PHYSICAL REVIEW X 15, 011070 (2025)

Preserving Phase Coherence and Linearity in Cat Qubits
with Exponential Bit-Flip Suppression

Harald Putterman®,""’ Kyungjoo Noh " Rishi N. Patel®,’ Gregory A. Peairs ! Gregory S. MacCabe !
Menyoung Lee ,1 Shahriar Aghaeimeibodi ,1 Connor T. Hann ,1 Ignace Janige,l Guillaume Marcaud,1 Yuan He,1
Hesam Moradinejad,1 John Clai Owens ,1 Thomas Scaffidi ,1’1 Patricio Arrangoiz—Arriola,1 Joe Iverson ,1

Harry Levine ,! Fernando G. S. L. Branddo,"” Matthew H. Matheny,1 and Oskar Painter'***

'AWS Center for Quantum Computing, Pasadena, California 91125, USA
2IQIM, California Institute of Technology, Pasadena, California 91125, USA
3Thomas J. Watson, Sr., Laboratory of Applied Physics, California Institute of Technology,
Pasadena, California 91125, USA

® (Received 12 October 2024; accepted 12 February 2025; published 25 March 2025)

Cat qubits, a type of bosonic qubit encoded in a harmonic oscillator, can exhibit an exponential noise
bias against bit-flip errors with increasing mean photon number. Here, we focus on cat qubits stabilized by
two-photon dissipation, where pairs of photons are added and removed from a harmonic oscillator by an
auxiliary, lossy buffer mode. This process requires a large loss rate and strong nonlinearities of the buffer
mode that must not degrade the coherence and linearity of the oscillator. In this work, we show how to
overcome this challenge by coloring the loss environment of the buffer mode with a multipole filter and
optimizing the circuit to take into account additional inductances in the buffer mode. Using these
techniques, we achieve near-ideal enhancement of cat-qubit bit-flip times with increasing photon number,
reaching over 0.1 s with a mean photon number of only 4. Concurrently, our cat qubit remains highly phase
coherent, with phase-flip times corresponding to an effective lifetime of 7| ¢ ~ 70 ps, comparable with
the bare oscillator lifetime. We achieve this performance even in the presence of an ancilla transmon,
used for reading out the cat-qubit states, by engineering a tunable oscillator-ancilla dispersive coupling.
Furthermore, the low nonlinearity of the harmonic oscillator mode allows us to perform pulsed cat-qubit
stabilization, an important control primitive, where the stabilization can remain off for a significant fraction
(e.g., two-thirds) of a 3 ps cycle without degrading bit-flip times. These advances are important for the
realization of scalable error correction with cat qubits, where large noise bias and low phase-flip error rate
enable the use of hardware-efficient outer error-correcting codes.
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I. INTRODUCTION

The expected system size required for realizing fault-
tolerant quantum computers far exceeds the scale of current
experiments [1-3]. One approach to reduce the resource
overhead for fault tolerance is to use qubits which have a
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biased-noise structure (e.g., bit-flip error rates are much
smaller than the phase-flip error rates). This noise bias
property allows the quantum error correcting code to focus
predominantly on correcting only one type of error, for
example, phase-flip errors, leading to reduced overhead for
error correction [4—14].

Cat qubits [4,15] are a specific realization of biased-
noise qubits. In cat qubits, the quantum information is
encoded into the infinite-dimensional Hilbert space of a
quantum harmonic oscillator. The computational basis
states of a cat qubit are approximately equivalent to the
coherent states, |0) ~ | + @) and |1) ~ | — @). The comple-
mentary basis states are exactly given by the even- and
odd-parity cat states, ie., |£) =|Ci) «|+a)*]|—a)
(see Fig. 1). Cat qubits can have exponentially suppressed
bit-flip (X) error rates with increasing mean photon number
la|?> [16-19]. This is due to the phase-space separation

Published by the American Physical Society
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FIG. 1. Bloch sphere of a cat qubit. Wigner functions of the

computational and complementary basis states are represented

next to the corresponding points on the Bloch sphere.

between the two computational basis states which gets
larger as |a| increases. In contrast, the phase-flip (Z) error
rates of a cat qubit increase only linearly with the mean
photon number |a|?.

To realize this exponential noise bias against bit-flip
errors, it is necessary to stabilize the oscillator mode in the
cat-qubit state manifold. In this work, we focus on cat
qubits stabilized with two-photon dissipation, so-called
“dissipative cat qubits” [20-22]. Dissipative cat qubits are
implemented by engineering a nonlinear coupling between
an oscillator mode (also referred to as a storage mode) and a
lossy buffer mode. The nonlinear coupling mediates an
exchange of two photons from the storage to one photon
in the buffer mode via a three-wave mixing (3WM)
nonlinearity. By adding a linear buffer drive and adiabati-
cally eliminating the lossy buffer mode, we realize a two-
photon dissipation described by the master equation

P — plaz -, (1)

which stabilizes the oscillator mode a in a two-dimensional
steady-state subspace spanned by the coherent states
| £ a) [20].

For cat qubits to enable reduced error correction over-
head, it is essential to achieve an exponential noise
bias without sacrificing the cat qubit’s phase coherence.
Specifically, a large noise bias must be achieved at small
values of |a|? where the phase-flip error rate remains low
enough to be correctable by an outer error-correcting code
such as a repetition code [7,8,11,12]. Achieving this
requires preserving the coherence and linearity of the
storage mode under the two-photon dissipation. This is
challenging due to the strong nonlinear 3WM coupling of
the storage mode to the highly lossy buffer mode used for
dissipative stabilization. Additionally, in some architec-
tures, interactions needed to characterize the storage mode
can also create undesired nonlinearities. While there has
been encouraging recent progress addressing these
challenges, prior experiments have so far demonstrated
either high cat phase coherence [22] or exponential noise
bias [16,18,19] but not both simultaneously.

In this paper, we present a cat-qubit system where the
bit-flip error rates are exponentially suppressed and the
cat qubit remains highly phase coherent. In particular,
we achieve high effective storage-mode lifetimes of
T, ~70 ps by using a multipole metamaterial filter to
protect the storage from the strong buffer mode loss
channel. Simultaneously, our device employs two novel
strategies to preserve the storage linearity. First, a tunable
coupler with high on-off ratio dispersive coupling enables
characterization of the storage mode with an ancillary
transmon without introducing deleterious nonlinearities.
Second, we engineer an advantageous cancellation of
buffer-induced nonlinearities by carefully accounting
for serial inductances present in our buffer mode circuit.
Together, the storage mode’s high coherence and low
nonlinearity enable us to demonstrate large noise bias at
low photon numbers, as is crucial for hardware-efficient
error correction. We measure exponential bit-flip sup-
pression, with near-ideal scaling [20], up to 0.1 s bit-flip
times at |a|> = 4. Furthermore, when pulsing the two-
photon dissipation on and off with 3 ps cycles, we are
able to achieve bit-flip times comparable to the continu-
ous case despite the fact that the stabilization is on
only one-third of the time during a cycle. These
advances are key enablers for performing more complex
operations on cat qubits such as multiqubit gates and
error-correction circuits.

This paper is organized as follows. After providing an
overview of our device in Sec. II, we present the key
technical advances necessary for realizing a high-coherence
and low-nonlinearity storage mode. First, in Sec. III, we
introduce a tunable dispersive coupling with a high on-off
ratio for reading out the storage-mode state, where the
tunability protects the storage mode from errors due to
the readout components. Next, in Sec. IV, we address
the trade-off between the required strong buffer loss and
storage coherence by coloring the buffer environment
with a multipole metamaterial filter. Finally, in Sec. V, we
discuss the importance of accounting for serial induc-
tances within the buffer to realize storage modes with low
nonlinearity. Equipped with these technical advances,
we then benchmark the performance of our cat qubit.
We demonstrate the cat qubit’s exponential noise bias in
Sec. VI and the persistence of that noise bias under pulsed
stabilization in Sec. VIIL.

II. DEVICE OVERVIEW

We consider a system containing a storage mode 4,

a buffer mode b, and components for reading out the
state of the storage mode as shown in Fig. 2. The central
element of our system is the storage mode (blue in Fig. 2),
where the cat-qubit states are encoded. The storage mode
is implemented as a 4/2 resonator and has frequency
w,/2r = 5.35 GHz.
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FIG. 2. Device overview. (a) Circuit representation of the key
components of a dissipative cat qubit with ancilla transmon. The
storage mode is read out by an ancilla transmon using a tunable-
transmon coupler. The storage mode is also coupled to a buffer
mode. The buffer is coupled to a four-pole metamaterial filter
consisting of an array of coupled LC oscillators. The buffer and
filter modes are used for implementing two-photon dissipation to
stabilize a cat qubit in the storage mode. (b) Representative
physical layout of the device. The storage mode is a /2
resonator. The filter is implemented as a series of lumped LC
oscillators. The inset shows ancilla and couplers, and the X
symbols represent junctions.

The buffer mode (purple in Fig. 2) is implemented using
a variant of the asymmetrically threaded superconducting
quantum interference device (SQUID) (ATS) element [16],
consisting of a middle junction array and two side junc-
tions. Two noteworthy aspects of our buffer design are the
shallowness of the middle junction array (in the sense that
it has only three junctions in the array) and the fact that
each side junction has a small but non-negligible serial

inductance. The significance of these design aspects are
discussed in detail in Sec. V. The buffer has two flux lines
controlling the fluxes through the two loops of the ATS,
one symmetrically (¢x) and the other differentially (¢, ). It
is also coupled to a lossy environment through an output
line colored by a four-pole metamaterial bandpass filter
[23,24] (green in Fig. 2), with the passband ranging from
~2.6 to ~3.6 GHz. At the chosen operating point, the
frequency and the loss rate of the buffer mode are given by
w,/27x = 3.01 GHz and /27 = 10.7 MHz, respectively.

The storage mode is read out by an ancilla transmon
(yellow in Fig. 2) with a dedicated readout resonator. The
storage mode is dispersively coupled to the ancilla trans-
mon through a tunable-transmon coupler (red in Fig. 2).
The frequency of the coupler can be tuned by varying the
external flux of the coupler’s SQUID loop. This tunability
allows us to selectively turn on the dispersive coupling
between the storage mode and the ancilla qubit only when
the storage mode needs to be read out (see Sec. III).

The device consists of two silicon chips which are flip-
chip bonded together [25,26]. The bottom chip hosts the
linear elements including the storage mode and uses a
tantalum superconducting thin-film layer [27]. The top chip
has the nonlinear elements containing Josephson junctions
such as the buffer mode, the ancilla transmon, and the
tunable-transmon coupler and uses a series of aluminum
superconducting thin-film layers. The schematic in
Fig. 2(a) shows the circuit diagram of our device, with
the circuit layout shown in Fig. 2(b). As indicated in the
circuit layout, the cat-qubit device studied here is part of a
larger integrated circuit involving an array of cat qubits,
with each storage mode coupled two ancillas qubits, one on
the left and one on the right.

III. TUNABLE DISPERSIVE COUPLING FOR
READING OUT A STORAGE MODE

A commonly used strategy for reading out quantum
states of a linear oscillator mode is to couple it dispersively
to an ancillary qubit. Through the dispersive coupling, the
ancilla qubit experiences frequency shifts depending on
the number of excitations in the oscillator mode. Such
frequency shifts can then be used to characterize the state of
the oscillator mode [28—31]. However, this same dispersive
coupling can also introduce unwanted frequency shifts of
the oscillator mode when the number of excitations in the
ancilla qubit changes due to, for instance, decay or heating.
Such unwanted frequency shifts have been one of the main
performance bottlenecks for various error-correction pro-
tocols with oscillator modes [16,32,33]. In this section, we
provide a solution to this problem by engineering tunable
dispersive coupling between a storage mode and an ancilla
transmon via a tunable-transmon coupler.

Here, we focus on a subsystem comprising a storage
mode, a tunable-transmon coupler, and a fixed-frequency
ancilla transmon which are capacitively coupled (see
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Appendix H 1). The effective Hamiltonian of this subsys-
tem takes the form

N

H = a)S&T& + a)C|eC><eC| + walea><ea| +)(saa+&‘ea><ea

)

in the dressed eigenbasis where all the parameters w;, @,
®,, and y, depend on the external flux of the coupler, @, ..
Here, |e.) and |e,) refer to the first excited state of the
coupler and the ancilla, respectively. Thus, w,, @., and o,
are the frequencies of the storage, coupler, and ancilla,
respectively, in the lowest energy manifold consisting of
the ground state and the first excited state. Most impor-
tantly, y,, is the strength of the dispersive coupling between
the storage and the ancilla, i.e., the frequency shift of the
storage mode when the ancilla is excited from the ground
state to its first excited state |e,).

The external flux of the coupler, @, ., tunes the fre-
quency of the coupler mode. In Fig. 3(a), we show
the frequencies of the storage, ancilla, and coupler as a
function of ®, .. The frequency of the coupler tunes from
O max/2m = 8.40 GHz to o, nin/27 = 5.77 GHz as the
coupler external flux is varied from O to the half flux
quantum ®,/2. Note that the storage and ancilla frequen-
cies are also lowered as the coupler approaches its mini-
mum frequency. This is due to the increased mode
hybridization with the coupler and the associated repulsion
between the energy levels.

We select the idle (off) position to be when the coupler is
at its maximum frequency with ®, . = 0. To resolve the
small dispersive coupling between the storage and ancilla
with the coupler in the off position, we perform Ramsey
measurements of the ancilla transmon with a variable mean
photon number coherent state in the storage mode (see
Appendix K). In particular, a mean photon number up to 20
is used to amplify the impact of the dispersive coupling on
the ancilla. With this method, we find that the strength of
the dispersive coupling is only y,,/27 = —1.4 £ 0.1 kHz
in the off position.

We can dynamically turn on the dispersive coupling
by applying a flux pulse on the tunable coupler [see
“coupler fast flux” in Fig. 3(d)]. By pulsing the coupler
to lower frequencies, we increase the hybridization between
modes and, consequently, increase the dispersive coupling
between the storage and ancilla. In Fig. 3(b), we character-
ize the dispersive coupling at each flux amplitude by
measuring the difference in phase accumulation rate on
the storage mode conditioned on the state of the ancilla (see
Appendix J for more details). The maximum dispersive
coupling is achieved with the coupler at its minimum
frequency, where |y,,|/27 > 5 MHz.

In practice, we do not use the coupler’s minimum
frequency position (®,,. = ®Py/2), as the dispersive
nature of the interaction breaks down in the large storage
photon number regime due to strong hybridization (see
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FIG. 3. Tunable dispersive coupling for reading out a storage
mode. (a) Frequencies of the coupler, ancilla, and storage mode
as a function of the external flux of the coupler. (b) Storage-
ancilla dispersive coupling as a function of the coupler flux
measured using a storage conditional phase experiment. When
the tunable coupler is pulsed to the on position with @, . =
0.43®,, the storage and ancilla transmon develop a dispersive
coupling |y,,|/27 > 2 MHz. Using an alternative measurement
method (based on Ramsey experiments on the ancilla), we
measure the y,,/27 = —1.4+ 1 kHz in the off position with
®, . = 0. (¢) Number-splitting spectroscopy on the ancilla
transmon with the coupler in either the on or off position
and the storage mode in a coherent state. (d) Photon-number-
selective (PNS) pulse sequence on the ancilla used in (c) to
measure the storage mode. (e) Storage parity mapping (IT) pulse
sequence used in, for example, Fig. 4(c). Both storage-mode
measurement sequences in (d) and (e) use net-zero waveforms
for the tunable coupler flux pulse.

