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High-Coherence Kerr-cat qubit in 2D architecture
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The Kerr-cat qubit is a bosonic qubit in which multi-photon Schrédinger cat states are stabilized
by applying a two-photon drive to an oscillator with a Kerr nonlinearity. The suppressed bit-flip
rate with increasing cat size makes this qubit a promising candidate to implement quantum error
correction codes tailored for noise-biased qubits. However, achieving strong light-matter interactions
necessary for stabilizing and controlling this qubit has traditionally required strong microwave drives
that heat the qubit and degrade its performance. In contrast, increasing the coupling to the drive
port removes the need for strong drives at the expense of large Purcell decay. By integrating an
effective band-block filter on-chip, we overcome this trade-off and realize a Kerr-cat qubit in a
scalable 2D superconducting circuit with high coherence. This filter provides 30 dB of isolation
at the qubit frequency with negligible attenuation at the frequencies required for stabilization and
readout. We experimentally demonstrate quantum non-demolition readout fidelity of 99.6% for a
cat with 8 photons. Also, to have high-fidelity universal control over this qubit, we combine fast
Rabi oscillations with a new demonstration of the X (7 /2) gate through phase modulation of the
stabilization drive. Finally, the lifetime in this architecture is examined as a function of the cat size
of up to 10 photons in the oscillator achieving a bit-flip time higher than 1 ms and only a linear
increase in the phase-flip rate, in good agreement with the theoretical analysis of the circuit. Our
qubit shows promise as a building block for fault-tolerant quantum processors with a small footprint.

I. INTRODUCTION

Superconducting quantum circuits offer a rich platform
for engineering Hamiltonians that encode and manipulate
quantum information faster than the decoherence rates
[1-10]. Integrating the Josephson junction into those
circuits enables a wide range of nonlinear terms in the
Hamiltonian that can be used to implement multi-photon
wave mixing processes in the microwave range [11, 12].

In particular, the family of cat qubits uses this nonlin-
earity to stabilize the superposition of macroscopically
distinct so-called Schrodinger cat states. Depending on
the details of the encoding scheme, those qubits can ex-
hibit either exponential protection or parity changes with
single-photon loss, making them a valuable resource for
implementing quantum error correction schemes [13-24].
One approach to stabilize those states with autonomous
protection from bit-flips is by engineering two-photon ad-
dition and subtraction in the case of the dissipative cat.
This approach offers exponential protection with increas-
ing cat size but requires external ancillas to engineer the
dissipation and perform readout [19, 25-27].
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An alternative approach to stabilize the cat states is
by subjecting a Kerr nonlinear oscillator to a coherent
two-photon drive [28, 29]. This approach has the ad-
vantage of creating a relatively large energy gap (5-100
MHz) between the computational space and the rest of
the Hilbert space, enabling fast logic operations (20-400
ns) and high-fidelity readout with no added ancillas. The
Kerr-cat qubit gained a lot of attention in terms of exam-
ining its noise-biased behavior both theoretically [30-34]
and experimentally [20, 35-38]. Also, this qubit makes
a promising candidate to implement the XZZX surface
code provided it can be realized in a scalable architec-
ture [39-41].

The protection against single-photon loss in this qubit
can be intuitively understood by noting that the coherent
states |ta) are quasi-orthogonal eigenstates of the anni-
hilation operator (a) with eigenvalues +a, so the domi-
nant process of single-photon loss only leads to a linear
increase in the qubit dephasing at the benefit of expo-
nential suppression in the relaxation rate. The first real-
izations of this qubit were in 3D architectures and relied
on strong microwave drives which led to notable heating
and degraded the qubit lifetime [20, 35, 38]. Therefore, it
is still an open question to see whether possible to real-
ize large cat states with high coherence in 2D chips while
maintaining high-fidelity operations. This uncertainty
arises because the 3D environment is known to result in
longer lifetimes but weaker light-matter coupling due to
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Figure 1. Kerr-cat qubit encoding and 2D chip architecture. (a) The Bloch sphere for the Kerr-cat qubit is spanned by the
cat states along the x-axis and the coherent states along the z-axis. (b) The energy pseudopotential is a double well potential
at +o with energy gap 4Ka? separating the computational space from the excited states. The Wigner function of the cat
states and the excited states are shown according to the parity. (c) The circuit diagram shows the nonlinear oscillator with
the ports used for stabilization (cp), control (¢'), and readout. The numerical values of the design parameters are reported in
Table 1. (d) The distribution of the cat states with an average photon number equal to 4 (i.e., |a|> = (a'a)) in terms of the
Fock states showing the parity of the cat states and the tail of the distribution. (e) The 2D chip (10x10 mm?) includes two
uncoupled SNAILmons (yellow), each with its dedicated readout resonator and Purcell filter (light and dark green). Resonant
drives at frequency wq are delivered through weakly coupled control lines (orange), while the strong off-resonant drives used
for stabilization (ws) and cat readout (wcqr) are delivered through a strongly coupled port with a band-block filter (purple).
(f) The nonlinearity of the oscillator comes from two SNAIL loops biased around ®ext/®Po = 0.3 by an off-chip flux coil. (g)
Each stub of the filter consists of a meander section to have destructive interference around the qubit frequency.

the larger spread of the electromagnetic field in the extra II. ENCODING
dimension [42—44].
The Kerr-cat qubit has the following Hamiltonian in

Realizing a 2D circuit with strong light-matter cou- the rotating frame [28, 29]:

pling without sacrificing the lifetime is crucial to scaling
up the Kerr-cat qubit. The inherent trade-off is that cou-
pling the drive port strongly to the qubit (i.e., large cou-

pling capacitance) leads to large Purcell decay. In con- where K is the strength of the Kerr nonlinearity, es is
trast, coupling weakly at the expense of strong driving  the amplitude of the two-photon drive (i.e., the stabiliza-
heats the qubit and degrades its performance, as shown  {jop drive), and % is the reduced Planck constant. This
in other strongly driven qubits [25, 45]. Hamiltonian stabilizes two coherent states |+a) provided
the cat size a® = e3/K. The cat states are the orthog-

