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Fock states with a well-defined number of photons in an oscillator have shown a wide range of applications
in quantum information science. Nonetheless, their usefulness has been marred by single and multiphoton
losses due to unavoidable environment-induced dissipation. Though several dissipation engineering methods
have been developed to counteract the leading single-photon-loss error, averting multiple-photon losses
remains elusive. Here, we experimentally demonstrate a dissipation engineering method that autonomously
stabilizes multiphoton Fock states against losses of multiple photons using a cascaded selective photon-
addition operation in a superconducting quantum circuit. Through measuring the photon-number populations
and Wigner tomography of the oscillator states, we observe a prolonged preservation of nonclassical Wigner
negativities for the stabilized Fock states jNi withN ¼ 1, 2, 3 for a duration of about 10 ms. Furthermore, the
dissipation engineering method demonstrated here also facilitates the implementation of a nonunitary
operation for resetting a binomially encoded logical qubit. These results highlight potential applications in
error-correctable quantum information processing against multiple-photon-loss errors.

DOI: 10.1103/PhysRevLett.132.203602

Bosonic modes, such as harmonic oscillators, have
garnered significant attention in various fields including
quantum optics, quantum metrology, quantum simulation,
and quantum computation [1–6]. These applications
require precise and robust generation of nonclassical
bosonic states in the oscillators, of which number states
or Fock states are the most fundamental. Fock states are
energy eigenstates with a fixed number of excitations or
bosons, which possess a pivotal role in quantum optics,
quantum metrology, and quantum information science [7].
Over the past few decades, significant efforts have been
made to create and manipulate Fock states in various
physical platforms, including motional modes of trapped
ions [8], mechanical oscillators [9,10], microwave
cavities with Rydberg atoms [11], acoustic wave resonators
[12–14], and superconducting circuits [15–22]. However,
all these methods still manifest significant challenges,
largely stemming from multiple energy quanta losses (such
as multiphoton losses) in the oscillator arising from non-
negligible coupling to the uncontrolled dissipative
environment.
Dissipation, on the other hand, can be well controlled

and is an essential resource for quantum information
processing [23]. Subtly engineered dissipation has
found wide-ranging applications in preparing and

stabilizing quantum states [24–29], resetting quantum
system [30–34], generating entanglement [35–39], imple-
menting quantum simulation [40], and performing quantum
error correction [41–44]. In these examples, dissipation
generally serves as a one-way valve to remove the system
entropy to a reservoir bath and irreversibly transfers the
system into a dark state or dissipation-free manifold. In the
context of superconducting circuit quantum electrodynam-
ics (QED) systems [45], a quantum reservoir engineering
method has been employed to implement autonomous
stabilization of a single-photon Fock state in a microwave
cavity [26]. Nevertheless, extending this method to stabi-
lize higher photon-number states against multiphoton
losses remains a formidable experimental challenge.
Recently, engineered dissipation has been applied to
autonomous quantum error correction through a parity
recovery operation for stabilizing photon-number parity
against single-photon-loss error [42]. However, dissipation-
induced multiphoton losses continue to persist as a major
source of error that jeopardizes the integrity of quantum
states in the oscillator and has yet to be fully resolved.
In this Letter, we experimentally demonstrate a dissipa-

tion engineering method for autonomously stabilizing
multiphoton Fock states against multiphoton-loss errors
in a superconducting microwave cavity. The robust
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generation of these nonclassical bosonic states is realized
by developing a cascaded selective photon-addition
(CSPA) operation assisted by an ancillary superconducting
qubit and a reservoir bath resonator. The nonunitary CSPA
operation is implemented by applying a continuous-wave
multicomponent microwave drive to engineer the coupling
to the dissipative environment. The experimental results
indicate that the nonclassical Wigner negativities of the
Fock states are preserved for a duration of about 10 ms,
which can potentially be extended indefinitely. By con-
trolling the selective photon-addition operations on indi-
vidual photonic energy levels, we have confirmed that
multiphoton-loss errors have been corrected to stabilize
multiphoton Fock states. Furthermore, we showcase the
potential of our dissipation engineering method in imple-
menting a nonunitary quantum operation that resets a
binomially-encoded logical qubit.
As shown in Fig. 1(a), a quantum harmonic oscillator

with a quadratic potential well has infinite evenly spaced
energy levels. Each energy level corresponds to an energy
eigenstate jni, commonly known as the photon-number

state or Fock state, containing n photons in the oscillator.
However, these Fock states are susceptible to environment-
induced decoherence, resulting in photon loss described by
the annihilation operator â ¼ P

n
ffiffiffi
n

p jn − 1ihnj. To stabi-
lize the Fock state against decoherence-induced photon loss
errors, we introduce a CSPA operation, capable of adding
photons in a tailored photon-number subspace. This oper-
ation is similar to the conjugate operator of â and can be
described by