Appendix H 1). Instead, we select an on position to be
O, . = 0.43D,, where we observe a dispersive coupling of
Ysa/2m = —2.39 + 0.01 MHz. Relative to the off position
Xsa/2m of —1.4 kHz, this constitutes a dynamic range
of >1000 for the storage-ancilla dispersive coupling.
The high on-off ratio is made possible by carefully
optimizing the direct capacitive coupling between the
storage and ancilla so that the net dispersive interaction
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FIG. 4. Engineering two-photon dissipation while preserving storage-mode coherence. (a) Schematic diagram of a storage mode
which is coupled to a lossy buffer mode by a three-wave mixing process exchanging two photons from the storage mode with one
photon in the buffer mode. The strong loss on the buffer mode is engineered by coupling the buffer mode to a lossy transmission line
through a four-pole metamaterial filter. (b) The transmission spectrum through the four-pole filter. The filter colors the environment seen
by the buffer mode. The buffer frequency (green) lies within the passband resulting in strong damping of the buffer mode. The storage-
mode frequency (orange) lies outside of the filter passband resulting in suppression of storage-mode loss to the filtered environment.
Note that these S, data are convolved with the uncalibrated response of a 2.5-4 GHz isolator so the filter spectrum may be different than
that reported outside the 2.5-4 GHz range and, thus, at the storage-mode frequency. Nonetheless, the storage loss is strongly filtered,
with electromagnetic simulations predicting a storage loss rate due to the filter of approximately 0.2 kHz. (c) Wigner tomograms of the
steady-state cat-qubit manifolds of the two-photon dissipation with increasing buffer drive amplitude. The coherent state amplitude of a
cat qubit in the storage mode increases as the amplitude of the linear buffer drive increases. (d) Measured 7'; of the storage mode with
and without the pure two-photon dissipation (i, D[a?], i.e., without the buffer drive) being applied during delay. (¢) Measured 7', of the

storage mode with and without the pure two-photon dissipation being applied during delay.

between them is minimized around the idle off position of
the tunable coupler [34,35].

The tunability of the dispersive interaction is further
demonstrated in Fig. 3(c), through number-splitting spec-
troscopy of the ancilla transmon. See Fig. 3(d). Here, the
storage mode is driven into a coherent state, and a weak 7
pulse (length 1.4 ps) is applied to the ancilla transmon. By
varying the drive frequency of the ancilla 7z pulse, we
measure the spectrum of the ancilla transmon. When the
coupler is in the off position (i.e., no coupler flux pulse
applied), we cannot resolve the splitting of the ancilla
frequency, as expected and desired. When the coupler is
pulsed to the on position, we see distinct peaks in the
ancilla spectrum, corresponding to different Fock states of
the storage mode. The spacing between the neighboring
peaks is consistent with the dispersive shift y,,, measured
in Fig. 3(b).

As shown in Fig. 3(e), the tunable dispersive coupling
also enables parity measurement of the storage mode
by combining a Ramsey measurement on the ancilla with
a flux pulse (®,./®y = 0.38; see Appendix C) on the
coupler. In the parity measurement, one needs to apply
unselective /2 pulses on the ancilla, as well as a condi-
tional (on the ancilla being excited) z rotation of the storage

mode through the storage-ancilla dispersive coupling.
Because of the large on-off ratio, the unselective z/2
pulses are easy to achieve, since they are applied when
the storage-ancilla dispersive coupling is turned off and the
resonant frequency of the ancilla is unperturbed by the
storage-mode state. The parity measurement allows us to
perform Wigner tomography [28] of the storage mode [see,
e.g., Fig. 4(c)]. Further advantages of the tunable dispersive
coupling in the specific context of a cat qubit are demon-
strated in Sec. VI

IV. ENGINEERING TWO-PHOTON DISSIPATION
WHILE PRESERVING STORAGE-MODE
COHERENCE

Equipped with the ability to read out the storage-mode
state, we now describe the engineering of two-photon
dissipation for stabilizing a cat qubit. Two-photon dissi-
pation can be realized by engineering a 3WM Hamiltonian
Hiywy = ,82b" + Hec., a linear drive H; = —g,a?b’ +
Hec., and a loss k,D[b] on the buffer mode. After
adiabatically eliminating the buffer mode, the dynamics
of this system obey Eq. (1) with k, =~ 4¢3 /k,,. Here, the key
technical challenge is the implementation of the 3WM
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Hamiltonian, which requires a strong flux pump on the
buffer mode and large buffer loss rate. The strong driven-
dissipative processes on the buffer mode should not
degrade the coherence of the storage mode.

In order to protect the storage mode from the strong
loss channel of the buffer mode, we color the loss
environment of the buffer mode with a multipole meta-
material filter, so called because it is a constructed from
many subwavelength components. [11,23,24,36]. Unlike
commonly used Purcell filters composed of only one
resonator mode, our filter consists of four lumped-
element resonator modes which are capacitively coupled.
It can also be understood as a series of coupled oscillators
as illustrated in Fig. 4(a).

The use of a four-pole filter allows us to realize a
passband with a bandwidth of about 1 GHz with sharp band
edges [see Fig. 4(b)]. The broad bandwidth makes the
system resilient against mistargeting of the buffer fre-
quency. Frequency offsets on the order of 100 MHz can
be tolerated, since the buffer loss rate is maintained at
around 10 MHz throughout much of the passband. The
storage mode, however, is far outside of the filter passband
and, therefore, is protected against loss through the filter.
From electromagnetic simulations, we estimate that the
induced loss rate on the storage mode due to the buffer
loss channel is approximately 0.2 kHz, over 4 orders of
magnitude smaller than the buffer loss rate of x,/27z =
10.7 MHz. This corresponds to a 7'y ceiling of > 750 ps on
the storage mode.

In Fig. 4(c), we demonstrate stabilization of the cat-qubit
manifold by integrating the 3WM pump, linear drive,
and loss on the buffer mode. In particular, we turn on
the 3WM interaction with strength g, /27 = 578 + 4 kHz
(corresponding to k,/27x = 124 + 2 kHz; see Appendix I)
and a linear buffer drive with a variable amplitude. As the
strength of the linear buffer drive increases, the distance
between the two steady states (i.e., the “size”) of the cat
qubit increases. When the buffer drive is turned off while
the 3WM pump is kept on, a pure two-photon dissipation
x,D[a?] is implemented which confines the storage mode
into the |2 = 0) /| = 1) Fock-state manifold. Note that we
use the term pure two-photon dissipation to refer to the
dynamics due to x,D|[a?] with |a| = 0 to distinguish it from
the case with |a| > 0.

We study the lifetime (7';) and coherence time (7',) of the
storage mode in this integrated system using the following

procedure. We prepare the state (| = 0) + | = 1))/v/2
(up to state-preparation errors and phase) in the confined
Fock-state manifold of the storage mode by initializing
a large coherent state and applying a pure two-photon
dissipation to the storage mode [18]. We then let the storage
mode evolve, with the pure two-photon dissipation either
turned off or kept on, for a variable delay. Ideally,
the pure two-photon dissipation acts trivially within the
| =0)/|iA =1) manifold, so it should not affect the

storage-mode coherence. However, strong off-resonant
driving of various unintended transitions can degrade the
storage-mode coherence.

To characterize the storage T, time, after the variable
delay time, we measure the photon-number parity of the
storage mode and extract the decay rate of the parity
observable. As shown in Fig. 4(d), the storage 7| with the
pure two-photon dissipation turned off is measured to be
76 = 1 ps. This relatively long 7' value is achieved due to
(i) the optimized deposition and etching of the tantalum
superconducting thin film used in the fabrication of the chip
which hosts the storage-mode coplanar waveguide reso-
nators [27,37] and (ii) the effective protection of the storage
mode by the four-pole filter. Furthermore, we observe that
the storage T is not degraded when the pure two-photon
dissipation is kept on during the delay. This can be
attributed to careful allocation of the storage and buffer
mode frequencies to avoid undesired resonances under
a strong 3WM flux pump. In particular, in the pumped
buffer system other undesired sideband interactions can
be driven by the flux pump, for example, terms such as
a'h™ 4+ H.c. Some of these interactions can lead to an
increased parity decay rate of the storage mode, since
they may create (or annihilate) an odd number of photons
in the storage mode. In our system, the storage-buffer
frequency configuration is carefully optimized to make
these undesired sideband transitions sufficiently off
resonant, hence avoiding degradation in 7| under the
3WM flux pump (see Appendix H 3).

The storage T, is extracted through a Ramsey-style
measurement where, after the preparation into (|2 = 0) +
| =1))/v/2 and variable delay, we apply a storage
displacement and a final measurement of the storage
mode’s vacuum state probability using a photon-number-
selective pulse on the ancilla. As shown in Fig. 4(e), the
storage-mode coherence time 7, is measured to be over
100 ps with the pure two-photon dissipation turned off.
With the dissipation turned on, 7, is only marginally
degraded. These results demonstrate a highly coherent
storage mode which can host a stabilized, phase-coherent
cat qubit. See Appendix L for more details on the 7'y and 7',
measurements.

V. BUFFER-INDUCED STORAGE-MODE
NONLINEARITIES

Realizing a cat qubit with an exponential noise bias and
a low phase-flip error rate requires more than high storage-
mode coherence times. It also requires minimizing unde-
sired, parasitic nonlinearities in the storage mode. In
particular, we identify the buffer-induced nonlinearities
(e.g., the storage self-Kerr and the storage-buffer cross-
Kerr) as the most crucial parameters. We then discuss how
the serial inductances in the buffer mode can be utilized to
minimize these parasitic nonlinearities.
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FIG. 5. Buffer-induced storage-mode nonlinearities. (a) Circuit diagram of the buffer mode, including additional serial inductances

(colored in red) in series with the side junctions. In the central path, we use a shallow three-element junction array. (b) Frequency of the
buffer mode as a function of ¢, with ¢y = 7/2. Adding serial inductances to the model is necessary to accurately reproduce the
experimental data. (c) Numerical predictions based on a model where the underlying circuit parameters are tuned to match (b). We let £
of the model vary and plot the predictions of storage self-Kerr (top) and the storage-buffer cross-Kerr (bottom) as a function of the
average buffer side junction energy E; = (E; | + E;,)/2. The value of E; extracted from fitting (b) (black dashed line) is close to the
optimal value of E; (blue dashed line). To verify the model, we measure the storage self-Kerr to be 0.97 4 0.02 kHz (green horizontal
line), which is close to the model predicted value of K,/2z = 1.1 kHz at the independently extracted device E; value.

In the presence of the storage-buffer cross-Kerr and
storage self-Kerr, the Hamiltonian of the storage-buffer
subsystem is given by

A

. o K
= (gz(zﬂ )b+ H.c.) Fypatabth 422

The first two terms are the resonant 3WM term and linear
drive on the buffer mode, which together stabilize a cat
qubit. The last two terms are the undesired storage-buffer
cross-Kerr and storage self-Kerr. By adding the buffer loss
k,D[b] and adiabatically eliminating the buffer mode,
the effective master equation within the storage mode is
approximately given by

dp A 4G 2%t oin\ o a .
E:—I[Heff,p]-l—K—;D l—K—}:baTa (az—az) P,

with

in the regime y,,(a'a)/x, < 1 (see Appendix H4).

The effective master equation above clearly shows the
detrimental effects of the storage-buffer cross-Kerr y,.
Specifically, the two-photon dissipation operator gets dis-
torted by a factor of (1 — 2iy,,a‘a/x,), and an additional
term is added to the Hamiltonian ﬁeff which acts non-
trivially outside of the cat-qubit manifold. An intuitive
reason for the particularly damaging effect of these unde-
sired terms is as follows. Noise makes the storage mode

deviate from the cat-qubit manifold which then excites the
buffer mode. This buffer excitation should be accompanied
only by an ideal two-photon dissipation operator &> — a?
on the storage mode. However, the buffer excitation addi-
tionally dephases the storage mode due to the storage-
buffer cross-Kerr. This extra dephasing during the correc-
tion, captured by the distortion factor (1 —2iyg,a‘a/x,)
and the added term in the Hamiltonian, can then signifi-
cantly degrade the bit-flip performance of the cat qubit.

In practice, the storage self-Kerr and storage-buffer
cross-Kerr originate from the self-Kerr of the buffer mode
and the storage-buffer hybridization. In an ideal realization
of the ATS buffer element, the self-Kerr of the buffer
mode vanishes at the saddle points (i.e., first-order flux-
insensitive points). However, as noted in previous work
[16], an ATS in practice typically has nonzero self-Kerr
on the saddle points due to various imperfections, such as
the finite number of junctions in the junction array and the
asymmetry in the side junction energies. Here, we dem-
onstrate that as in other superconducting systems [38,39]
it is important to consider additional inductances in series
with the junctions of the circuit, as they can contribute
significantly to the frequency and the self-Kerr of the
buffer mode. Specifically, we consider inductances in
series with the side junctions. These additional inductan-
ces contribute significantly to the frequency and the self-
Kerr of the buffer mode. The additional nonlinearity is
particularly important, because the other leading-order
contributors are canceled out.

As shown in Fig. 5(a), the serial inductances introduce

two extra flux nodes 4; p, and 45 p, to the system, in addition
to the flux node (]5 of the buffer mode. We focus on the
regime where these serial inductances are much smaller
than the inductances due to the side junctions, i.e., £y p. =
h?/(4e*Lp,) > E;; for i =1, 2. In this regime, the extra
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nodes qu , and g[gpz can be treated classically and set to be
the values that minimize the inductive potential function
[38,40]. Then, we obtain an effective Hamiltonian (see
Appendix H 2):

S

H =4E-N? - NEj aray COS <¢>

N
—E; cos(d+ @) — Ejacos(¢p—p.2)
£ B os( + )] + 2 cos2(d = o)
~—Cos 3 = Cos -9,
4EL,P, P 1 4EL,P2 1%

(6)

where the first two lines represent the Hamiltonian of an
ATS as described in Ref. [16] and N is the number
of junctions in the junction array. The last line represents
the additional contributions from the serial inductances.
Notably, these additional terms have a different flux
periodicity from that of the usual ATS potential due to
the extra factor of 2 in the arguments of the cosine terms.

Figure 5(b) provides direct experimental evidence for the
contributions of the serial inductances in the buffer mode of
our device. We show the frequency of the buffer mode
(black curve) as a function of ¢, = (@, — ¢,)/2 with
@s = (@1 + ¢.2)/2 = n/2. Notably, a fitted model with-
out the serial inductances (blue curve) fails to capture the
correction that is periodic in ¢, with period 7 (this is in
comparison to the 2z periodicity in an ideal ATS). On the
other hand, the fitted model with the serial inductances
(orange curve) captures this doubly periodic behavior.
From the latter model, which assumes Lp = Lp, = Lp,
we extract a serial inductance of Lp = 27pH, correspond-
ing to E;,;/E; p, £ 0.01 in our device for i = 1, 2.

