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Storing quantum information for an extended period of time is essential for running quantum algo-
rithms with low errors. Currently, superconducting quantum memories have coherence times of a few
milliseconds, and surpassing this performance has remained an outstanding challenge. In this work, we
report a single-photon qubit encoded in a novel superconducting cavity with a coherence time of 34 ms,
representing an order of magnitude improvement compared to previous demonstrations. We use this long-
lived quantum memory to store a Schrödinger cat state with a record size of 1024 photons, indicating the
cavity’s potential for bosonic quantum error correction.
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I. INTRODUCTION

Superconducting qubits have emerged as a leading tech-
nology for quantum computing due to their scalability and
high gate fidelities, which exceed the threshold for fault
tolerance [1]. However, further extending the coherence
times of these qubits remains a crucial area of research.
Longer coherence times can support higher gate fidelities,
thereby reducing the hardware overhead for achieving fault
tolerance. Additionally, high-coherence qubits can serve
as quantum memories [2], enabling the efficient execution
of sequential quantum algorithms [3,4] and playing a vital
role in quantum networks by storing entanglement between
distant nodes [5].

To date, single-photon states of three-dimensional
microwave cavities are among the longest-lived qubits
measured in any superconducting device, with coherence
times exceeding 2 ms [6–8]. The single-photon lifetimes
of these quantum memories are currently limited by lossy
oxides on the cavity surface [9,10]. While eliminating
these surface oxides has resulted in cavities with qual-
ity factors exceeding Q ∼ 1010 at low fields [11–13],
this remains to be translated into corresponding improve-
ments in qubit coherence times. A major challenge towards
achieving this goal is the need to couple these cavities to
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error-prone transmons [14,15] for qubit encoding, manip-
ulation, and decoding. This coupling introduces new loss
channels to the cavity mode, thereby reducing the single-
photon lifetime of the cavity [16–18]. Additionally, trans-
mon heating events cause the cavity frequency to fluctuate,
degrading the coherence time of the cavity [19,20]. Finally,
the coupling to the transmon leads to an undesired Kerr
nonlinearity of the cavity [21].

In this work, we overcome these challenges and demon-
strate a long-lived single-photon qubit using a novel super-
conducting microwave cavity. By coupling the ancilla
transmon very weakly to the cavity and using strong para-
metric drives to compensate for lower interaction rates
[7,22–24], we are able to mitigate transmon-induced cavity
errors and nonlinear effects. Our experimental results show
a single-photon relaxation time of Tc

1 = 25.6 ± 0.2 ms and
a coherence time of Tc

2 = 34 ± 1 ms, exceeding previous
demonstrations by an order of magnitude. This novel cav-
ity not only serves as a quantum memory with coherence
times far exceeding those of on-chip processing qubits,
but also opens up new possibilities for bosonic quantum
error correction [25–27] with higher photon populations.
To demonstrate this potential, we prepare and characterize
a Schrödinger cat state [28] with a size of 1024 pho-
tons, an increase of an order of magnitude over previous
demonstrations [29,30].

II. CAVITY CHARACTERIZATION

The superconducting niobium cavity developed in this
work (see Fig. 1) was designed to minimize photon loss
caused by exposure to lossy surfaces [15] (see Appendix
B). The cavity is made of two high-purity niobium parts
that were electron-beam welded [31] to eliminate seam
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tens of ms

lifetime

cat-state size

~1000 photons

FIG. 1. Illustration of the superconducting cavity qubit. The
high-purity niobium cavity (top) consists of a half-elliptical part
and a flat part, which are electron-beam welded together. We
use the fundamental TM010 mode of this cavity, whose maxi-
mum electric field (straight blue arrows) is near the opening of
the waveguide housing the transmon chip. This design allows
for effective coupling to the transmon (red pads) with minimal
chip protrusion into the cavity. The transmon is coupled to an
on-chip stripline resonator (green rectangle) used for transmon
and cavity measurements (green arrows). Classical ring-down
measurements of the cavity (wavy blue arrows) are performed
through an undercoupled cavity pin. The Wigner distributions
of single-photon qubit states (bottom left) and a Schrödinger cat
state (bottom right) illustrate the stored states demonstrated in
this work.

loss, and polished to remove damaged surface layers and
reduce surface roughness (see Appendix C). We chose
a half-elliptical geometry for the cavity to maximize the
electric field at the center of the flat surface, where a trans-
mon chip housed in a narrow waveguide extends into the
cavity by approximately 1 mm. This design allows for suf-
ficient coupling between the cavity and the transmon while
minimizing chip-induced losses [16].

Before integrating the transmon chip, we character-
ized the performance of the bare cavity. We conducted a
ring-down measurement of the fundamental cavity mode
with resonance frequency ωc/2π = 4.3 GHz. This mea-
surement, performed at 10 mK, yielded a bare cavity
energy decay time of 0.11 s (see Fig. 2), corresponding
to a loaded quality factor of Q0 = 3 × 109. The measured
external quality factor is Qext

0 = 1.3 × 1010, implying an
intrinsic cavity decay time of 0.14 s. This decay time
approaches those reported in recent studies of heat-treated
niobium cavities, despite the absence of a vacuum anneal-
ing step in our process [11,12]. The decay time remained
stable for multiple cooldowns and under prolonged atmo-
spheric exposure, but ultimately degraded to 30 ms (see

FIG. 2. Classical ring-down measurements of the bare cavity.
Blue markers show data collected shortly after the initial etching
process, with a measured decay time of τ = 0.110 s. A subse-
quent degradation of the cavity surface reduced the decay time
to 30 ms (green markers).

Fig. 2). Subsequent data were collected at this state, which
persisted despite repeated etching steps.

III. QUANTUM MEMORY PERFORMANCE

Next, we inserted a transmon chip [32] into the cav-
ity to enable its use as a quantum memory (see Appendix
E). The aluminum transmon has a resonance frequency
of ωq/2π = 3.1 GHz, energy and coherence lifetimes of
Tq

1 = 110 µs, Tq
2E = 80 µs (Tq

2 = 16 µs without echo), and
an anharmonicity of Kq/2π = 146 MHz. The transmon
and the cavity are dispersively coupled at a rate χ/2π =
42 kHz. To overcome this weak dispersive interaction [33],
we use a parametric sideband interaction [34–36] to map
a qubit encoded in the transmon to the cavity with high
fidelity.

A sideband drive at a frequency 2ωq − Kq − ωc induces
oscillations between |0〉 |f 〉 and |1〉 |g〉, with |0〉, |1〉 refer-
ring to vacuum and the single-photon Fock state in the
cavity, and |g〉, |f 〉 to the transmon ground and second
excited states. We obtain a sideband Rabi oscillation rate
�/2π = 476 kHz, an order of magnitude faster than the
limit imposed by χ .

The encoding process starts by initializing the trans-
mon in an arbitrary superposition state |0〉 (a |g〉 + b |f 〉)
and applying the sideband drive for a time tp = π/� =
1.05 µs. This duration is significantly shorter than the
relevant transmon coherence times (Tgf

2 = 45 µs, Tf
1 =

50 µs), resulting in the encoding of a high-fidelity single-
photon qubit state (a |0〉 + b |1〉) |g〉 in the cavity.

