PHYSICAL REVIEW X 13, 021004 (2023)

Protecting the Quantum Interference of Cat States by Phase-Space Compression

Xiaozhou Pan®,""" Jonathan Schwinger®,""* Ni-Ni Huang®,' Pengtao Song,' Weipin Chua®,” Fumiya Hanamura®,’

t“

Atharv Joshi ,l Fernando Valadares ,1 Radim Filip ,4 and Yvonne Y. Gao®'?*

'Centre for Quantum Technologies, National University of Singapore, Singapore 117543, Singapore
2Departmem‘ of Physics, National University of Singapore, Singapore 119077, Singapore
3Department of Applied Physics, School of Engineering, The University of Tokyo, Tokyo 113-8656, Japan
*Department of Optics, Palacky University, Olomouc 77146, Czech Republic

(Received 6 December 2022; revised 7 February 2023; accepted 28 February 2023; published 7 April 2023)

Cat states, with their unique phase-space interference properties, are ideal candidates for understanding
fundamental principles of quantum mechanics and performing key quantum information processing tasks.
However, they are highly susceptible to photon loss, which inevitably diminishes their quantum non-
Gaussian features. Here, we protect these non-Gaussian features against photon loss by compressing the
phase-space distribution of a cat state. We achieve this compression with a deterministic technique based on
the echoed conditional displacement operation in a circuit QED device. We present a versatile technique for
creating robust non-Gaussian continuous-variable resource states in a highly linear bosonic mode and
manipulating their phase-space distribution to achieve enhanced resilience against photon loss. Such
compressed cat states offer an attractive avenue for obtaining new insights into quantum foundations and
quantum metrology, as well as for developing inherently more protected bosonic code words for quantum

error correction.
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Schrodinger’s cat state is a superposition of macroscop-
ically distinct quantum states, famous from the iconic
gedanken experiment of a cat being simultaneously dead
and alive [1]. This concept morphed into the simplified
version of a superposition of two sufficiently large (i.e.,
negligibly overlapping) coherent states with opposite
phases, i.e., |a) & | — a). Such large cat states are of great
interest because they exhibit unique nonclassical attributes
such as sub-Planck phase-space structures [2] and non-
Gaussian interference features [3-5]. Apart from being a
gateway to better understand the fundamental physics of
quantum decoherence [6], cat states also act as the backbone
for continuous-variable (CV) quantum information process-
ing, ranging from quantum metrology [7-11], quantum
teleportation, and cryptography [12—-16] to the development
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of error-correcting codes for fault-tolerant quantum comput-
ing [17,18] by tracking the photon parity as the error
syndrome in a hardware-efficient manner [19-30].

The appeals of the cat state’s distinctive quantum non-
Gaussian interference characteristics for probing fundamen-
tal physics and CV quantum information applications have
motivated significant experimental efforts to create and
manipulate them in various hardware platforms, such as
optical systems [31-35], vibrational states of a trapped ion
[36,37], Rydberg atoms [38,39], and circuit quantum electro-
dynamics (cQED) [40,41]. In particular, the cQED platform
in the form of 3D superconducting cavities controlled by one
or more nonlinear ancillary modes has enabled the creation
[40] as well as universal control [42,43] of large and highly
coherent cat states, making it an excellent candidate for
storing and manipulating quantum information and non-
Gaussian resource states [44-46]. However, the desired
interference features of cat states, formed by the coherent
superposition of £|a), are notoriously delicate. Their rapid
decay under photon loss, the dominant error channel of the
cavity mode, directly signifies the loss of quantum non-
Gaussian characteristics [47-55].

Preservation of these quantum interference features in
cat states can be deterministically achieved by phase-space
compression. The characteristic function describes the
spectral landscape of quantum states, where the features
further away from the origin are higher in frequency. As
shown in Fig. 1(a), the interference blobs of cat states reside
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FIG. 1. Protection of quantum interference against photon loss.
(a) Cat states created in superconducting cavities suffer predomi-
nantly from photon loss, which acts as a symmetric low-pass
Gaussian filter (green) with width determined by ~1/xt in the
characteristic function representation, where x is the rate of
photon loss. The quantum interference features, represented by
the amplitude of the blobs (black arrows), diminish substantially
over time as they are composed of higher-frequency components,
which are more susceptible to the low-pass filter imposed by
photon loss. (b) Preservation of the quantum non-Gaussianity can
be achieved by compressing the phase space of the cat states,
symbolized by the arrow with the compression coefficient &.
Under the action of the compression operation, the interference
blobs are pushed closer to the origin. This makes the resulting
state significantly less susceptible to the filter and effectively
preserves its quantum interference features against photon loss.

at +2|a| from origin and, therefore, correspond to high-
frequency components in the characteristic function. Thus,
their amplitudes diminish significantly under the effect of
photon loss, which can be modeled as a pointwise scaling
and multiplication with a low-pass Gaussian filter [56].
Phase-space compression, shown in Fig. 1(b), determinis-
tically reshapes the characteristic function such that these
higher-frequency elements can fit within the low-pass filter.
Thus, the interference features of a compressed cat state are
intrinsically more protected from the action of the Gaussian
filtering due to photon loss [57-63]. While the creation of
compressed cat states has been shown in quantum optics
[33,64] and ion trap devices [65,66], their time dynamics
and resilience against photon loss have only been exper-
imentally probed using an optical parametric process [61].
This is because implementing fast nonlinear controls to
create cat states and perform phase-space compression on
them without introducing excessive nonlinearity in the
quantum harmonic oscillator is challenging.