The effect of the serial inductances on the buffer
frequency is useful for characterizing the inductances but
is itself not critical to the cat-qubit performance. However,
the impact of serial inductances on the self-Kerr of the
buffer mode is crucial. For example, assuming symmetry
between the two side junctions, i.e., E;; = E;, = E; and
E; p, = Ep p, = E; p, we find that the buffer self-Kerr is
perturbatively given by

Ec 8ECE}
N?* E;pE;’

Kb:

()

on the saddle points [e.g., (¢s,9a) = (7/2,7/2) and
(5. @a) = (7/2,37/2)] and where E; =Ej /N is
the effective inductive energy of the junction array (see
Appendix H?2). This expression shows that the serial
inductances introduce positive self-Kerr on the buffer
mode.

Previous works have used a large number of junctions in
the junction array (e.g., N =5 [16,17] or N = 13 [19]) to
minimize the negative self-Kerr contribution —E/N? from

the junction array. On the other hand, our analysis suggests
a different strategy. Given the serial inductance, we can
optimize the circuit parameters of the buffer such that the
negative self-Kerr from the junction array is canceled out
by the positive self-Kerr from the serial inductances.
In particular, this strategy allows us to use a shallow
junction array with just N = 3, reducing the required
junction energy Ej ., to achieve a given target E;.

In Fig. 5(c), we illustrate how nonlinearities can be
minimized by carefully tuning the design value of E;. We
provide predictions of the storage self-Kerr K, and the
storage-buffer cross-Kerr y,;, as a function of E; using a
model where the other underlying circuit parameters are
tuned to match the buffer frequency data in Fig. 5(b). This
model predicts that these buffer-induced storage-mode
nonlinearities would vanish at an optimal average side
junction energy of E;/h = 40 GHz (blue dashed line) due
to an ideal balancing of the positive and negative self-Kerr
contributions on the buffer mode. For the device of this
work, we extract an E;/h of 57 GHz (black dashed line).
Despite the offset from the optimal value, the predicted
storage self-Kerr of K,/2z = 1.1 kHz and the storage-
buffer cross-Kerr of y,,/27z = 156 kHz are still tolerable
given the strength of the 3WM interaction g,/2x = 578 +
4 kHz and the buffer decay rate x,/27z = 10.7 MHz. We
independently measure the self-Kerr of the storage mode
and find it to be K,/27z = 0.97 +0.02 kHz [green hori-
zontal strip in Fig. 5(c); see also Appendix N]J, in good
agreement with the model prediction.

VI. TWO-PHOTON DISSIPATION PERFORMANCE

Having presented the high coherence and low non-
linearity of the storage mode in Secs. III-V, we now
proceed to characterize the performance of a cat qubit
encoded in this mode. As shown in the diagram in Fig. 6(a),
we characterize the bit-flip time of a cat qubit by initializing
a coherent state | + a) ~ |0) and then stabilizing the cat-
qubit manifold with a 3WM pump and a drive on the buffer
mode. Finally, using the tunable coupler, we perform parity
measurements after +a displacements to read out the
cat qubit in the |0)/|1) basis (Z basis). The bit-flip time
Tyinip = 2Tz is characterized by fitting these Z-basis
populations to an exponential curve and then extracting
the decay exponent 7, (see Appendix F).

The dark blue data points in Fig. 6(a) show the bit-flip
time of our cat qubit increases exponentially in the mean
photon number |a|? and begins to saturate at a maximum
value of 0.3-0.6 s when |a|*> > 4. We fit the data for
|a|* < 4 to the relation T g;, el /|a|? and find that the
extracted exponent y = 2.24 £0.09 is comparable with
the optimal value of y =2 expected under a white-noise
dephasing model [20] (larger values of y up to y =4 are
possible with only single-photon loss in the absence of
dephasing [11,41]). A fit to a model without the factor of
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FIG. 6. Two-photon dissipation performance. (a) Bit-flip times
of our cat qubit as a function of the mean photon number. The
blue points are the bit-flip times of the cat qubit when all the
couplers are in the off position. In the gray curve, we show the bit-
flip times when the coupler in the neighboring unit cell is near its
minimum frequency position (®/®, = 0.4). The dashed tur-
quoise curve shows simulated bit-flip times based on the device
parameters with couplers off. The dashed blue curve shows
simulated bit-flip times where the white-noise dephasing param-
eter is phenomenologically tuned to match the experimental data.
In the dashed brown curve, we show a simulation with twice
larger E; and Lp of the buffer where significant degradation is
observed due to buffer-induced nonlinearities. (b) Phase-flip rates
of the cat qubit. Lines correspond to a linear fit to the phase-flip
rate, yz = Ky esrlaf’, where T e = 1/K efr.

laf?, Thieqip ¢”l* | which provides more direct intuition
on the rate of scaling with photon number, yields
Y = 1.75 £ 0.06. This corresponds to a factor of 5.8
increase in the bit-flip time for every added photon.
Owing to the large scaling exponent and long storage-
mode coherence times, we achieve a bit-flip time over 1 ms

with only |a|> = 1, which increases to above 0.1 s with
just |af?> = 4.

The dashed turquoise curve in Fig. 6(a) shows the
simulated bit-flip time based on the measured storage-
mode coherence times in Sec. IV and the predicted
(and measured) storage-mode nonlinearities in Sec. V.
The simulation agrees approximately with the experimental
data (up to a multiplicative offset) in the |a|* < 4 regime,
where the exponential bit-flip suppression is observed. The
simulation with tuned white-noise dephasing parameter
(dashed blue curve; see Appendix H4) more closely
captures the experimental data without the multiplicative
offset. Finally, to show the importance of carefully
selecting buffer parameters, we perform an additional
simulation with the buffer mode having twice as large
side junction energy E; and serial inductance Lp (dashed
brown curve). The simulation predicts poor bit-flip
performance which is primarily due to the intolerably
large storage self-Kerr and storage-buffer cross-Kerr
(approximately 8 times larger than the device parameters).
This demonstrates the importance of understanding the
contributions of the buffer serial inductances to the non-
linearities of the storage-buffer system.

To confirm the effectiveness of the extinction of the
coupling provided by the tunable coupler, we perform an
experiment where we apply dissipative stabilization while
we purposefully turn on the coupler between the storage
mode and the transmon ancilla in a neighboring unit cell of
our device. When the external flux of this one coupler is set
to 0.49, (i.e., close to the on position), the bit-flip time of
the cat qubit under dissipative stabilization saturates at a
value below 10 ms, as indicated by the gray data points in
Fig. 6(a). This saturation in bit-flip time is due to heating of
the coupler and the ancilla in the neighboring unit cell.
With the coupler in the on position, a heating event in either
the coupler or the ancilla gives rise to a dispersive shift in
the storage-mode frequency larger than that of the (1-MHz-
level) confinement rate of the dissipative stabilization
over the range of mean photon number studied here.
This leads to a loss of confinement of the storage mode
and a high probability of a cat-qubit bit flip with each
heating event [16]. With all of the couplers at their off
position, the bit-flip time far exceeds the ancilla and
coupler heating rate limit of 10 ms but eventually saturates
at a maximum value of 0.3-0.6 s. We have not identified a
definitive mechanism explaining this saturation behavior,
and it remains an area of continued study (see Appendix O
for more details).

While the bit-flip rates of a cat qubit are (ideally)
suppressed exponentially with |a|?, the phase-flip rates
of a cat qubit are expected to increase linearly, i.e.,
Yz = K1 eft|@|?, where K1 1s the effective single-photon
loss rate. As shown in the diagram in Fig. 6(b), we
characterize phase-flip rates of our cat qubit by initializing
the storage mode into an even or odd cat state by displacing
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the storage mode and performing a parity measurement.
Then, we stabilize the cat qubit with the two-photon
dissipation and finally perform a parity measurement to
detect parity flips. The phase-flip rate is then extracted
through an exponential fit of the parity decay curve. The
results in Fig. 6(b) show that the phase-flip rate increases
linearly in the mean-photon number |a|? as expected.
From linear fits to this curve, we find that the effective
phase-flip lifetime is 7'y e = 1/k;eep = 70 £ 1 ps. This
value is consistent with an independent measurement of
the storage-mode energy decay time of 7y =74 £ 1 ps
(see Appendix L).

The results in this section demonstrate that our cat qubit
is capable of achieving nearly ideal exponential bit-flip
suppression in the regime of |a|? < 4, where the phase-flip
rates remain relatively low. In particular, we estimate that,
for a typical error-correction cycle length of approximately
2 ps, the phase-flip probabilities of our cat qubit are
approximately 3% at |a¢|>=1 and 11% at |a|* = 4. Since
the error threshold of a repetition code is approximately
11% [42] (assuming a phenomenological noise model), the
phase-flip error rates achieved are sufficiently low to be
corrected by a repetition code in the regime where |a|? < 4.
At the same time, we observe a large noise bias ranging
from 10 to over 1000 across this same range of average
photon numbers. Thus, the observed phase-flip and bit-flip
times meet the requirements for more complex operations
with cat qubits, such as multiqubit gates and error-correction
experiments with an outer repetition code.

VII. PULSED STABILIZATION

In error-correction architectures involving cat qubits,
it is often required to turn off two-photon dissipation on a
cat qubit for certain syndrome-extraction operations. For
example, implementation of a CNOT gate with a cat qubit as
the target typically relies on rotating the target cat qubit
conditioned on the state of a control qubit [7,11,43—45]. For
this conditional rotation to work well for a dissipative cat
qubit, one needs to either engineer a complex two-photon
dissipation scheme with its stabilized manifold rotating
conditioned on the state of a control qubit [7,11] or turn
off the two-photon dissipation such that the target cat
qubit can freely rotate under a separate mechanism [44,45].
In the latter case, it is essential to ensure that the bit-flip
performance of the cat qubit is not significantly degraded
when the two-photon dissipation is turned off for some
fraction of the time during a cycle, a situation we refer to as
pulsed stabilization. This is a challenge, because storage-
mode errors due to mechanisms such as undesired non-
linearities and dephasing are allowed to freely accumulate
when two-photon dissipation is turned off. While these
errors are unlikely to lead to phase flips because these
errors and the subsequent two-photon dissipation recovery
all preserve storage-mode parity, significant excursions in
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FIG. 7. Pulsed stabilization. (a) A high-level depiction of the

measurement sequence for pulsed cat-qubit stabilization. Unlike
previous experiments where we have the two-photon dissipation
continually turned on, here we repeatedly apply pulsed stabiliza-
tion cycles. In each cycle of length Ty, the stabilization is
turned off for a duration 7. (b) Bit-flip times of our cat qubit
under pulsed stabilization as a function of the mean photon
number |a|? for various duty cycle ratios of Ton/Tcyee for
Teycre = 3 ps. The markers correspond to the measured data of
a baseline static stabilization (black), pulsed stabilization with
T,, =1 ps (blue), and pulsed stabilization with 7,, = 200 ns
(orange). The dashed lines correspond to simulations for each of
the three cases. The dotted brown line corresponds to a simulation
with T,, = 1 ps where the storage self-Kerr is increased to
K,/2m = 5 kHz, corresponding to a value 5 times that of the
self-Kerr predicted and measured for the device.

phase space can be recovered to the incorrect coherent state
leading to bit-flip errors.

In this section, we study the bit-flip performance of our
cat qubit under pulsed stabilization. That is, as shown in
Fig. 7(a), we initialize a coherent state and then repeatedly
apply a cycle of pulsed stabilization with cycle time Ty
in which the two-photon dissipation is pulsed on and off
for a duration of T, and Ty = Teyege — Ton, respectively.
Then, we characterize the bit-flip rate of our cat qubit by
measuring the displaced parities similarly as in Sec. VL
When calibrating the pulsed stabilization, we ensure that
the phase of the storage mode is carefully tracked so that
two-photon dissipation is aligned with the storage-mode
coherent states when it turns back on.

In Fig. 7(b), we show the bit-flip time of our cat qubit
as a function of the mean photon number |a|? for various
duty cycle ratios, To,/Tcycres With a fixed cycle time of
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Teyere = 3 ps. We include the baseline case of static
stabilization where the two-photon dissipation is continu-
ally turned on (black). Relative to the baseline, we observe
no degradation in the bit-flip time even when the dis-
sipation is turned on for only 1 ps, or one-third of the time
during the pulsed stabilization cycle (blue curve). Note that,
unsurprisingly, the bit-flip times do not exceed the saturated
value observed in the static stabilization case. Significant
degradation of the cat-qubit bit-flip times under pulsed
stabilization is observed only in an extreme limit of
Ton/Tcycle = 7%, when the pulsed stabilization is turned
on for only 7, = 200 ns of the 3 ps cycle length.

Before performing a more quantitative comparison to
the data, we provide an intuitive picture for the preser-
vation of bit-flip times under pulsed stabilization. The
protection against bit flips afforded by the cat-qubit
encoding owes to the exponential separation between
the | + ) coherent states. Two-photon dissipation should
be viewed as a mechanism to preserve this separation.
When the stabilization is turned off, leakage out of the
cat-qubit manifold due to nonlinearities and decoherence
are allowed to accumulate. In contrast, if the stabilization
is continually on, leakage due to these mechanisms is
brought back to the cat-qubit manifold quickly, prevent-
ing errors from accumulating. In this way of viewing it,
the preservation of the cat-qubit bit-flip times even with
the stabilization off for significant periods should be
attributed to the low decoherence and nonlinearities of the
storage mode. Even though leakage is allowed to accu-
mulate, on timescales of 2 ps, the accumulation is not
sufficiently high that upon performing dissipative recov-
ery bit flips occur.

The dashed curves correspond to simulations of the
pulsed stabilization procedure for different duty cycles of
stabilization, T,/T¢ycle- These simulations use the same
refined value for the white-noise dephasing parameter as in
the dashed blue curve in Fig. 6(a). For all but the dotted
brown curve, we also assume in these simulations the
device estimated self-Kerr of K;/27z = 1.1 kHz and stor-
age-buffer cross-Kerr of y, /27 = 156 kHz. We find that,
for a duty cycle of T, /Tyl = 1/3 (blue), the degradation
in the bit-flip times is relatively marginal, consistent with
our measurements. When the pulsed stabilization is
reduced to a 7% duty cycle (orange), the simulations
predict a more significant reduction in the bit-flip time
relative to the static stabilization case (black), especially at
large values of mean photon number |a|?> 2 6. Although
this is consistent with our measured observations, the
simulation model does not capture the previously dis-
cussed, and currently unexplained, measured saturation
in bit-flip time at 0.3-0.6 s. The dotted brown curve
corresponds to an additional simulation of the case
Ton/Tcyee = 1/3, where we increase the storage self-
Kerr nonlinearity to K;/2z = 5 kHz (the cross-Kerr is left
at y,,/27 = 156 kHz). This self-Kerr is 5 times larger than

what we predict and measure in our device (see Sec. V) but
representative if the buffer-mode nonlinearities are not
carefully minimized. In this case, we compute that the
bit-flip times are significantly degraded and remain below
approximately 10 ms due to the larger distortion caused
by the increase in storage self-Kerr. This reinforces the
importance of the accurate buffer modeling in Sec. V and
the inclusion of serial inductances in the ATS, which ensure
that the buffer-induced storage-mode nonlinearities stay
in check.