In Fhls work, we overcome this challenge by usimg an onal even/odd parity states formed by the superposition
effective band-block filter that enables strong coupling of the coherent states [CE) = 1 L (|a) £ |—a))
(e

off-resonance (at the frequency of the stabilization drive  V1te—222 V2

wg and the cat readout drive woqr) while suppressing the and span the Bloch sphere along the x-axis as shown
qubit Purcell decay rate orders of magnitude smaller than ~ in Fig. 1(a). The orthogonal states along the z-axis
the limit imposed by materials defects. Operating at a ~ are approximately the coherent states (i.e., |+Z) =
Kerr nonlinearity of 1.2 MHz, we observe improvements %UC;F ) £1C5)) ~ [£a)). The energy pseudopotential
in the bit-flip time with increasing drive strength up to of this Hamiltonian is a double-well with an energy gap
cat of size 10 photons. The bit-flip time exceeds 1 ms Egap/h ~ 4K a? [30] separating the computational space
while only increasing the phase-flip rate linearly with the from the rest of the Hilbert space as shown in Fig. 1(b).
cat size. Also, the large energy gap at this Kerr value This Hamiltonian is now traditionally realized by
enabled us to perform the highest fidelity readout and charge pumping a SNAIL (Superconducting Nonlinear
gates on Kerr-cats to date. Our work, therefore, provides Asymmetric Inductive eLement) oscillator with a coher-
a path for scaling noise-protected qubits toward fault- ent drive at approximately twice the oscillator (i.e. qubit)
tolerant quantum computers. frequency ws = 2wq [20, 35]. Utilizing the third-order

Hyco/h = —Kat%a? + e;a™ + €50’ (1)



nonlinearity of the SNAIL ¢ (where ¢ is the supercon-
ducting phase operator), a photon from the drive is con-
sumed to create two photons in the oscillator (af?) at the
rate eg; this is accompanied by the complementary pro-
cess of eliminating two photons from the oscillator (a2)
and creating a pump photon [46-48]. The other non-
linearity of the SNAIL is a fourth-order (%), which in
the rotating wave approximation (RWA) adds the Kerr
nonlinearity —Ka'2a? to the Hamiltonian. We refer to
this element in the Fock encoding as the SNAILmon
(i.e., transmon with small anharmonicity provided by the
SNAIL).

III. DESIGN

The 2D superconducting circuit used to realize the
Kerr-cat qubit with the SNAILmon is shown in Fig. 1 (e-
g). The design of the SNAILmon contains two large nio-
bium capacitor paddles and is based on high-coherence
transmon qubit designs [49, 50]. In addition, our design
contains two SNAILs consisting of aluminum Josephson
junctions fabricated with a bridge-free two-angle depo-
sition process. Concatenating multiple SNAILs has al-
lowed large cat sizes in previous Kerr-cat qubit experi-
ments [35]. The readout circuitry contains a readout res-
onator coupled to a Purcell filter (green), which allows
for fast readout while protecting the qubit from Purcell
decay. For control, a weakly coupled port (¢’ in Fig.
1(c)) is used for on-resonance driving. For stabilization
and readout, a strongly coupled port is used for efficient
pumping (c, in Fig. 1(c)) with an effective band-block
filter to suppress the Purcell decay.

The nonlinearities of our circuit can be tuned with
an external flux piercing each SNAIL. In this work, we
fix the external flux to realize a Kerr non-linearity of
K/2r = 1.2 MHz, a value between the first realization
of the Kerr-cat (6.7 MHz) [20] and the smaller value (0.3
MHz) in [35, 38]. At this operating point, we observe an
improvement in the bit-flip time with increasing cat size
while maintaining the ability to perform fast logic gates
and coherent mapping between the Fock qubit and the
cat qubit if needed (see Fig. 7 in Appendix D 2).

The band-block filter we use to couple strongly to the
stabilization and readout drives is shown in Fig. 1(e,
g). This filter consists of multiple stubs, each leading to
destructive interference of the microwave signal around
the qubit frequency. This is achieved by adjusting the
length of the meandering section (i.e., the quarter wave
resonators) and simulating the scattering parameters in
Ansys-HFSS [51]. Ideally, this filter has high isolation
at the qubit frequency (wq/2m = 5.9 GHz) with zero
attenuation at the frequency of the stabilization drive
(wg/2m = 11.8 GHz) and the frequency of the cat quadra-
ture readout (wcqr/27m = 1.2 GHz). In Fig. 2, we
present an independent measurement of the transmission
coefficient S; of the filter in a dedicated chip (for more
details about the setup see Appendix G). In Fig. 2(a), we
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Figure 2. The transmission parameter of the wide band-block
filter used for strong qubit-drive coupling. (a) The measured
performance for the full range of the filter (purple). The dark
grey line is the simulated performance using finite-element
simulation. The filter has minimum attenuation at the fre-
quency of the stabilization drive wg and the cat quadrature
readout wcqr. At the qubit frequency wq, the filter pro-
vides very high isolation of 30 dB. (b) Shows a zoomed view
around the qubit frequency with the 20,30 dB attenuation
ranges, which makes this filter suitable for multi-qubit chips
with strong coupling between the qubits and large detuning
due to its large bandwidth.

show the behavior of the normalized scattering parameter
Sy for the full range of interest. The 30 dB of isolation at
the qubit frequency corresponds to a three-order of mag-
nitude improvement in the lifetime, pushing the Purcell
limit through the strongly coupled port to 12 ms, which
is much higher than the measured single photon decay
time of the Fock qubit of 77 = 38.5 us. Material defects
in the interfaces have been shown to limit the lifetime of
2D architectures at this range. [52-57].