In this work, we demonstrate the deterministic protection
of the quantum non-Gaussian interference features of cat
states by engineering their phase-space distribution to be
more compact. To realize this compression of cat states, we
use the versatile conditional displacement operation, which
employs only native single cavity and transmon gates, to
generate a superposition of compressed coherent states. We
directly probe the time dynamics of quantum coherence
using features in the characteristic function and demon-
strate enhanced resilience of the compressed cat’s quantum
non-Gaussian interference features in the presence of
intrinsic losses within the hardware. Our technique offers
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FIG. 2. Deterministic phase-space compression in cQED.
(a) With vacuum as the initial state, the protocol generates
compressed vacuum states based on Ref. [72]. An additional 1%
operation followed by a single-shot readout is used to create the
compressed cat states; see Appendix B. The U/ and V operations
are each decomposed into two transmon rotations and one ECD
gate. The resulting states are measured by their characteristic
functions, which are obtained using the ECD gate; see Appendix C.
(b) Color-coded schematic of the device showing the storage
cavity, transmon, and readout mode. (c) Real part of the character-
istic functions of compressed vacuum states generated by three

repetitions of the UV operations with phase-space compression of
-3, —6.7, and —7.6 dB along Relv], respectively.

a highly versatile operation for the creation and storage of
CV resource states in bosonic modes with minimal anhar-
monicity. More generally, our study illustrates a powerful
framework for enhancing the noise resilience of bosonic
quantum states by using universal features of the echoed
conditional displacement gates [67] to engineer and reshape
their phase space to be more optimal against the local loss
mechanisms [62]. Furthermore, our realization of the com-
pressed cat states provides an important new ingredient to
implement more intrinsically protected logical code words
for fault-tolerant quantum computing [20,68-71] and is a
promising candidate for quantum metrology [7-11].

Our experimental setup is a three-dimensional (3D)
cQED architecture, where a 3D cavity couples to a planar
chip containing an ancillary transmon and a low-Q readout
resonator, as shown in Fig. 2(b). The 3D cavity, machined
out of high-purity (4N) aluminium, provides a high-Q
bosonic mode for the creation and storage of CV quantum
states. The tasks of performing phase-space compression
and storing large compressed cat states over time requires
the cavity to inherit minimal anharmonicity from the
transmon. As such states occupy a large span of energy
levels in the harmonic oscillator, they suffer from signifi-
cant distortions in phase space even in the presence of
moderate nonlinearity in the cavity. Therefore, we design
the system to have a weak dispersive coupling, with
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/27 ~ 40 kHz. This effectively suppresses the inherited
nonlinearity of the bosonic mode to K/2z =~ 10 Hz.
Considering the negligible cavity nonlinearity, our system
is well described by the dispersive Hamiltonian H(t)/h =
—(r/2)a’ac,, where 4 and 4" are the annihilation and
creation operators of the cavity mode and o, the Pauli Z
operator of the transmon.

While these device parameters ensure that our cavity is a
good harmonic oscillator, they come at the cost of reduced
controllability as we typically rely on a larger y to perform
universal gates on the bosonic mode [43,73]. Here, we
sidestep this limitation by employing a technique called
echoed conditional displacement (ECD) [67,74]. The ECD
gate takes advantage of large cavity displacements o),
which act as an extended lever in phase space such that a
phase that is dependent on the transmon state can be rapidly
accumulated despite a small y. This method allows condi-
tional displacement operations to be enacted in a duration
 (1/yag) instead of  (1/y), and thus makes it possible to
balance the need for minimizing nonlinearity and effecting
universal control on the cavity [67].

Practically, the ECD gate can be readily realized on
standard cQED devices. The operation requires only single
transmon rotations and unconditional cavity displacements.
The echo arises from a 7 pulse played in the middle of the
sequence to suppress low-frequency noise on the transmon.
Following the technique introduced in Refs. [67,74], we
can enact the following effective Hamiltonian:

H(r)

X A * A
= 50" + & (Nao,. (1)

where a(?) is the cavity’s classical response in the presence
of the resonant displacement pulses. Under Eq. (1), an ECD
unitary operation, given by

D (@ = B(+5) el £ B(-5) s

is enacted on the cavity-transmon system, such that the
phase of the cavity displacement is dependent on the
transmon state. The phase of the superposition depends
on the phase of the qubit echo pulse, plus corresponds to a
X, rotation and minus to a Y, rotation. In our device, we
can perform an ECD gate with a = 1 in 688 ns, which
compares favorably with the cavity’s single-photon lifetime
of T{ = 260 ps and dephasing timescale of T, ~ 5 ms, and
with the transmon’s coherence properties of T7 = 18 ps
and T4, = 20 ps; see Appendix A.