VIII. CONCLUSION

The work presented here sets the stage for performing
complex multiqubit gates and error-correction experiments
involving dissipatively stabilized cat qubits. The low
buffer-mode nonlinearities and high storage-mode coher-
ence allow us to achieve long cat-qubit bit-flip times with
small mean photon numbers. For typical error-correction
cycle times, the phase-flip error probability of our cat qubit
can stay below the error threshold of an outer repetition
code up to the mean photon number of |a|?> ~ 4, where bit-
flip times exceed 0.1 s. We can also retain the benefits of
exponentially suppressed bit-flip error rates even when the
stabilization is turned off for a significant fraction of a
pulsed-stabilization cycle. Additionally, the cat qubits of
this work are implemented using planar superconducting
quantum circuits and are amenable to scalable micro-
fabrication processes. This scalability naturally allows
for concatenating many such cat qubits into an outer
error-correcting code, a compelling architecture for reduc-
ing the resource overhead associated with quantum error
correction [7-9,11-14].

Going forward, it will be important to drive the noise
bias of cat qubits many orders of magnitude higher, from
the 10% level of this work to levels approaching 107, in
order to fully realize the potential for hardware-efficient
quantum error correction at algorithmically relevant error
rates [45]. Crucially, the cat-qubit phase-flip rates still need
to remain sufficiently low even at larger cat-qubit mean
photon numbers needed for realizing such a large noise
bias. Thus, it will also be important to push storage-mode
T, lifetimes to 1 ms and beyond to accommodate larger
values of cat-qubit mean photon number. Critical to this
pursuit, the strategies presented in this work can be used to
accommodate higher storage coherence times and achieve
stronger two-photon dissipation rates without introducing
parasitic effects. Future work to uncover and mitigate the
mechanism(s) responsible for the observed saturation of
bit-flip times at the 1-s level in our current devices will also
be important. More generally, pushing the limits of cat-
qubit bit-flip times and noise bias will open up new
opportunities to study error mechanisms in superconduct-
ing quantum circuits that are rare events and occur on long
timescales [46,47].
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APPENDIX A: DEVICE FABRICATION

The cat-qubit system described in the main text is
implemented as one unit cell of a larger integrated device.
The device consists of two chip dies which are fabricated
separately on high-resistivity silicon and then flip-chip
bonded together [25,26]. The first (“‘qubit”) chip die
contains aluminum metallization layers, including Al/
AlOx/Al Josephson junctions which form the nonlinear
circuit elements in the transmon ancilla and couplers, as
well as the ATS buffer. The Josephson junctions leads,
deposited with a double-angle evaporation process, are
respectively shorted to the aluminum ground plane and
island capacitors with an added “bandage” contact [48,49].
The second chip die is metallized with thin-film alpha
phase tantalum (thickness approximately 100 nm), which
has lower microwave losses than aluminum and is capable
of high-coherence storage modes in coplanar waveguide
resonators [27,50]. The patterned circuit consists of
storage resonators and other linear elements such as the
metamaterial filter and readout resonators. Decoupling
fabrication of the constituent dies with separate process
flows allows us to take advantage of tantalum for
achieving high-coherence storage modes without the
constraints imposed by integrating Al/AlOx/Al Josephson
junctions on the same chip die.

APPENDIX B: WIRING DIAGRAM AND
EXPERIMENTAL SETUP

A diagram including the fridge wiring and room-
temperature setup for one unit cell is shown in Fig. 8.

APPENDIX C: TABLE OF DEVICE PROPERTIES

Tables containing the device properties are given in
Tables I and II.

APPENDIX D: CALIBRATION DETAILS

The buffer is flux biased to a saddle point, and the
couplers neighboring the storage mode are flux biased to
their maximum frequency positions. To calibrate the dis-
persive interaction between the ancilla and storage, we first
select a flux pulse amplitude for the coupler. We initially
start with a flux pulse amplitude which brings the coupler

to its minimum frequency position. We calibrate the
interaction frequency of the ancilla which is shifted from
the idling ancilla frequency due to the increased hybridi-
zation with the coupler. With these calibrations completed,
we have the capability to excite the ancilla in a storage-
photon-number-selective manner. Using the photon-
number-selective ancilla pulses, we perform the initial
calibration of the storage interaction frequency and flux
pulse lengths using the storage conditional phase experi-
ment described in Appendix J. For parity measurements,
the ancilla phase must also be carefully tracked during the
flux pulse, so we calibrate an ancilla phase correction used
for this purpose.

Using the coupler’s minimum frequency position is
impractical in our system, as the strong couplings make
the dispersive nature of the storage-ancilla interaction
break down (see Appendix H 1). We, thus, calibrate a
few additional operating points of the coupler besides its
minimum frequency position including the “parity meas-
urement” and “number splitting” positions whose param-
eters are provided in Table I. The parity measurement
position is used for Wigner tomography and the final
storage-mode measurements in bit-flip and phase-flip
measurements in Fig. 6. The number splitting position is
used in the number splitting measurements in Fig. 3 and 7',
measurements in Fig. 4. Calibration of these additional
operating points follows a similar procedure used for
calibrating the minimum frequency position. For the
number splitting measurements, which take longer than
parity measurements and are more sensitive to flux pulse
nonidealities (for example, long timescale distortions), we
fine-tune the ancilla interaction frequency with a spectros-
copy measurement.

For both the parity measurements and number-selective
measurements, we use flux pulses with net-zero [51]
waveforms with Gaussian shoulders. The number-selective
ancilla pulses themselves have a Gaussian shape with a
pulse length of 1.4 ps and are applied during the second
half of the net-zero flux pulse. Once parity measurements
are calibrated, we can calibrate the storage-mode displace-
ment as explained in Appendix M.

For the initial two-photon dissipation calibration,
we measure the buffer 3WM condition using a vector
network analyzer. The two-photon dissipation is fine-tuned
to match the Stark-shifted storage frequency under the
3WM buffer pump by performing a storage Ramsey
experiment with a pure two-photon dissipation applied.
This calibration is performed frequently to ensure that the
pump and drive frequencies of the two-photon dissipation
stay up to date with the Stark-shifted storage-mode fre-
quency [i.e., (0, + ®,)/2 ~ @;].

The buffer drive frequency (w,) should ideally match the
Stark-shifted buffer frequency (@,). In practice, the two-
photon dissipation performs comparably with an appreci-
able buffer detuning (@, — w,) on the order of 1 MHz,
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TABLE I. Table of device properties for the unit cell used to
characterize the storage mode.

Property Descriptor (reference) Unit Value
Buffer properties

Wy /27 Buffer frequency GHz 3.01
Ky /21 Buffer loss rate MHz 10.7

(wp — wy) /27 Buffer frequency—drive frequency MHz 29.3

Coupler maximum frequency (idle) position properties

D, /Dy Coupler flux value 0

w./2n Coupler frequency GHz 8.40
w,/2n Ancilla frequency GHz 521
w,/2n Storage frequency GHz 5.35
Xsal 27 Storage-ancilla cross-Kerr kHz -1.4
®,/2n Ancilla readout frequency GHz 7.23
K,/2n Storage Kerr kHz 0.97

(ws, — @,)/27 Storage Stark shift under 3WM ~ MHz 0.39

Parity measurement position properties

O/, Coupler flux value 0.38
Xsa/ 27 Storage-ancilla cross-Kerr MHz -0.9
Number splitting position properties

D/, Coupler flux value 0.43
Ksal 27 Storage-ancilla cross-Kerr MHz -2.4
Coupler minimum frequency position properties

D/ D, Coupler flux value 0.5
w./2x Coupler frequency GHz 5.77
Ksal 27 Storage-ancilla cross-Kerr MHz -5.7
TABLE II. Abridged table of device properties for the addi-
tional unit cell containing the coupler used in Fig. 6(a).
Property Descriptor (reference) Unit Value
Coupler maximum frequency (idle) position properties

D, /D Coupler flux value 0
w./2n Coupler frequency GHz 8.9
w,/2n Ancilla frequency GHz 5.2
Xsal 27 Storage-ancilla cross-Kerr kHz -2.0
Coupler minimum frequency position properties

D/, Coupler flux value 0.5
. /2% Coupler frequency GHz 5.8
Xsal 27 Storage-ancilla cross-Kerr MHz —43

which is to be compared against the buffer decay rate .
As a result, we only coarsely optimize the buffer drive
frequency to 1-MHz-level precision. The calibration of the
linear relationship between the average photon number ||?
of the cat qubit and the buffer drive amplitude is described
in Appendix M.

APPENDIX E: BASIS CONVENTION

We define the complementary basis states |+) of the cat
qubit as the even and odd cat states, i.e.,

_l+at|-a)

|+) =€) -
2(1 £ el

(E1)

Then, through the Hadamard transformation, the computa-
tional basis states approach the coherent states | + «) in the

large |a| limit where =22 becomes negligible:

1 e ]
0) =5 (1) +1=) " +a)
= (- e, (®2)

5

2

Note that, in the opposite limit where |a| approaches zero,
we have

al—0
+) "= = o),
al—=0
2 =, (E3)

where |72 =0) and | = 1) are the vacuum and single-
photon states, respectively (i.e., eigenstates of the number
operator 7 = a'a). This implies that, in the |a| — 0 limit,
the computational basis states of a cat qubit are given by

S0+ 1) =

7
L s — oy 1 =
S =) ="75a=0-1a=1). (B4

i.e., equal superposition of the vacuum and single-photon
states with the =1 phases.

In this basis convention, a single-photon loss operator a
maps the |+) state into the |—) state and vice versa, leading
to phase-flip (Z) errors. A Pauli-X measurement (i.e.,
|[+)/|—) basis measurement) of a cat qubit can be per-
formed by reading out the photon-number parity exp|iz],
since the +1 (or —1) eigenstate of X has an even (or odd)
number of photons. Since the computational basis
states are approximately given by two coherent states
| £ @) in the large || limit, a Pauli-Z measurement (i.e.,
|0)/|1) basis measurement) can be performed by meas-
uring a displaced photon-number parity of the storage
mode [16,22].

-5

10)

)

APPENDIX F: ERROR RATE CONVENTION

To define error rates and decay times of a cat qubit, we
consider a simple Lindblad master equation of the form

PO D) + 1y DIFD) +7D2ple). ()

where p(t) is a qubit density operator and X, ¥, and Z
are the qubit Pauli operators. Under this master equation,
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an initial qubit state p(0) is depolarized by a Pauli error
channel

p(t) = [1= px (1) = py(t) + pz(1)]p(0) + px ()X p(0)X
+ py(DY PO)Y + p(1)Zp(0)Z, (F2)

where the Pauli error probabilities are given by

Px(t) :1(] — e 20rxtry)t + e~ 2rvtrz)t _ 6_2<7X+YZ)’>,

py([) — 1 (1 _ €_2<7X+7Y)t - e—z(}’)’ﬂ’z)’ + 3—2(7x+72)1)’

4
1
pz(t)= 1 (1+ e 2rxtry)t _ p=20rv+rz)t _ 8—2(7x+72)f)_ (F3)

Then, it follows that the expectation values of the Pauli Z
and X operators decay exponentially in time, i.e.,

{
{

These observables (Z)(¢) and (X)(r) are directly measur-
able in experiments. Specifically, we measure (Z)(r) based
on the population difference in the two coherent states
| & a) which are measured via displaced parity measure-
ments. Moreover, (X)(7) is measured through a parity
measurement. Then, we fit the measured (Z)(¢) and (X)(7)
curves to an exponential decay curve and define 7, and T'y
as the decay constants. For (Z)(7), we do not include a
constant offset in the fit [i.e., (Z)(r) = Aexp[—t/T,]1,
whereas for (X)(r) a constant offset is included [i.e.,
(X)(f) = Aexp|—t/Tx] + B]. A constant offset is needed
in the latter case, because in the small |a|?> regime (e.g.,
la|> = 1), the steady-state parity (X)(t — co) is nonzero
due to asymmetric phase-flip rates between the |+) — |—)
and |—) — |[+) transitions (e.g., in the extreme limit of
la|> =0, |[+) — |-) is unlikely to happen, because |+) is
given by the vacuum state, but the single-photon state |—)
can easily decay to the vacuum state |+)).

For a stabilized cat qubit with |a|> > 1, we anticipate
that the noise model is well described by the above
Lindblad master equation with y; > yx > yy due to the
biased-noise structure. Thus, we approximately have

N

)(1) = e2x11(2) 0),
)(1) = €201 2)(0). (F4)

<>

1 1 1 1
B Tyms o (F5)

T,—— — ~
2 20rx+ry) 2rx 2rz+ry) 272

and the Pauli error probabilities are given by

px(t) ~yxt. pz(1) =yzt, (F6)

in the short time limit (i.e., yyt < yxt, 77t < 1). Based on
the relation in Eq. (F6), we refer to yx and y as the bit-flip

and phase-flip rates, respectively, i.e., added bit-flip and
phase-flip probability per unit time. Correspondingly, we
define the bit-flip and phase-flip times to be

1
Tyiqip = o 2Ty,
X

1
— =Ty, (F7)
Yz

Tphase—ﬂip =

respectively, where the last equality in each line is due to
Eq. (F5). Thus, in our error rate convention, the bit-flip and
phase-flip times are given by twice the decay times of the
measured (Z)(z) and (X)(z) curves, respectively.

APPENDIX G: ERROR BAR CONVENTIONS

The mean and standard deviation of repeated measure-
ments are computed using the posterior beta distribution.
Parameters reported from fits are standard error. Fits are
weighted by the inverse of the uncertainty on the points.

APPENDIX H: DEVICE HAMILTONIAN

In the rotating frame, the desired effective Hamiltonian
of our system is given by

N

B = (0@ =)' + He.) + 700 (@ (D] dle,) e,
(H1)

where @ and b are the annihilation operators of the storage
and the buffer, respectively, and |e,) is the first excited state
of the ancilla transmon. |a|? is approximately the mean
photon number of a cat qubit. g,(¢) is the strength of the
desired 3WM mixing process which is a crucial ingredient
of the two-photon dissipation process. |g,(¢)] is controlled
by the amplitude of the sigma flux pump on the buffer
mode. The 3WM process is continuously turned on [i.e.,
lg2(#)| > 0] in “static” stabilization of a cat qubit (Sec. VI)
and is periodically turned on and off in a pulsed stabiliza-
tion scenario (Sec. VII). In both cases, the coupler flux is
nominally set to ®, () = O (i.e., parking the coupler at its
maximum frequency) to minimize the storage-ancilla dis-
persive coupling y,, while the cat qubit is being stabilized.
Finally, at the end of an experimental sequence, the 3WM
mixing process is turned off [i.e., g,(¢#) = 0] and a flux
pulse is applied to the coupler [i.e., |®, .(¢)| > 0] to turn on
the storage-ancilla dispersive coupling y,,. This dispersive
coupling enables the characterization of the storage mode
through the ancilla transmon (Sec. III).