After the encoding step, the system idles for the desired
storage period. To retrieve the stored state, we apply
the sideband pulse a second time. This maps the stored
state back onto the transmon, which is then measured.
To prevent excessive relaxation times between experi-
ments, we use a reset drive that couples the cavity to the
lossy readout resonator [30,37], emptying the cavity within
approximately 2 ms (see Appendix A).
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(a)

(b)

FIG. 3. Lifetime of the quantum memory. (a) The single-
photon lifetime is obtained by preparing the cavity in a single-
photon Fock state |1〉 and measuring the single-photon probabil-
ity as a function of the time delay �t (error bars are smaller than
the data points). The solid line represents an exponential fit with
a characteristic time of Tc

1 = 25.6 ± 0.2 ms. (b) The coherence
time of the quantum memory is obtained by populating the cavity
with the state |+〉 = (|0〉 + |1〉)/√2 and measuring the probabil-
ity of remaining in this state. The sinusoidal exponential fit (solid
line) yields a coherence time of Tc

2 = 34 ± 1 ms.

We characterize the energy lifetime of the quantum
memory by preparing a single-photon Fock state in the
cavity and measuring its decay time. We observe a single-
photon lifetime of Tc

1 = 25.6 ± 0.2 ms [see Fig. 3(a)].
Importantly, these results remained consistent across mul-
tiple cooldowns using various cavity etch procedures and
different transmon chips (see Appendix D). The trans-
mon’s contribution to the cavity lifetime through the
inverse Purcell effect is estimated [38] to be (Kq/χ)T

q
2E =

278 ms. This expression accounts for both transmon relax-
ation and pure dephasing as factors contributing to the loss
of cavity photons (see Appendix B). As a result, transmon-
induced losses are not anticipated to significantly affect
the cavity’s single-photon lifetime. This observation is
supported by the fact that the measured cavity lifetime
experiences only a minor reduction when the chip is
present.

To determine the coherence time of the quantum mem-
ory, we prepare the cavity in a superposition state (|0〉 +
|1〉)/√2 and measure its survival time, yielding Tc

2 =
34 ± 1 ms [see Fig. 3(b)]. We can quantify the different
mechanisms contributing to the cavity decoherence using
1/Tc

2 = 1/2Tc
1 + 1/Tq

↑ + 1/Tc
φ . In this expression, Tq

↑ is the
average time between thermal transmon excitations, which
typically cause the cavity to dephase (see Appendix D),

and Tc
φ is the dephasing time of the cavity due to other

mechanisms. The main contribution to the coherence time
Tc

2 is photon loss, followed by transmon heating. Using
the independently measured average transmon population
[19,39–41] n̄q

th = (1.2 ± 0.2)× 10−3, we deduce that the
transmon heating time is Tq

↑ ≈ Tq
1/n̄

q
th = 92 ± 15 ms. Any

remaining cavity dephasing mechanism, such as intrinsic
cavity dephasing, can only account for a small fraction of
the total decoherence, with Tc

φ > 0.5 s.
Finally, we established a lower bound of Tc

↑ ≈ Tc
1/n̄

c
th >

5 s [20] on the cavity heating time. This bound was
obtained by applying the sideband drive without initializ-
ing the transmon in |f 〉. The absence of sideband oscilla-
tions then indicates a thermal cavity photon population of
n̄c

th < 0.5%.

(a)

(b)

FIG. 4. Cut along the imaginary axis of the Wigner phase-
space distributions for Schrödinger cat states. The size of the
cat states can be inferred from the frequency of the interfer-
ence fringes near the origin of phase space. Modulated Gaussian
fits (solid blue lines) yield cat sizes of (a) S = 128 ± 13 pho-
tons (error bars are smaller than the data points) and (b) S =
1024 ± 52 photons. The dashed black lines show a rescaled
Wigner distribution of the vacuum state for comparison. The
Wigner distributions were obtained by measuring the expectation
values of the displaced parity, omitting the π/2 normalization
constant. The imperfect visibility of the interference fringes in
(a) is largely due to transmon dephasing during state prepara-
tion and tomography, both of which take a time approximately
12 µs. In (b), the visibility is further reduced due to a vari-
ety of factors, such as the increased photon-loss probability and
spurious nonlinear effects as photon numbers approach n̄e

crit (see
Appendix I). The simulated Kerr anharmonicity [21] of the cav-
ity Kc/2π = 3.6 Hz is too small to substantially distort the cat
states in our experiments (see Appendix J).
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IV. ENCODING SCHRÖDINGER CAT STATES

A key advantage of superconducting cavities is their
ability to store quantum information redundantly in mul-
tiphoton states, thereby allowing bosonic quantum error
correction [25,26,42,43]. However, as the size of the
encoded multiphoton states increases, so does the rate of
photon-loss events. Cavities with low photon-loss rates can
therefore be beneficial for implementing bosonic quantum
error-correction schemes with high photon populations
[44–46].

To demonstrate the potential of our quantum memory
for bosonic error correction, we prepare Schrödinger cat
states N (|α〉 ± |−α〉) by applying a parity measurement to
coherent states |α〉 with mean photon number |α|2 [47] (see
Appendix H). The normalization constant N approaches
1/

√
2 as the mean photon number increases.

The size of the cat state, defined as S = |2α|2, corre-
sponds to the square distance in phase space between the
superimposed coherent states in units of photons [28,29].
To characterize the prepared Schrödinger cat states, we
measure the fringes of the Wigner distribution near the ori-
gin of phase space, which arise from interference between
the two opposite-phase coherent states (see Fig. 4). The
oscillation rate of this interference pattern is 2

√
S (see

Appendix F), allowing for a reliable determination of
the cat-state size. Using this approach, we were able to
demonstrate Schrödinger cat states with sizes up to S =
1024 ± 52 photons. This cat size corresponds to an aver-
age photon number of |α|2 = 256 ± 13, which represents a
tenfold increase over previous demonstrations using super-
conducting resonators [29] and a twofold enhancement
compared to phononic cat states of a single ion [48].
Further increasing the cat size would bring its average pho-
ton population close to the critical photon number n̄e

crit ≈

FIG. 5. Decoherence rate T−1
d of Schrödinger cat states as a

function of their size S. Each data point corresponds to the expo-
nential decay rate of the central interference peak. The solid line
shows the expected linear dependence on cat size T−1

d = S/(2Tc
1)

without fitting parameters.

Kq/6χ = 579, where the dispersive approximation ceases
to hold [23].

As we increase the size of the Schrödinger cat states,
their susceptibility to decoherence due to photon loss also
increases. Indeed, the coherence of the cat state, as defined
by the visibility of the interference pattern, is expected to
decay exponentially with a relaxation rate T−1

d = S/(2Tc
1)

[49] (see Appendix G). In Fig. 5, we experimentally con-
firm the expected linear dependence of the decoherence
rate on the cat size. For the largest cat states with a size
of S = 1024 photons, we measure a coherence time of
Td = 54 ± 10 µs. This is significantly longer than the min-
imum achievable gate times Tmin

g ∼ 1/
(√

n̄e
critχ

) = 0.2 µs
[23], which opens the possibility for high-fidelity gates on
these cat states.

V. CONCLUSION

In this work, we introduced a novel superconducting
microwave cavity whose single-photon qubit coherence
times exceed the current state of the art by over an order
of magnitude. The demonstrated qubit features a gap of
4 orders of magnitude between the photon lifetime and
the gate time. This gap could enable high-fidelity quantum
gates through the use of path independence [50,51] or era-
sure detection [52–56], mitigating the effect of transmon
errors. Moreover, the long qubit coherence times can facil-
itate an in-depth study of subtle decoherence processes that
are typically masked by photon loss [57,58].