Building upon the ECD gate, we implement a deter-
ministic compression protocol to generate compressed
vacuum states with the technique proposed in Ref. [72].
This procedure relies on two unitary operations Uy and V,
where U, = exp(iu;Pé,) and V, :exp(ika(&y), with
X=(a+a")/2 and P =i(a" —a)/2. Conceptually, U,

displaces the cavity by an amount proportional to u; in
opposite directions in phase space depending on the
transmon state, while ¥, approximately disentangles cavity
and transmon. Then, one set of OV brings the initial
vacuum state into two coherent states with opposite phases.
Because of the interference of these two components, the
resulting cavity state is compressed in one quadrature and
elongated in the other. The U and V operations can be
readily implemented experimentally in our system through
the following decomposition,

U, =R, (— g) ECD_ ()R, (— g) (3)

V= k(3 )ECD, (R (3). @)

which features ECD gates and numerically optimized coef-
ficients u;, and v;. Repeating them with the appropriate
coefficients allows us to create a superposition of 2" coherent
states with a Gaussian distribution, which is effectively an
approximate squeezed vacuum state [Fig. 2(a)]. This pro-
cedure mimics the action of squeezing in a previous study
that used an optical parametric process [61]. However, our
gate-based technique offers enhanced versatility and can be
extended to achieve other forms of phase-space engineering
afforded by the universality of the ECD operations [67].

Based on the above strategy, we generate three vacuum
states with —3, —6.7, and —7.6 dB of compression in one
quadrature. To achieve this, we use three steps of the U V
operations and optimize the interaction parameters, u; and
v, for maximum overlap with the target squeezed states.
We then employ the ECD gate to perform characteristic
function tomography; see Appendix C. The real parts of the
measured characteristic functions are shown in Fig. 2(c).
Theoretically, each additional step of UV increases the
possible degree of compression by 3-4 dB. However,
practically, the transmon’s T4, ~ 20 ps imposes a limit
of three repetitions, which nonetheless allows us to achieve
up to —7.6 dB reduction in the width of the Gaussian
distribution in the Re[v| quadrature in ~4 ps. While the
deviation from ideal squeezing is apparent, it does not
undermine the protocol’s effectiveness in compressing the
characteristic function of the vacuum state.

Using these compressed vacuum states as the input, we
create compressed cat states using an additional V oper-
ation, followed by a single-shot measurement of the
transmon via a DJJAA quantum amplifier [75]. The V
gate conditionally displaces the compressed cavity state in
opposite directions in phase space. As a result, the trans-
mon’s ground state is entangled with a compressed even cat
state, and its excited state is entangled with the odd one.
We then utilize the single-shot measurement to project the
transmon state before performing the characteristic
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function measurement. In our scheme, the compressed cat
is realized by creating a superposition of compressed
coherent states instead of applying the compression on a
conventional cat state. While our technique is capable of
both approaches, we choose the former in this work, as it is
more technically favorable for the coherence parameters of
our system; see Appendix D. In practice, these options for
implementing compressed cat states are equivalent up to a
different displacement amplitude, which arises from trans-
forming the displacement operator with the squeezing
operator, D(a)8(z) = 8(z)8" () D(@)S(z) = $(z) D(y), with
y = acosh r + a*e™ sinh r, where r is the degree of squee-
zing and 6 the phase. We account for this displacement
adjustment in our protocol to ensure that the resulting states
are equivalent to a squeezed cat state with amplitude y.
With this technique, we are able to create compressed cat
states of size |a| = 1.8, £ ~# —6.7 dB and the desired photon
number parity. The real parts of the measured characteristic
function for cat (top) and compressed cat states (bottom) of
different parities are shown in Fig. 3. The effect of the
phase-space compression is indicated by the concentration
of the interference blobs closer to the origin and their
elongation in the opposite direction. This elongation does
not influence quantum non-Gaussian features of sub-
Planck oscillations but, notably, could impair the parity
preservation at high compression levels; see Appendix E.
For these states, the center fringes of the characteristic
function indicate the mixture of the coherent amplitudes
+a, with the origin point always being positive. More rapid
oscillations in these fringes correspond to larger amplitudes
of the cat state. The presence of two blobs along Re[v]
directly represents quantum non-Gaussian interference.
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FIG. 3. Characteristic functions of cat and compressed cat
states. Real part of the measured characteristic function of even
and odd cat states of size |a| =1.8 with 0 dB (top) and
approximately —6.7 dB (bottom) compression. The blobs, which
correspond to quantum interference, are centered at 2|a| ~ 3.6
and 2|a| ~ 1.8, respectively. They also reflect the photon number
parity of the state in the characteristic function representation, and
are pushed closer to the origin by compressing the state.

This cannot be mimicked by semiclassical interference,
where the underlying state is a mixture of pure Gaussian
states distributed along Re[f] in the Wigner function.
Moreover, by implementing one-dimensional Fourier
transformation along Im[v] =0, we can directly obtain
the marginal distribution of Wigner function along Im[f]
corresponding to momentum statistics and witness
high-frequency components corresponding to sub-Planck
structure in phase space, which is an intrinsically quantum
non-Gaussian attribute caused by the interference [2]. In

addition, we extract parity (P) = —0.6 +0.02 for the odd
cat states, by integrating over the full characteristic function.
Therefore, it is evident that nonzero values in these interfer-
ence blobs in the characteristic function representation nec-
essarily correspond to quantum non-Gaussian interference.

We herein use direct measurements of the interference
blob amplitude in the characteristic function to quantify the
quantum non-Gaussianity of our states. To investigate the
effects of phase-space compression against photon loss,
we monitor the decay of the blob amplitude for an odd cat
state with different degrees of compression over a duration
comparable to the cavity single-photon lifetime. For each
point in time, we measure a 1D cut of the real part of the
characteristic functions to extract the amplitude of the
interference blobs. The results are shown in Fig. 4(a), along
with simulated theoretical curves, for the uncompressed cat
state and three compressed cat states. Our experimental
results follow the simulated behavior closely. We observe
that they show an exponential reduction in the blob
amplitude from its maximum value to the noise floor of
the measurement, at a rate that depends on the degree of
compression. A theoretical model that captures these
dynamics is detailed in Appendix F.