Notable imperfections that are not included in the desired
effective Hamiltonian above are the storage-buffer cross-
Kerr y,atab’h, storage self-Kerr [e.g., either (K,/2)a'?a
when the coupler is in the off position or ancilla-state-
dependent storage self-Kerr when the coupler is in an on
position], and the storage-coupler dispersive coupling
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Zsel®@,o(t)]a’ale,)(e.|. Besides these imperfections, unde-
sired resonances can occur due to sideband transitions of
a strong drive or large photon numbers in the storage
mode. In the following subsections, we provide circuit-
quantization-level details of the underlying coupling
mechanisms and discuss these imperfections. Moreover,
we provide systematic design strategies to suppress these
undesired processes.

Appendix H1 provides more details on the tunable
dispersive coupling, important considerations for minimiz-
ing the storage self-Kerr, and possible undesired resonances
when the coupler frequency gets too close to the storage
and the ancilla frequencies. Appendix H2 focuses on
details related to the serial inductances of the buffer modes
and how they affect the storage-buffer cross-Kerr and the
storage self-Kerr. Appendix H 3 discusses how the strong
sigma flux pump needed for the 3WM process can lead to
undesired sideband resonances if the system parameters
are not carefully arranged. Lastly, in Appendix H4, we
provide more details on the numerical simulation of the
cat-qubit bit-flip times based on the effective Hamiltonian
of our device. In Appendix H4, we also discuss the
effective model for two-photon dissipation with added
Kerr nonlinearities.

1. Tunable dispersive coupling between a storage
mode and an ancilla transmon

The tunable dispersive interaction between a storage
mode and an ancilla transmon is realized by using a
tunable-transmon coupler. The Hamiltonian of the storage-
coupler-ancilla subsystem is given by

A

H=w,ga’a+4Ec N> —Ej .cos(d. + )
—Ejy . cosp, +4Ec N2 — E; ,cos ba

4 Agei(@" =a)N, + 2N N, + g i(a" —a)N,.  (H2)

Here, the subscripts “s,” “c,” and “a” represent the storage,
coupler, and the ancilla, respectively. Note that a refers to
the ancilla only when it is used as a subscript and it should
not be confused with the annihilation operator a of the
storage. In isolation, the storage mode is a linear quantum
harmonic oscillator with a bare frequency w; o. The coupler
is a tunable-frequency transmon and, thus, has a SQUID
loop with two Josephson junctions with the junction
energies E; . and Ejp .. ¢, = 272D, /Dy is the dimen-
sionless external flux applied to the coupler’s SQUID loop,
where @) = h/e is the flux quantum. The ancilla is a fixed-
frequency transmon with a Josephson junction which
has the junction energy E;,. The charging energies of
the coupler and the ancilla are given by Ec,. and E.,,
respectively. We assume vanishing offset charge for both
the coupler and the ancilla, because they are in a “transmon
regime” and insensitive to the details of the offset charge
[52]. The storage, coupler, and the ancilla qubits are all

capacitively coupled with each other through their charge
operators i(&T —a), NC, and Na, respectively.

When a coupler mediates tunable coupling between
two qubits of the same type (e.g., as in Refs. [34,35]),
the strengths of the qubit-coupler couplings are typically
designed symmetrically for the two qubits neighboring
the coupler. However, in our system, a coupler mediates
tunable interaction between two different types of elements,
i.e., a linear storage mode and a nonlinear ancilla transmon.
Thus, we design the coupling strengths asymmetrically
such that the coupler-storage coupling is much weaker
than the coupler-ancilla coupling. Through this asymmetric
coupling, we minimize the coupler-induced nonlinearity of
the storage mode which is important for implementing a
long-lived cat qubit in the storage mode. Note that, due to
this design choice, the ancilla transmon is subject to strong
coupler-induced nonlinearities. However, the impact of
these induced nonlinearities on the ancilla is minimal given
the ancilla’s large intrinsic nonlinearity.

The asymmetry between the coupler-storage coupling
and the coupler-ancilla coupling in our system is clearly
illustrated by the coupler-induced frequency shifts of
the storage and the ancilla shown in Fig. 3(a). As the
coupler tunes from its maximum (8.40 GHz) to minimum
(5.77 GHz) frequency, the frequency of the storage is
repelled down by only 3 MHz (from 5.349 to 5.346 GHz),
whereas the frequency of the ancilla is pushed down by
141 MHz (from 5.211 to 5.070 GHz). Note that the storage
frequency is higher than the ancilla frequency and closer to
the coupler frequency. Thus, if the coupler-storage and the
coupler-ancilla coupling strengths were chosen symmetri-
cally, the storage is expected to hybridize more strongly
with the coupler than the ancilla does with the coupler.
However, thanks to the large asymmetry in the coupling
strengths, the coupler is strongly hybridized only with the
ancilla and is weakly hybridized with the storage despite
such frequency arrangement.

Minimizing the induced nonlinearities of the storage
mode is also crucial for ensuring the dispersive nature
of the storage-ancilla interaction. As featured in the last
term in Eq. (2), the desired dispersive interaction between
the storage and the ancilla takes the form H a =
Zsa@'a|e,){e,] in the dressed eigenbasis. In practice, the
storage-ancilla interaction also contains ancilla-state-
dependent self-Kerr terms of the storage, i.e.,

Iflsa = ws&Ta + walea><ea| -‘r-)(m(AZTLAZ|€a><€a|

Ks,a'\e)

K.
A g,) (g, + =5 A0 e ) e

2

+
(H3)

Here, |g,) and |e,) are the ground and the first excited states,
respectively, of the ancilla. K., and K. are the
storage self-Kerr when the ancilla is in the state |g,) and |e,,),
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respectively. For now, we assume that the coupler always
stays in its ground state |g.) and ignore its explicit presence
(other than noting all the parameters in the effective
Hamiltonian are dependent on the coupler flux ¢, ).

Under the above effective Hamiltonian, the storage-
mode frequencies are given by

"7 = E(|n + 1.g,)) - E(|n. g.)

=y + Ks.u:|g>n’
" = E(n+ 1,e,)) — E(|n, e,)

s.a:le)

= W5+ Ysa T Ks.a:|e>n- (H4)
In an ideal storage-ancilla dispersive coupling, the storage-
mode frequency should be independent of the storage
photon number n and is shifted only when the ancilla is
excited from |g,) to |e,). However, due to the self-Kerr
terms, the storage frequency is shifted not only by the
ancilla excitation (by y,,), but also by its own excitations
(by K 4:9n 01 K 4:|¢yn). These unwanted frequency shifts
due to self-Kerr terms are particularly detrimental to a cat
qubit with a large average photon number. Therefore, the
self-Kerr nonlinearities K .|, or K .|, should be kept
much smaller than the dispersive shift y,,.

In Figs. 9(a) and 9(b), we show the predicted storage-
ancilla dispersive shift y,, and the storage self-Kerr non-
linearities K .|, and K ,.|.y as a function of the coupler
flux ®, ./®y = ¢, ./2x. The parameters of the model used
in the prediction are tuned up to reproduce the exper-
imentally measured mode frequencies w,, @,, and @, and
the storage-ancilla dispersive shift y,, over the entire range
of the coupler flux from ®,./®; =0 to @, ./Py=0.5
[shown in Figs. 3(a) and 3(b)]. At the coupler flux
®, ./®Py = 0.38 used for the parity measurement in our
experiments, the model predicts y,,/27 = —0.88 MHz
(consistent with the experimental data) as well as
K. 19/2n = =17 kHz and K, ,.|,)/27=0.9kHz. Thus,
in this case, K .|y and K .|y are approximately 3 orders
of magnitude smaller than y,,, preserving the dispersive
nature of the storage-ancilla interaction even when the
storage has, e.g., ten photons on average, since
|Kso? /x50 <1 for both K, =K, .\, and K, =K, ;..
at |a)® = 10.

At the coupler’s minimum frequency position
(D, ./ Dy = 0.5), the model predicts y,, /27 = —5.71 MHz
(to be compared against the experimental value of
—5.73 £0.03 MHz) as well as K, ,.|,/2m = =332 kHz
and K ,.|.) /27 = —84 kHz. In particular, when the ancilla
is in the ground state |g,), the storage self-Kerr K .|, is
only an order of magnitude smaller than the dispersive shift
Xsa- Thus, in this case, the dispersive nature of the storage-
ancilla interaction breaks down in the higher excited state
manifold of the storage (e.g., |Kx,a:|g>a2/ Ysa| 18 already
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FIG. 9. Full circuit-quantization-level numerical model of a
tunable dispersive interaction. (a) Storage-ancilla dispersive cou-
pling y,, as a function of the external flux of the tunable coupler
®@, . in the unit of the flux quantum @,,. (b) Self-Kerr of the storage
mode K conditioned on the ancilla transmon being in |g,) or |e,)
as a function of coupler flux. Note that K, ., exhibits a resonance
feature around @, /Py = 0.44. (c) Avoided crossing between
12, g.,e,) and |0, e, f,) indicating undesired conversion of two
storage photons into one coupler excitation (|g.) — |e..)) and one
ancilla excitation (|le,) — |f,)). This resonance is the root cause of
the resonance feature in K .|, observed above.

close to 1 with |a|*> = 10, whereas it should be much
smaller than 1). This is why we avoided using the coupler’s
minimum frequency position as the on position in our
experiments.

Besides the intolerably large K,/y,, ratios, another
reason for avoiding @, ./®, = 0.5 as the on position is
the undesired resonances that arise as the coupler frequency
is lowered and gets close to the storage and ancilla
frequencies. For example, the K ...y curve in Fig. 9(b)
exhibits a resonance feature around @, ./®, = 0.44. The
root cause of this feature is the avoided crossing between
two energy levels |2, g., e,) and |0, e.., f,,) [see Fig. 9(c)].
This transition affects K., because the eigenenergy
of the state |2,g.,e,) is involved in the self-Kerr
Ks,a:\e) = E(|21 9es ea>) - 2E(|17 Yes ea>) + E(|09 9es eu>)'

011070-17



HARALD PUTTERMAN et al.

PHYS. REV. X 15, 011070 (2025)

In this |2, g.,e,) <> |0, e,, f,) transition, which becomes
resonant at around @, ./®, = 0.44, two storage photons
are converted into one coupler excitation (|g.) — |e.))
and one ancilla excitation (|e,) = |f,)). As a result, if
the on-position coupler flux is placed around or above
D, /Dy = 0.44, this transition can be brought into reso-
nance and cause undesired coupler and ancilla heating
events. Thus, it is crucial to understand and avoid these
resonances when realizing a tunable dispersive coupling
between a linear mode and a nonlinear qubit.

2. ATS with serial inductances

Here, we provide more details of the buffer mode
used for stabilizing a cat qubit. To achieve an optimal
performance of the cat-qubit stabilization (e.g., in terms
of bit-flip times), it is important to minimize the self-
Kerr of the buffer mode such that the storage mode
does not inherit undesired nonlinearities from the buffer
mode (e.g., storage-buffer cross-Kerr and the storage
self-Kerr). In this section, we show that inductances in
series with the side junctions of the buffer can have
significant impacts on the strength of the self-Kerr of
the buffer mode. Moreover, we provide a design strategy
to minimize the self-Kerr of the buffer mode on its
saddle points by optimizing the Josephson energies of
the side junctions.

As shown in Fig. 5, we consider a buffer containing a
center inductor (implemented via a “shallow” Josephson
junction array just with a few, e.g., three junctions in
the array), two side junctions, and a shunt capacitor.
Importantly, each side junction has a serial inductance.
These serial inductances introduce extra flux nodes (with
fluxes ¢pp, and ¢p,) between the ground node (with zero
flux by definition) and the buffer node (with flux ¢). Thus,
the inductive potential of the buffer mode is given by

¢
V' = =NE]j yray €OS <N

1

5 ELpd?,
1
ELpdh,.  (HS)

—Ej cos(¢p+ @1 —p,) +

—Ej,cos(¢p— @i —bp,) +

Here, E; 4,y 18 the junction energy of each junction in the
center junction array, N is the number of junctions in the
junction array, E;; and E;, are the junction energies of
the two side junctions, and E; p and E; p, are the inductive
energies of the serial inductances of the side junctions.
Moreover, ¢, ; and ¢, , are two external fluxes applied to
the buffer mode.

In practice, the serial inductances Lp and Lp, are
much smaller than the inductances of the Josephson
junctions (e.g., by many orders of magnitude), leading
to E; p, > E;; and E; p, > E;,. In this regime, one
may attempt to eliminate the extra fluxes ¢p and ¢p,
by perturbatively optimizing them to minimize the potential
[38,40]. Then, the inductive potential can be simplified into
the form (up to an additive constant offset)

V 2 =NEj yray COS <£>

N
E2
—E; cos(¢p+@e1) + 4EJ’1 cos[2(¢ + @y.1)]
L.P,
Ej,

—Ejpcos(p—g.n) + cos[2(¢p—@yo)].  (H6)

involving only the buffer flux ¢, where we use

min
yER

1
(A cos(x —y) + szz)

= min
yeER

(A[cos(x) cos(y) + sin(x) sin(y)] + %By2>

(A[cos(x) + sin(x)y] + %By2>

~ min
yeR
AZ
= Acos(x) — 3B sin?(x)

2

A
= Acos(x) + Ecos(Zx) + const. (H7)

Alternatively, we can get the same relation via (see
Ref. [40])

ynéi& (A cos(x —y) + %By2> — A(l + ;2%5?2”) [cos(vx) — 1])
—A(l +2J%(§ lcos(x) — 1] #;E)[cos(bc)— 1 +)
= A(l + 5t 2[(%)3] [cos(x) — 1] + ®° +4(Z[(%)4] [cos(2x) — 1] + -+ >

A
~ A cos(x) + Ecos(Zx) + const.

(H8)
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To get an intuition on the impact of the serial inductances
to the buffer mode, we make simplifying assumptions
E;1 =E;, =E;and E p = E; p, = E; p (although the
method should be more generally applicable). Then, we
find

V o2 =NEj yray COS (%)
- EJ(COS(¢ + (px,l) + COS(¢ - (ﬂx,Z))

Ej
+ (cos[2(¢ + @r1)] + cos[2(¢ — ¢.2)])

4E; p

= _NEJ.array COs (%) - 2EJ COS((pZ) COS(¢ + ¢A)

Ej
+
2E; p

cos(2¢y) cos[2(¢ + @a )], (H9)

where @y = (g1 +¢:2)/2 and @5 = (91 — @x2)/2-
When ¢y is an odd integer multiple of z/2, we have
cos(2¢ps) = —1 and get

¢\ __E
V~—-NE; - -
Jarray COsS (N 2EL,P

cos[2(¢p + @,)].  (HI10)

If the serial inductances is zero (i.e., E; p — o0), the
potential energy is simply given by the one due to the
junction array, i.e., V.= —NE; y,y c0s(¢/N), independent
of the delta flux ¢,. Then, in the limit of N — oo (while
keeping Ej .y = NEp), the potential converges to a
harmonic potential V = %ELgbz and the buffer mode’s
self-Kerr is vanishingly small at all values of ¢, along
the cut defined by ¢y = (2m + 1)z/2 for some integer
m € Z. Moreover, the buffer mode will have a constant
frequency at all values of ¢,4.

