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Macroscopic switching times between
few-photon dynamical states

Berdou PRXQ 2023, Krantz NatComm 2016, Siddiqi PRL 2004 …

Time (seconds)

1 photon

115 
photons

Muppalla PRB 2018

à Ultra-low power 
classical logic

Andersen PRApp 2015

nonlinear
medium



From dynamical bits to dynamical qubits

bit qubit

0
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|0⟩

|1⟩



Is dissipation good or bad ?

Friction (dissipation) 
à Stability 
à Quantum decoherence
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Two-photon dissipation

Meta−potential	𝑉(𝜆)

𝑉

−𝛼
𝛼

𝛼 " = 4

Hamiltonian

Loss operator

Im 𝜆

𝛼 =
2𝜖!
𝜅!

"/!

𝐻/ℏ = 𝑖𝜖!𝑎$
! −𝑖𝜖!∗ 𝑎!

𝐿 = 𝜅!𝑎!

Wolinsky and Carmichael PRL (1998), Leghtas Science (2015) 

Re 𝜆

Steady states in span{ ⟩| − 𝛼 , ⟩|𝛼 }

𝑑 𝑎
𝑑𝑡

= −𝛻𝑉( 𝑎 )



The cat-qubit
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The dissipative cat-qubit
Two-photon

Drive

Two-photon
Dissipation 𝜿𝟐

One-photon
Dissipation 𝜿𝟏

Réglade Nature 2025
Lescanne Nature Phys 2020
Mirrahimi NJP 2014

Grimm, Nature 2020
Puri, Science Adv 2019
Touzard, PRX 2018
Leghtas, Science 2015

Chamberland PRXQ 2022
Putterman Nature 2025

Marquet PRX 2024

Rousseau 2025
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The dissipative cat-qubit

Standard qubit : local
| ⟩1

| ⟩0

𝑉

𝑉

𝐼

Cat qubit : non-local

Q

| ⟩1| ⟩0

errors

Exponential 
suppression of 
bit-flip errors

• Linear increase in phase-flip errors
• Gates : rotations in phase-space

Gates
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Biased-noise qubits reduce hardware overhead

Biased-noise qubits
x10-100 less overhead 

but requires bias 
preserving operations

Puri, Science Adv, 2023
Ruiz, 2023

Standard qubits

Bit-flips
Phase-
flips

Bit flips
Phase-
flips

Aliferis, Preskill, PRA 2008
Tuckett, Bartlett, Flammia. PRL 2018

Chamberland, 2023
Webster, Bartlett, Poulin. PRA, 2015.



Universal set of fault-tolerant gates

Guillaud, Mirrahimi, PRX 2019



Controllability versus coherence





Circuit QED



Superconducting circuits

1 cm
𝑓 ≈ 5	GHz,	 𝑄 ≈ 10!"#

= S SI
Non-linear element

100	nm×100	nm

High quality cavity

=

Josephson junction

T$%&'()	= 10	mK

Applied Physics Reviews 6, 021318 (2019)

QubitHarmonic oscillator



Engineering 2-photon exchanges

𝜔4 = 2𝜔5 − 𝜔6

buffer

pump

memory

drive

Effective drive 𝑖𝜖!𝑎$
! + h.c

+	 𝜖	𝑏 + h.c

𝜔&
𝜔'

𝜔'

𝜔(

Effective loss 𝜅!𝑎!

𝐻 = 𝑔!𝑎!	𝑏$ + h.c

𝜔&𝜔'

𝜔'

𝜔(
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103

102

𝛼! (photon number)
1 2 3 4 5 6 7

T b
it-

fli
p

(𝜇
𝑠)

Tbit-flip, sat ≈ 1 ms

x4.2 per photon

Previous experiments plateaued around 1 ms

Kerr-cats also limited to about 1 ms
Grimm, Frattini, Nature, 2020
Frattini, Cortiñas, 2022

Autoparametric cats 
reached 0.3s

Marquet, …, Huard, 2023

Lescanne, 
Nature Phys, 2019Pump
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Tbit-flip, sat ≈ 1 ms

x4.2 per photon

Transmon limits the bit-flip time

Causes bit-flips ! Lescanne, 
Nature Phys, 2019

Berdou, 
PRXQ 2023

Kerr-cats also limited to about 1 ms
Grimm, Frattini, Nature, 2020
Frattini, Cortiñas, 2022

Pump

Autoparametric cats 
reached 0.3s

Marquet, …, Huard, 2023
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The transmon-free cat-qubit