In addition, three snapshots of the characteristic func-
tions are shown in Fig. 4(b) for the cat and compressed cat
states, respectively. It is particularly striking that while the
interference blobs of the conventional cat states vanish
completely at 100 ps, they remain rather prominent in the
compressed state with approximately —6.7 dB compres-
sion. Furthermore, the compressed cat states preserve their
phase-space distribution without any notable distortions
throughout their evolution, which is a key requirement for
utilizing cat states for information encoding and highlights
a crucial advantage of the low anharmonicity regime in
which we operate.

Overall, the decay of the quantum non-Gaussian inter-
ference is slowed down appreciably for the states with
-3, —6.7, and —7.6 dB compression, respectively. Our
results closely follow the theoretical predictions based on
single-photon loss, at a timescale of 260 ps, being the
dominant decoherence channel in the system. Furthermore,
we also extract the parity of each state over time by
integrating over the full characteristic function, which
shows excellent agreement with the timescales obtained
by the direct measurements from characteristic functions;
see Appendix G.
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FIG. 4. Time dynamics of interference features in the presence of intrinsic losses in the hardware. (a) The measured contrast (marker)
of the blobs in the characteristic functions of odd cat states with 0, —3, —6.7, and —7.6 dB of compression along Re[v]. The decay is
significantly slower for the compressed cat states, which demonstrates that compression and the resulting compactness in phase space
protects the quantum interference features in cat states. The measured contrast agrees closely with the master equation simulation (solid
lines) with cavity photon loss as the dominant error. Analytical expression provided in Appendix F models the short-time dynamics of

our data accurately. Inset: the equivalent decay of the photon number parity (75) extracted from the Wigner functions of the same set of
states; see Appendix E. The preservation of the odd parity indicates that compressed cat states are more resilient toward photon loss, in
agreement with the metric obtained using characteristic functions. All associated uncertainties are extracted by standard bootstrapping
techniques. (b) Selected characteristic functions at different decay times, showing the effective preservation of the blobs due to

compression.

In summary, we showcase a versatile technique to
perform phase-space compression, using repeated applica-
tions of ECD gates together with single qubit rotations,
both of which are readily accessible in standard cQED
hardware. We create various compressed cat states based on
this technique and sculpt their quantum non-Gaussian
features in phase space to be more optimal for the dominant
loss mechanism in the system, which is photon loss. We
then probe their intrinsically quantum mechanical features
by directly measuring specific regions in their characteristic
function. We demonstrate that a more compact landscape in
phase space significantly enhances the protection of the
compressed cat state’s quantum non-Gaussian interference
features against photon loss.

Our study brings forth valuable insights into both
intrinsic dynamics of CV quantum non-Gaussian resource
states and useful applications built upon them. Funda-
mentally, our results demonstrate that the general strategy
of reshaping the phase space of quantum states, using
optimized ECD operations [62], effectively preserves their
quantum features and enhances their resilience against
losses in the hardware. The specific technique to create
compressed cat states provides a valuable tool for storing
and protecting useful non-Gaussian resource states in
highly linear bosonic modes in cQED and affords a flexible
test bed for exploring fundamental physics [38] and
CV-based quantum metrology [7—11]. Specifically, as these
compressed cat states have well-defined parity, they are
natural candidates for efficient quantum error correction
in bosonic modes, where parity is often used as the main

error syndrome. They are inherently more robust code
words compared to conventional cat states, thanks to their
compact phase-space distribution and the resulting protec-
tion of their quantum non-Gaussian features against photon
loss. This is further investigated in two recent theory
proposals [70,71] indicating that squeezed cat states,
together with manifold stabilization, offer a promising
path toward protected logical qubits encoded in super-
conducting cavities. Our work marks a significant step
toward experimentally realizing these new paradigms for
quantum error correction and fault-tolerant quantum
computing.
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APPENDIX A: DEVICE PARAMETERS

Our device consists of a three-dimensional supercon-
ducting microwave cavity, an ancillary transmon, and a
planar readout resonator, as shown in Fig. 5. The cavity is
machined out of high-purity (4N) aluminum and is a
A/4 transmission line resonator formed by a center stub
and cylindrical walls. The readout resonator is deposited
together with the transmon on sapphire using double-angle
evaporation. The diced sapphire chip is inserted into the
tunnel, with the pads of the transmon slightly extending
into the coaxial cavities to provide capacitive coupling.
Here, we design a weak dispersive coupling to ensure
minimal nonlinearity in the cavity mode, such that it serves
as a highly harmonic quantum memory that can store
multiphoton states with negligible distortion. The ancillary
transmon enables fast control of the single cavity. The low-
Q readout resonator, together with a quantum-limited
amplifier, allows for fast single-shot measurement.

With the weak dispersive coupling between the transmon
and the cavity, we are no longer able to extract y by standard
number-splitting measurements. Instead, we derive it by
measuring the rotation of a coherent state in characteristic
function space over time. Experimentally, we generate a
large coherent state with the transmon in the excited state and
allow it to evolve over a variable amount of time. This causes
the coherent state to rotate at a rate governed by the
dispersive coupling term ya'a/2. We extract the resulting
rotation angles by fitting the 2D characteristic function of the
coherent state at different evolution times Az to obtain y from
A0 = yAt. The Hamiltonian parameters of the system are
summarized in Table 1.