If the serial inductance is not zero (i.e., E; p is finite),
the potential will always have a nontrivial anharmonic
contribution V' = —[E%/(2E p)]cos[2(¢+ ¢,)]. To under-
stand the impact of this serial inductance potential term,
we add a capacitive charging energy and construct the
following Hamiltonian:

H =4Ec(N = n,)* = NE; yray cOS <%)

2

_2ELJ,P cos[2(dh + pa)). (HI1)
Restricting to n, = 0 and viewing
. N 1 /E A
Hy = 4EcN* + 3 (—’ N‘”) ¢ (H12)

as an unperturbed Hamiltonian, we find the correction

to the energy eigenvalues to the first order in A — H,,.
This yields

E- 2E} |2E
E,~ \/SECEL——g—k—J “Ccos(2¢y) |n
N E p\l EL

Ly 1+ 8E2
27C\WN? T E,pE;

cos(Z(pA))n(n -1), (HI3)

where we define E;, = E; ;o /N. Thus, the frequency and
the self-Kerr of the buffer mode are perturbatively given by

E 2F% |2E
wb:\/SECEL——g—l-—J —CCOS(Z(pA),
N° E p\ EL

———=¢08(2¢,). (H14)

To benchmark the validity of the analytic expressions
in Eq. (H14), we perform numerical circuit quantization of
the buffer mode in the presence of serial inductors. In the
numerics, we do not eliminate the extra modes due to the
serial inductors. To make the numerics feasible, it is
important to include some small nonzero capacitance in
parallel with each serial inductor such that the frequency of
the serial inductor mode does not diverge. In practice, we
set this capacitance such that the frequency of the serial
inductor mode is much higher than that of the buffer mode
and confirm that different choices of the capacitance values
in this regime do not change the key properties of the buffer
mode. As shown in Fig. 10, the analytic expressions in
Eq. (H14) agree qualitatively with the exact results from
numerical circuit quantization.

Note that, on the saddle points (i.e., ¢, is an odd integer
multiple of z/2 in addition to ¢y being also an odd integer
multiple of z/2), we have cos(2¢,) = —1, and, thus, the
self-Kerr of the buffer mode is perturbatively given by

Ec  8ECE2

Ky~—— .
b N* " E, pE,

(H15)

Here, the first term is due to the contribution from the
junction array, and the second term is due to the contri-
bution from the serial inductance. That is, the junction array
introduces negative self-Kerr of the buffer mode and
the serial inductance introduces positive self-Kerr of the
buffer mode at the saddle points. Thus, by balancing the
contributions from these two terms, i.e.,

Ec 8ECE}
N? T EpE.

(H16)
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FIG. 10. Numerical model of a buffer. (a) Frequency and (b) self-Kerr (i.e., anharmonicity) of the buffer mode in the presence (blue
and orange curves) or absence (green curves) of the inductances in series with the side junctions. The blue curves represent predictions
via exact numerical circuit quantization, and the orange curves represent the analytic expressions in Eq. (H14). Note that the two side
junction energies were assumed to be identical such that the analytic expressions are applicable, although the numerical approach can be

more generally applied.

we can minimize the self-Kerr of the buffer mode even
when N is finite (e.g., N =3 as opposed to N — o). In
practice, the side junction energy E; is one of the more
flexible design knobs (e.g., not affecting the buffer fre-
quency) among the parameters involved. Hence, choosing

ittobe E; = 4 /E“,Ll,rayELp/§3N3 subject to given values of

Ejamay and Ej p is one way to satisfy the above condition
for minimizing the buffer self-Kerr.

3. Buffer-pump-induced parity flip of the storage

To realize the desired 3WM interaction (gQ&QIQT + H.c.),
we pump the sigma flux of the buffer mode [16]. Here,
we discuss how this flux pump can introduce undesired
loss mechanism of the storage mode due to driven
resonances. In particular, we make use of the Floquet
theory in the form of the expanded Hilbert space
formalism [53,54]. There are simpler alternatives such
as naively tabulating all possible frequency-collision
conditions. However, with this simple approach, one
may either accidentally neglect relevant higher-order
transitions or become overly conservative by accounting
for irrelevant resonance conditions that are prohibited by
the “selection rules.” In contrast, the Floquet approach
can serve as a systematic tool for capturing arbitrary
higher-order processes as well as estimating the width of
the resonance features.

We are ultimately interested in a composite system
consisting of a storage, a flux-pumped buffer, and the
additional modes associated with the buffer serial induc-
tances. For now, we focus on an isolated flux-pumped ATS
to simplify the presentation. In this case, the Hamiltonian of
the buffer is given by

~

H,(t) = 4E-N? - NE jray COS <¢—>

S

— (Ej) + E;,) coslgps ()] cos(¢y, + @a)
+ (Ej) — E;») sin[pg(1)] sin(¢y, + @a).

where ¢y (1) is the pumped sigma flux of the buffer and ¢,
is the static delta flux of the buffer. We further assume
that the buffer is statically parked at one of its saddle points,
e.g., (¢z,ppr) = (n/2,7/2). Then, by adding a sigma
flux pump with amplitude €, and frequency w,, we have
@s(t) = (n/2) + €, cos(w,t) and @, = 7/2 yielding the
buffer Hamiltonian

(H17)

Hb(t) = 4Ecj\7% - NEJ,array Cos (%)

—(E;1 + E; ) sinfe, cos(w,1)] sin b,

+ (E;1 — Ey) cosle, cos(w, 1) cos . (HI18)

Note that the driven buffer Hamiltonian above is time
dependent and is periodic in time ¢ with a period of 27/@,,.
Using the expanded Hilbert space formalism [53,54], we
can construct a time-independent Hamiltonian which has
the equivalent Floquet spectrum as the time-dependent
periodic Hamiltonian. In particular, we introduce a pump
mode with a charge operator N » and a cosine-phase

operator cos ¢,, which are defined as

(o]
A

N, = Z nplnp)(n,.

n,,:—oo

1 (5]

cosgél,:E > Iy + 1)(n,| + He). (H19)
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Here, one may interpret n,, as the number of pump photons
in the pump mode. Then, the equivalent time-independent
Floquet Hamiltonian is given by

Hy=H,+H,+H,, (H20)
where A, =4E-N? — NE siray cos(g?)b/N) +(Ej1—E;,)x
cos qAbb is the static buffer Hamiltonian, & = a)pN p 1s the
Hamiltonian of the pump mode, and

I:Ibp =—(E; +Ejy) sin(ep cos 431,) sin ng

— (Ej1 — Ej2)[1 —cos(e, cos g, )| cos ¢, (H21)
is the interaction Hamiltonian between the buffer mode
and the pump mode due to the sigma flux pump.

From the pump-mode Hamiltonian A )= pN p» WE see
that the pump mode releases an excess energy of w, (i.e.,
pump frequency) when it loses one pump photon. Such an
excess energy is gained by system through the interaction
Hamiltonian H, » to either realize a desired driven process
or induce an undesired transition. For illustration, we
expand the interaction Hamiltonian to the first order in
the pump amplitude €, i.e.,
ﬁ]bp = —(E;1 + Ej,)e, cos (,{3[, sin (ﬁb + O(ef,). (H22)
The term cos (,13 » acts on the pump mode and either adds
or takes away one pump photon in the pump mode [see
Eq. (H19)]. The term sin 451, acts on the bare buffer mode.
For an isolated buffer mode, this term can induce various
transitions in the buffer mode which involve an odd number
of excitation gain or loss (e.g., |0) <> |1) and |0) <> |3))
due to the parity. When the resonant frequency of one
of these transitions, say, |0) <> [3), coincides with the
frequency of the pump mode, i.e., », = w;, o3, an avoided
crossing happens in the expanded Hilbert space between
the two relevant states |0,n, =0) < [3,n, = —1). This
avoided crossing is then translated into a time-dependent
|0) <> |3) transition in the original Hilbert space of the
system after the pump mode is projected out [54].

In our system, the buffer mode is not isolated and is
instead coupled to the storage mode as well as the addi-
tional modes associated with the serial inductances. Even
then, most of the above analysis is still applicable with the
only difference that the term sin (ﬁb can now introduce more
complex transitions involving the modes that are hybrid-
ized with the buffer mode. The specific transition most
relevant to the cat-qubit implementation is a 3WM process
a2b" + H.c. on the dressed modes of the storage and
the buffer. In particular, this transition is realized by the

matrix elements of the form (n—2,1|sing,|n.0) and
(n,0]singy|n —2,1), where |n,m) is a static dressed

eigenstate containing n storage photons and m buffer
photons in the absence of the pump (here, we assume
that the additional modes associated with the serial induc-
tances always stay in their ground states given the high
frequency of these modes well above 10 GHz). Let @, and
@, denote the Stark-shifted frequencies of the storage
and the buffer, respectively, under the buffer pump.
Then, when the resonance condition w, = 2@, — @), is
met, an avoided crossing between the two Floquet dressed
states |n,0,np =—1) and |n -2, Ln,= 0) occurs in the
expanded Hilbert space, leading to the desired 3WM
process in the system when the pump mode is projected
out.

The above expanded Hilbert space framework allows
us to systematically search for any undesired resonances
under the buffer pump. That is, one can diagonalize the
time-independent Floquet Hamiltonian A, including the
pump mode, and then look for undesired avoided crossings
between a pair of Floquet dressed states. Since the buffer
mode is heavily attenuated with a large decay rate «x,
we primarily focus on the spurious transitions involving
the buffer ground state. In particular, we compute the
Stark-shifted frequency of the buffer mode [i.e.,
@, = E(|0,1,n, =0)) — E(|0,0,n, =0))] which is
shown in Fig. 11(a) for various pump amplitudes of
€,€[0,0.02,0.04,0.06,0.08,0.1]. The underlying param-
eters of the model Hamiltonian are tuned up to match
the experimentally observed energy spectrum [e.g., as in
Fig. 5(b)].

As the pump amplitude €, is increased from 0 (dark
purple) to 0.1 (light purple) in Fig. 11(a), the frequency of
the buffer mode is negatively Stark shifted. Note that there
are kinks in the buffer frequencies around both w, /27 ~
7.7 GHz and w,/27n ~7.2 GHz. We identify that the
former feature around w,/2z ~7.7 GHz is due to the
desired 3WM avoided crossing between |2,0,n, = -1)
and [0,1,n, = 0) (i.e., b’ + H.c.) with the resonance
condition of w, =2&,; —@,. On the other hand, the
latter feature around /27 ~7.2 GHz is due to an
undesired avoided crossing between |1,3,n, = —2) and
0,0, n,= 0) G.e., atbh + H.c.) with the resonance con-
dition of 2w, = @, + 3@;,. Upon adiabatic elimination of
the buffer mode, this process leads to a pump-induced
heating of the storage mode. Note that this undesired
resonance is a second-order process, involving two pump
photons, that could have been overlooked if one looked
only for first-order processes manually without the help of a
systematic Floquet analysis.

Figures 11(b) and 11(c) show various experimental
signatures of the undesired resonant process a'b™ +H.c.
observed in our device. In Fig. 11(b), we show the
measured buffer frequency versus buffer-pump frequency,
similar to that simulated in Fig. 11(a). The variation in the
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FIG. 11. Pump-induced parity changes. (a) Numerically simu-

lated buffer frequency as a function of the pump frequency for
different pump amplitudes €, € [0, 0.02,0.04,0.06, 0.08, 0.1]. As
the pump amplitudes increase, the buffer frequency is shifted
lower due to the buffer Stark shift. In addition to the desired 3WM
condition near 7.7 GHz, we observe an additional resonance near
7.2 GHz corresponding to (3w, + w,)/2. (b) Experimentally
measured spectrum of the buffer mode resonance as a function of
pump frequency for ¢, ~0.08-0.1. There is a notable loss in
contrast in the buffer spectrum in a frequency band below
7.2 GHz, as indicated by the blue rectangle. Note the 3WM
condition (expected at approximately 7.7 GHz) is not observable
on a scan as coarse as this. (c) Parity of the storage mode as a
function of time starting in a superposition of |0)/|1) Fock states
prepared with 3 ps of two-photon dissipation. The storage mode
is expected to decay to the vacuum state with parity of 41, but we
observe multiple frequency bands where the steady-state parity of
the storage mode is far from +1.

buffer mode frequency versus the buffer-pump frequency
is due to variations in flux pump power delivery with
frequency which makes direct observation of resonances
difficult. Notably, though, below approximately w, /27 ~
7.2 GHz, we observe a reduction in the resonant buffer
transmission contrast. In Fig. 11(c), we show the corre-
sponding measured photon number parity of the storage
mode as a function of time after preparation in the |0)/[1)
Fock state, under the same buffer pump conditions. In the
absence of a nonlinear resonance or for the desired 3WM
process, the storage mode would decay into the ground

state of parity +1. Here, we see the impact of the undesired
resonance in a more pronounced manner, where in a broad
frequency band around ®,/27 ~7.2 GHz, the storage-
mode parity does not decay to 41 but rather reaches a
steady-state parity far from +1. This is consistent with the
action of buffer-pump-induced heating due to the undesired
a'b"™ + H.c. resonant process.

If the two resonant pump frequencies w, = 2@, — @,
(desired 3WM) and @, = (@, + 3@;)/2 (undesired reso-
nance) are close to each other, the phase coherence of the
storage mode at the desired 3WM condition is degraded
by the near-resonant pump-induced storage heating. In our
system, we have carefully chosen the device parameters to
ensure that the desired 3WM condition is far detuned from
the undesired resonance condition by about 500 MHz in
pump frequency. Thus, the storage-mode coherence times in
our device are not significantly degraded by the two-photon
dissipation as demonstrated in Figs. 4(d), 4(e), and 6(b).

We lastly remark that there is another resonance feature
in Fig. 11(c) around w,/2x ~7.35 GHz (i.e., degradation
in the storage parity) that is not captured by our model
prediction in Fig. 11(a). In this regard, we note that our
model does not account for the decay of the buffer mode.
If the buffer loss is accounted for in the model, we expect
that each resonance feature will be broadened in the pump
frequency due to the decay-induced linewidth of the buffer
mode. Specifically, in our system, the buffer loss is
engineered with a metamaterial bandpass filter with a wide
passband and multiple filter modes. Thus, we anticipate
that the pump-induced resonance features in our system
are not only broadened by the loss channel, but also come
with additional ripples associated with internal modes of
the multipole filter. The latter could be a root cause of the
unexplained parity degradation at the pump frequency of
w, /2w ~7.35 GHz. We leave a more detailed analysis of
this phenomena as a future research direction for engineer-
ing driven-dissipative systems.