In Fig. 3(b), we zoom in around the qubit frequency
to examine the range of 20 dB and 30 dB of isolation.
The large bandwidth of this filter makes it suitable for
multi-qubit chips with strong qubit-qubit coupling while
maintaining a negligible Purcell effect and efficient pump-
ing for all the qubits. This filter can also be incorpo-
rated in any circuit QED experiment in which a strong
off-resonance drive is required to implement the desired
interaction [58-60]. The idea of integrating on-chip fil-
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Figure 3. Readout and gates with the Kerr-cat qubit. (a) The sequence to measure the QNDness of the cat quadrature
readout involves two consecutive measurements to determine the probability of getting the same outcome. The demodulated
output signal for the second measurement is shown in the IQ plane conditional on the first measurement being |+a). The
data is normalized with respect to the standard deviation of the Gaussian distribution (o) of each output. For every initial
state we average 107 measurements. (b) The calibration of the detuning X (7/2) gate is based on using two X (7/2) pulses
to flip the qubit and change the sign of (Z). This gate is implemented by deforming the double-well potential, allowing the
two coherent states to tunnel. The presence of the derivative in Eq.2 enables one to detune the phase in either direction. The
calibration consists of finding the best choice of gate time T, and maximum modulation depth do to maximize the population
transfer between the coherent states. The dashed circle indicates the calibration point. (c¢) The calibration of the drive phase
to implement the Z gate is determined by observing the fastest oscillations in (Y') (plotted relative to the phase of ). When

driving in phase, we get an enhancement factor 2« while driving out of phase leads to exponentially suppressed rates.

ters to enable strong coupling with mitigated Purcell ef-
fects was first introduced in the context of fast readout
[12, 61, 62], and the use of band block filters to enable
strong coupling off-resonance was also explored more re-
cently [63, 64].

IV. QUBIT CONTROL AND READOUT

To create the Kerr-cat qubit, we ramp up the stabi-
lization drive to transform the SNAILmon Hamiltonian
to the Kerr-cat qubit Hamiltonian in the rotating frame
(see Appendix A for derivation). In this section, we fo-
cus on characterizing the readout and the single qubit
gates for a cat of size a® =4 (see Appendix D for more
details). Starting with the cat quadrature readout in
Fig. 3(a), we can measure the qubit along the z-axis
by sending a microwave pulse to the qubit at frequency
woqr/27 = (wr — ws/2)/27 = 1.2 GHz which imple-
ments a beam-splitter interaction between the qubit and
readout mode fICQR ~ ecQRaZ (13 + BT) which is derived
in Appendix A2 [20]. The output signal is a coherent
state with one of two opposite phases according to the
state of the qubit, as shown in Fig. 3(a). For a cat
of size 4 and 4 us readout time, we measure a QND-
ness Q = (p(+a| + a) + p(—a| — «@))/2 of 98.3% where
p(+a| + «) is the probability that the second measure-

ment gives |+a) consistent with the first measurement
result. This high QND readout enables us to use the
measurement to initialize the qubit in the Z basis. For
a cat of size 8, the QNDness of the readout increases
to 99.6%, as shown in Fig. 7. Those values are equal
to the state-of-the-art across all superconducting qubits
[35, 65, 66].

Universal single-qubit control typically requires driving
on resonance to do rotations along two orthogonal axes,
depending on the phase of the drive [12, 28]. However,
this protocol in the cat encoding leads to an enhancement
factor 2« in the speed of the Z(0) rotations and an expo-
nential suppression of the Y (6) rotations [20](For more
details, check Appendix D). To overcome this challenge,
it is sufficient to use the Z(#) rotations with X (7/2) gates
to have universal control. The first proposal to do an
X(m/2) gate was demonstrated in [20] by abruptly turn-
ing off the stabilization drive for a period 7/2K = 216 ns.
However, this protocol removes the protection the stabi-
lization drive adds to the qubit, and it tends to have
worse performance for large cats [35].

To improve on this implementation, we demonstrate
a new X(m/2) gate by phase modulating the stabiliza-
tion drive according to e — exe” %) This modula-
tion modifies the double well potential and allows the
coherent states to tunnel. With the appropriate unitary
transformation, the phase modulation of the drive adds
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Figure 4. The lifetime of the Kerr-cat qubit. (a) The sequence to measure the lifetime of the cat states requires ramping up

the stabilization drive in Tramp = 3us to keep the population

in the cat space. The first readout is used to initialize the qubit

in the Z-basis. Two X (7/2) gates are used to prepare and measure the lifetime of the cat states Tc (i.e., the phase-flip time)
for every cat size o? = e2/K. The lifetime decreases with the cat size, starting with a lifetime of around 38.5us, consistent
with the single-photon loss being the dominant factor. (b) The lifetime of the coherent states Ty (i.e., bit-flip time) follows a
staircase-like behavior with peaks around cat size o® = 3,8 and a lifetime of 650us and 950us, respectively. The data is fitted
to a master equation model, which includes single and multi-photon heating effects and frequency fluctuations, as explained
in the main text and Appendix B. (¢) The sequence to prepare the detuned cat includes extra wait time 7w, = 35 ps to put
the qubit in a thermal state and use the first readout to prepare the qubit. The data shows improvement in the lifetime of the
coherent states for a stabilization drive of strength e2/K = 4 as we introduce a red detuning to the drive in units of the Kerr
nonlinearity. The value peaks around even multiples of K due to the acquired degeneracy of the excited states.

the following term to the Kerr-cat Hamiltonian:

Ha(t) = —5 (0ult) + tha(t)ala (2)
Fig. 3(b) shows the expectation value of Pauli Z after
implementing two X (7/2) pulses as a function of the
maximum detuning Jp in the phase modulation wave-
form and the gate time 7. This gate implementation
is resource-efficient since it does not require additional
tones and does not disturb the SNAIL parameters com-
pared to a fast DC flux. The coherent tunneling between
the states inside the two energy wells using a controlled
time-dependent detuning to perform logic gates was first
examined theoretically [28, 29, 67], and the static de-
tuning was shown to improve the lifetime experimentally
[35, 38]. The simulation of this gate according to Eq. 2
is shown in Fig. 6 (more details in Appendix C2). From
the chevron plot, we chose T; = 320 ns and a detuning
0o/ K = —8.2 for maximum population transfer.

Next, we calibrate the phase of the drive to imple-
ment Z(f) rotations by driving on resonance. The
added term to the Kerr-cat Hamiltonian has the form
~ 20|, cos(6,)Z — 28, sin(6,)e=21*1’Y as long as the
drive amplitude €2, is small compared to the energy gap
Egap/h [20, 30]. Fig. 3(e) shows the protocol to cali-
brate the phase of the drive (Arg(Q2,) = 6,) by lever-
aging the cat quadrature readout and the X (7/2) gate
introduced earlier. The second X (7/2) gate enables us to
measure Rabi oscillations in (Y) as we sweep the phase

of the Rabi drive 6, with maximum contrast | (Y) | ~ 0.9.
When using the traditional X (7/2) gate where the sta-
bilization drive is turned off [20], the maximum contrast
drops to |(Y)| ~ 0.5. We can see in Fig. 3(c) that
driving in phase leads to the maximum Rabi rate while
driving around 0, = +7/2 leads to suppressed rates. For
a cat of size 4, we choose a gate time of 120 ns to imple-
ment the Z(w/2) gate. With the X (7/2) and the Z(0)
calibrated, we have a universal set of single-qubit gates.
Using process tomography, we measure gates fidelities
Fx,,, = 90.8% and Fz_, = 91.7%. For the identity,
we measure F; = 92.7%, which implies that state prepa-
ration errors are the limiting factor. The Pauli transfer
matrices for those processes with the details of the anal-
ysis are provided in Appendix E.