CSPAm→n ¼
Xn−1

i¼m

jiþ 1ihij ð1Þ

in a truncated photon-number subspace. Continuously
implementing CSPA operations adds n −m photons to
an initial Fock state jmi, resulting in the target Fock state
jni. This nonunitary operation is implemented through
simultaneously applying selective photon-addition opera-
tors Λ̂i→iþ1 ¼ jiþ 1ihij between adjacent energy levels,
adding a single photon to Fock state jii. These cascaded
operations finally stabilize the Fock state jni against losses
of n −m photons.
In our experiment, the nonunitary CSPA operation is

implemented in a superconducting quantum circuit system,
similar to that in Ref. [46], with the schematic shown in
Fig. 1(b). The system comprises a three-dimensional
microwave cavity (C), acting as the oscillator, and two
superconducting transmon qubits (Q) and their associated
readout resonators (R). Note that only one qubit and its
associated readout resonator are utilized to implement the
quantum reservoir control for stabilizing multiphoton Fock
states in cavity C. The relevant leading-order interactions of
the C-Q-R system can be described by the dispersive
Hamiltonian

H0=ℏ ¼ ωcâ†âþ ωqjeihej þ ωrr̂†r̂

− χqcâ†âjeihej − χqrr̂†r̂jeihej; ð2Þ

where â and r̂ are the annihilation operators of the cavity
and readout resonator modes, respectively. jei and jgi
represent the excited and ground states of the transmon
qubit, respectively. The resonance frequencies of the three
modes are ωc=2π ¼ 6.37 GHz, ωq=2π ¼ 5.68 GHz, and
ωr=2π ¼ 8.60 GHz. The dispersive couplings between the
qubit and the other two modes are χqc=2π ¼ 7.7 MHz and
χqr=2π ¼ 2.4 MHz. The microwave cavity has a single-
photon lifetime of about 50 μs (corresponding to a decay
rate κc=2π ¼ 3.1 kHz) for storing photons, while the
readout resonator is designed with a fast decay rate of
κr=2π ¼ 2.4 MHz for qubit readout and assisting in dis-
sipation engineering. More details of the device parameters
can be found in the Supplemental Material [47].
With the relevant energy levels of the system

illustrated in Fig. 1(c), the CSPA operation is achieved

(a)

(b)

(c)

FIG. 1. Schematic of the multiphoton Fock state stabilization.
(a) Fock state jni in a harmonic oscillator is stabilized against
losses of n −m photons by continuously implementing the
nonunitary operation CSPAm→n in a truncated photon-number
subspace. The CSPA operation comprises a series of selective
photon-addition operations between adjacent energy levels.
(b) Experimental device schematic consisting of a 3D microwave
cavity C as the oscillator, which is dispersively coupled to two
superconducting qubits Q and associated readout resonators R.
Note that only the left qubit and its readout resonator (inside
dashed box) are used in the experiment. (c) Energy level diagram
of the C-Q-R system. The CSPA operation is realized by
combining two sets of continuous-wave frequency combs and
the fast spontaneous decay of the readout resonator. The first set
of comb selectively drives the qubit transitions ① and the second
set swaps the excitation of the qubit to the storage cavity and
readout resonator ②. The fast spontaneous decay dissipates the
excitation of R to the environment ③, thus stabilizing the Fock
states in cavity C.
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by applying two sets of continuous-wave drives, resulting
in a drive Hamiltonian,

Hd=ℏ ¼
Xn−1

i¼m

ðΩiji; e; 0ihi; g; 0j þ Jijiþ 1; g; 1ihi; e; 0jÞ

þ H:c:; ð3Þ

under the rotating wave approximation. Here, the indices in
the bras and kets are labeled by the Fock states in the
C-Q-R order, and H.c. represents Hermitian conjugate. By
exploiting the photon-number-dependent qubit frequency
shift in the dispersive Hamiltonian described in Eq. (2),
we can achieve selective transitions between individual
energy levels.
The drive Hamiltonian described in Eq. (3) comprises

two sets of continuous-wave frequency combs, as illus-
trated with double arrows in the energy level diagram in
Fig. 1(c). The first set of drives achieves resonant oscil-
lations between the states ji; g; 0i and ji; e; 0i at a coupling
rate of Ωi. The second set targets the transition ji; e; 0i ↔
jiþ 1; g; 1i at a coupling rate of Ji by applying a four-wave
mixing pump on the superconducting qubit [47]. Finally,
the fast spontaneous decay of the reservoir resonator R
effectively removes the entropy by irreversibly transferring
the state jiþ 1; g; 1i to jiþ 1; g; 0i with a loss rate of κr.
As a result, combined with the two sets of drives, a photon-
addition operator Λ̂i→iþ1 is constructed for adding a
single photon to the Fock state jii in C, given that
κc < Ωi < Ji < κr < χqc. By selectively applying a series
of these drives, we can achieve the nonunitary operation
CSPAm→n to autonomously stabilize the Fock state jni
against the loss of n −m photons in the cavity.
In our experiment, we first demonstrate the nonunitary