4. Analysis of cat-qubit bit-flip times
with an effective model

In our cat-qubit experiments, the coupler is parked in the
off position for the bulk of a control sequence and is pulsed
to the on position only in the final measurement step (or
sometimes also in the state-preparation step). Thus, to
understand the bit-flip times, which are not sensitive to the
state-preparation and measurement errors, it suffices to
consider an effective Hamiltonian with the coupler in the
off position. Hence, we consider the effective Hamiltonian
in Eq. (3), which is duplicated here for the readers’
convenience:

A

= (92(a2 )b+ H.c.) ¥ yatabth +
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In addition to this effective Hamiltonian, we further
consider a Lindblad dissipator of the form

LIp(1)] =k, Db]p(1) + Ky Dlalp(t) +x,Dla"alp(r). (H24)

To understand how the storage-buffer cross-Kerr and the
storage self-Kerr degrade the bit-flip performance of a
cat qubit, we for now ignore the storage decay and
dephasing times, i.e., k; = ky = 0 (in the numerical sim-
ulations below, we consider nonzero decay and dephasing
rates). Then, we apply the effective operator formalism [55]
to understand the system analytically. We consider the
subspace with the buffer mode in its ground state as the
ground-state manifold and the rest as the excited-state
manifold. Moreover, we ignore the second and higher
excited states of the buffer mode in our analytic calculations.

Adopting the notation in Ref. [55], we identify L and A,
as L= /k, and H, = y,a'a and find that the non-
Hermitian Hamiltonian of the excited-state manifold is
given by Hyy = H, — (i/2)LTL = y,,a"a — ik, /2. Then,
in the limit of)(fb<aT )/k, < 1, we have

o 20 2
Ay =2 (1 s ot 4 0((“’&*&)2». (H25)
Kb Kp Kp

We further identify V, and A, as V, = gy(a> —a?) = V'
and H, = (K,/2)a"a?, respectively, and arrive at the
effective master equation

dp N 4¢3
» - —i[Hefy, P +%p [(1

21 ,
_ v aTa) (az _ az)}ﬁ,

dt Ky Kp
(H26)
with
2 292 K} N At AlA A
Hloa =20 (7 - )ata(@? ~a?) 4 20747, (H27)

Ky

by using L.y =LAZLV, and Hee = —V_[Hxh +

To get an intuition on this effective master equation,
we first consider a special case where the storage-buffer
cross-Kerr is absent, i.e., y;, = 0. In this case, we have two-
photon dissipation dp/dt = —i[Hq. p] + k,D[a* — o?)p
with an added storage Kerr nonlinearity H. =
(K,/2)a"a*. The addition of the storage-mode Kerr non-
linearity (K, < k,) to the dissipatively stabilized cat qubit
has a relatively harmless effect in the case without the
storage-buffer cross-Kerr. In particular, the two-photon
drive can simply be reapportioned between dissipative
and Hamiltonian terms to yield a hybrid dissipative-Kerr
cat stabilization [56], i.e.,

dp K,

E — 7(&%2 _ aJ*Z)(&TZ _ 0/2),,5
4 2
+ 22 pla? - o), (H28)
Kp

where the steady-state coherent-state amplitude squared is
now o2 = a?/(1 + iK/x,) with x, = 4¢3 /x,. This indi-
cates that the storage Kerr nonlinearity is simply used for
a Kerr-cat-type stabilization making use of some of the
two-photon drive from the dissipative stabilization. This
causes a slight change in amplitude and the phase of the
stabilized cat qubit but does not degrade its bit-flip times.
Thus, the storage self-Kerr alone without the storage-buffer
cross-Kerr is not detrimental to a dissipative cat qubit.

As discussed in detail in the main text, a nonzero storage-
buffer cross-Kerr causes dephasing of the storage mode
when the buffer is excited. For example, such dephasing
manifests as a distorted engineered jump operator
(1 =2iy,a’a/x,)(a* — o). This additional dephasing
can then significantly degrade the bit-flip times of a cat
qubit when combined with various other mechanisms such
as storage loss, dephasing, and self-Kerr which bring the
storage mode outside of the cat-qubit manifold and,
consequently, excite the buffer mode.

Note that the effective master equation in Egs. (H26)
and (H27) is derived only up to the first order in y,,a"a/k,
using a series-expanded expression for Iflﬁh. While these
simple expressions give a useful intuition on how the
storage-buffer cross-Kerr degrades the bit-flip times of
a cat qubit, as shown in Fig. 12, the resulting effective
dynamics (green curve) does not agree quantitatively
with the exact dynamics given by the full storage-buffer
model (blue curve), especially when |y,,a?| is compa-
rable to k,. However, one can drastically improve the
accuracy of the effective master equation by not using a
series expansion for Ay}, and instead using an exact
expression (orange curve):

H ) H29
Hyy = ZKb+2l)(sbn n)(n| ( )

The computational cost of solving the effective master
equation does not increase with this modification, while
the accuracy is substantially improved.

The numerical simulations in Fig. 12 clearly illustrate the
damaging effects of the storage-buffer cross-Kerr. In our
numerical simulations, we use the measured parameters
when applicable and otherwise use the parameters pre-
dicted from circuit-quantization-level models. For the
buffer decay rate, we use /27 = 10.7 MHz. For x; and
kg, we use the relations

1 1 1 1
— = Ky, *—K1+§K¢

L H30
T, T, 2 (H30)
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FIG. 12. Comparison of effective models for two-photon
dissipation with added Kerr nonlinearities. We simulate the case
where E; and E; p are double the experimental values [as in the
brown curve in Fig. 6(a)]. In this regime, the effect of the storage-
buffer cross-Kerr nonlinearities is significant. We compare a full
model which explicitly includes both the storage mode and the
buffer mode (blue), an effective model with the buffer adiabati-
cally eliminated with an exact expression of Hy}; (orange), and an
effective model with the buffer adiabatically eliminated which
uses only the leading-order term in Hyj; (green).

and estimate k; and x, based on the measured storage-
mode 7; and T, coherence times under the two-photon
dissipation (i.e., Ty =79 ps and T, = 116 ps).

For the storage self-Kerr K and the storage-buffer cross-
Kerr y,,, we use the values predicted by a detailed
modeling of our storage-buffer system, accounting for
the presence of serial inductances in the buffer mode
(see Sec. V). In particular, when we use the circuit
parameters that are tuned up to reproduce the experimen-
tally measured buffer frequency spectrum, we predict
K,/2zr = 1.1 kHz and y,,/2z =156 kHz. These K,
and y,;, values are used in the dashed turquoise curve in
Fig. 6(a). When we use the hypothetical circuit parameters
where the average buffer side junction energy E; and the
serial inductance Lp are doubled compared to the actual
device parameters, we predict K,/2z = 9.8 kHz and
Xsp/2m = 2029 kHz, which are used in the dashed brown
curve in Fig. 6(a).

Since the cat-qubit bit-flip times are not sensitive to state
preparation and measurement errors, we do not explicitly
simulate the realistic readout of the storage mode using an
ancilla transmon. Instead, we assume ideal state preparation
and measurement of a cat qubit in the |0)/|1) basis (i.e., Z
basis). Then, we extract the bit-flip time using the same
approach used in the experiments, including the convention
of the bit-flip time as defined in Appendix F.

From Fig. 6(a), it is worth noting that experimentally
measured bit-flip times exceed the simulated bit-flip times
(dashed turquoise curve) by a multiplicative offset in the
regime where the bit-flip error rates are exponentially
suppressed in |a|?>. One of the possible reasons behind
this slight discrepancy is that we consider white-noise pure
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FIG. 13. ¢, fitting. (a) Pulse sequence for the experiment. We
displace the storage mode into a coherent state. We apply a pure
two-photon dissipation without the buffer drive to map the
storage mode into the |7 = 0)/|7 = 1) manifold. We measure
the storage-mode vacuum population using a number-selective 7
pulse on the ancilla. (b) Experimental data of the vacuum
population of the storage mode as a function of the two-photon
dissipation duration starting from |a|> = 8. Curves correspond
to simulations of the experiment with an effective model con-
taining the storage mode and buffer mode. The model fit (orange)
yields ¢,/2z = 578 + 4 kHz, from which we infer «,/27 =
124 £2 kHz using the independently measured value of
kp/27n = 10.7 MHz. Reference curves (blue and green) are also
included to show the sensitivity of the convergence.

dephasing of the storage mode in our effective model
above. On the other hand, the pure storage-mode dephasing
in our device may have a colored-noise spectrum (e.g.,
more concentrated on the lower frequencies) as opposed to
a frequency-independent white-noise spectrum. However,
one can phenomenologically tune the white-noise dephas-
ing rate K to attempt to explain the observed cat-qubit bit-
flip times. In the dashed blue curve in Fig. 6(a) and in all
pulsed cat-qubit stabilization simulations in Fig. 7(b), we
have indeed empirically reduced «, by a factor of 2 such
that the simulations agree better with the static bit-flip times
measured experimentally. However, we have otherwise
kept all other parameters the same.

APPENDIX I: g, AND x, FITTING

To determine g, and x,, we fit the decay of the storage
mode to the vacuum state from a coherent state when a
pure two-photon dissipation x,D|[@?%] is applied. The pure
two-photon dissipation maps the storage mode to the
| = 0)/|i = 1) manifold. Since we start from an initial
state with vanishing average parity, this results in the
vacuum population of the storage mode quickly approach-
ing approximately 0.5 where the convergence timescale is
determined by the two-photon dissipation strength. We fit
this vacuum population curve to determine g, and ;.
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The sequence used for the experiment is shown in
Fig. 13(a). The storage mode is displaced to a coherent
state |a) with |a|> = 8, two-photon dissipation is applied
for variable durations, and finally the vacuum population of
the storage mode is read out using a photon-number-
selective pulse on the ancilla. Figure 13(b) shows the
vacuum population of the storage mode as a function of
the two-photon dissipation duration. At the beginning, the
vacuum population of the storage mode is negligible,
because the initial coherent state has low overlap with it.
On the timescale of 3 ps, the storage mode has mostly
converged to the |[# = 0)/|74 = 1) manifold as indicated by
the vacuum population reaching approximately 0.5. The
rest of the population in |72 = 1) will decay to the vacuum
state due to the storage 7. By fitting the experimental
data against a Lindblad master equation model, we extract
9>/27 = (kyk)"/?/4m = 578 + 4 kHz. From this value
of ¢,/27n and the independently measured value of
k,/27 = 10.7 MHz, we infer a value of «,/27 = 124 +
2 kHz (k; ~ 4¢3 /k;, when the buffer mode is adiabatically
eliminated).

APPENDIX J: STORAGE CONDITIONAL
PHASE MEASUREMENT

We use a storage conditional phase measurement to
determine the storage-ancilla dispersive coupling and the
flux pulse length needed for parity measurement. The pulse
sequence for the conditional phase measurement is shown
in Fig. 14(a). The conditional phase measurement involves
preparing the storage into a small coherent state, preparing
the ancilla state (|i), where i = g, e), applying a flux pulse
with a variable pulse length ¢, unpreparing the ancilla state,
displacing the storage mode with a variable phase (eight
phases ¢ from 0 to 7z/8 in increments of z/8), and finally
reading out the storage-mode vacuum population. Both the
initial and final displacement use an amplitude of a = 0.5.
The raw data resulting from this experiment are shown
in Fig. 14(b). For each ancilla state, we observe fringes,
indicating the evolving phase of the storage mode.

During the course of the flux pulse, the initial storage-
mode coherent state |@) approximately evolves into a final
coherent state with the same amplitude but a different phase
lae#o(t)). We aim to extract ¢ (t, i) from the fringes of
the conditional phase measurement for each ancilla state
and flux pulse length. We determine ¢ (1, i) by fitting the
measured vacuum population to the model:

Py = Ae—112[2—2cos (2zp—2mehy)] +C. (Jl)

In Fig. 14(c), we plot the difference in storage-mode
phase between the ancilla being in |g) versus |e) [i.e.,
@o(t,e) — @o(t, g)]. By fitting the phase difference to a
linear model in pulse length 7, we determine the dispersive
shift y,, from the ancilla on the storage mode. The flux
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FIG. 14. Storage conditional phase measurement. (a) A high-
level description of the pulse sequence for characterizing the
storage-ancilla dispersive coupling strength. We prepare the
ancilla into either |g) or |e), displace the storage, apply a coupler
flux pulse with a variable pulse length, displace back the storage
with a variable phase, unprepare the ancilla state (inverse of the
state preparation), and finally measure the storage-mode vacuum
population using a vacuum-selective pulse on the ancilla.
(b) Fringes measured for two different ancilla states |g) and
le) as a function of the flux pulse length. From these fringes, we
determine the storage conditional phase for each flux pulse
length. (c) Storage conditional phase as a function of the flux
pulse length. From a fitted linear relationship between the flux
pulse length and the storage conditional phase, we extract
Ysa/2m = —0.851 & 0.007 MHz. This dataset was collected at
the “parity measurement” position of the coupler.

pulse length required to achieve a z conditional phase is not
exactly z/|y,,| because of transients of the flux pulse. To
determine the parity measurement flux pulse length, we
find where the storage conditional phase reaches —z. Note
that, in addition to determining the dispersive coupling
strength and flux pulse length for the parity measurement,
we determine the frequency of the storage with the coupler
in the on position by fitting the storage phase as a function
of the flux pulse length with the ancilla in |g).

For the storage vacuum population measurements,
a weak number-selective pulse is applied on the ancilla.
The number-selective pulses we use have a duration of
1.4 ps and a Gaussian pulse shape. Number-selective
pulses are applied during the second half of a symmetric
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FIG. 15. Measurement of storage-ancilla y, with coupler in the

off position. (a) Ramsey measurements of the ancilla for varying
storage populations various values of the mean photon number in
the storage mode (ranging from O to 20). (b) Fit of the ancilla
frequency as a function of the storage-mode mean photon number
to determine the storage-ancilla y,,.

flux waveform which pulses the coupler to the on position.
Note that the extracted value of y,,/27 = —0.851+
0.007 MHz is reported in Table I (in the parity measure-
ment position properties section).

APPENDIX K: MEASUREMENT OF THE OFF-
POSITION STORAGE-ANCILLA DISPERSIVE
INTERACTION STRENGTH

The storage conditional phase measurement is not
effective at resolving the vanishingly small storage-ancilla
dispersive coupling strength in the off position. Thus, for
the off-position y,, measurement, we instead amplify the
effects of the dispersive coupling by driving the storage
into a highly excited coherent state (with a mean photon
number up to 20). Specifically, we perform an ancilla
Ramsey experiment with the storage in a variable amplitude
coherent state as shown in Fig. 15(a). The ancilla experi-
ences an average shift which scales as y,,|a|>. The ancilla
frequency shift as a function of the storage photon number
is shown in Fig. 15(b). A linear fit to the frequency yields a
dispersive coupling of y,,/2zx = —1.4 + 0.1 kHz.

APPENDIX L: STORAGE T{ AND T,
MEASUREMENTS

For both the T and T, measurements, we start off by
preparing the storage mode into the |7 =0)/|a=1)

0.5 ﬁ
; H
§
: 3
o\ N
0.0 f= 1

T T T T T
-10 -8 -6 -4 -2 0

Ancilla frequency offset (MHz)

FIG. 16. Dissipative preparation of state in the |2 = 0)/| = 1)
manifold. Ancilla number splitting after applying two-photon
dissipation for 8 ps starting from |a|* = 4.

manifold using a pure two-photon dissipation without
the buffer drive [18]. Specifically, we displace the storage
mode to |a> =4 and apply the pure two-photon dis-
sipation for 8 ps (number-splitting spectroscopy of the
prepared state is shown in Fig. 16). Next, we wait for a
variable delay time with or without the pure two-photon
dissipation being applied.