V. CAT QUBIT LIFETIME

We start by measuring the lifetime of the cat qubit
as a function of the cat size a® = e3/K by varying the
strength of the two-photon drive €5 as shown in Fig. 4.
Every sequence begins with a readout signal to initial-
ize the qubit in the Z-basis. To measure the lifetime of
the cat states Tc (i.e., phase-flip time), we use the Kerr
X (m/2) gate introduced in [20], since it does not depend
on the cat size in the calibration. For every cat size, we
vary the delay time At to observe the exponential de-



cay of the coherence and perform another X (7/2) since
the cat readout projects the qubit to the Z-basis. The
measured lifetime in Fig. 4(a) follows the trend in grey,
which is the linear trade-off for large cats described by
Te = T1/2(n) with () = |af2(1 + e=4ol”) /(1 — e=4lol)
the time-averaged number of photons in the qubit [35].

The linear increase in the phase-flip rate of the cat
states should come at the benefit of exponential protec-
tion against the single photon loss in the bit-flip rate.
In Fig. 4(b), we examine the lifetime of the coherent
states T, (i.e. bit-flip time) as a function of the cat
size. The staircase shape we observe implies that thermal
excitations limit the lifetime. A bit-flip error can hap-
pen through tunneling to the higher energy states, which
starts to become asymptotically degenerate at the points
where the lifetime increases sharply with the cat size.
This trend was first observed in [35]. The staircase be-
havior is captured by heating effects in the master equa-
tion like £, o1, /2D{a'} while the exact location of the
plateaus in this model depends on the spectrum of the
dephasing noise kg (w) [68] (see Appendix B for more de-
tails). Our data up to cats of size 8 can be understood in
terms of the single and multi-photon heating and dephas-
ing of the SNAIL with thermal population n,,, /o = 2%.
This value is the lowest compared to other Kerr-cat ex-
periments or similar strongly driven qubits[45]. However,
this is still higher than the upper bound of 0.3% value
we measure from the residual population of the |n = 1)
state in the Fock basis [69]. The details of the master
equation model are presented in Appendix B.

Next, we focus on cats of size 4, which offer the most
gain in T, without sacrificing T much. It is also possible
to red-tune the stabilization drive to boost the lifetime of
the coherent states by adding the harmonic term Aafa
with A = wq — wg/2 to the Kerr-cat Hamiltonian in
Eq.1 [35, 38]. Fig. 4(c) shows the improvement in Ty,
for e5/K = 4 as we sweep the detuning. The lifetime
peaks around even multiples of K due to the Hamilto-
nian picking extra degeneracies in the excited states [38].
However, in the case of the detuned cat, the ground state
of the Fock qubit |n = 0) does not map to the even cat
state of the detuned cat qubit, so instead, we keep the
stabilization drive for a time 7y, ~ 17 necessary to put
the detuned cat in a thermal state, then we use the cat
quadrature readout to initialize the qubit. Those results
demonstrate the potential of the Kerr-cat qubit to ben-
efit from the suppressed bit-flip rate with only a linear
increase in the phase-flip rate with increasing cat size
while maintaining high-fidelity operations.

VI. CONCLUSION

Our results demonstrate a high-coherence Kerr-cat
qubit in a scalable 2D architecture with high-fidelity
single-qubit operations and minimal heating.  This
demonstration is enabled by integrating a wide band-
block filter for efficient energy delivery, enabling strong

light-matter coupling with negligible Purcell effect. We
report improvement in the bit-flip time up to cats of size
a? = 10 with lifetimes higher than 1 ms, in good agree-
ment with our theoretical modeling of the circuit. Our
qubit was based on a SNAILmon oscillator with a single
photon decay time T = 38.5 us.

Operating at a Kerr nonlinearity of 1.2 MHz, we get
an energy gap 4Ka? = 9.6-48 MHz for cats of size 2-10,
which enables fast operation compared to the decay rates.
For those device parameters, we demonstrate quantum
non-demolition readout with QNDness of 98.3% for a cat
of size 4 and 99.6% for a cat of size 8. We also intro-
duce a resource-efficient way to implement the X (7/2)
gate with phase modulation of the stabilization drive.
Combined with continuous and fast Z(0) rotations, this
is sufficient to have universal control over the Kerr-cat
qubit. For a cat of size 4, we implement single qubit
Z(m/2) in 120 ns and the X (7/2) in 320 ns with gate fi-
delities of 91.7% and 90.8% respectively, limited by state
preparation using process tomography. A detailed analy-
sis of those gates in terms of the noise bias without SPAM
errors is the subject of future work.

With the goal of implementing quantum error correc-
tion codes with many physical Kerr-cat qubits the prob-
lem of finding an efficient pumping scheme that does not
heat the cryogenic environment is of most importance.
Our solution relied on integrating an effective band-block
filter to remove the trade-off between strong capacitive
coupling to the qubit and large Purcell decay to enable
strong light-matter interactions. With 30 dB of isolation
at the qubit frequency, large bandwidth, and negligible
attenuation at the pump frequencies, this design enables
the realization of multi-qubit processors.