We demonstrated the preparation of multiphoton states
with large average photon numbers, while maintain-
ing a low single-photon loss probability per operation.
This combination paves the way for the implementa-
tion of bosonic quantum error-correction protocols with
the potential to significantly exceed the break-even point
[42,59,60]. Examples include rotation-symmetric codes
[43,61] and novel protocols for the Gottesman-Kitaev-
Preskill (GKP) code [22,27,59,62].

Further improvements to the single-photon lifetime are
within reach. For example, using a vacuum annealing
step to remove surface oxides has been shown to sig-
nificantly enhance the quality factor of niobium cavities
[11,12]. These improved cavities can be coupled to super-
conducting qubits with longer coherence times [63–65],
reducing hybridization-induced photon loss and poten-
tially enabling superconducting cavity qubits with coher-
ence times approaching one second. Other avenues for
improvement include active feedback cooling of the trans-
mon [66] to mitigate transmon-induced cavity dephasing.
Furthermore, the fidelity of cavity state-preparation and
measurement can be substantially increased by using fast
conditional displacements and qubit echo pulses [23,24].
To move towards the goal of realizing large-scale quan-
tum computers, microwave cavities must be microfabri-
cated into three-dimensional integrated circuits [67,68].

030336-4



SUPERCONDUCTING CAVITY QUBIT... PRX QUANTUM 4, 030336 (2023)

The insights gained from this work can be leveraged to
improve the performance of these systems.
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APPENDIX A: HAMILTONIAN AND
LINDBLADIAN PARAMETERS

The Hamiltonian of the full system, comprised of the
cavity, the transmon, and the readout resonator, can be
expressed as

Ĥ/� = ωcĉ†ĉ + ωqq̂†q̂ + ωrr̂†r̂ − Kc

2
ĉ†2ĉ2 − Kq

2
q̂†2q̂2

− Kr

2
r̂†2r̂2 − χ ĉ†ĉq̂†q̂ − χqrr̂†r̂q̂†q̂ − χcrr̂†r̂ĉ†ĉ,

(A1)

where ĉ, q̂, r̂ are the annihilation operators of the cavity,
transmon, and readout resonator, respectively. The param-
eters for this Hamiltonian, along with relevant coherence
properties, are detailed in Table I.

The various drives used throughout this work are sum-
marized in Table II. To encode a single-photon qubit in
the cavity, we use a driven four-wave mixing interac-
tion that converts two transmon excitations into a single
cavity-excitation and vice versa [34]. We address this side-
band interaction by driving at a frequency 2ωq − Kq − ωc.
The sideband interaction rate is � = 2ξ

√
Kqχ [23,35,36],

with ξ the driven transmon displacement. Consequently,
we can encode the single-photon qubit within 1 µs, sig-
nificantly shorter than the relevant coherence times (Tgf

2 =
45 µs, Tf

1 = 50 µs), enabling state-preparation fidelities of
approximately 98%. On the other hand, encoding schemes
that rely on the dispersive interaction [33] require a dura-
tion on the order of 2π/χ ∼ 24 µs with our parameters,
which would result in low state-preparation fidelities.

Allowing the cavity state to passively relax to the ground
state after each experiment is impractical due to the long
single-photon lifetime of our cavity and the large num-
ber of stored photons. For the largest encoded cat state

TABLE I. System parameters and their respective values, cf.
Eq. (A1). The table also includes relevant coherence times of
the system. Values obtained through simulation [69], rather than
direct measurement, are indicated with an asterisk.

Parameter Description Value

ωc Cavity resonance frequency 2π × 4.301 GHz
Kc Cavity self-Kerr 2π × 3.6 Hz(∗)

Tc
1 Cavity lifetime 25.6 ms

Tc
2 Cavity coherence time 34 ms

n̄c
th Cavity average thermal

population
<0.5%

ωq Transmon resonance
frequency

2π × 3.099 GHz

Kq Transmon anharmonicity 2π × 146 MHz
Tq

1 Transmon lifetime 110 µs
Tq

2 Transmon coherence time 16 µs
Tq

2E Transmon Hahn-echo
coherence time

80 µs

n̄q
th Transmon average thermal

population
0.12%

Tf
1 Transmon |f 〉-state lifetime 50 µs

Tgf
2 Transmon

(|g〉 + |f 〉)-superposition
coherence time

45 µs

χ Transmon-cavity dispersive
shift

2π × 42 kHz

ωr Readout resonator
resonance frequency

2π × 7.889 GHz

Kr Readout resonator self-Kerr 2π × 2.3 kHz(∗)

Tr
1 Readout resonator lifetime 0.38 µs
χqr Transmon-readout

dispersive shift
2π × 1.3 MHz

χcr Cavity-readout dispersive
shift

2π × 0.2 kHz(∗)

with initial average photon number n̄i = 256, decaying to
a final average population of n̄f = 0.01 requires a wait
time of Tc

1 ln
(
n̄i/n̄f

) = 0.26 s. To enhance the duty cycle
of our experiments, we adopt an active cooling method
[30]. This method involves a four-wave mixing beam-
splitting interaction that swaps a single cavity-excitation
with a single excitation in the readout resonator using a pair
of drive photons at a frequency (ωr − ωc)/2. The beam-
splitting rate is given by �cr = 2|ξcr|2√χqrχ [37]. Since
any excitation in the lossy readout resonator is rapidly
lost to the environment, this drive effectively induces an
artificial photon-loss mechanism to the cavity with a rate
κdriven

c = �2
cr/κr, where κr = 1/Tr

1 is the relaxation rate of
the readout resonator. Using this approach, we decrease the
single-photon decay time to 0.6 ms, which is over an order
of magnitude faster than the intrinsic decay time. Conse-
quently, a single photon can be removed from the cavity
within approximately 2 ms, whereas for large cat states,
we apply the drive for approximately 8 ms.
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TABLE II. Drives used in this work along with their corre-
sponding frequencies. ε denote the drive rates of the respective
elements, whereas � represent the rates of parametric interac-
tions. Note that the cavity reset drive rate �cr is proportional to
the drive amplitude squared, whereas the other drive rates are lin-
ear in the applied amplitude. Hermitian conjugates are not shown
in the Hamiltonian terms.

Description Hamiltonian term Drive frequency

Cavity displacement
drive

εc

2
ĉ† ωc

Readout measurement
drive

εr

2
r̂† ωr

Transmon drive
εq

2
q̂† ωq,ωq − Kq

Cavity-transmon
sideband drive

�

2
√

2
q̂2ĉ† 2ωq − Kq − ωc

Cavity reset via readout
resonator

�cr

2
ĉr̂† (ωr − ωc)/2

APPENDIX B: ANALYSIS OF CAVITY
LOSS-CHANNELS

Several photon loss mechanisms contribute to the total
cavity single-photon decay rate κ total

c = 1/Tc
1. Throughout

the design of the experimental setup, we used a range of
mitigation strategies to minimize these loss mechanisms.
The total photon loss rate of the cavity is the sum of all loss
channels, including both intrinsic losses and those related
to coupling with the environment via rf couplers, i.e.,

κ total
c =

∑

loss
channels

κchannel
c . (B1)

We now discuss the various loss mechanisms, estimate
their contribution to the total photon loss rate, and elabo-
rate on the corresponding mitigation methods. A summary
of these details can be found in Table III.