CSPA operations to autonomously generate Fock states jNi
in the storage cavity. The experimental sequence is depicted
in Fig. 2(a), where we first apply a CSPA0→N operation on
an initial vacuum state in the cavity for a variable duration,
and then perform a transmon spectroscopy measurement to
extract the photon-number populations in the cavity after
the CSPA operation.
Figures 2(b)–2(d) show the measured photon-number

populations as a function of the total evolution duration
of the CSPA operation for generating Fock states jNi with
N ¼ 1, 2, 3. The insets show the measured Wigner
functions for the stabilized Fock states at a duration of
approximately 50 μs, giving a state fidelity of 0.93, 0.86,
and 0.77 for Fock states j1i, j2i, and j3i, respectively.
These measured fidelities are comparable with the esti-
mated ones (0.96, 0.91, and 0.87) from analytical calcu-
lations in Supplemental Material [47]. The generated Fock
states are preserved for up to approximately 10 ms, which is
mainly limited by the classical control electronics used in
the experiment and can potentially be extended indefinitely,
indicating the successful and robust generation of the target

multiphoton Fock states in the cavity. The quantum
dynamics of the stabilization process can be fully described
by a rate equation of the photon-number populations during
the evolution [47], confirming the effectiveness of the
nonunitary CSPA operations in adding photons to the
cavity. The main infidelity of the stabilized Fock states
arises from the mismatch of the coupling rates and decay
rates (see Supplemental Material [47] for more details of
the error analysis).
To further validate the stabilization against multiphoton

losses, we conditionally apply different configurations of
CSPA operations after generating the initial Fock state jNi
with N ¼ 1, 2, 3, as shown in Figs. 3(a)–3(c). We then
measure the photon-number population PN of the Fock
state jNi as a function of the evolution time, as well as
the measured Wigner snapshots at an evolution time of
about 200 μs for all cases, with the results shown in

(a)

(b)

(c)

(d)

FIG. 2. Autonomous stabilization and characterization of multi-
photon Fock states. (a) Experimental sequence for measuring
the photon-number populations of the stabilized Fock states.
(b)–(d) Measured photon-number populations (symbols) as a
function of the evolution duration of the nonunitary CSPA
operation, for stabilizing the Fock states j1i (b), j2i (c), and
j3i (d), respectively. Error bars are standard deviations from
repeated experiments. Solid lines are from numerical simulations.
The insets in (b)–(d) show the Wigner snapshots of the stabilized
Fock states at a duration of about 50 μs.
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Figs. 3(d)–3(f). For example, in the case of initial Fock state
j3i, we apply nonunitary operations CSPA0→3, CSPA1→3,
and CSPA2→3 to protect the cavity Fock state j3i against as
large as three, two, and one-photon losses, respectively.
The measured photon-number populations P3 of the Fock
state j3i for these three cases, as well as that without any
CSPA operation, are shown in Fig. 3(f) and fitted to an
exponential function to extract the decay time constant.
The Fock state shows slow decay rates due to the protection
against additional photon losses when applying these CSPA
operations. As a result, the measured decay time constants
55.1 μs, ð27.3; 610Þ μs, and ð18.9; 183; 4457Þ μs are con-
sistent with the estimated ones 51 μs, ð26; 639Þ μs, and
ð17; 228; 4862Þ μs for Fock states j1i, j2i, and j3i,
respectively [47]. These results demonstrate that the multi-
photon Fock states in the cavity can indeed be preserved
and protected from both single and multiphoton-loss errors
by the dissipation engineering method, highlighting the
significant differences from previous works that only
corrected single-photon-loss errors [26,42].
Furthermore, our dissipation engineering method can

also be extended to design a cascaded selective photon-
subtraction (CSPS) operation, employing the third energy
level of the transmon qubit [47]. This nonunitary CSPS
operation can be utilized to protect the photonic states
against photon-gain errors induced by thermal excitation in
the oscillator. By combining the nonunitary CSPS oper-
ation with the CSPA operation, we can achieve greater

flexibility in realizing arbitrary nonunitary quantum control
over the oscillator.
To demonstrate the capabilities of these nonunitary

operations, we present an example of their use for resetting
a binomially encoded logical qubit in cavity C. Here, the
logical codewords are expressed as fj0iL ¼ ðj0i þ j4iÞ=ffiffiffi
2

p
; j1iL ¼ j2ig [54]. The logical reset operation is

achieved by implementing the nonunitary operations
CSPA0→2 and CSPS4→2 simultaneously, which will irre-
versibly transform arbitrary logical states to the logical j1iL
state. The process is characterized by the experimental
sequence displayed in Fig. 4(a). Note that due to the large
decay rate of the Fock state j4i and the weak stabilization
rate to add photons, it is unnecessary to apply the CSPS
operation in our experiment. The measured process fidelity
of the logical reset operation with the encoding and
decoding processes, as a function of the total duration of
the reset operation, is shown in Fig. 4(b). As the duration
exceeds 50 μs, the process fidelity approaches to a steady
value of approximately 0.89, which is close to the process
fidelity with only the encoding and decoding processes
(0.894), indicating a high fidelity for the logical reset
operation. Additionally, the measured process matrix
at a duration of about 100 μs is presented in the inset of
Fig. 4(b), alongside the ideal matrix. Further verification of
the reset operation is provided through measurements of the
Wigner functions of the cavity states before and after the
reset operation, with results shown in Figs. 4(c) and 4(d).

