒⟩
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Lifetime measurements

|𝑔/𝑒⟩
𝑡

𝜎𝑧
|𝑔⟩

𝑡

𝜎𝑧
𝜋/2 𝜋/2

Energy relaxation time
𝑇1 = 34 µs

B.-L. Najera-Santos et al.… , High-Sensitivity ac-Charge Detection with a MHz-Frequency Fluxonium Qubit, PRX (2024)

Ramsey decay time
𝑇2

∗ = 38.6 µs

Record low frequency superconducting qubit

Ramsey pulse delay 𝑡 [µs]

Record low frequency superconducting qubit

𝜔𝑞 = 1.8 MHz
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Qubit-membrane coupling
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Qubit chip

Membrane chip

Microscope viewing hole

Flip-chip assembly with mask aligner

Himanshu
Patange

Thibault 
Capelle





Coupling description

Simplified circuit System Hamiltonian

46

Jaynes-Cummings interaction :

Position-dependent offset charge : 

Linear coupling :
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Membrane spectroscopy (via Ramsey)

Mechanically induced Stark shift:

1. Continuously drive the membrane in 
a coherent state of mean phonon 
number ത𝑛

2. Detect the mechanically induced AC-
Stark shift with a Ramsey sequence

3. Repeat as a function of drive frequency

Ω𝑚/2𝜋 = 4.4 MHz

𝜔𝑒𝑔/2𝜋 = 2.2 MHz

Dispersive interaction 
𝜙 = 𝜒 ത𝑛𝑇
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Membrane spectroscopy (via Ramsey)

Mechanically induced Stark shift:

Ω𝑚/2𝜋 = 4.4 MHz

𝜔𝑒𝑔/2𝜋 = 2.2 MHz

Dispersive interaction 
𝜙 = 𝜒 ത𝑛𝑇

Drive detuning (Hz)
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D𝛼
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Mechanically induced Rabi oscillations

Not a quantum signature



Mecafluxonium

62

𝑇𝑚 = 6 ms
Ω/2𝜋 = 1.5 kHz 

⇒ Weak coupling regime

Preparation and 

readout in 10 µs

300 measurements in a lifetime
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Spectrum analyzer measurement
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𝜃 ≃ Ω𝑇𝑖𝑛𝑡 𝑛𝑡ℎ ≈ 0.2 rad ≪ 1

1. Mapping: 𝑥 ⟷ 𝜎𝑥
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𝜃 ≃ Ω𝑇𝑖𝑛𝑡 𝑛𝑡ℎ ≈ 0.2 rad ≪ 1

1. Mapping: 𝑥 ⟷ 𝜎𝑥 2. Measure qubit 𝜎𝑥 projection 

Each measurements yields one bit carrying weak information; 

however, we can accumulate many detections during 𝑇1,𝑚
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Spectrum analyzer measurement
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𝜃 ≃ Ω𝑇𝑖𝑛𝑡 𝑛𝑡ℎ ≈ 0.2 rad ≪ 1

1. Mapping: 𝑥 ⟷ 𝜎𝑥 2. Measure qubit 𝜎𝑥 projection 

Each measurements yields one bit carrying weak information; 

however, we can accumulate many detections during 𝑇1,𝑚

Environment
𝑛th ∼ 50 𝜅𝑚
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Qubit sampling 

noise

Fourier transform

Environment
𝑛th ∼ 50 𝜅𝑚



Spectrum analyzer measurement
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Qubit initialized in |e⟩

Qubit initialized in |g⟩

Fourier transform

Environment
𝑛th ∼ 50 𝜅𝑚



Spectrum analyzer measurement
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Qubit initialized in |e⟩

Qubit initialized in |g⟩

Fourier transform

Environment
𝑛th ∼ 50 𝜅𝑚



Spectrum analyzer measurement
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Mean energy exchange per cycle :

Qubit induced damping/amplification at rate :