For T; measurements, the final step is measuring the
storage-mode parity. Measurement of the storage-mode
parity is performed with the coupler pulsed to the parity
measurement flux position. The parity readout is sym-
metrized by using two phases for the final ancilla /2 pulse
of the parity measurement [31].

For T, measurements, in the final steps we displace
the storage mode and measure the storage-mode vacuum
population using a weak photon-number-selective z pulse
applied to the transmon ancilla. The storage-mode dis-

placement has an amplitude of @ = 0.83 ~1n /1/2, which
ensures that, when the storage decays to vacuum during
the variable time delay, the final displacement results in
approximately half of the population remaining in the
vacuum state. In order to ensure that the final measurement
is accurate before the steady state is reached, we symme-
trize the final displacement. Specifically, we perform the
final measurement with both positive and negative dis-
placements. Without symmetrization, the use of a frame
detuning during the Ramsey sequence results in a non-
symmetric decay envelope.

The reported storage T (T5) values are determined by
performing five (four) interleaved 7; (7,) measurements
without and with the pure two-photon dissipation being
applied during the variable time delay. All these interleaved
datasets for each case are combined together and fit to
determine 7'; and T,. The storage 7'; and T, measurements
reported in the main text were taken directly after each
other. On the other hand, the measurement of the storage-
mode phase-flip rate was taken many hours later. Storage
T measurements with dissipation at the time of the phase-
flip rate measurement yielded 74 + 1 ps.

In Fig. 17(a), we show the results of the storage T
measurements intermittently performed over the course of a
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FIG. 17. Temporal variation of storage 7';. (a) Measurements of
the storage 7, with (orange data points) and without (blue data
points) dissipation being applied over time using the same
procedure as Fig. 4. We also include points representing the
T o (green data points) extracted from fitting the phase-flip rate
as a function of |a|?. (b) Data and fits corresponding to the phase-
flip rate experiments that 7| . was determined from in (a). Data
are averaged over the even and odd initial cat states.

week. Each data point uses the same interleaving pro-
cedure. Finally, we remark that weeks before the data
presented here we have observed lower 7 (< 50 ps) on the
storage mode. We also include examples of effective
lifetimes taken from measurements of phase-flip rates.
The phase-flip rate data corresponding to these points
are shown in Fig. 17(b).

APPENDIX M: STORAGE-MODE
DISPLACEMENT AND AMPLITUDE
CALIBRATIONS

Here, we detail the methods we use for calibrating
both the storage-mode displacement and buffer drive
amplitude. Storage-mode displacement is calibrated by
fitting the displaced vacuum state parity which is expected
to follow P(a) e~2a’ where « is the storage-mode
displacement [57]. An example dataset and fit are shown
in Fig. 18. In this experiment, we symmetrize the parity
measurement readout by using two phases for the final
ancilla z/2 pulse [31].

To calibrate the relation between the buffer drive
amplitude and the size (i.e., average photon number |a|?)

1.00
N
0.75 - n"
#
2 0.50 A
: /
(=18
0.25 1
0.00 o
T T T T T T T
-3 =2 -1 0 1 2 3
Displacement
FIG. 18. Storage-mode displacement calibration. Storage-mode

displacement is calibrated by fitting the displaced vacuum state
parity.
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FIG. 19. Buffer drive amplitude calibration. (a) Measured
Wigner tomogram of the steady state of the storage mode during
two-photon dissipation for a series of buffer drive amplitudes.
From left to right and top to bottom, the buffer drive amplitude is
increasing from approximately 0.03 to approximately 0.175
(arbitrary units). (b) For each Wigner tomogram in (a), corre-
sponding to a buffer drive amplitude, we plot the squared distance
from the origin in phase space (X§ + Y3) determined by fitting
the Wigner tomogram to two diametrically opposed Gaussians.
We use the linear fit to this curve as a calibration of storage mean
photon number versus buffer drive amplitude.

of the steady-state cat-qubit states under the two-photon
dissipation, we measure the storage-mode Wigner func-
tions for a few different values of the buffer drive amplitude
as shown in Fig. 19(a) [16]. We reach the steady-state

011070-27



HARALD PUTTERMAN et al.

PHYS. REV. X 15, 011070 (2025)

(a) Classified
o 1.0
c
(]
£2
9 0.5
o
u
[a]

0 0.0
1 2 3
(b) Delay (us)
15
¢ Data
—— Fit, Ks/2m= 0.97 * 0.02 kHz
10 41— Simulation for Ks/2pi = 0.5 kHz

=== Simulation for Ks/2pi = 1.5 kHz

Frequency shift (kHz)
w

T T
0.0 0.5 1.0 1.5 20 25 3.0
Displacement

FIG. 20. Storage self-Kerr fitting. (a) Measured occupancy of
the storage-mode vacuum (color scale bar) versus displacement
amplitude and time delay for a storage Ramsey measurement
[58]. (b) Plot of the frequency offset of the storage-mode
frequency versus displacement amplitude of the storage mode,
from fits to Ramsey measurements as in (a). A fit to a simulation
of the experiment yields K /27 = 0.97 = 0.02 kHz. Simulations
for K,/2z = 0.5 and 1.5 kHz are shown as red and blue curves,
respectively. Note that two points with very low displacements
are excluded, since they have poor contrast for fitting. Also, the
frequency offset is defined relative to the average of the first four
data points of the curve.

manifold by applying two-photon dissipation for 200 ps.
For each buffer drive amplitude, we fit the storage-mode
Wigner function to two diametrically opposed Gaussians.
For points near |a|> = 1, this is not exactly the correct
model, because the storage-mode parity is nonzero. In
simulations, we find that this effect causes only fits at
|a|?> = 1 to disagree with the storage-mode photon number
by approximately 3%. We fit the storage-mode steady-state
mean photon number as a function of buffer drive ampli-
tude to a linear model to complete the calibration as shown
in Fig. 19(b).

APPENDIX N: STORAGE SELF-KERR FITTING

To determine the storage-mode self-Kerr nonlinearity,
we perform a storage Ramsey experiment for coherent
states of the storage mode with varying coherent-state
amplitudes. This involves displacing the storage mode,
waiting for a variable time, displacing the storage mode
back with a time-dependent phase, and finally measuring
the storage-mode vacuum population [58]. Note that, since
the storage mode can be highly excited in this experiment,
we use a coupler flux position for the number-selective
measurements near that of the parity measurement flux
position. The vacuum populations from running this

experiment are shown in Fig. 20(a). We determine the
average storage frequency for each displacement by fitting
to the functional form

Ae—|a\2[2—2cos (27rft)]' (Nl)
The free parameters are A, which is a scaling factor,
and f, which is the frequency of the storage mode. In
Fig. 20(b), we show the fit storage-mode frequency offset
as a function of the displacement from the experimental
data. Fitting the frequency offset curve to a simulation

of the experiment yields a storage self-Kerr nonlinearity
of K,/2z =0.97 £ 0.02 kHz.

APPENDIX O: TWO-PHOTON DISSIPATION
WITH ANCILLA AND COUPLER EXCITATIONS

To provide further insights into the saturation behavior
of the bit-flip times of our cat qubit, we measure the bit-flip
times while we repeatedly excite an aggressor qubit
[sequence shown schematically in Fig. 21(a)]. If the
frequency shift from the aggressor qubit excitations is
sufficiently strong to overcome the confinement rate of
the two-photon dissipation, we expect to observe lower
saturated bit-flip times than what we observe without the
aggressor qubit excitations. In the sequence, we excite the
aggressor qubit every 500 ps, far faster than the observed
saturated bit-flip time (approximately 0.5 s) in the absence
of the aggressor excitation. Note that, in the experiment
here, the value of the buffer detuning (i.e., the difference
between the buffer drive frequency and the Stark-shifted
buffer frequency) is slightly different from the one used to
generate the data in the main text. However, the saturated
bit-flip times are not sensitively dependent on the buffer
detuning, and we observe similar saturated bit-flip times
even with a slightly different buffer detuning in this
experiment.

In Fig. 21(b), we show the bit-flip time of our cat qubit
when the aggressor qubit is the ancilla. The blue curve is a
reference where the ancilla is not excited. We consider the
case of repeatedly exciting the ancilla to |e) and |f). In both
cases, we observe no significant change in the saturated bit-
flip times. This is consistent with the small storage-ancilla
dispersive shift (i.e., |y,,| = 27 x 1.4 kHz < k;|a|*) mea-
sured with the coupler in the off position (see Appendix K).

Since the storage mode is directly coupled to the
couplers, the dispersive coupling of the storage mode to
the coupler resonances is more sizable (e.g., predicted to
be approximately —100 kHz in the off position by the
model in Appendix H 1) than the dispersive coupling to the
ancilla. In Fig. 21(c), we numerically study the impact of
such storage-coupler dispersive coupling. In particular, in
addition to the storage-buffer Hamiltonian and dissipation
terms considered in Appendix H4, we further add the
storage-coupler dispersive coupling y,.a'a¢’¢ to the
Hamiltonian, where ¢ and ¢' are the annihilation and
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FIG. 21. Bit-flip times with aggressor excitation. (a) Experi-

mental protocol used to perform bit-flip characterization while
exciting an aggressor mode. In the data presented here, the
aggressor mode is excited every 500 ps. (b) Measured bit-flip
times when the aggressor mode is the transmon ancilla, from
which we infer that excitation of the ancilla does not affect the
storage-mode bit-flip times. (c) Numerically simulated bit-flip
times when a thermally excited coupler mode is included. The
different dashed curves (blue, red, purple, and brown) correspond
to storage-coupler dispersive couplings of y,./2z = (0, —100,
—200, —300) kHz, respectively.

creation operators, respectively, of the coupler mode.
Additionally, we add additional dissipators associated
with the coupler loss k. D[¢] and heating . ,,D[¢"] to
the Lindblad dissipator. Guided by the circuit-quantization
predictions, we consider storage-coupler dispersive cou-
plings of y../2z = 0,—100,-200, —-300 kHz. Also, we
assume k, = 1/(10 ps) and K ,/k. = 1072

The simulation results suggest that the cat-qubit bit-flip
times are not degraded when the storage-coupler dispersive
coupling strength is y,./2zx = —100 kHz (dashed red
curve) compared to the baseline case with y,. = 0 (dashed
blue curve). Notably, these simulations include higher

excited states of the coupler up to the third excited state.
Thus, they account for enhanced dispersive shift of the
storage-mode frequency under these highly excited coupler
states. For larger values of storage-coupler dispersive
coupling with y,./2z = —200 kHz (dashed purple curve)
and y,./2z = —300 kHz (dashed brown curve), a degra-
dation in the bit-flip time starts to become noticeable,
especially in the small mean photon number regime, e.g.,
|a|?> < 4. However, these coupler-induced limitations are
overcome, and the exponentially increasing trend of the bit-
flip times is quickly recovered at larger values of |a|*> > 4 as
the confinement rate of the two-photon dissipation sur-
passes the storage-coupler dispersive shift. In stark contrast,
the cat-qubit bit-flip times in our experiment stay saturated
at around 0.3-0.6 s even at large values of |a|> above 10.
These results show that heating of the ancilla and coupler,
even to higher excited states beyond the first excited state,
are likely not the reason for the saturated bit-flip times of
our cat qubit.

APPENDIX P: SIMULATION OF LOOP
INDUCTANCE

The inductances Lp; and Lp, in series with the ATS
side junctions are estimated during device design from
finite-element magnetostatic simulation of the buffer. In
this type of simulation, the ATS metal geometry is modeled
as a perfectly conducting surface as though the junctions
are electrical shorts, with a junction lead on each side
interrupted by a current source. For each current source, the
magnetic field solution is computed by applying current on
that source, leaving the other source electrically open. Each
solution, thus, corresponds to current flowing around one
side loop.

The self-inductance of each side loop is calculated from
the magnetic energy in the corresponding solution, while a
mutual inductance between the two loops is calculated
based on the excess energy of the superposition of the two
solutions. We attribute the loop self-inductances mainly to
current in the side and middle junction leads, while the
mutual inductance is attributed mainly to the shared current
path through the middle. Specifically, we interpret the
results as an inductance matrix describing a lumped-
element circuit consisting of a loop with inductors Lp
and Lp, on each side, corresponding to the outer SQUID
loop geometry of the ATS, which is bisected by an
inductance equivalent to the calculated mutual inductance.

To estimate the desired serial inductances, we thus
subtract the mutual inductance from each loop’s self-
inductance. This yields an inductance around 20 pH on
each side, compared to 27 pH from the fit to experimental
data in Fig. 5(b). We note that other effects (e.g., kinetic
inductance in the junction leads) which are not included in
the above inductance calculations might account for the
discrepancy.
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APPENDIX Q: FLUX-LINE-INDUCED LOSS

The flux lines used to control the buffer also present an
environment to the buffer without the protection of a
bandpass filter. For that reason, photon loss through the
flux lines may still affect the storage mode’s lifetime, even
if the buffer mode’s lifetime is dominated by loss through
its filtered output line.

To understand loss induced by the flux lines, we consider
an isolated buffer as in Appendix H 3, statically parked at a
saddle point, but now allowing for time-dependent flux
due to fluctuating current in both buffer flux-pump lines.
Following the procedure for circuit quantization with time-
dependent flux described in Refs. [59,60], we obtain a
Hamiltonian in terms of “irrotational” degrees of freedom
N, and ¢, such that all time-dependent pump fluctuations
are assigned to the inductive potential:

Hiy(Ny. )

- 1
=4EcNj, — NEj gy cos (5 — @a(t) + @s(1))

— (Ejy + E;») sings(t) sin (¢, + @5(1))
— (E; 1 — Ej5) cos s (1) cos (¢, + @5(1)). (Q1)

Above, the sigma-flux fluctuation ¢x () is assigned to
the side junctions, while the delta-flux fluctuation ¢, (1) is
assigned to the array. Each branch also sees a common
offset ¢5(¢), which can be interpreted as related to magnetic
field nonuniformity in the buffer’s capacitive gap (not just
the ATS loops). We describe these fluxes as arising from
inductive couplings to current I (), I, (¢) in each flux line.
To estimate rates of photon emission into the flux lines, we
then expand the above Hamiltonian assuming small fluc-
tuations and consider linear couplings I(#),.

For example, we consider the case where the only
time-dependent flux is ¢x(f) = (27/®y)Mxlx(t), where
the inductive coupling My is required for operating the
buffer pump. That is, we ignore both ¢,(f) and ¢;(¢),
as well as any unintended coupling between the delta-flux
line and the sigma flux. This yields the term of interest
—(E; + E;»)(27/®y)Mxl5(t)¢y,, corresponding to a
loss rate

2
¢zpf

2n 2
Ky = 2 (ao (Eja +EJ,2)M2) Si (@) (Q2)

for a mode at frequency @ with zero-point fluctuation ¢,
associated with ¢, where S, () is the noise power
spectrum of the current Iy (). For example, if the buffer
sees a real load impedance of Zy at zero temperature
through the flux line, then S, ; (@) = 2hw/Zs. Together
with finite-element simulation to estimate inductive
couplings, further calculation shows that this is the
largest expected contribution to flux-line-induced loss.
Accordingly, our flux line design targets a minimal My.
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