FIG. 3. Fock state stabilization against multiphoton losses. (a)–(c) Energy level diagrams for illustrating the protection of Fock state
j1i (a), j2i (b), and j3i (c) against losses of different number of photons. (d)–(f) Measured photon-number populations (symbols) P1 (d),
P2 (e), and P3 (f) as a function of the stabilization duration when applying different sets of CSPA operations on corresponding initial
Fock states. Error bars are standard deviations from repeated experiments. The decay curves are fitted to an exponential function
y ¼ Ae−t=τ to extract the decay time constant τ. Solid lines for the cases with CSPA0→N operation represent the average photon-number
population for the corresponding stabilized Fock states. The insets in (d)–(f) show the measured Wigner functions (with same axis scales
and color bars as that in Fig. 2) at a duration of about 200 μs for each case.
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In conclusion, we have demonstrated a dissipation
engineering method to stabilize multiphoton Fock states
in a superconducting microwave cavity, employing a
cascaded selective photon-addition operation. This method
represents a crucial development in protecting the cavity
states against multiphoton losses beyond single-photon
loss, which is critical for robust and high-precision
quantum control. The experimental results confirm that
the stabilized multiphoton Fock states can be preserved
for a time much longer than that without any CSPA
operations, opening up the possibility in quantum-
enhanced metrology [62] and dark matter search [63].
Additionally, our dissipation engineering method has been
successfully employed for implementing a nonunitary
operation for resetting a binomially encoded logical qubit,
indicating practical implications in error-correctable non-
unitary operations of logical qubits. The demonstrated
dissipation engineering method can also be directly
exploited to stabilize higher-photon-number states with
improved device performance [64] and be applicable for
optical photons and mechanical and acoustic wave phonons
[10,14], promising potential applications in quantum infor-
mation processing with various bosonic modes.

Note added.—While we were preparing our manuscript, we
noticed a similar implementation of selective photon-
addition operation, but lacking dissipation engineering [65].

We would like to thank Chang-Ling Zou and Fei Yan
for helpful discussions. This work was supported by the
Key-Area Research and Development Program of
Guangdong Province (Grant No. 2018B030326001), the
National Natural Science Foundation of China (Grant
No. 12274198), the Shenzhen Science and Technology
Program (Grant No. RCYX20210706092103021), the
Guangdong Basic and Applied Basic Research
Foundation (Grants No. 2024B1515020013,
No. 2022A1515010324), the Guangdong Provincial Key
Laboratory (Grant No. 2019B121203002), the Shenzhen-
Hong Kong Cooperation Zone for Technology and
Innovation (Contract No. HZQB-KCZYB-2020050), and
the Innovation Program for Quantum Science and
Technology (Grant No. ZD0301703).

*These authors contributed equally to this letter.
†Corresponding author: lius3@sustech.edu.cn
‡Corresponding author: xuyuan@iqasz.cn

[1] X. Gu, A. F. Kockum, A. Miranowicz, Y.-x. Liu, and F.
Nori, Microwave photonics with superconducting quantum
circuits, Phys. Rep. 718–719, 1 (2017).

[2] B. M. Terhal, J. Conrad, and C. Vuillot, Towards scalable
bosonic quantum error correction, Quantum Sci. Technol. 5,
043001 (2020).

[3] W. Cai, Y. Ma, W. Wang, C.-L. Zou, and L. Sun, Bosonic
quantum error correction codes in superconducting quantum
circuits, Fundam. Res. 1, 50 (2021).

[4] A. Joshi, K. Noh, and Y. Y. Gao, Quantum information
processing with bosonic qubits in circuit QED, Quantum
Sci. Technol. 6, 033001 (2021).

[5] W.-L. Ma, S. Puri, R. J. Schoelkopf, M. H. Devoret, S.
Girvin, and L. Jiang, Quantum control of bosonic modes
with superconducting circuits, Sci. Bull. 66, 1789 (2021).

[6] A. Krasnok, P. Dhakal, A. Fedorov, P. Frigola, M. Kelly, and
S. Kutsaev, Advancements in superconducting microwave
cavities and qubits for quantum information systems, arXiv:
2304.09345.

[7] A. Z. Goldberg, A. B. Klimov, M. Grassl, G. Leuchs, and
L. L. Sánchez-Soto, Extremal quantum states, AVS Quan-
tum Sci. 2, 044701 (2020).

[8] D. M. Meekhof, C. Monroe, B. E. King, W.M. Itano, and
D. J. Wineland, Generation of nonclassical motional states
of a trapped atom, Phys. Rev. Lett. 76, 1796 (1996).