The aggregate of these losses results in a total loss rate
of κ total

c = (120 ms)−1 in the presence of the transmon
chip. We stress that this simulated estimate excludes fac-
tors such as surface roughness, potential microcracks in
the material, or residual surface resistance due to contam-
inants. Any of these effects may be responsible for the
lower-than-expected bare cavity lifetime, as well as for its
deterioration over time (see Fig. 2).

1. Oxides on the cavity surface

Oxides on surfaces of superconducting cavities contain
a high density of two-level system defects [58], potentially
resulting in significant photon loss [9]. To mitigate this loss
mechanism, we design the cavity geometry to minimize the
effect of the lossy surface on the fundamental TM010 cavity
mode. The effect of the dielectric oxide layer is quantified
by the fraction of capacitive energy stored in this layer,
known as the participation ratio or filling factor [70]:

F =
∫

Vox
1
2εox

∣∣�E∣∣2 dV
∫

Vtotal
1
2ε0

∣∣�E∣∣2 dV
, (B2)

where εox = 33ε0 is the oxide’s dielectric constant. The
loss rate due to this effect is then given by [58]

κox
c = ωcF tan δox tanh

(
�ωc

2kBT

)
, (B3)

with tan δox � 10−2 the oxide’s loss tangent [13,16,17,71].
Since the cavity temperature T was kept at 	 10 mK
throughout this work, we can use the approximation
tanh (�ωc/2kBT) ≈ 1.

Our design is similar to the elliptical TESLA cav-
ity geometry [31], which is frequently used for radio-
frequency cavities in particle accelerators. Coupling a
transmon to the maximum electric field of the fundamen-
tal mode in a TESLA cavity requires the chip to extend to

TABLE III. Summary of the loss channels and mitigation strategies. The values were obtained using finite-element numerical sim-
ulations, as detailed in the corresponding sections. We considered only the transmon and readout resonator couplers for the external
coupling channel, as the cavity coupler was disconnected during the insertion of the transmon chip.

Loss channel Main mitigation methods Loss rate Lifetime
κc/2π (Hz) Tc

1 (s)

Niobium surface oxides 1. Filling-factor reduction 6.0 × 10−1 0.26
2. Chemical etching

Inverse Purcell loss 1. Weak cavity-transmon coupling 5.7 × 10−1 0.28
2. High-coherence transmon

Seam loss 1. Seam located in narrow waveguide 7.5 × 10−4 211
2. Indium gasket

Sapphire bulk loss Minor protrusion of the chip into the cavity 2.7 × 10−2 5.9
Chip surface losses Minor protrusion of the chip into the cavity 2.9 × 10−2 5.6
Magnetic vortices Two magnetic shields 2.0 × 10−4 777
External coupling rf ports undercoupled to cavity mode 9.6 × 10−2 1.7
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(a) (b)

FIG. 6. (a) Cross section of the experimental setup. The niobium cavity is illustrated in blue, with the equatorial weld represented
by black lines, and thermalization brackets in dark green. The cavity’s inner diameter is 59 mm at the equatorial weld. The transmon
chip (white) is held by a thermalized oxygen-free high-conductivity (OFHC) copper clamp (yellow) and enclosed within an aluminum
housing (light green). An indium gasket (red) forms a superconducting seam between the cavity and the aluminum housing. The three
rf couplers for driving the cavity, transmon, and stripline readout resonator, are shown in purple. (b) Top view of the sapphire chip
(white) with aluminum (dark red) readout resonator and transmon. The transmon contains a small circular antenna, which slightly
protrudes into the cavity volume.

the center of the cavity. This can exacerbate chip-induced
losses, and can also introduce vibrations. Therefore, we
modify the TESLA geometry by bisecting the cavity along
the equator (see Fig. 6). This preserves the mode structure
through reflection symmetry, while allowing the transmon
to access the maximum of the electric field with mini-
mal protrusion of the chip into the cavity. The downside
of this approach is that our cavity’s filling factor is twice
that of the full TESLA cavity (F = 1.4 × 10−8 versus F =
0.7 × 10−8), as determined by finite-element simulations
using a 5-nm oxide layer thickness [9]. However, our cav-
ity’s filling factor is 5 times lower than that of the coaxial
stub cavity [17,18] (F = 7.6 × 10−8), which is optimized
for maximum coupling between the transmon and cavity
modes. Focusing on achieving a low filling factor instead
of maximizing the transmon-cavity coupling has led to a
significant enhancement in the performance of our quan-
tum memory. We estimate the loss rate attributed to this
channel to be κox

c /2π � 0.6 Hz. A more rigorous approach
would involve monitoring the thickness of the oxide layer
and the cavity’s surface roughness after etching, both of
which can have a significant impact on the filling factor.

2. Inverse Purcell loss

To achieve universal control, the cavity must be cou-
pled to a chip-based nonlinear element, such as a trans-
mon. This coupling modifies the single-photon state in the
cavity to |g, 1〉 + (g0/�) |e, 0〉, with g0/2π = 15.3 MHz
and �/2π = 1.2 GHz denoting the cavity-transmon cou-
pling rate and detuning, respectively. This modification

inevitably introduces another photon-loss channel to the
cavity, known as the inverse Purcell effect [18]. The
inverse Purcell loss is often approximated by multiplying
the energy participation of the cavity mode in the transmon
pe,0 = (g0/�)

2 by the transmon decay rate �q
↓ = 1/Tq

1.
However, a more comprehensive approach also takes into
account �q

φ , the pure transmon dephasing rate. This is
because transmon dephasing errors can be viewed as pro-
jective transmon measurements, which have a probability
of pe,0 of transferring the cavity excitation to the transmon.
This excitation then quickly dissipates due to transmon
relaxation. Following Ref. [38], the inverse Purcell effect
including both mechanisms can be expressed as

κPurcell
c =

(g0

�

)2
�

q
↓ + 2

(g0

�

)2
�

q
φ

≈ 2
(g0

�

)2 1
Tq

2E
≈ χ

Kq

1
Tq

2E
, (B4)

where the last approximation is valid for Kq � �. In this
expression, we use the Hahn-echo coherence time Tq

2E ,
since dephasing noise at low frequencies (below �) does
not result in excitation transfers to the transmon. To mit-
igate the inverse Purcell loss, we use a low dispersive
coupling of χ = 2π × 42 kHz, yielding an estimated loss
rate of κPurcell

c /2π = 0.6 Hz. Since the coupling of the cav-
ity to the readout resonator is mediated by the transmon,
this approach likewise reduces the readout-induced Purcell
loss. As previously mentioned, the impact of reduced dis-
persive interaction rates can be partially offset by the use
of strongly driven parametric interactions [23,24,36].
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3. Seam loss

The two parts of the cavity are electron-beam welded to
prevent seam loss. However, there is a seam between the
cavity and the chip housing (see Fig. 6). We minimize the
contribution of the seam to the cavity photon loss by plac-
ing it at a depth of 6 mm in a 2-mm radius waveguide with
cutoff frequency 57 GHz. As a result, the magnetic field
of the cavity mode is attenuated by 3 orders of magnitude,
strongly suppressing currents through the seam. In addi-
tion, we use an indium gasket, which is compressed during
integration of the chip. The resulting loss rate due to this
seam can be expressed as the ratio between the seam con-
ductance per unit length gseam and the seam admittance per
unit length yseam [72]:

κseam
c = ωc

yseam

gseam
. (B5)

Using a simulated seam admittance of yseam = 3.3 ×
10−7/�m and a seam conductance of gseam ∼ 106/�m
[73], we estimate a seam loss of κseam

c /2π ∼ 7.5 ×
10−4 Hz.