The cavity energy relaxation time 7 is obtained by
measuring the decay of a coherent state over time, as
discussed in Ref. [76]. We generate a large coherent state
and this state decays with a characteristic rate x, which is
probed by applying a highly selective transmon 7z pulse

FIG. 5. cQED hardware. Photograph of a device machined
out of high-purity aluminum consisting of one storage cavity
(pink), single junction transmon (green), and planar readout
resonator (gold).

TABLEI. Hamiltonian parameters. Summary of the key system
parameters. The nonlinearity of the cavity is below our meas-
urement sensitivity and is extracted from a simulation of the
system. RO, readout; Cav, cavity.

Frequency (GHz) y to Transmon y to Cav y to RO

Transmon 5.1461 205.4 MHz 40 kHz 1 MHz
Cav 6.5428 40 kHz ~10 Hz

RO 7.4418 ~1 MHz

TABLE II. Coherence parameters. Summary of the coherence

timescale of our system’s ancillary transmon and storage cavity.
State-of-the-art high-Q cavities can commonly achieve T{ and T%
values of a few ms [76-78].

Ty (ps) Ty (ps) T, (ps) T5e (ps)
Transmon 20 e 18 20
Cavity 260 >5000

conditioned on |0) of cavity to measure the population of
the vacuum P,,.
For obtaining the cavity Ty, we displace the cavity and

measure its characteristic function under different decay
times as discussed in the Supplemental Material of
Ref. [74]. By comparing the measured results with simu-
lations with different T; values, we obtain a bound on

Ty to be 25 ms. This is limited by the residual thermal

population of the transmon at ~1.5%. The coherence
parameters of the system are summarized in Table II.

APPENDIX B: COMMUTING COMPRESSION
AND CAT STATE CREATION

Here, we illustrate the flexibility of the phase-space
manipulation technique demonstrated in this work. While
we choose to create a superposition of two compressed
coherent states as shown in Fig. 6, we can also first create
a cat state and then apply the compression operation
subsequently.

The protocol largely remains the same. We initialize the
cavity in a cat state and numerically optimize the param-
eters such that the overlap is maximal with the desired
compressed cat state. We simulate this process to verify its
practical viability. Using three UV steps of the UV
operations, we can (in simulation) achieve —3, -5, —6,
and —7 dB compression with F > 0.99.

The specific choice of our implementation is made based
on practical optimizations for the device’s coherence param-
eters. As a compressed vacuum spans a smaller range of
energy levels, our chosen protocol reduces additional cavity
decoherence during state creation process. This can be
readily modified or adapted to more optimal implementa-
tions on cQED hardware with different system parameters.
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FIG. 6. Cat creation protocol. To create cat states, we use a 1%
gate followed by a single-shot qubit readout. Acting with ¥ on
|9)|0) leaves qubit and cavity in an entangled state where the
ground state is entangled to an even cat while the excited state is
entangled to an odd cat. Collapsing the qubit with a measurement
leaves the cavity in a cat state. To create compressed cat states, we
first initialize the cavity into a compressed vacuum state.

APPENDIX C: CHARACTERISTIC FUNCTION
MEASUREMENTS

The characteristic function is defined as C(v) = (D(v)).
It can be measured directly using conditional displacement
operations and single transmon rotations, as discussed
in Ref. [74]. The conditional displacement gate is first
calibrated by measuring the characteristic function of
vacuum state to get a unit displacement amplitude.
Experimentally, we do so by adjusting the scaling of the
conditional displacements by sweeping amplitude of the
displacement gates so that the measured characteristic
function of the vacuum state is a Gaussian with standard
deviation of ¢ = 1. To calibrate the unconditional displace-
ment gate, we can use the forward-and-back sequences [67]
consisting of D(—ia)CD(—1)D(ia)CD(1) with the cavity
initially in the vacuum state and transmon in |g) + |e). This
procedure displaces the cavity to a coherent state first and
then back to the vacuum state in the end such that a
geometrical phase is accumulated. We measure the expect-
ation value of o, by varying a to find the appropriate
amplitude scaling for an unconditional displacement o = 1,
which corresponds to an oscillation with period of 1/7z.

APPENDIX D: COMPRESSED VACUUM
CREATION

The compressed vacuum states are generated via a
deterministic protocol, as proposed in Ref. [72]. It consists
of multiple repetitions of the two unitary gates U =
exp(iugPé,) and V, = exp(ika(&y), with X = (a+a')/2
and P = i(a" — &) /2. The unitaries {/; and V, are essentially
conditional displacements in opposite directions in phase
space, sandwiched by transmon rotations.

The key to generate compressed vacuum states is to
choose the ideal number of repetitions along with numeri-
cally optimized interaction coefficients u; and v,. While
more repetitions translate into higher achievable compres-
sion in theory, the increased gate time has to be balanced
against the dominant decoherence timescale. In our case,

the transmon decoherence T4, is the main limiting factor.
For the results presented in this paper, we choose three
repetitions, with each U V step taking ~1.37 ps.

In the proposed protocol, the more repetitions of the {7 V
operations are applied, the closer the resulting state would
be to a genuinely squeezed vacuum. However, in the limit
of only three repetitions, the final states are only approxi-
mately squeezed, with some outlying non-Gaussian
features in the phase space. However, these states are
effectively compressed in the desired quadrature, with a
reduction in their distribution consistent with up to
—7.6 dB of compression. Therefore, the presence of non-
perfect squeezing is not a hindrance to our scheme, as the
protection of the quantum interference features arises from
the state being more compact in phase space and is not
dependent on the degree of genuine squeezing.