[9] P. Arrangoiz-Arriola, E. A. Wollack, Z. Wang, M. Pechal, W.
Jiang, T. P. McKenna, J. D. Witmer, R. Van Laer, and A. H.
Safavi-Naeini, Resolving the energy levels of a nanomechan-
ical oscillator, Nature (London) 571, 537 (2019).

[10] E. A. Wollack, A. Y. Cleland, R. G. Gruenke, Z. Wang, P.
Arrangoiz-Arriola, and A. H. Safavi-Naeini, Quantum state
preparation and tomography of entangled mechanical res-
onators, Nature (London) 604, 463 (2022).

(a)

(b)

(c) (d)

FIG. 4. Logical reset operation of a binomially encoded logical
qubit. (a) Experimental sequence to perform quantum process
tomography to characterize the logical reset operation. (b) Mea-
sured process fidelity defined as F ¼ ðTr ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

χideal
p

χmeas
ffiffiffiffiffiffiffiffiffiffi
χideal

pp Þ2,
as a function of the duration of the reset operation. Here, χmeas and
χideal are the measured and ideal process matrices for the logical
reset operation, whose real parts are shown in the inset. Black
dashed line represents the process fidelity with only the encoding
and decoding processes. (c),(d) Measured Wigner functions of
the cavity states before and after the logical reset operation, which
irreversibly transform the initial binomially encoded logical states
j0iL (c) and ðj0iL þ ij1iLÞ=

ffiffiffi
2

p
(d) to a final state of j1iL.

PHYSICAL REVIEW LETTERS 132, 203602 (2024)

203602-5

https://doi.org/10.1016/j.physrep.2017.10.002
https://doi.org/10.1088/2058-9565/ab98a5
https://doi.org/10.1088/2058-9565/ab98a5
https://doi.org/10.1016/j.fmre.2020.12.006
https://doi.org/10.1088/2058-9565/abe989
https://doi.org/10.1088/2058-9565/abe989
https://doi.org/10.1016/j.scib.2021.05.024
https://arXiv.org/abs/2304.09345
https://arXiv.org/abs/2304.09345
https://doi.org/10.1116/5.0025819
https://doi.org/10.1116/5.0025819
https://doi.org/10.1103/PhysRevLett.76.1796
https://doi.org/10.1038/s41586-019-1386-x
https://doi.org/10.1038/s41586-022-04500-y


[11] C. Sayrin, I. Dotsenko, X. Zhou, B. Peaudecerf, T.
Rybarczyk, S. Gleyzes, P. Rouchon, M. Mirrahimi, H.
Amini, M. Brune, J.-M. Raimond, and S. Haroche, Real-
time quantum feedback prepares and stabilizes photon
number states, Nature (London) 477, 73 (2011).

[12] Y. Chu, P. Kharel, T. Yoon, L. Frunzio, P. T. Rakich, and
R. J. Schoelkopf, Creation and control of multi-phonon
Fock states in a bulk acoustic-wave resonator, Nature
(London) 563, 666 (2018).

[13] K. J. Satzinger, Y. P. Zhong, H.-S. Chang, G. A. Peairs, A.
Bienfait, M.-H. Chou, A. Y. Cleland, C. R. Conner, É.
Dumur, J. Grebel, I. Gutierrez, B. H. November, R. G.
Povey, S. J. Whiteley, D. D. Awschalom, D. I. Schuster,
and A. N. Cleland, Quantum control of surface acoustic-
wave phonons, Nature (London) 563, 661 (2018).

[14] U. von Lüpke, Y. Yang, M. Bild, L. Michaud, M. Fadel, and
Y. Chu, Parity measurement in the strong dispersive regime
of circuit quantum acoustodynamics, Nat. Phys. 18, 794
(2022).

[15] A. A. Houck, D. I. Schuster, J. M. Gambetta, J. A. Schreier,
B. R. Johnson, J. M. Chow, L. Frunzio, J. Majer, M. H.
Devoret, S. M. Girvin, and R. J. Schoelkopf, Generating
single microwave photons in a circuit, Nature (London) 449,
328 (2007).

[16] D. I. Schuster, A. A. Houck, J. A. Schreier, A. Wallraff,
J. M. Gambetta, A. Blais, L. Frunzio, J. Majer, B. Johnson,
M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf, Resolv-
ing photon number states in a superconducting circuit,
Nature (London) 445, 515 (2007).

[17] M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak, E.
Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M.
Martinis, and A. N. Cleland, Generation of Fock states in
a superconducting quantum circuit, Nature (London) 454,
310 (2008).

[18] H. Wang, M. Mariantoni, R. C. Bialczak, M. Lenander, E.
Lucero, M. Neeley, A. D. O’Connell, D. Sank, M. Weides, J.
Wenner, T. Yamamoto, Y. Yin, J. Zhao, J. M. Martinis, and
A. N. Cleland, Deterministic entanglement of photons in
two superconducting microwave resonators, Phys. Rev.
Lett. 106, 060401 (2011).