Similar to dynamical back action in optomechanics

Environment
𝑛th ∼ 50 𝜅𝑚

|𝑔⟩

|𝑒⟩Qubit

ത𝑛th = ∞

𝜅



Beyond the semi-classical model

p = Im 𝛼

𝑥 = Re 𝛼

𝜎𝑥

Τ𝑯 ℏ = 𝑖
Ω

2
𝛼∗𝝈− − 𝛼 𝝈+

Semi-classical model

𝑼𝑰 = 𝑒−𝑖𝑯𝑇𝑖𝑛𝑡/ℏ 



Beyond the semi-classical model

p = Im 𝛼

𝑥 = Re 𝛼

𝜎𝑥

• Some (small amount) of entanglement is 
generated by the interaction

Membrane

Qubit |𝑒⟩
𝑈𝐼  = 𝑒−

𝑖𝑯𝑇𝑖𝑛𝑡
ℏ

Τ𝐻 ℏ = 𝑖
Ω

2
𝒂†𝝈− − 𝒂 𝝈+Τ𝑯 ℏ = 𝑖

Ω

2
𝛼∗𝝈− − 𝛼 𝝈+

Semi-classical model Quantum model

𝑼𝑰 = 𝑒−𝑖𝑯𝑇𝑖𝑛𝑡/ℏ 



Beyond the semi-classical model

p = Im 𝛼

𝑥 = Re 𝛼

𝜎𝑥

• Some (small amount) of entanglement is 
generated by the interaction

• The qubit projective measurement steers the 
membrane state in a conditional state that 
depends on the measurement outcome ( + 𝑥 or 
− 𝑥)

→ Quantum backaction 

Membrane

Qubit |𝑒⟩
𝑈𝐼  = 𝑒−

𝑖𝑯𝑇𝑖𝑛𝑡
ℏ

Τ𝐻 ℏ = 𝑖
Ω

2
𝒂†𝝈− − 𝒂 𝝈+Τ𝑯 ℏ = 𝑖

Ω

2
𝛼∗𝝈− − 𝛼 𝝈+

Semi-classical model Quantum model

𝑼𝑰 = 𝑒−𝑖𝑯𝑇𝑖𝑛𝑡/ℏ 

𝜎𝑥

P. Rouchon A tutorial introduction to quantum stochastic master equations based on the qubit/photon system. Annual Reviews in Control 54, 2022, P. 252-261



Mitigating dynamical backaction
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Preparation in 𝑔 :

Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑔⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝜎𝑥
|𝑔⟩

𝑈𝐼

Preparation in |𝑒⟩:

Membrane

Qubit 𝜎𝑥
|𝑒⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑒⟩

𝑈𝐼
Membrane heating

Membrane cooling



Mitigating dynamical backaction
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Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝜎𝑥
|𝑔⟩

𝑈𝐼

Alternating qubit state preparation:

Preparation in 𝑔 :

Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑔⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝜎𝑥
|𝑔⟩

𝑈𝐼

Preparation in |𝑒⟩:

Membrane

Qubit 𝜎𝑥
|𝑒⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑒⟩

𝑈𝐼



Spectrum asymmetry
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Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝜎𝑥
|𝑔⟩

𝑈𝐼



Spectrum asymmetry

94

Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝜎𝑥
|𝑔⟩

𝑈𝐼

50 phonons at 10 mK

⇒ 2 % difference

K. Gerashchenko*, R. Rousseau*, L. Balembois*, et al., Probing the quantum motion of a macroscopic mechanical 

oscillator with a radio-frequency superconducting qubit, arXiv:2505.21481 (2025)



Spectrum asymmetry
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Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝜎𝑥
|𝑔⟩

𝑈𝐼

K. Gerashchenko*, R. Rousseau*, L. Balembois*, et al., Probing the quantum motion of a macroscopic mechanical 

oscillator with a radio-frequency superconducting qubit, arXiv:2505.21481 (2025)
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Membrane

Qubit 𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝑆𝑟𝑟
𝑔

𝑆𝑟𝑟
𝑒

𝜎𝑥
|𝑔⟩

𝑈𝐼
𝜎𝑥

|𝑒⟩
𝑈𝐼

𝜎𝑥
|𝑔⟩

𝑈𝐼Clear quantum signature

K. Gerashchenko*, R. Rousseau*, L. Balembois*, et al., Probing the quantum motion of a macroscopic mechanical 

oscillator with a radio-frequency superconducting qubit, arXiv:2505.21481 (2025)



• Introduction/Motivation

•Radio-frequency fluxonium qubits

•Hybrid qubit/mechanical system: MecaFlux

•Quantum asymmetry measurements

•Perspectives

Outline

Ω

𝑆𝑥𝑥(Ω)