To generate the coefficients u;, v;, we numerically
optimize them such that the final state has maximal overlap
with a target squeezed state, with additional cost parameters
given by the physical constraints in our system, such as the
maximally achievable ECD displacement for a given gate
time. In simulation, the states generated by the protocol
have overlaps of F > 0.99 with respect to the target state.
The optimized parameters for target squeezed states with
-3, =5, —6, and —7 dB can be found in Table III.

The corresponding quadrature compression values in
decibels are given in Table IV. They indicate that three
repetitions of UV allow the creation of compressed
vacuum states with compression close to the corresponding
ideal squeezed state. The experimental compression values
are extracted by Gaussian fits to 1D cuts along each
quadrature. We then calculate the level of compression
by 20 logIO[G/GvaC]'

It is important to note that the optimization process does
not take into account the noise model of the hardware.

TABLE III. Summary of optimized coefficients.

Uy v U () U3 U3
-3 dB 139  -051 -0.2 046 —0.32 0.65
-5dB  -048 051 —-1.85 0.3l 056 —0091
-6 dB 1.6 -039 -048 1.04 -1.11 -0.32
-7dB  —-0.83 —0.56 1.3 056 —-1.26 —-0.39

TABLE IV. Summary of achieved compression on vacuum
state.

Theory Experiment
(P?)  (X*) Compression in P Compression in X
-3dB 296 -298 2.6 -3
-6dB 571 -593 5.4 -6.7
-7dB 59 724 6.4 -7.6
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/\ Vac

Re[v]

10t

FIG. 7. Comparison of simulated and measured characteristic
functions. Black lines (green lines) indicate simulated character-
istic function of compressed states without loss (with transmon
T4,). Gold circles denote experimental data. The simulation with
loss is scaled with the data contrast. The appearance of side loops
is clearly visible and consistent between data and simulated
behavior.

Therefore, due to the decoherence of the transmon, we
observe a slight deviation from the target state. To verify
this, we show the real part of 1D characteristic function cuts
of the compressed vacuum states (—3 and —6.7 dB) in
Fig. 7. The appearance of side loops can be clearly seen in
the simulation and data of the —6.7 dB state. These reduce
the amount of real squeezing along the cut. The simulation
curves are scaled using the origin point of the measured
characteristic functions.

APPENDIX E: COMPARISON OF DIFFERENT
METRICS FOR NONCLASSICALITY

Here, we compare the methods of extracting the quantum
interference features of the cat and compressed cat states of
amplitude @ = 1.8. More specifically, we analyze the corres-
ponding Wigner functions, sub-Planck structures, and fidel-
ities from reconstructed density matrices and direct integra-
tion of the characteristic function over the phase space.

1. Wigner function reconstruction

We obtain the Wigner function W(f) from the character-
istic function C(v) by performing two-dimensional discrete
Fourier transform of C(v) based on the following equation:

1

W(p) = ?/ C(v)e” P vdy. (El)

Prior to the discrete Fourier transform, we pad the raw
characteristic function data with zeros outside the meas-
urement range. This allows a more accurate transformation
between the two representations by extending phase space
beyond the measurement range. The resulting Wigner
functions for an odd cat state and a —7.6 dB. compressed
odd cat state at three different decay times are shown
in Fig. 8. These Wigner functions closely resemble the
expected behaviors as shown in the main text, illustrated by

t =20 ps t =50 ps t =100 ps

50

ot a=4 L " v L ’ 2/7r
—~ -5.0} =
1 =
= 50f <

ot . —2/7

5.0} L L

50 0 50 -50 O 50 -50 0 50
Re(S]
FIG. 8. Discrete Fourier transformation. Wigner function of

odd cat with 0 dB (top) and —7.6 dB (bottom) compression at the
decay time of 20, 50, and 100 ps, respectively.

the direct characteristic measurements. We observe that the
quantum interference features, denoted here by the pres-
ence of Wigner negativity, are substantially more pro-
nounced in the compressed cat state after 100 ps decay time
compared to that of the cat state.

Furthermore, we can directly obtain the photon number
parity of odd cat states from the value of the Wigner
functions at the origin of phase space W(0,0) by fully
integrating over the characteristic function, according to
Eq. (El). Their time dynamics [Fig. 4(a), inset] closely
echoes that of the decay of interference blob amplitudes
extracted directly from the characteristic functions. We
observe that with phase-space compression, the parity
decays significantly more slowly in the presence of photon
loss while the parity of the conventional cat state dimin-
ishes to zero rapidly.

2. Sub-Planck phase-space structure

Another useful tool to witness nonclassical interference
is the presence of high-frequency components correspond-
ing to sub-Planck structures in phase space [2]. In order to
extract this feature from the measured characteristic func-
tions, we implement one-dimensional Fourier transforma-
tion along Im[v] = 0 and compare it to the same features
extracted from the vacuum state.

Here, we illustrate the behavior of the cat and a —7.6 dB
compressed cat state at times 1, 20, 50, and 100 ps. For the
compressed cat [Fig. 9(b)], the nonclassical sub-Planck
structures are still notably present at 100 pus. However, for
the cat states [Fig. 9(a)], the sub-Planck features vanish
rapidly and are no longer visible at 100 ps. From these
results, we again confirm that the quantum non-Gaussian
features of compressed cat states are significantly better
preserved compared to uncompressed cat states.