[19] R. W. Heeres, B. Vlastakis, E. Holland, S. Krastanov, V. V.
Albert, L. Frunzio, L. Jiang, and R. J. Schoelkopf, Cavity
state manipulation using photon-number selective phase
gates, Phys. Rev. Lett. 115, 137002 (2015).

[20] S. P. Premaratne, F. C. Wellstood, and B. S. Palmer, Micro-
wave photon Fock state generation by stimulated Raman
adiabatic passage, Nat. Commun. 8, 14148 (2017).

[21] W. Wang, L. Hu, Y. Xu, K. Liu, Y. Ma, S.-B. Zheng, R.
Vijay, Y. P. Song, L.-M. Duan, and L. Sun, Converting
quasiclassical states into arbitrary Fock state superpositions
in a superconducting circuit, Phys. Rev. Lett. 118, 223604
(2017).

[22] M. Kudra, M. Kervinen, I. Strandberg, S. Ahmed, M.
Scigliuzzo, A. Osman, D. P. Lozano, M. O. Tholén, R.
Borgani, D. B. Haviland, G. Ferrini, J. Bylander, A. F.
Kockum, F. Quijandría, P. Delsing, and S. Gasparinetti,
Robust preparation of Wigner-negative states with opti-
mized SNAP-displacement sequences, PRX Quantum 3,
030301 (2022).

[23] P. M. Harrington, E. J. Mueller, and K.W. Murch, Engi-
neered dissipation for quantum information science, Nat.
Rev. Phys. 4, 660 (2022).

[24] K.W. Murch, U. Vool, D. Zhou, S. J. Weber, S. M. Girvin,
and I. Siddiqi, Cavity-assisted quantum bath engineering,
Phys. Rev. Lett. 109, 183602 (2012).

[25] D. Kienzler, H.-Y. Lo, B. Keitch, L. de Clercq, F. Leupold,
F. Lindenfelser, M. Marinelli, V. Negnevitsky, and J. P.
Home, Quantum harmonic oscillator state synthesis by
reservoir engineering, Science 347, 53 (2015).

[26] E. T. Holland, B. Vlastakis, R. W. Heeres, M. J. Reagor, U.
Vool, Z. Leghtas, L. Frunzio, G. Kirchmair, M. H. Devoret,
M. Mirrahimi, and R. J. Schoelkopf, Single-photon-re-
solved cross-Kerr interaction for autonomous stabilization
of photon-number states, Phys. Rev. Lett. 115, 180501
(2015).

[27] Z. Leghtas, S. Touzard, I. M. Pop, A. Kou, B. Vlastakis, A.
Petrenko, K. M. Sliwa, A. Narla, S. Shankar, M. J. Hatridge,
M. Reagor, L. Frunzio, R. J. Schoelkopf, M. Mirrahimi, and
M. H. Devoret, Confining the state of light to a quantum
manifold by engineered two-photon loss, Science 347, 853
(2015).

[28] Y. Lu, S. Chakram, N. Leung, N. Earnest, R. K. Naik, Z.
Huang, P. Groszkowski, E. Kapit, J. Koch, and D. I.
Schuster, Universal stabilization of a parametrically coupled
qubit, Phys. Rev. Lett. 119, 150502 (2017).

[29] S. Touzard, A. Grimm, Z. Leghtas, S. O. Mundhada, P.
Reinhold, C. Axline, M. Reagor, K. Chou, J. Blumoff, K. M.
Sliwa, S. Shankar, L. Frunzio, R. J. Schoelkopf, M.
Mirrahimi, and M. H. Devoret, Coherent oscillations inside
a quantum manifold stabilized by dissipation, Phys. Rev. X
8, 021005 (2018).

[30] K. Geerlings, Z. Leghtas, I. M. Pop, S. Shankar, L. Frunzio,
R. J. Schoelkopf, M. Mirrahimi, and M. H. Devoret, Dem-
onstrating a driven reset protocol for a superconducting
qubit, Phys. Rev. Lett. 110, 120501 (2013).

[31] C. C. Bultink, M. A. Rol, T. E. O’Brien, X. Fu, B. C. S.
Dikken, C. Dickel, R. F. L. Vermeulen, J. C. de Sterke, A.
Bruno, R. N. Schouten, and L. DiCarlo, Active resonator
reset in the nonlinear dispersive regime of circuit QED,
Phys. Rev. Appl. 6, 034008 (2016).

[32] P. Magnard, P. Kurpiers, B. Royer, T. Walter, J.-C. Besse, S.
Gasparinetti, M. Pechal, J. Heinsoo, S. Storz, A. Blais, and
A. Wallraff, Fast and unconditional all-microwave reset of a
superconducting qubit, Phys. Rev. Lett. 121, 060502 (2018).

[33] D. J. Egger, M. Werninghaus, M. Ganzhorn, G. Salis, A.
Fuhrer, P. Müller, and S. Filipp, Pulsed reset protocol for
fixed-frequency superconducting qubits, Phys. Rev. Appl.
10, 044030 (2018).