In conclusion, we introduced a novel scheme for ef-
ficient power delivery in 2D architecture to realize the
Kerr-cat qubit with high coherence, fast logic gates, and
state of art QND readout. This work extends the reach
of the Kerr-cat qubit to strongly coupled multi-qubit 2D
processors, which can be used to examine the fidelity of
the noise-bias-preserving two-qubit CZ and CX gates [30]
and quantum error correction schemes tailored for noise-
biased qubits with Kerr cats [39-41]. Future single-qubit
experiments can focus on increasing the Kerr nonlinearity
of the qubit without jeopardizing the lifetime to enable
faster single-qubit gates with improved fidelity and ex-
amine the root causes of the saturation in the lifetime
with controlled dissipation.
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Appendix A: Realizing the Kerr-cat Hamiltonian
From the SNAIL

1. The Kerr-cat Hamiltonian

The Kerr-cat Hamiltonian EIKC can be realized by
adding a stabilization drive Hg at twice the SNAILmon
frequency to the SNAIL Hamiltonian (H,) and moving
to a rotating frame as follows (Ai=1) [20]:

IA{O :I:[a+ﬁ55 (Al)
H, = waodta+gs(a’ +a)® + ga(a’ +a)*,  (A2)
Hg = 2Re(e™")(es 00" + € ). (A3)

The operator a is the bosonic annihilation operator of ex-
citations in the SNAILmon oscillator. The oscillator fre-
quency is ws, 0, and third, and fourth-order nonlinearities
are g3 and g4, respectively. Now, to eliminate the time
dependence, we apply two consecutive transformations.
First, we move to a displaced Fock basis characterized by
—&, and then to a rotating frame characterized by w,

U = UrotUdis = zwrta a. & —&a (A4)

This leads to the effective Hamiltonian ﬁKc =U EOU T4+

iUUT. The second term in ﬁKc eliminates the harmonic
part in UH U if w, = wa,0- More precisely:

U0 = —wata + i ta'a(§ g — rg)e—rta’a  (Ap)
The impact of sandwiching H, is summarized by first
displacing a (a') by & ( &) and then adding a time-
dependent factor e=%rt(e™rt) which is crucial when we

apply the rotating wave approximation (RWA) as follows:

[A]dis a ﬁ(‘iis =a— fs (AG)
UdlS aT Ugis = dT - 5: (A7)
Upor @ U, = et (A8)
Uwor o' UL, = afeirt (A9)
Now we can expand Hye to get:
Hyc = —wiala +igatet — i€ ae ™t
"’Wa,O(AJr et — &) (ae et — &)
+2Re(e™")[es0(ale™r’ — &) + el g(ae™ ™" —&)]
+ g3(ae™ ™" — & + h.c.)?
+ ga(ae™ ™t — & +h.c)?
(A10)

Now, to determine &, we collect the terms with afe™rt:

—&swa0 + zfs + 2Re(e“st)es = 0

€s,0
T
Ws — Waq,0

Considering that both & and its complex conjugate will
appear inside the nonlinear terms we write & + £ =
&sere st + hc.

o €s,0 €s,0
fs,eff - - - .
Ws — Waqa,0 ws + Wa,0

This means the first three lines in (A10) cancel up to
some time-varying terms, which average to zero very
quickly. Now, to eliminate the time dependence, we
choose w; so that the term containing a2, a2 (which
comes from the third-order non-linearity) does not os-
cillate with time. This condition can be satisfied if
Wy = wy/2:

—twst €s,0
Ws + Wa,0

eint) (A11)

(A12)

393(&T€iwrt)2€s,eff . e iwst — 393&T2§s,eff . e—i(ws—2wr)t.

When this condition is satisfied, we can simplify Hye by
neglecting every oscillating term to get:

Hyo = Agpata — Ka?6? + eat? 4 e5a® — 4Kalaé, on|?
(A13)
The first term is a harmonic term weighted by the detun-
ing (Aqr = Wq,0 —wy). The second term is the Kerr non-
linearity (K = —6g4). The third term is the two-photon
drive (€2 = 3¢3&se), and the last term is the Stark shift
induced by the drive. The coherent states |+« are eigen-
states of this Hamiltonian with a? = e3/K[28, 29]. The
cat states are the orthogonal even- and odd-parity states
formed by the superposition of the coherent states and
form two, degenerate ground states of this Hamiltonian :

1
C) =

— f<|a> —a)).

(A14)

2. Cat Quadrature Readout

The implementation of the cat quadrature readout is
similar to the implementation of the two-photon drive
because it relies on the three-wave mixing in the SNAIL.
To derive the Hamiltonian for Cat quadrature readout,
we first consider the combined Hamiltonian of the SNAIL
and the readout resonator H; with a coupling coefficient
ge much smaller than their detuning A = w, 0 — wp,o:

Hy = H, + H, + H, + H,, (A15)
I:Ib = wb’oi)”;, (A].G)
H, = ge(at +a) 0 +b) = g.(ab + bla) (A17)



Now, we can cast this Hamiltonian in a dressed form
where the bosonic modes are decoupled by using the fol-
lowing unitary [43]:

U, = pAaTb—b'a) (A18)

The impact on the bosonic operators ¢ and b is:
Ue a Ul = cos(\)a — sin(A\)b ~ a — %IA) (A19)
Ue b Ul = cos(\)b+sin(Na~b+La  (A20)

Expanding fIa + Hb + I;TC we get:
Wa,0 (cos()\)&T — sin(A)iJT) (cos()\)& - sin()\)l;)

+ wp0 (cos(/\)l;T + sin()\)&T) (COS(A)B + sin()\)d)

+ g3 (cos()\)& — sin()\)l; + h.c.)
t 94 (Cos()\)d — sin(\)b + h.c.)4
(A21)

Choosing A such that the coupling between the modes
(i.e., the coefficient of a'b) vanishes gives:

1 2
A= §Arctan (gc> ~ e (A22)

A A

The renormalized frequencies are w, = %(w%o + wpo +

VA2 +4g2) & wao + 92/A and wy = F(who + Wa0 —
VA2 +4g2) ~ w0 — g2/A. Now, the two modes are de-
coupled, but the mode w;, appears in the nonlinear terms

of mode w,. So ﬁa + ﬁb + HC takes the effective form:

woalatwybTb+gs (a + %13 + h.c.>3+g4 (a + %B + h.c.)4

(A23)
The third term is the key to implementing the cat quadra-
ture readout. Adding another drive of the form Hcqr =
2Re(eiwcart) (eqqr oal + €6qRr,0@) can implement the de-
sired interaction and following the same treatment as in
part Al we get:

+ 93 (de_iwrt + %be_ib%t - fCQR@ff e_ichRt - fs,eﬂ“e_int
3
+ h.c.)
~ —1 9ecs —; _i iow
+ g4 (ae 1wt 4 Zbe wwpt gCQR,eff e weQrt gs,eﬁ e wwst

+ h.c.)4
(A24)
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Figure 5. Lifetime statistics. The lifetime for multiple states
is examined over the span of two hours with 100 iterations.
The lifetime of the first excited state in the Fock basis [n = 1)
can be used to estimate the single photon loss at the qubit
frequency. The long-lived coherent states }aQ =e/K > also
fluctuate over time, with an average lifetime of 601 us for a
cat of size 4 and 872 us for a cat of size 8.