3. Density matrix reconstruction

We reconstruct the density matrices of the states using
convex optimization [79] with the measured characteristic
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FIG. 9. Decay of sub-Planck structure. We implement a one-
dimensional Fourier transformation along Im[v] = 0 of the ideal
(top row) and measured characteristic function. We obtain the
marginal momentum distribution of Im[f] for (a) cat (green) and
(b) —7.6 dB compressed cat (green) of different decay times,
respectively, and compare the width of resulting oscillatory
features to that of ideal vacuum (gold).

functions as the input. We experimentally verify that the
imaginary components of the characteristic functions are
negligible (i.e., within measurement noise) and perform
reconstruction using the real parts for an odd cat state and a
compressed cat state at decay times 1, 20, 50, and 100 ps
with 1000 averages per point each. The Hilbert space size
20 chosen for the reconstruction protocol is based on
simulations of photon number distributions of ideal cat
states with the same amplitude. The fidelities F ., .
(F ccatrec)> defined as the overlap of the ideal cat (com-
pressed cat) state and the experimentally reconstructed
density matrices, are shown in Table V. The associated
uncertainties in these values are computed using standard
bootstrapping techniques.

Once more, we observe that F ., ... decays more rapidly
compared t0 Fcqrec. FOr instance, as the decay time
increases from 1 to 20 ps, the fidelity of cat state decreases
sharply from 75% to 55%. In contrast, for the compressed

TABLE V. Comparison of fidelities extracted from density
matrix reconstruction (F .y rc) and direct integration of character-
istic function (F ¢y ine)-

State }—cat,rec (%) fcaL,int (%) J:ccat,rec (%) fccat,inl (%)
1 ps 75 (£0.5) 74.8 (£0.6) 61 (+£0.7) 67.1 (£0.7)
20 ps 55 (£0.6) 61.52 (£0.8) 56 (£0.5) 60.4 (£0.7)
50 ps 45 (£0.7) 47.88 (£0.7) 50 (£0.6) 53.9 (£0.6)
100 ps 40 (£0.7) 41.15 (£0.7) 43 (£0.5) 46.4 (£0.7)

cat state, the fidelity drops notably more slowly from
61% to 56%.

4. Direct integration over phase space

An alternative method to calculate the fidelity of states of
interest is by directly integrating the characteristic function
over the phase space. For a state with characteristic function
Cexp(v), we compute this overlap to the ideal target state
Cigeat (V) using the following equation:

1
Fine = ;/ Cideal(”)cexp(’/)*dQU' (E2)

The calculated fidelities of cats F ., ;,; and compressed cats
Fecauine at different decay times are presented in Table. V.
These are consistent with the fidelities obtained from
density matrix reconstruction, in which the compressed
cat state retains its fidelity much better in the presence of
photon loss.

APPENDIX F: DYNAMIC OF INTERFERENCE
FEATURE

To derive the scaling of the maxima of the interference
blob amplitudes in the characteristic function correspond-
ing to the momentum interference fringe in the Wigner
function [80] for compressed and attenuated even or odd
cat state, we start from the marginal characteristic function,

C:t,s,r(07 yp) — e—(l—n)v,z,/Z/(z + 26'“0‘2)
x (2e7M3/25 4 g=(slaol=v/iv,)?/25*

4 e—(s\azo\Jr\/ﬁlz,,)z/Zsz)7 (F])

where £ stands for even or odd parity of the cat, v, =
Im[v]/o is the normalized frequency of oscillations in the
momentum marginal distribution, ag = a/0 is the nor-
malized amplitude of coherent state, s = exp[—7,/(2T)] is
(linear) amplitude compression factor, 7, is (exponential)
compression factor, n = exp(—z/7TY) is amplitude damping
factor 7 as function of time 7, and 6, is a standard deviation
of the ground state extension in the position or momentum
quadrature of the field. We can find a ratio that connects
with the initial undamped cat at =0 with the same
compression factor s,

Cj:.s,r (O’ l/p)

Fige= oot b
o Cj:,s,O(Oa Vp)

1
— exp (—EWI - 1>s2|ao|2),
(F2)

for both the even and odd cats. Evidently, smaller s makes
the fidelity F. ,, to asymptotically approach unity and
brings the blobs to their maximal amplitudes as both 7 and
ap increase. Moreover, smaller s corresponding to larger
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compression is required for larger a, and larger 7 to reach
fidelity Fy . — 1.
For a short time 7 < T, we already witness the scaling,

v 2
Fi,s.r ReXp | =577+ |(10| ’

F3
2Teff ( )

where To = T/ s? is the effective decay constant corre-
sponding to each of the compressed cat states. Using this
model, we observe that T for the uncompressed cat is
273 £ 13 ps, consistent with the intrinsic photon lifetime
of the cavity. In contrast, the T is significantly enhanced
to 516 £ 32, 1247 4+ 132, and 1439 + 172 ps for the -3,
—6.7, and —7.6 dB compressed cat states, respectively.
On the other hand, for long time 7 > T¥,

1 c
Fusemexp( =5 Mla?).  (F4

the (exponential) compression factor z, effectively reduces
the time 7 of decay. These characteristics fully describe
maxima of the interference blobs in the characteristic
function.