4. Conductive loss

Superconducting cavities exhibit finite surface resis-
tance Rs, which causes conductive energy loss. The loss
rate can be expressed as [74]

κcond
c = ωc

Rs

G
. (B6)

Here, G is the geometry factor of the cavity, represent-
ing the ratio between the total electromagnetic energy in
the cavity and the magnetic energy on its surface. The
resistance due to thermal quasiparticles, as predicted by
BCS theory, is exponentially suppressed as the tempera-
ture decreases and becomes negligible at 10 mK. However,
a residual surface resistance Rres remains even as the tem-
perature approaches zero (see Ref. [74], Sec. 3.4). Several
mechanisms contribute to this residual surface resistance,
such as trapped magnetic vortices. In this section, we
detail our methods for reducing ambient magnetic fields
and establish an upper bound on the residual surface
loss caused by other potential imperfections like surface
contaminants.

Our novel cavity design features a geometry factor that
is higher than the commonly used stub cavity (210� ver-
sus 48�), making it less susceptible to residual surface
resistance. This improvement, combined with the reduced
filling factor (see Appendix B 1), highlights the advantage
of our design.

Experimental studies show that during cooldown, ambi-
ent magnetic fields can trap flux vortices, which introduce
surface resistance [74]. For our cavity frequency, the sur-
face resistance with an ambient magnetic field of 1 mG is
Rmag ∼ 2 n�.

To attenuate the ambient magnetic field during
cooldown, we use two magnetic shields. The first shield,
placed at room temperature, reduces Earth’s magnetic field
(approximately 500 mG) by 2 orders of magnitude. In addi-
tion, a 1-mm-thick Amumetal 4K shield encapsulates our
cavity. This shield further reduces the strength of Earth’s
magnetic field, as well as stray magnetic fields from com-
ponents inside the cryostat. Simulations indicate that this
shield attenuates the magnetic field by 3 orders of mag-
nitude. Hence, the expected loss due to Earth’s magnetic
field is κmag

c /2π ∼ 2 × 10−4 Hz.
Using the maximum quality factor measured in our cav-

ity after etching (Q0 = 3 × 109), we can establish an upper
bound for the residual surface resistance of Rres < G/Q0 =
70 n�. This upper bound is approximately an order of
magnitude lower than the surface resistance observed in
etched high-purity aluminum cavities [75].

5. Losses induced by the sapphire chip

The presence of the sapphire chip in the cavity mode
leads to bulk dielectric loss. To estimate the corresponding
loss rate, we simulate the bulk participation ratio, yield-
ing pbulk = 1.0 × 10−4, and use the experimentally deter-
mined [17] sapphire loss tangent tan δbulk = 6 × 10−8. We
can express the bulk loss rate as κbulk

c = ωcpbulk tan δbulk,
yielding κbulk

c /2π = 2.7 × 10−2 Hz.
In addition to bulk loss, surface contaminants on the

chip have been identified as a limiting factor for the life-
times of chip-based qubits [16]. We estimate their effect on
the cavity’s lifetime using a similar approach, considering
an estimated thickness of 3 nm and the following loss tan-
gents for metal-air, metal-sapphire and sapphire-air inter-
faces: tan δMA = 2.1 × 10−2, tan δMS = 2.6 × 10−3, and
tan δSA = 2.2 × 10−3 [16]. Using simulations to determine
the respective participation ratios, we estimate the total
loss rate due to these interfaces as κsurface

c /2π = 2.9 ×
10−2 Hz.

The low photon-loss rates introduced by the chip can be
attributed to their small energy participation ratios in the
cavity mode. This was achieved by minimizing the chip
penetration into the cavity (approximately 1 mm), while
still allowing for sufficiently large dispersive coupling
between the transmon and the cavity.

APPENDIX C: CAVITY MANUFACTURING AND
SURFACE PREPARATION

The cavity is composed of two parts (see Fig. 6): a flat
section and a half-elliptical section, both of which were
CNC machined from high-purity niobium with a residual
resistivity ratio (RRR) of � 300. The two parts were then
joined using an equatorial electron-beam welding process.
To eliminate damaged surface layers and oxides, the cavity
underwent a 20-µm etch using buffered chemical polishing
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(BCP) with a 1:1:2 HF:HNO3:H3PO4 solution. This 15-
min process required the cavity to be cooled to below 12 ◦C
to maintain an etching rate of 1.35 µm/min. Afterward, the
cavity was thoroughly cleaned with a high-pressure water
rinse.

Prior to cooling down, we conducted a second 30-µm
BCP etch using a 1:1:2 HF:HNO3:H2O solution [76] to
remove any regrown oxides. This 5-min process required
cooling the cavity to below 10 ◦C to achieve an etching
rate of 6 µm/min. To minimize oxide regrowth, the cavity
was cooled down in a dilution refrigerator within 1 h of the
final etch.

APPENDIX D: CAVITY DEPHASING INDUCED BY
TRANSMON EXCITATIONS

The dominant source of dephasing in our cavity is the
noisy transmon. When the transmon is thermally excited
from |g〉 to |e〉, it gains information on the cavity pho-
ton population, thereby inducing cavity decoherence. This
behavior can be modeled as [20]

�th
φ = �

q
↓

2


⎛

⎜
⎝

√√√√
(

1 + iχ
�

q
↓

)2

+ 4iχ n̄q
th

�
q
↓

− 1

⎞

⎟
⎠ , (D1)

where �q
↓ = 1/Tq

1 is the transmon relaxation rate and n̄q
th

is the average thermal population of the transmon. In the
main text, the average time between transmon excitations
Tq

↑ ≈ Tq
1/n̄

q
th is used for the transmon-induced dephasing

time. This expression can be derived from Eq. (D1) in the
limit χ/�q

↓ � 1.
Equation (D1) highlights the importance of minimizing

the thermal transmon population for achieving extended
cavity coherence times. To accomplish this, we use several
strategies. First, we use multiple thermal straps to directly
thermalize both the OFHC copper chip clamp and the cav-
ity to the cryostat’s mixing chamber plate, ensuring effec-
tive cooling. To protect the transmon from high-frequency
radiation, we place 10-GHz low-pass filters and Eccosorb
infrared filters on all lines. We position the Eccosorb filters
as close as possible to the rf coupling ports (see Fig. 7).
In addition, we use room-temperature rf switches to pre-
vent near-resonant noise generated by control electronics
from reaching the transmon during idling times. Further-
more, we encapsulate the entire experimental system with
a thermalized OFHC copper shield, creating a cold and
light-tight environment. To further reduce stray infrared
radiation, we apply Eccosorb paint near the undercoupled
cavity rf pin.

As highlighted in Table IV, the implementation of these
measures has led to a reduction in the thermal transmon
population by 2 orders of magnitude, which in turn resulted
in a dramatic increase in cavity coherence time.

APPENDIX E: TRANSMON CHIP INTEGRATION

The transmon chip was diced from a c-plane EFG sap-
phire wafer with a thickness of 430 µm. The aluminum
transmon and stripline readout resonator were deposited
in a single step using shadow evaporation. For assembly,
the chip was inserted into a cylindrical aluminum housing
using an oxygen-free high-conductivity (OFHC) copper
clamp. This aluminum package was then connected to the
narrow waveguide at the center of the cavity using an
indium gasket, ensuring a low-loss seam.