So from g3, we can also stabilize the following term in
the rotating frame provided that w = wy — w;

693 5 e 61 l00n = e, (A25)

From g4, there will be two additional terms correspond-
ing to the stark shift from the CQR drive and another
term corresponding to the cross Kerr between the read-
out and the SNAILmon:

2 2
e gs sin G . inin
24g4(a'a + EbTb”gCQR,eﬂ“z + 24¢,4 Ea*abTb (A26)

Appendix B: Master equation calculations

In order to simulate the lifetime of the coherent states,
we consider the system to be linearly coupled to a macro-
scopic environment composed of a bath of linear oscilla-
tors with continuous modes. The system environment
coupling Hamiltonian in the rotating is:

HSB(t) _ Z Vk(&e—iwdt/Q + &Teiwdt/2)(8k(t) + (A)l(t)),
k



where Vj, gives the coupling strength and l;k(lgl) are the
annihilation (creation) operators of an excitation of en-
ergy hwy in the environment. Following Ref. 68, we ob-
tain following master equation up to O(¢2,,),
dps i TA 4 A A N S
s [HK07PS} + Lrwaps +Lxrwaps + Lops, (B2)

where
Fraws = Koy {nwd/w{aw © (14 n,0)Dia}| (B3)

gives the contributions satisfying the rotating wave ap-
proximation. It includes single photon dissipation effects.
k(w) is the spectral density of the environment defined
through r(w) = 27>, |Vi|?6(hw — hwy). The magni-
tude of spectral density depends strongly on the transi-
tion energy but is independent of any other system or
environment parameters. The thermal population in the
environment is given by the Bose-Einstein distribution
function, n(w) = (e/*s7w — 1)_1, where T, is the tem-
perature of the environment. Similarly,

A 893 a2 59293 1694 At A %

893 o (59293 1694\ ;.
+ (14 ny,)DS —==a° — -—
(14 ny,) {?Mda (9 o — a'aey

is the beyond-rotating wave approximation contribu-
tions. It includes two-photon dissipation effects and
drive-induced dephasing, which enters the master equa-
tion at O(pZ,,) with @,ps being the value of the zero-
point fluctuation in the phase operator of the SNAILmon
[68]. Finally,

Ly = ryD{a'a} (B5)
takes into account any additional drive-independent de-
phasing processes.

In our model, we consider single-photon effects, multi-
photon heating and cooling effects, dephasing as well
as non-Markovian detuning noise. The non-Markovian
noise is taken to be a Gaussian random fluctuation of the
detuning with a mean of 0.03K and a standard deviation
of K/500. The lifetime is averaged over 100 trials of the
non-Markovian noise. We estimate gs/2m = 15MHz and
the decay rate sy, /o = 1/T1 ~ 26 kHz from the experi-
ment. We fit the experimental data with 75, /2, Twys Kwys
and ky. For the fit shown in Fig. 4(d), we used kg = 100
Hz, ko, =7 MHz, T, /2 = 73.5 mK, and 7,, = 515 mK.
We find an excellent agreement between the experimen-
tal data and theoretical plot up to the second plateau
in the lifetime. The second plateau can be explained
by changing the environment temperature (i.e., changing
the value of ng, to be 5%)[35]. More statistics on the
lifetime time of the Fock qubit and the coherent states
are shown in Fig. 5. Those variations in the lifetime are
typical in superconducting qubits [70-73].

Appendix C: Universal single-qubit gates for the
Kerr cat qubit

A universal gate set for the Kerr cat qubit has been
reported in the literature [20] based on continuous Z(0)
rotations and a discrete X (7/2) rotation on the Bloch
sphere. However, the discrete X (7/2) relies on turning
off the stabilization drive, which protects this qubit and
the performance of this gate degrades very quickly with
increasing cat size |a|*[35]. Therefore, it is necessary
to realize an alternative approach with higher fidelity.
Here, we describe the implementation of the gates we
introduced in the main text.

1. Continuous Z(6) rotation based on the quantum
Zeno effect

Continuous Z(#) rotations are realized by applying a
microwave drive at the frequency w, = ws/2, which ac-
tivates a single-photon transition between the cat states
according to:

A, Qr

H="a"+ 24

3 5 (C1)

where €,/2 is the strength of the microwave drive. The
strong stabilization drive of the Kerr cat qubit continu-
ously projects its dynamics into the cat space due to the
quantum Zeno effects. Therefore, if the single-photon
transition rate is much smaller than the energy gap, i.e.
Q, < Egp = 4e€z, one can project the bosonic mode
operators into cat space to get:

PeaPc = aZ —iae 2y (C2)

Pea'Po = a7 +iare Y (C3)
Where Po = [C)(CiF |+ |05 )(C5 |. We notice that both
a and a' exponentially approach oZ with increasing cat
size. When (2, is in phase with «, the single-photon tran-
sition effectively applies continuous Z(#) rotation accord-
ing to the Hamiltonian:

(C4)

2. X(w/2) rotation based on pseudopotential
deformation using phase modulation

Here we describe the Hamiltonian that leads to the
novel X (7/2) gate introduced in Section IV of the main
text. The |[+Z) and |—Z) are approximately two coherent
states localized in the two wells of the pseudopotential
generated by the Kerr cat Hamiltonian Hx ¢ (Fig. 1(b)).
Therefore, an X(m/2) gate requires inter-well tunneling to
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Figure 6. Simulation of the detuning gate. Two X(m/2)
pulses are used to flip the value of (Z), similar to the ex-
perimental sequence in Fig. 3(b). Sweeping the gate time
Ty and the maximum detuning o according to Eq.C9 shows
multiple regions where the potential deformation leads to co-
herent tunneling between the energy wells.

achieve the desired population transfer. By introducing a
positive detuning Adfa to the Kerr cat Hamiltonian, the
energy barrier between the two wells is lowered, allowing
inter-well tunneling.