[34] Y. Zhou, Z. Zhang, Z. Yin, S. Huai, X. Gu, X. Xu, J.
Allcock, F. Liu, G. Xi, Q. Yu, H. Zhang, M. Zhang, H. Li, X.
Song, Z. Wang, D. Zheng, S. An, Y. Zheng, and S. Zhang,
Rapid and unconditional parametric reset protocol for
tunable superconducting qubits, Nat. Commun. 12, 5924
(2021).

[35] H. Krauter, C. A. Muschik, K. Jensen, W. Wasilewski, J. M.
Petersen, J. I. Cirac, and E. S. Polzik, Entanglement gen-
erated by dissipation and steady state entanglement of two
macroscopic objects, Phys. Rev. Lett. 107, 080503 (2011).

PHYSICAL REVIEW LETTERS 132, 203602 (2024)

203602-6

https://doi.org/10.1038/nature10376
https://doi.org/10.1038/s41586-018-0717-7
https://doi.org/10.1038/s41586-018-0717-7
https://doi.org/10.1038/s41586-018-0719-5
https://doi.org/10.1038/s41567-022-01591-2
https://doi.org/10.1038/s41567-022-01591-2
https://doi.org/10.1038/nature06126
https://doi.org/10.1038/nature06126
https://doi.org/10.1038/nature05461
https://doi.org/10.1038/nature07136
https://doi.org/10.1038/nature07136
https://doi.org/10.1103/PhysRevLett.106.060401
https://doi.org/10.1103/PhysRevLett.106.060401
https://doi.org/10.1103/PhysRevLett.115.137002
https://doi.org/10.1038/ncomms14148
https://doi.org/10.1103/PhysRevLett.118.223604
https://doi.org/10.1103/PhysRevLett.118.223604
https://doi.org/10.1103/PRXQuantum.3.030301
https://doi.org/10.1103/PRXQuantum.3.030301
https://doi.org/10.1038/s42254-022-00494-8
https://doi.org/10.1038/s42254-022-00494-8
https://doi.org/10.1103/PhysRevLett.109.183602
https://doi.org/10.1126/science.1261033
https://doi.org/10.1103/PhysRevLett.115.180501
https://doi.org/10.1103/PhysRevLett.115.180501
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1126/science.aaa2085
https://doi.org/10.1103/PhysRevLett.119.150502
https://doi.org/10.1103/PhysRevX.8.021005
https://doi.org/10.1103/PhysRevX.8.021005
https://doi.org/10.1103/PhysRevLett.110.120501
https://doi.org/10.1103/PhysRevApplied.6.034008
https://doi.org/10.1103/PhysRevLett.121.060502
https://doi.org/10.1103/PhysRevApplied.10.044030
https://doi.org/10.1103/PhysRevApplied.10.044030
https://doi.org/10.1038/s41467-021-26205-y
https://doi.org/10.1038/s41467-021-26205-y
https://doi.org/10.1103/PhysRevLett.107.080503


[36] S. Shankar, M. Hatridge, Z. Leghtas, K. M. Sliwa, A. Narla,
U. Vool, S. M. Girvin, L. Frunzio, M. Mirrahimi, and M. H.
Devoret, Autonomously stabilized entanglement between
two superconducting quantum bits, Nature (London) 504,
419 (2013).

[37] M. E. Kimchi-Schwartz, L. Martin, E. Flurin, C. Aron, M.
Kulkarni, H. E. Tureci, and I. Siddiqi, Stabilizing entangle-
ment via symmetry-selective bath engineering in super-
conducting qubits, Phys. Rev. Lett. 116, 240503 (2016).

[38] Y. Liu, S. Shankar, N. Ofek, M. Hatridge, A. Narla, K. M.
Sliwa, L. Frunzio, R. J. Schoelkopf, and M. H. Devoret,
Comparing and combining measurement-based and driven-
dissipative entanglement stabilization, Phys. Rev. X 6,
011022 (2016).

[39] C. K. Andersen, A. Remm, S. Lazar, S. Krinner, J. Heinsoo,
J.-C. Besse, M. Gabureac, A. Wallraff, and C. Eichler,
Entanglement stabilization using ancilla-based parity de-
tection and real-time feedback in superconducting circuits,
npj Quantum Inf. 5, 69 (2019).

[40] R. Ma, B. Saxberg, C. Owens, N. Leung, Y. Lu, J. Simon,
and D. I. Schuster, A dissipatively stabilized Mott insulator
of photons, Nature (London) 566, 51 (2019).

[41] N. Ofek, A. Petrenko, R. Heeres, P. Reinhold, Z. Leghtas,
B. Vlastakis, Y. Liu, L. Frunzio, S. M. Girvin, L. Jiang, M.
Mirrahimi, M. H. Devoret, and R. J. Schoelkopf, Extending
the lifetime of a quantum bit with error correction in
superconducting circuits, Nature (London) 536, 441 (2016).