APPENDIX F: DETERMINING THE SIZE OF
SCHRÖDINGER CATS

The sizes of the Schrödinger cats in Fig. 4 were deter-
mined by measuring a one-dimensional cut along the
imaginary axis of the Wigner tomogram of the cavity. The
obtained data were fitted to a modulated Gaussian function
(A/σ

√
2π)e−(x−μ)2/2σ 2 × sin (fx + φ) [77], where the dis-

placement along the imaginary axis x was scaled so that the
measured Gaussian Wigner function for the vacuum state
gives a standard deviation of σ = 1/2. The cat size is then
found using S = f 2/4, with f the modulation frequency
obtained from the fit. The amplitude A, center μ, and phase
φ of the modulated Gaussian are free parameters.

APPENDIX G: CAT-STATE DECOHERENCE
RATE AS A FUNCTION OF ITS SIZE

In this section, we elaborate on the decoherence of
Schrödinger cat states in the presence of photon loss. The
coherence of a Schrödinger cat state can be characterized
by the visibility of interference fringes in its Wigner distri-
bution. This can be conveniently quantified by analyzing
the value of the Wigner function at the phase space origin,
which evolves over time as [49,77]

W±(β = 0,�t) = 4
π(1 ± e−2n̄)

×
{

exp[−2n̄e−�t/Tc
1]

± exp
[
−2n̄

(
1 − e−�t/Tc

1

)]}
, (G1)

where ± denotes the initial parity of the cat state and n̄
represents the initial mean photon number. In the limit of
large Schrödinger cat states (e−2n̄ � 1) and short times
(�t � Tc

1) we obtain

W±(β = 0,�t) 	 ± 4
π

exp
[
−2n̄

(
1 − e−�t/Tc

1

)]

	 ± 4
π

e−2n̄�t/Tc
1

⇒ Td = Tc
1

2n̄
= 2Tc

1

S
, (G2)
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FIG. 7. Wiring diagram of the cryogenic microwave setup. The readout signal is first amplified using a Traveling Wave Parametric
Amplifier (TWPA) from Silent Waves, followed by a HEMT amplifier from LNF at the 4K stage. The Eccosorb filters and the cryogenic
directional coupler were supplied by Quantum Microwave. The control pulses were generated using Quantum Machines’ OPX system
before being up-converted to the system frequencies and sent into the fridge. For the classical ring-down experiment of Fig. 2 in the
main manuscript, we connected the readout input and output lines to the cavity RF pin. For the remainder of the experiments described
in the manuscript, the cavity RF pin was disconnected, and instead, cavity driving was applied through the transmon drive line.
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TABLE IV. Progression of cavity coherence times across mul-
tiple cooldown cycles. The results discussed in this work were
acquired during Cooldown III, when all thermalization measures
described in Appendix D were implemented. As evident from
the data, these efforts significantly reduced the thermal trans-
mon population, leading to improved cavity coherence times. By
using Eq. (D1) and the parameters provided for each cooldown,
the measured coherence times are found to be consistent with
expectations. Furthermore, we note that the single-photon life-
time of the cavity remains consistent across various cooldowns,
even though each cooldown involves a different transmon chip
and is preceded by a cavity etch process.

n̄q
th (%) Tc

2 (ms) Tc
1 (ms)

�
q
↓/2π

(kHz)
χ/2π
(kHz)

Cooldown I 7.2 1.2 25.7 1.88 197.0
Cooldown II 2.9 1.2 22.3 3.75 36.1
Cooldown III 0.1 34.0 25.6 1.45 42.0

where S = 4n̄ is the size of the cat state. As stated in the
main text, this expression indicates that the decoherence
rate of a cat state depends linearly on its size.

To experimentally measure the decoherence rate, we use
the fact that the Wigner distribution at the phase-space
origin is proportional to the average parity of the state.
Therefore, we measure the average parity after varying
time intervals, and extract the decoherence rate using an
exponential fit. For example, Fig. 8 shows the data used
to extract the decoherence rate for S = 200 photons, as
presented in Fig. 5 of the main text.

APPENDIX H: CALIBRATING THE TRANSMON
DRIVE FOR PARITY MEASUREMENTS

To prepare a Schrödinger cat state in the cavity, we
first displace the cavity state and then apply a parity
measurement. Depending on the parity measurement out-
come, either an even or an odd cat state is obtained.
However, when dealing with states containing a large
average number of photons n̄, the resonance frequency

FIG. 8. Measurement of decoherence rate of a cat state with
size S = 200 photons. The dashed line represents an exponential
fit with a characteristic time of Td = 222 ± 13 µs.

of the transmon shifts significantly, requiring the adjust-
ment of the transmon drive frequency. For example, in
the case of the “chonk” cat state with a size of S =
1024 photons, the transmon frequency shift is n̄χ/2π ≈
10.8 MHz. However, only specific transmon drive fre-
quencies can be used to implement a successful parity
measurement [47]. To find these frequencies, we analyze
the system’s state during the free-evolution segment of
the parity measurement. This state can be represented as
|ψ(t)〉 = |g〉 |α〉 + e−i(ωd−ωq−χ n̂)t |e〉 |α〉, with the normal-
ization constant omitted and with ωd,ωq the drive and
qubit bare frequency, respectively. For a time evolution
of T = π/χ to correspond to a parity measurement, the
drive detuning�ω = ωd − ωq must satisfy�ω × T = πk,
k ∈ Z.

To calibrate the transmon drive frequency for each cav-
ity displacement, we use the protocol depicted in Fig. 9.
After displacing the cavity state, we apply an uncondi-
tional π/2 transmon rotation. We then wait for a time
2T = 2π/χ = 23.8 µs for coherence revival, followed by
an additional unconditional transmon π/2-pulse R̂π/2. The
state of the system and the corresponding probability of
measuring the transmon in |e〉 are then given by

R̂ π
2

|ψ(2T)〉 = 1
2
[ |g〉 (1 − e−i�ω×2T)

+ |e〉 (1 + e−i�ω×2T) ] |α〉

=⇒ P|e〉 = 1
2

+ 1
2

cos(�ω × 2T).

(H1)

The optimal transmon frequency corresponds to the maxi-
mum of the resulting cosine, which is closest to the mean
transmon frequency shift (see Fig. 10).

APPENDIX I: ERROR BUDGET FOR CAT-STATE
PREPARATION AND MEASUREMENT

The visibility of the interference fringes for the cat states
analyzed in this work is limited, as evident from Fig. 4 and
the error bars in Fig. 5 of the main text. This reduction in
visibility is due to a combination of errors occurring dur-
ing cat-state preparation and measurement (SPAM). In this
section, we explore the decoherence sources contributing
to the reduced fringe visibility (see Fig. 11).

The primary sources of decoherence in our system are
transmon decay and dephasing (see Table I). During parity
measurements for state preparation and tomography, the
transmon becomes entangled with the cavity state. Con-
sequently, transmon errors can corrupt the cavity state or
lead to inaccurate measurement outcomes. Within the dis-
persive approximation framework, the decrease in fringe
visibility due to transmon decoherence is independent of
the cavity photon number.

Cavity decay also contributes to cat-state decoherence,
as described in Appendix G. Lost cavity photons carry
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FIG. 9. Schematic of transmon drive calibration for parity measurements. We first displace the cavity into the coherent state |α〉
and initialize the transmon in |g〉 + |e〉. The system is then allowed to freely evolve for a duration 2T = 2π/χ , during which the
coherent state associated with |e〉 accumulates a phase θ = 2χT = 2π . Finally, we apply a second π/2 transmon rotation, followed by
a transmon measurement. Experimental data for this calibration procedure are shown in Fig. 10.

information on the phase of the cavity state to the environ-
ment, decohering the entangled state and reducing SPAM
fidelity. As larger cat states populate the cavity, informa-
tion leakage increases, leading to greater decoherence due
to photon loss.