Hyco/h = —Ka'?a® + e2a™ + > + Aafa  (C5)

Because A = wq — ws/2 is the detuning between the
qubit frequency and half of the stabilization frequency,
there are two ways to introduce such detuning. First, one
can modulate the external flux threading the SNAILs to
change the qubit frequency wg. However, this method
also changes the Kerr nonlinearity and the SNAIL’s
third-order nonlinearity, making the analysis more com-
plicated. Therefore, we use the second approach, which
involves modulating the stabilization frequency wg di-
rectly. Practically, we modulate the phase of the stabi-
lization drive according to:

€(t) = ex(0)e %) (C6)

This time dependence in the drive can be viewed as an
effective time-dependent detuning under the following
transformation:

Hrot = UrotﬁKC U;rot + ihUrotUjot (07)
= —Ka%a? + e;a!? + e5a® + A(t)ata,

Urot _ ei(sd(t)tafa/Q (CS)

The unitary transformation is an effective rotating frame
transformation with A(t) = —1(8a(t) + tda(t)) as the
effective detuning. The pulse shape we use for the phase
modulation is:

—sin(35t/T,) t<Ty/3

5d<t)/5°:{ L0 - 5@, 1> T ()

10

(t=Tg/3)°
The function f(t) = e~ 27 ~ is a Gaussian with a

standard deviation ¢ = T,/4. This pulse shape pri-
oritizes the first part of the pulse by making the ramp
down much faster than the ramp up to compensate for
the term proportional to the derivative. In practice, it
offered around a factor of two faster gates compared to a
sin?(7t/ T,) pulse shape. The calibration process for the
X(m/2) gate is shown in Fig. 3(c); we implement two
X (m/2) pulses with variable gate time T, and detuning
modulation depth §y. The first readout is used to initial-
ize the qubit along the z-axis of the Bloch sphere. The
measured expectation value of Pauli Z is shown in Fig.
3(d), reflecting a coherent state population transfer be-
tween the | + Z) and | — Z) states. The simulation of
this gate is shown in Fig. 6. For short gate times (i.e.,
T, < 300 ns), the process is not adiabatic with a Kerr of
K/27 = 1.2 MHz.

Appendix D: Kerr-cat calibrations
1. Cat Size Calibration

To calibrate the Kerr-cat qubit we first rely on the
Fock qubit calibration of the oscillator frequency w¢g and
the Kerr nonlinearity K. We use standard techniques
like two-tone spectroscopy to measure wg and estimate
the Kerr nonlinearity first by measuring the two-photon
transition K = wp2/2 — wq in frequency domain then by
using two-tone in pulse fashion in the 1-2 subspace (i.e.
using pulse sequence X1 (7)X12(m,w) ) and the formula
K= —oz/2 = —(wlg — w01)/2.

To calibrate the two-photon drive, we can start by driv-
ing the 0-2 tramsition by driving at wsp = 2wq — 2K,
which leads to a Rabi rate of v/8es. This method is ac-
curate enough to get the right order of magnitude in the
weak limit (i.e., e2 < 2K). Next, to calibrate the am-
plitude of the two-photon accurately, we need to observe
the change in the Rabi rate of the cat qubit according to
~ 2a|Q,| cos(6,)Z — 208, sin(8,)e~ 2"V which is accu-
rate in the limit ¢, << 4K a? and large enough cat size to
see the exponential suppression (i.e., a® 2> 2). With the
definition of the drive as %(d+&T)We measure {2, directly
since it is the Rabi rate of the Fock qubit. However, to
measure the cat size, we need to calibrate the phase 6,,
which requires creating a chevron similar to Fig. 3(f).
The full calibration of the cat size as a function of the
strength of the two-photon drive is shown in Fig. 7 (a),
which calibrates the cat size a? according to

2
o’ = 2
2Q,

Where 2. is the Rabi rate of the cat qubit.

(D1)
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Figure 7. Cat qubit calibrations. (a) The calibration of the cat size as a function of the two-photon drive strength (in units
of DAC voltage) is done by measuring the increase in the rabi rate of the cat qubit. The linear trend is expected from the
formula (n) = a® = e2/K and it reflects the lack of any observable Stark shift from the drive. (b) The cat quadrature readout
as a function of the DAC amplitude of the readout tone. We used a 4us readout signal for both cat sizes to maximize the SNR.
The readout improves with increasing cat size because we get the bosonic enhancement factor «, and for larger cats we can
use larger readout signals since the energy gap is proportional to the size (i.e., 4Ka2). (¢) The mapping of the Fock qubit to
the cat qubit enables us to use both encodings if necessary. The pulse sequence is an initial X (7/2) pulse in the Fock basis
followed by a 2us ramp of the stabilization drive and then cat readout. The electrical delay in the input lines determines the
phase shift required to prepare the cat qubit in any desired point in the z-y plane. With this protocol, we can prepare the

coherent states |+a) with a probability P, = 93%. The data here is fitted to a sinusoidal function.

2. Mapping The Fock qubit to the Cat qubit

With the large ratio of the Kerr-nonlinearity relative
to the device’s single photon decay rate, we can map the
Fock qubit to the cat qubit and perform operations in
each encoding. By parity conservation, the ground state
of the Fock qubit (Jn =0)) maps to the even cat state,
and the excited state (Jn = 1)) maps to the odd cat state.
However, to prepare the coherent states or the imaginary
cat states, we can apply an Xo1(7/2) pulse in the Fock
basis and then ramp up the stabilization drive, which
prepares either the coherent states |+a) or the imaginary
cat states |C’i> according to the relative phase between
the coherent state a = (e2/K)'/? and the initial X (7/2)
pulse as shown in Fig. 7(c). This sequence enables us to
use the cat quadrature readout to project the cat qubit
along the z-axis, which has better contrast than the dis-
persive readout in the Fock basis.

3. Optimizing the cat quadrature readout

The theoretical treatment of the cat quadrature read-
out was introduced in appendix A 2 and more details can
be found in reference [20, 35]. It involves a microwave-
activated beam-splitter interaction between the cat qubit
mode @ and the readout resonator b. When interaction
strength ecqr = 693 %ECQR&H is much smaller than the
energy gap 4Ka?, equation A25 can be projected into

the computational space giving the effective form:

Heqr = aecqrZ(b+b') (D2)
Which is commonly referred to as longitudinal readout in
the field of superconducting qubits [12]. In this readout
scheme, a photon from the drive combines with a photon
from the qubit through the third-order nonlinearity of
the SNAIL to create a photon in the readout mode. The
stabilization drive replenishes the qubit much faster than
any change in its state, keeping this process quantum
non-demolition to first-order.