0 Ω𝑚−Ω𝑚

∝ ො𝑎† ො𝑎
= 𝑛𝑡ℎ

∝ ො𝑎 ො𝑎†

= 𝑛𝑡ℎ +1



CLAUDE NOTES (hidden off-slide):
=== STORY ===
Original: Rectangular membrane (5 ms) -> Phononic crystal (5 s goal).
Updated: Rectangular (5 ms) -> Torsional (6.84 s achieved!).
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id=10 Picture 4: Rect membrane SIMULATION. Original 185x177, ratio=1.045.
id=43 Picture 42: Torsional PHOTO. Original 32x43, ratio=0.745.
id=47 Picture 46: Torsional SIMULATION. Original 41x49, ratio=0.838.
id=30 Picture 29: RINGDOWN CURVE. Original 612x371, ratio=1.650.
id=51 Picture 50: UNKNOWN - parked off-slide at x=1050.
=== TORSIONAL IMAGE ISSUE ===
Torsional sim/photo have a ROTATED FRAME visible in the image.
White rectangles are used as masks to hide rotated edges and make it look straight.
The masks must be ON TOP (higher z-order) of the torsional images.
=== ALIGNMENT RULES ===
Both photo rows must be at same Y. Both sim rows must be at same Y.
If heights differ, CROP (reduce visible area) - never stretch/distort.
Crop the taller image to match the shorter one.
=== MAC LIMITATIONS ===
exportAsBase64 fails -> no OOXML tools (edit_slide_xml, read_slide_text, etc).
getTextFrameOrNullObject fails -> use shape.textFrame directly.
setZOrder fails -> shapes added last are on top by default.
group.shapes inaccessible -> ask user to ungroup manually.
=== TODO ===
Z-order of white masks may need manual fix (right-click -> Bring to Front).
Picture 50 identity unknown - check with user.
Overall alignment/polish still needed.

From Rectangular to Torsional Membrane

BEFORE

Rectangular 
Membrane
5 ms @ 4 MHz

1,000× improvment!

Ringdown measurement

Torsional 
Membrane
6.84 s @ 2 MHz

AFTER
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Jacqmin

Alice 

Desbois
Louis 

Godet

single shot average of 
1000 consecutive 
ramsey measurements
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Manset
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𝑉𝑏 𝐺𝑁𝐷𝐺𝑁𝐷 Al
Si
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SiN

→ Reduce gap  (WIP)
         Objective:     d = 2.5 µm → 500 nm (𝛀 ×  𝟐𝟓)

→ Increase bias voltage
 Demonstrated:  𝑉𝑏 = 9 V  →  150 V (𝛀 × 𝟏𝟑)
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Testing Penrose model with low-frequency mechanical systems

Necessary conditions:

• spatial separation of the cat components

𝑥𝑧𝑝𝑓|𝛼| ≥ ≃ 5 fm
Atomic 
nucleus 

diameter 

𝑥𝑧𝑝𝑓 =
ℏ

2𝑚Ω

Atomic mass diameter

M. Gely, G. Steele, AVS Quantum Sci. 3, 035601 (2021)



Testing Penrose model with low-frequency mechanical systems

Necessary conditions:

• spatial separation of the cat components

𝑥𝑧𝑝𝑓 =
ℏ

2𝑚Ω

Atomic mass diameter

• Gravitational decoherence time 
Decoherence time 
due to mechanical 
losses

M. Gely, G. Steele, AVS Quantum Sci. 3, 035601 (2021)

𝑥𝑧𝑝𝑓|𝛼| ≥ ≃ 5 fm
Atomic 
nucleus 

diameter 
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Perspectives – collapse models

1

1

0

K. Gerashchenko*, R. Rousseau*, L. Balembois*, et al., Probing the quantum motion of a macroscopic mechanical 

oscillator with a radio-frequency superconducting qubit, arXiv:2505.21481 (2025)

λ

𝑟𝐶

Experiment 

improvement

λ 
(s

−
1

)

Collapse radius 𝑟𝐶  (m)

Continuous spontaneous localization model

𝑟𝐶 : measurement radius

𝜆 : measurement rate

Collapse models resolve the quantum measurement paradox by introducing small 

modifications to the Schrodinger's equation
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CEA: Emmanuel Flurin
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