The final step in both cat-state preparation and tomogra-
phy is to measure the transmon state. Therefore, transmon
measurement infidelity also contributes to the decreased
fringe visibility. We observed a reduction in readout
fidelity when the cavity contains a high photon num-
ber. The readout assignment fidelity was F = 0.95 for
cat states with few photons, degrading to F = 0.86
for the “chonk” cat state with size S = 1024 photons.

FIG. 10. Transmon drive calibration experiment for parity
measurements. This plot shows the probability of the transmon
being in the excited state as a function of drive detuning from
its bare resonance �ω, as detailed in Appendix H. The black
dashed curve represents the fit to A cos(�ω/ν + φ)+ B. The fit-
ted period ν is consistent with the period expected from Eq. (H1),
i.e., 1/2T = χ/2π . The signal visibility A is low, primarily due
to transmon decoherence, as explained in Appendix I. The reduc-
tion in visibility is more pronounced in this experiment than in
a parity measurement, since the state evolves for twice as long
(2π/χ instead of π/χ ). These data were collected with a mean
cavity photon number of n̄ = 171 photons.

Further investigation is required to determine the mecha-
nism behind this degradation in measurement fidelity.

To estimate the contribution of each error source
to the reduction in fringe visibility, we conducted full
quantum simulations [78] using the system Hamiltonian
[Eq. (A1)], excluding terms involving the readout res-
onator. The results are presented in Fig. 11. Figure 11(a)
shows that the observed fringe visibility for small cats is

(a) (b)

FIG. 11. Error budget for cat state preparation and measure-
ment (SPAM). (a) Simulation of the contribution of various
SPAM error mechanisms to the interference fringe visibility
for the cat states shown in Fig. 4 of the main text. RO refers
to the experimentally determined transmon readout assignment
infidelity in the presence of cat states. �q

φ and �q
↓ denote trans-

mon dephasing and decay, respectively, and κc represents cavity
photon loss. Dashed lines indicate the measured fringe visibil-
ity, which serves as an experimental measure of SPAM fidelity.
While the simulations align with the observed fringe visibility for
the small cat state, the fringe visibility of the large cat state is sig-
nificantly lower than expected. (b) Simulated cat SPAM infidelity
as a function of at size. As the number of photons populating the
cavity increases, the visibility of the cat fringes is reduced due to
lower transmon measurement fidelity and a higher photon-loss
rate.
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consistent with simulations. In contrast, for larger cats
with S = 1024, the observed fringe visibility is signif-
icantly lower than the simulated visibility including all
the error sources mentioned above. Simulations using a
simple model beyond the dispersive approximation [38]
do not predict a substantial reduction in fringe visibil-
ity for n̄ = 256 photons, despite being relatively close to
the critical photon number n̄e

crit ≈ 579 photons. Potential
factors contributing to the observed infidelity are height-
ened sensitivity to calibration errors for larger cat states
and nonlinear effects not included in the model under
consideration.

APPENDIX J: CAVITY KERR NONLINEARITY

The coupling between the cavity and the transmon
results in a nonlinear shift in the cavity frequency. This
shifted frequency can be expressed semiclassically as
ωc(n) = ωc(n = 0)− (Kc/2)n2 [cf. Eq. (A1)]. Here, Kc ≈
χ2/4Kq represents the cavity Kerr nonlinearity, with Kc =
2π × 3.6 Hz for our cavity. The Kerr effect distorts coher-
ent states by inducing a photon-number-dependent angular
velocity in phase space, given by ∂ωc(n)/∂n = −Kcn. A
complete phase collapse of the coherent state occurs after
a time Tcol = π2

√
n̄Kc, when the difference in rotation

angle across the 2
√

n̄ width of the photon-number distri-
bution reaches π [21,77]. However, the distortion induced
by the Kerr effect during the preparation and measurement
of cat states is negligible. Indeed, even as n̄ approaches the
critical photon number n̄e

crit ≈ (Kq/6χ), the duration of a
parity measurement T = π/χ remains much shorter than
the phase collapse time, since (T/Tcol) ≈ (1/12

√
n̄e

crit) �
1. For the largest cat state in our work, Tcol = 4 ms. Not
only is this duration longer than the preparation and mea-
surement times, but it also exceeds the 54-µs coherence
time of the cat state due to photon loss by 2 orders of
magnitude.

[1] R. Barends, B. Chiaro, A. Dunsworth, C. Neill, P.
O’Malley, P. Roushan, A. Vainsencher, J. Wenner, A. N.
Korotkov, A. N. Cleland, and J. M. Martinis, Superconduct-
ing quantum circuits at the surface code threshold for fault
tolerance, Nature 508, 500 (2014).

[2] M. Mariantoni, H. Wang, T. Yamamoto, M. Neeley, R.
C. Bialczak, Y. Chen, M. Lenander, E. Lucero, A. D.
O’Connell, D. Sank, M. Weides, J. Wenner, Y. Yin, J.
Zhao, A. N. Korotkov, A. N. Cleland, and J. M. Martinis,
Implementing the quantum von Neumann architecture with
superconducting circuits, Science 334, 61 (2011).

[3] Ã. Gouzien and N. Sangouard, Factoring 2048-bit RSA
Integers in 177 Days with 13 436 Qubits and a Multimode
Memory, Phys. Rev. Lett. 127, 140503 (2021).

[4] D. D. Thaker, T. S. Metodi, A. W. Cross, I. L. Chuang,
and F. T. Chong, Quantum memory hierarchies: Effi-
cient designs to match available parallelism in quantum

computing, Proc. Int. Symp. Comput. Architect. 2006, 378
(2006).

[5] E. Flurin, N. Roch, J. D. Pillet, F. Mallet, and B. Huard,
Superconducting Quantum Node for Entanglement and
Storage of Microwave Radiation, Phys. Rev. Lett. 114,
090503 (2015).

[6] M. Kjaergaard, M. E. Schwartz, J. Braumüller, P. Krantz,
J. I.-J. Wang, S. Gustavsson, and W. D. Oliver, Supercon-
ducting qubits: Current state of play, Annu. Rev. Condens.
Matter Phys. 11, 369 (2020).

[7] S. Rosenblum, P. Reinhold, M. Mirrahimi, L. Jiang, L.
Frunzio, and R. J. Schoelkopf, Fault-tolerant detection of
a quantum error, Science 361, 266 (2018).

[8] S. Chakram, A. E. Oriani, R. K. Naik, A. V. Dixit, K.
He, A. Agrawal, H. Kwon, and D. I. Schuster, Seam-
less High-Q Microwave Cavities for Multimode Circuit
Quantum Electrodynamics, Phys. Rev. Lett. 127, 107701
(2021).

[9] A. Romanenko and D. I. Schuster, Understanding Quality
Factor Degradation in Superconducting Niobium Cavities
at Low Microwave Field Amplitudes, Phys. Rev. Lett. 119,
264801 (2017).

[10] M. Kudra, J. Biznárová, A. Fadavi Roudsari, J. J. Burnett,
D. Niepce, S. Gasparinetti, B. Wickman, and P. Dels-
ing, High quality three-dimensional aluminum microwave
cavities, Appl. Phys. Lett. 117, 070601 (2020).

