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A Journey through quantum optics at LKB

LKB

from Cavity Quantum Electro Dynamics ...

Photon box
*  Weqp/2m = 50 GHz
e T, =130ms
« Q=4-10%
e 1y = 0.05@ 800 mK

...to circuit Quantum Acousto Dynamics

Phonon box
*  wy/2m =1MHz
e T, = 2 minutes
« Q=10°
e 7y =50@ 10 mK
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LKB
from Cavity Quantum Electro Dynamics ... ...to circuit Quantum Acousto Dynamics

Each atom performs a strong measurement of the
resonator state

W) =|a) + | —a)

Photon #

Time (s)
Birth and death of a photon in a cavity
Gleyzes et al. Nature, 446(7133), 297-300 (2007).

Goal: experimental test of spontaneous collapse models



LKB

Circuit Quantum Acousto Dynamics
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Coupling a MHz mechanics to a superconducting qubit

LKB
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Our approach
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Outline

LKB

* Radio-frequency fluxonium qubits
*Hybrid qubit/mechanical system: MecaFIlux

e Quantum asymmetry measurement
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The (heavy) fluxonium

LKB

Universal Fast-Flux Control of a Coherent, Low-Frequency Qubit, Zhang, ... Schuster Phys. Rev. X 11, 011010 (2021)
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The (heavy) fluxonium

LKB
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Fluxonium design
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Fluxonium readout
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Readout response depends
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Complex reflection coefficient
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Readout

Readout response depends
cavity

on the qubit state

I

Complex reflection coefficient Preparation fidelity

Detection probability P,

Qubit

Pulse duration T eget [1S]

Single-shot readout
with 77 % fidelity

B.-L. Najera-Santos et al.... , High-Sensitivity ac-Charge Detection with a MHz-Frequency Fluxonium Qubit, PRX (2024)
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Readout response depends
on the qubit state

Complex reflection coefficient

Single-shot readout
with 77 % fidelity

)

Readout
cavity

I

Preparation fidelity

Detection probability P,

Qubit

Pulse duration T eget [1S]

Effective temperature:

Terr = 23 pK

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

P, corrected for readout errors



Lifetime measurements

t t
VA VA

W = 1.8 MHz

LKB

Record low frequency superconducting qubit

Ramsey pulse delay t [ps]

Energy relaxation time Ramsey decay time
T, = 34 pus T, = 38.6 us

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



Outline

LKB

*Hybrid qubit/mechanical system: MecaFIlux




Qubit-membrane coupling

-

Slide inspired from Kyrylo Gerashchenko’s defense 41



Qubit-membrane coupling

Slide inspired from Kyrylo Gerashchenko’s defense 42




Qubit-membrane coupling
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Coupling description

Simplified circuit System Hamiltonian
H = %EL w? — Ejcos(p — @ext) + 4Ec (n —ny)?

Position-dependent offset charge

Linear coupling :

H,,xn-x

Vi, ~8V : : :
Jaynes-Cummings interaction :

H,,/h= ig‘t (ufcr_ — ﬂ.a_)
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Membrane spectroscopy (via Ramsey)

O, /21 = 4.4 MHz

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

Dispersive interaction

¢

Wegy /2T = 2.2 MHz

2. Detect the mechanically induced AC-

Stark shift with a Ramsey sequence

3. Repeat as a function of drive frequency

xnT
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Membrane spectroscopy (via Ramsey)

Dispersive interaction
O, /21 = 4.4 MHz

Drive detuning (Hz)
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Wegy /2T = 2.2 MHz

xnT



Mechanical lifetime

LKB
Lifetime large compared to control durations
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Mechanical lifetime

LKB
Lifetime large compared to control durations
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Mechanical lifetime

LKB
Lifetime large compared to control durations

Membrane

Qubit

Average of ramsey
sequence # k

Ramsey measurements }

(o), (0y)

T, = 59 ms




Mechanically induced Rabi oscillations

LKB

Not a quantum signature




Mecafluxonium

10°; e~
g 100 % s =
: : 0/2m = 1.5 kHz wE
3107 < 2 . .
: " 7, = Weak coupling regime |*

10721 : : : : : :
20 25 \

‘ 300 measurements Iin a lifetime

Preparation and
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*Quantum asymmetry measurements
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A thought experiment ...
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Spectrum analyzer measurement