However, lower s naturally extends the overall
Cy ;.(vy,v,) in the frequencies v, of the position marginal
distribution. Subsequently, such higher v, is filtered out by
the cavity decay acting symmetrically on both the v, and v,
frequencies. It complementarily reduces the amplitudes of
the coherent states in the superposition, as their interference
effect is preserved. To universally compromise it for larger
ap, the compression can approximately symmetrize the
contours of both Wigner and characteristic functions when
s = |ap|™". In this case, we obtain a compromise scaling for
the fidelity of interference blobs,

Fo g e R EXp [— % (e — 1)] , (F5)
in a universal form, irrespective to an arbitrarily large |ay|.
The interference bulbs then do not decay faster for larger
|ag|. Therefore, any cat state will decay in the interference
bulbs with the help of the compression as a small kitten
with @y = 1 does.

Similarly, we can translate the analysis for parity decay
depending on cat size and compression. This recovers the
expression derived in Ref. [61].

APPENDIX G: IDEAL COMPRESSION
FOR PARITY PROTECTION

Photon loss acts as a low-pass filter with a 2D Gaussian
profile in phase space. For the preservation of interference
features of cat states, the more strongly compressed (i.e.,
closer to the origin in phase space), the more pronounced
the protection is. However, for the photon number parity,
which is an important observable used in quantum error
correction schemes, the resulting elongation in the opposite

a b
(a) 00k . (b)
) 3
_02 — [0]
o
@
-0.4 + 3
(0]
= =2
< _ L o
~-06 —>— 0 dB o
g —o— 3 dB _g
-0.8 7 ——6dB =
/ 9dB §

-1.0 |- 12dB

1 I 1 1
0 025 050 0 025 050
t)T¢ t)T¢

FIG. 10. Simulation result of decay of photon number parity
and interference blob amplitude. Parity decay (a) and interference
blob decay in the characteristic function (b) for cat states with
different degrees of compression. While there exists an optimal
compression level to protect parity, the decay of interference blob
is consistently slower as compression increases.

quadrature due to strong compression in phase space causes
the cat states to exceed the range of the Gaussian filter.
Here, we investigate this effect by simulating the behavior
of the interference blobs and the photon number parity of a
cat state under different compression levels as shown in
Fig. 10. In the case of the interference blob amplitude, the
decay becomes consistently slower as we increase the
compression in phase space. In comparison, the reduction
in parity is mitigated by the compression up to —6 dB.
Further compression leads to an acceleration in its parity
decay, due to the extension in the opposite direction in phase
space beyond the Gaussian filter. As the photon number
parity requires integration over the entire characteristic
function, it is sensitive to the elongation of the state under
compression. Therefore, for the preservation of parity, there
exists an optimal compression level that is determined by the
photon loss rate in the system and the size of the cat state.

APPENDIX H: ERROR BUDGET

The fidelities of the compressed cat states we create in this
work, extracted using the different methods mentioned in
Appendix E, are generally in the range of 65(+5)%. This is
largely limited by the decoherence timescales in our hard-
ware. To analyze this, we choose the action of a single U gate
as the base for gauging the imperfections involved in our state
creation and measurement process, which are essentially {/
or V operations sandwiched between single transmon rota-
tions. The fidelities are calculated as the overlap of the
ideal state with the overlap of the state suffering from a single
decoherence mechanism F = (W;geal| P10ss|Widear)- The simu-
lated infidelities due to the different sources of nonidealities
in the device are shown in Table VI. They are calculated via
master equation simulations which include only the respec-
tive decoherence mechanism.
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TABLE VI. Error budget. Estimated infidelities due to SPAM
(state preparation and measurement) errors of our cats and
compressed cat states. Ancilla dephasing and decay together
with readout errors are the dominant sources of error in our
system.

Error channel Estimated infidelity (%)

Ancilla dephasing 4
Ancilla decay 2
Cavity dephasing 1
Cavity decay 0.01
U ~7
Readout |g) — |g) 1.4
Readout |e) — |e) 5

First, let us compare this proposed error budget with
experimentally observed imperfections in our characteristic
function measurement. In our results, the measured vacuum
state shows a maximum contrast of ~88.4%. The imple-
mentation requires a single U-type gate and a transmon
readout. Summing up the individual contributions, we expect
the U operation to have an infidelity ~7% and a readout
infidelity of (P,, + P,,)/2 = 3.2%. This results in an overall
limit on the measurement fidelity to ~90%, which is
consistent with the contrast of the measured vacuum state.
We use this as a normalization factor for the subsequent data
of the cat and compressed cat state creation to isolate the state
preparation errors from that of the measurement.

For the compressed vacuum and cat states shown in the
main text, the state creation process involves three sets of
U V operations and one measurement to project the trans-
mon state. The postselection process after this measure-
ment effectively removes the contribution of transmon 77,
making the fidelity of each I/ or V gate approximately 5%.
Therefore, using the simulated error budgets, we expect
them to suffer from =~33% infidelity, which is again
consistent with the data we present.

While decoherence is the dominant limitation, other
mechanisms such as the Kerr effect, calibration inaccuracies,
and residual imaginary components in the characteristic
functions, etc. could also introduce some imperfections to
states we consider here. However, as these are small
compared to decoherence errors, we do not have the
resolution to analyze them in detail. Overall, if this protocol
is applied on a system with better coherence parameters, then
investigating and minimizing these imperfections will
become more crucial.
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