[11] A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M.
Awida, S. Belomestnykh, S. Posen, and A. Grassellino,
Three-Dimensional Superconducting Resonators at T < 20
mK with Photon Lifetimes up to τ = 2 s, Phys. Rev. Appl.
13, 34032 (2020).

[12] S. Posen, A. Romanenko, A. Grassellino, O. S. Melnychuk,
and D. A. Sergatskov, Ultralow Surface Resistance via Vac-
uum Heat Treatment of Superconducting Radio-Frequency
Cavities, Phys. Rev. Appl. 13, 14024 (2020).

[13] P. Heidler, C. M. Schneider, K. Kustura, C. Gonzalez-
Ballestero, O. Romero-Isart, and G. Kirchmair, Non-
Markovian Effects of Two-Level Systems in a Niobium
Coaxial Resonator with a Single-Photon Lifetime of 10 ms,
Phys. Rev. Appl. 16, 034024 (2021).

[14] H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G.
Catelani, A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frun-
zio, L. I. Glazman, S. M. Girvin, M. H. Devoret, and R.
J. Schoelkopf, Observation of High Coherence in Joseph-
son Junction Qubits Measured in a Three-Dimensional
Circuit QED Architecture, Phys. Rev. Lett. 107, 240501
(2011).

[15] M. Reagor, H. Paik, G. Catelani, L. Sun, C. Axline, E. Hol-
land, I. M. Pop, N. A. Masluk, T. Brecht, L. Frunzio, M. H.
Devoret, L. Glazman, and R. J. Schoelkopf, Reaching 10
ms single photon lifetimes for superconducting aluminum
cavities, Appl. Phys. Lett. 102, 192604 (2013).

[16] C. Wang, C. Axline, Y. Y. Gao, T. Brecht, Y. Chu, L.
Frunzio, M. H. Devoret, and R. J. Schoelkopf, Surface
participation and dielectric loss in superconducting qubits,
Appl. Phys. Lett. 107, 162601 (2015).

[17] A. P. Read, B. J. Chapman, C. U. Lei, J. C. Curtis, S.
Ganjam, L. Krayzman, L. Frunzio, and R. J. Schoelkopf,
Precision measurement of the microwave dielectric loss
of sapphire in the quantum regime with parts-per-billion
sensitivity, Preprint ArXiv:2206.14334 (2022).

030336-13

https://doi.org/10.1038/nature13171
https://doi.org/10.1126/science.1208517
https://doi.org/10.1103/PHYSREVLETT.127.140503/FIGURES/2/MEDIUM
https://doi.org/10.1109/ISCA.2006.32
https://doi.org/10.1103/PHYSREVLETT.114.090503
https://doi.org/10.1146/annurev-conmatphys-031119-050605
https://doi.org/10.1126/science.aat3996
https://doi.org/10.1103/PHYSREVLETT.127.107701
https://doi.org/10.1103/PhysRevLett.119.264801
https://doi.org/10.1063/5.0016463
https://doi.org/10.1103/PhysRevApplied.13.034032
https://doi.org/10.1103/PhysRevApplied.13.014024
https://doi.org/10.1103/PHYSREVAPPLIED.16.034024
https://doi.org/10.1103/PhysRevLett.107.240501
https://doi.org/10.1063/1.4807015
https://doi.org/10.1063/1.4934486
https://arxiv.org/abs/2206.14334


OFIR MILUL, BARKAY GUTTEL et al. PRX QUANTUM 4, 030336 (2023)

[18] 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 millisec-
ond coherence in circuit QED, Phys. Rev. B 94, 014506
(2016).

[19] A. P. Sears, A. Petrenko, G. Catelani, L. Sun, H. Paik, G.
Kirchmair, L. Frunzio, L. I. Glazman, S. M. Girvin, and R.
J. Schoelkopf, Photon shot noise dephasing in the strong-
dispersive limit of circuit QED, Phys. Rev. B 86, 180504
(2012).

[20] C. Rigetti, J. M. Gambetta, S. Poletto, B. L. Plourde, J. M.
Chow, A. D. Córcoles, J. A. Smolin, S. T. Merkel, J. R.
Rozen, G. A. Keefe, M. B. Rothwell, M. B. Ketchen, and
M. Steffen, Superconducting qubit in a waveguide cavity
with a coherence time approaching 0.1 ms, Phys. Rev. B
86, 100506 (2012).

[21] G. Kirchmair, B. Vlastakis, Z. Leghtas, S. E. Nigg, H. Paik,
E. Ginossar, M. Mirrahimi, L. Frunzio, S. M. Girvin, and R.
J. Schoelkopf, Observation of quantum state collapse and
revival due to the single-photon Kerr effect, Nature 495,
205 (2013).

[22] P. Campagne-Ibarcq, A. Eickbusch, S. Touzard, E. Zalys-
Geller, N. E. Frattini, V. V. Sivak, P. Reinhold, S. Puri,
S. Shankar, R. J. Schoelkopf, L. Frunzio, M. Mirrahimi,
and M. H. Devoret, Quantum error correction of a qubit
encoded in grid states of an oscillator, Nature 584, 368
(2020).

[23] A. Eickbusch, V. Sivak, A. Z. Ding, S. S. Elder, S. R. Jha, J.
Venkatraman, B. Royer, S. M. Girvin, R. J. Schoelkopf, and
M. H. Devoret, Fast universal control of an oscillator with
weak dispersive coupling to a qubit, Nat. Phys. 18, 1464
(2022).

[24] A. A. Diringer, E. Blumenthal, A. Grinberg, L. Jiang,
and S. Hacohen-Gourgy, Conditional not displacement:
fast multi-oscillator control with a single qubit, Preprint
ArXiv:2301.09831 (2023).

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

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

[27] A. L. Grimsmo and S. Puri, Quantum Error Correction
with the Gottesman-Kitaev-Preskill Code, PRX Quantum
2, 020101 (2021).

[28] S. Deléglise, I. Dotsenko, C. Sayrin, J. Bernu, M. Brune,
J. M. Raimond, and S. Haroche, Reconstruction of non-
classical cavity field states with snapshots of their decoher-
ence, Nature 455, 510 (2008).

[29] B. Vlastakis, G. Kirchmair, Z. Leghtas, S. E. Nigg, L. Frun-
zio, S. M. Girvin, M. Mirrahimi, M. H. Devoret, and R. J.
Schoelkopf, Deterministically encoding quantum informa-
tion using 100-photon Schrödinger cat states, Science 342,
607 (2013).

[30] C. Wang, Y. Y. Gao, P. Reinhold, R. W. Heeres, N. Ofek,
K. Chou, C. Axline, M. Reagor, J. Blumoff, K. M. Sliwa,
L. Frunzio, S. M. Girvin, L. Jiang, M. Mirrahimi, M. H.
Devoret, and R. J. Schoelkopf, A Schrödinger cat living in
two boxes, Science 352, 1087 (2016).

[31] B. Aune, et al., Superconducting TESLA cavities, Phys.
Rev. ST Accel. Beams 3, 092001 (2000).

[32] 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, 42601 (2016).

[33] R. W. Heeres, P. Reinhold, N. Ofek, L. Frunzio, L. Jiang, M.
H. Devoret, and R. J. Schoelkopf, Implementing a universal
gate set on a logical qubit encoded in an oscillator, Nat.
Commun. 8, 1 (2017).
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