0 ~ QTijpevnen = 0.2rad K 1

Environment <> _ _ o
Nen ~ 50 1. Mapping: x < g, 2. Measure qubit o, projection

Km

Each measurements yields one bit carrying weak information;
however, we can accumulate many detections during T; ,,
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Spectrum analyzer measurement

Environment
<>

ﬁth ~ 50 Km

Fourier transform

Thermal
peak

Qubit sampling
noise

Calibration
peak

84



Spectrum analyzer measurement

Environment
<>

ﬁth ~ 50

Km

Fourier transform

Qubit initialized in |e)

/

A)}ubit initialized in |g)




Spectrum analyzer measurement

Environment
<>

ﬁth ~ 50
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Fourier transform
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Spectrum analyzer measurement

Environment
<>

Nep ~ 50 o
Mean energy exchange per cycle :
ﬁ K AE, . = S (T )?
Qubit Qubit induced damping/amplification at rate :
Ny = ©

Kk = '—(ﬂﬂnt}z/,Tuyde

Similar to dynamical back action in optomechanics
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Beyond the semi-classical model

LKB
Semi-classical model Quantum model
O 9)
H/h=i—(a*0_—aa,) H/hziz(a+a_—aa+)

x = Re(a)
Membrane [ _ )

\ : U=e =& X

P ubit I
Q \ J Ox

* Some (small amount) of entanglementis
generated by the interaction

Ox |+) * The qubit projective measurement steers the
ﬁ membrane state in a conditional state that

depends on the measurement outcome (|+), or
|_>x)

- Quantum backaction

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

Preparation in |g):
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Membrane cooling

Membrane heating
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Mitigating dynamical backaction

Preparation in |g):

Membrane ) ’ ‘ ( ) .

. U, U, U,
Qubit (19) 9} 9} :
ettt e d---> 5T

Preparation in |e):

Membrane | ' ‘ ’ )

. U] UI UI
Qubit

Alternating qubit state preparation:
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Spectrum asymmetry

Membrane

Qubit | |g)
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Spectrum asymmetry

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) 94




Spectrum asymmetry

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) 95




Spectrum asymmetry

Clear 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) 96
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From Rectangular to Torsional Membrane

LKB

BEFORE AFTER Ringdown measurement

Rectangular Torsional
Membrane Membrane
5ms @4 MHz 6.84s@ 2MHz

1,000x% improvment!



From Rectangular to Torsional Membrane single shot average of
1000 consecutive
LKB

ramsey measurements

BEFORE AFTER Ringdown measurement

Rectangular Torsional
Membrane Membrane
5ms @4 MHz 6.84s@ 2MHz

1,000x% improvment!
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Avalanche ionization in Si Fluxonium on Saphhire
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LKB
[ Coupling: Q < V,,/d? ]
> Redt.lce.gap (WIP) - Increase bias voltage
Objective: d = 2.5 um = 500nm (2 X 25) Demonstrated: 1/, =9V - 150V (Q X 13)
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LKB

Necessary conditions:

* spatial separation of the cat components

Atomic
Xprla|l = nucleus = 5fm
diameter
h
*=f T |2ma

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



Testing Penrose model with low-frequency mechanical systems
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) = % (o) + [ = o))

Necessary conditions:

* spatial separation of the cat components  Gravitational decoherence time
Atomic Decoherence time
Xoprlal 2 nucleus = 5fm Tg << due to mechanical
diameter losses
h 1k
Xzpf = Zm_Q Tg =~ 3 X 10_15 (%) S

M. Gely, G. Steele, AVS Quantum Sci. 3, 035601 (2021)
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LKB Schliesser (2017) I\_/(i;f:]f;?:-(-z-om) Safavi-Naeini (2019) Schoelkopf (2017)
Resonator 1 MHzy 25 MHz 2.4 GHz 6.6 GHz
frequency (1,, /21 |

Motional 2 1n 50 9 50

mass m & bg bs H&
Zero-point

fluctuations x,,¢

Q-factor

Decoherence time of
a 5-fm catt,

Gravitational de-
coherence time T,




Perspectives — collapse models

LKB

Collapse models resolve the quantum measurement paradox by introducing small
modifications to the Schrodinger's equation

Continuous spontaneous localization model

A(s™H

rc - measurement radius

A measurement rate

Collapse radius 7. (m)

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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Thanks !!



The team @ LKB
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