[42] J. M. Gertler, B. Baker, J. Li, S. Shirol, J. Koch, and C.
Wang, Protecting a bosonic qubit with autonomous quan-
tum error correction, Nature (London) 590, 243 (2021).

[43] Z. Ni, S. Li, X. Deng, Y. Cai, L. Zhang, W. Wang, Z.-B.
Yang, H. Yu, F. Yan, S. Liu, C.-L. Zou, L. Sun, S.-B. Zheng,
Y. Xu, and D. Yu, Beating the break-even point with a
discrete-variable-encoded logical qubit, Nature (London)
616, 56 (2023).

[44] V. V. Sivak, A. Eickbusch, B. Royer, S. Singh, I. Tsioutsios,
S. Ganjam, A. Miano, B. L. Brock, A. Z. Ding, L. Frunzio,
S. M. Girvin, R. J. Schoelkopf, and M. H. Devoret, Real-
time quantum error correction beyond break-even, Nature
(London) 616, 50 (2023).

[45] A. Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff,
Circuit quantum electrodynamics, Rev. Mod. Phys. 93,
025005 (2021).

[46] Z. Ni, S. Li, L. Zhang, J. Chu, J. Niu, T. Yan, X. Deng, L.
Hu, J. Li, Y. Zhong, S. Liu, F. Yan, Y. Xu, and D. Yu,
Scalable method for eliminating residual ZZ interaction
between superconducting qubits, Phys. Rev. Lett. 129,
040502 (2022).

[47] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.203602 for addi-
tional information about the experimental details, theoretical
discussions, and error analysis, which includes
Refs. [26,42,43,45,46,48–61].

[48] Y. Xu, Y. Ma, W. Cai, X. Mu, W. Dai, W. Wang, L. Hu, X.
Li, J. Han, H. Wang, Y. P. Song, Z.-B. Yang, S.-B. Zheng,
and L. Sun, Demonstration of controlled-phase gates be-
tween two error-correctable photonic qubits, Phys. Rev.
Lett. 124, 120501 (2020).

[49] S. Li, B.-J. Liu, Z. Ni, L. Zhang, Z.-Y. Xue, J. Li, F. Yan, Y.
Chen, S. Liu, M.-H. Yung, Y. Xu, and D. Yu, Superrobust

Geometric control of a superconducting circuit, Phys. Rev.
Appl. 16, 064003 (2021).

[50] M. Reagor, W. Pfaff, C. Axline, R. W. Heeres, N. Ofek, K.
Sliwa, E. Holland, C. Wang, J. Blumoff, K. Chou, M. J.
Hatridge, L. Frunzio, M. H. Devoret, L. Jiang, and R. J.
Schoelkopf, Quantum memory with millisecond coherence
in circuit QED, Phys. Rev. B 94, 014506 (2016).

[51] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).

[52] C. Axline, M. Reagor, R. Heeres, P. Reinhold, C. Wang, K.
Shain, W. Pfaff, Y. Chu, L. Frunzio, and R. J. Schoelkopf,
An architecture for integrating planar and 3D cQED devices,
Appl. Phys. Lett. 109, 042601 (2016).

[53] N. Khaneja, T. Reiss, C. Kehlet, T. Schulte-Herbrüggen, and
S. J. Glaser, Optimal control of coupled spin dynamics:
Design of NMR pulse sequences by gradient ascent algo-
rithms, J. Magn. Reson. 172, 296 (2005).

[54] M. H. Michael, M. Silveri, R. T. Brierley, V. V. Albert, J.
Salmilehto, L. Jiang, and S. M. Girvin, New class of
quantum error-correcting codes for a bosonic mode, Phys.
Rev. X 6, 031006 (2016).

[55] K. Mizuno, T. Takenaka, I. Mahboob, and S. Saito, Effect of
decoherence for gate operations on a superconducting
bosonic qubit, New J. Phys. 25, 033007 (2023).

[56] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information, 10th ed. (Cambridge University
Press, Cambridge, England, 2010).

[57] W. Pfaff, C. J. Axline, L. D. Burkhart, U. Vool, P. Reinhold,
L. Frunzio, L. Jiang, M. H. Devoret, and R. J. Schoelkopf,
Controlled release of multiphoton quantum states from a
microwave cavity memory, Nat. Phys. 13, 882 (2017).

[58] D. Bluvstein, S. J. Evered, A. A. Geim, S. H. Li, H. Zhou, T.
Manovitz, S. Ebadi, M. Cain, M. Kalinowski, D. Hangleiter,
J. P. Bonilla Ataides, N. Maskara, I. Cong, X. Gao, P. Sales
Rodriguez, T. Karolyshyn, G. Semeghini, M. J. Gullans, M.
Greiner, V. Vuletić, and M. D. Lukin, Logical quantum
processor based on reconfigurable atom arrays, Nature
(London) 626, 58 (2024).

[59] M. Pechal, L. Huthmacher, C. Eichler, S. Zeytinoǵlu, A. A.
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