Memory

Buffer

DC + Flux pump

Filter

1 mm

100 𝛍m

50 𝛍m
Transmon

Memory : 5.25 GHz, Tmem = 10	𝜇s
Buffer : 7.70 GHz, 𝜅"	/2𝜋	= 2.6 MHz Buffer in/out
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The transmon-free cat-qubit

Memory

Buffer

DC + Flux pump

Filter

1 mm

100 𝛍m

50 𝛍m
Transmon
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BufferMemoryBuffer

𝜔& = 2𝜔'- 𝜔(
Memory

Count number of photons

𝑯 = 𝒈𝒍𝒂$𝒂	(𝒃 + 𝒃$)

Inflate

Deflate

Zeno gate

4 gadgets to replace the transmon

Pump Buffer
drive

Zeno
drive

𝜔& = 𝜔(

Pump

Pump + buffer drive

Pump + buffer & Zeno drives

Pump
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| ⟩𝛼 = 0 | ⟩𝛼 ≈ 3

𝑯 = 𝒈𝒍𝒂$𝒂	(𝒃 + 𝒃$)
Count number of photons 𝜔& = 𝜔(
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Inflate Deflate𝜔& = 2𝜔'- 𝜔(

Drive ON Drive OFF
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Zeno gate
𝜔& = 2𝜔'- 𝜔(

D
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a
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ry
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Transmon-free tomography protocols

odd
even

1
0

odd
even

1
0

1

odd
even

-

oddeven

odd
even

-
Photon number

Probability

time

Albert PRL 2016
Grimm, Frattini, Nature, 2020

odd
even

-

odd
even

-
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Transmon-free tomography protocols
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Transmon-free tomography protocols
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| ⟩1!

| ⟩0!

| ⟩+!

| ⟩−!

𝛼 = 0

𝛼 = 2

𝑍/
"

𝑋/
"

Deflate

Inflate

Albert PRL 
2016

Holonomic gate
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Transmon-free tomography examples

odd
even

-

Data
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Transmon-free tomography examples
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Transmon-free tomography examples
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Transmon-free tomography examples
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Our qubit is noise-biased
𝛼!

=
11
.6

𝛼!
=
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6

𝛼!
=
2.
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Our qubit is noise-biased
𝛼!
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Our qubit is noise-biased under control
𝛼!
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Our qubit is noise-biased under control
𝛼!

=
11
.6

𝛼!
=
5.
6

𝛼!
=
2.
5

𝑇"
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No Z gate 

Z gate active
Noise bias scaling

Plateau
of previous
experiments

𝑇! = 𝑇"#$×10% 𝑇& = 𝑇"#$/40
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Noise bias scaling

1 − 2𝑃% = exp(−𝑇&/𝑇')
1 − 2𝑃( = exp(−𝑇&/𝑇()
𝑇& time of a Z(𝜋) gate

Er
ro

r p
ro

ba
bi

lit
y 

pe
r g

at
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tim
e 

Bit-flip 𝑃(

Phase-flip 𝑃%
No Z gate

Z gate active

Algorithmically relevant



Parity measurements
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Single-shot high-fidelity parity measurements
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Optimal control

Rémi Robin
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Conclusion
Macroscopic 

bit-flip time ✅
Coherent 
control ✅Tomography ✅

CNOT 🚧 Repetition code  🚧

Nature 629, 778–783 (2024)
arXiv:2307.06617 

MX 🚧
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Supplementary 
materials
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Comparision
to numerical 
simulations



Fault-tolerant gates

Guillaud, Mirrahimi, PRX 2019



ATS          (Asymmetrically threaded SQUID)

𝝋𝚺
+
𝝋𝜟

𝝋𝚺
−
𝝋𝜟

𝜑

𝑈 𝜑 = −2𝐸1 cos φ2 cos 𝜑 + φ3 +
1
2
𝐸4𝜑"

0𝑈54 ∝ 2𝑎" 4𝑏6 + 2𝑎6! 4𝑏

2𝜑 = 𝜑' 2𝑎 + 2𝑎6 + 𝜑( 4𝑏 + 4𝑏6

𝑈
78"9

/
":;" < ,8#9

/
"
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1
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𝑈
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/
":;" < ,8#9

/
"

54 ≈ −2𝐸1𝜖2 𝑡 𝜑>/6

𝜖2 𝑡 = 𝜖2 cos 𝜔&𝑡

0𝑈54 ∝ 2𝑎6 2𝑎(4𝑏 + 4𝑏6)
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Chip specs
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Two-photon
pump

Longitudinal
pump

BuÆer

Memory
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