To quantify the QNDness, we need two consecutive
readouts, as shown in Fig. 3(a), and the results for cat
size a2 = 4,8 are shown in Fig. 7(b) as a function of the
readout strength. We perform each measurement in 4 us,
which is more than two orders of magnitude smaller than
the lifetime of the coherent states for both cat sizes.

Appendix E: Gates characterization with process
tomography

To get an estimate of the quality of the single qubit
gates, we use process tomography in the cat encoding
and leverage the cat quadrature readout, which we ex-
pect to contribute minimally to state preparation and
measurement errors. For a cat of size a®> = 4, the
lifetime along the z-axis is around T, =~ 600 pus, and
the lifetime along the X, Y-axes is around T¢ = 5 us.
We perform the Z(7/2) gate in 120 ns and the X (7/2)

gate in 320 ns. To calculate the gate fidelity, we use
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Figure 8. Gates characterization. Pauli transfer matrix for the identity, X (7/2) and Z(w/2). State preparation and measure-
ment in the X basis is the limiting factor in all three cases. Faster Z(w/2) gates can improve this number at the expense of a

shorter lifetime for the coherent states.

Fy = 3(3Tr(REeaRexp) +1), with RE | being the ideal
Pauli transfer matrix (PTM) and Rexp being the exper-
imental value.

To calculate the experimental PTM, we start by using
the cat quadrature readout to initialize the qubit in the
state |a), then we prepare four different states by apply-
ing I,Y(90), X(270), X (180). The final gate is a virtual
gate that flips the sign of any subsequent €2, drive or
ecqr readout tone. After that, we apply the desired
operation and construct the output density matrix for
every input state. Finally, we perform least-square ap-
proximation to find the single-qubit PTM. The process
matrix for the identity, the X (7/2) gate, and the Z(w/2)
gate from this analysis are shown in Fig. 8. However,
this method neglects leakage by enforcing normalization,
which can be estimated in future devices with larger Kerr
by mapping back to the Fock basis to measure the popu-
lation of the |n = 3) state. Also, in this method, the er-
ror is limited by state preparation since Fx_,, = 90.8%
and Fz_, = 91.7%, and for the identity, we measure
Fr = 92.7%. The characterization of those gates in a

SPAM-free way that distinguishes the noise bias of every
gate in the set is the subject of the next study on this
device.

Appendix F: Experimental Parameters

The experimental parameters of this device were cho-
sen to maximize the lifetime of the qubit and achieve high
QND readout while maintaining fast control in the cat
subspace. The data are summarized in Table I. The qubit
frequency wq was chosen to be compatible with cryogenic
components and room-temperature microwave electron-
ics while maintaining a large ratio of E;/E, to maximize
the number of bound states in the oscillator (E; is the
effective Josephson energy of the SNAIL). The capaci-
tive shunt energy E./h was chosen to be a value between
300 MHz, which is commonly used to make transmon
qubits with high coherence and the smaller values pre-
viously reported in 3D cat experiments (E. ~ 64 MHz),
which increases the ratio of the nonlinearities g3/g4 of



Table I. Experimental Parameters

Parameter Value
SNAILmon qubit frequency wq /27 5.9 GHz
SNAILmon capacitive shunt energy E./h 118 MHz
Number of SNAILs 2
SNAILmon junctions asymmetry 0.1
SNAILmon Kerr nonlinearity K /27 1.2 MHz
Fock qubit single-photon decay time T} 38.5 us
Fock qubit Ramsey decay time T% 3us
Readout resonator frequency wr/2m 7.1 GHz
Readout resonator linewidth kg /27 0.4 MHz
Readout to SNAILmon coupling strength ¢g/27[125 MHz
Readout to SNAILmon cross-Kerr x /27 40 KHz
Readout resonator internal quality factor Qg;| 3x10°
Purcell filter frequency wp /2w 7.2 GHz
Purcell filter linewidth kp /27 60 MHz

the SNAIL. Using two SNAILs instead of one increases
the number of bound states by a factor of 4 and increases
the ratio of g3/g4 by a factor of 2[47]. The 1.2 MHz Kerr
was an optimal value in practice to maximize the life-
time of the coherent states while maintaining fast single
qubit gates. The readout mode linewidth was chosen to
be 0.1-1 MHz to maximize the SNR of the cat quadra-
ture readout [20]. The dedicated, sharp Purcell filter
for readout was crucial to maintaining a high limit on
the qubit lifetime while keeping the coupling strength
between the qubit and readout large (i.e., g/A =~ 0.1).
The original Purcell limit on the lifetime of the SNAIL-
mon (i.e., T7) from the strongly coupled port is esti-
mated to be ~ 12 us from finite-element simulation using
Ansys High-Frequency Electromagnetic Field Simulation
(HFSS). The 30 dB of isolation at the qubit frequency
increases this limit to 12 ms.

Appendix G: Band-block filter

The band-block filter enables strong coupling to the
qubit, eliminating the need for very large input power. In
the early stages of this experiment, the mixing chamber
of the dilution fridge used to heat up by a few mK when
we used the control line for pumping. The chip we used
to characterize the filter is shown in Fig. 9 (a) with a
zoomed view into one of the stubs in Fig. 9(b). The
open boundary condition requires this filter design to be
A/4 to have destructive interference inside the stop band
of the filter [51]. Fig. 9(c) shows a visualization of this
process. The normalized transmission coefficient Soq of
the filter shown in Fig. 2 includes 69 dB of attenuation
in the lines and 10 dB insertion loss just outside the filter
range. Adapting this filter design in other experiments
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involving strong off-resonance drives should make those
processes efficient with minimal heating effects.

Appendix H: Microwave control hardware

As a strongly driven qubit, the Kerr-cat qubit requires
multiple, strong drives at different frequency ranges with
high spectral purity and fast control. To accomplish
this, we use the standard techniques of up-conversion and
down-conversion of RF signals that we generate with the
arbitrary waveform generator (AWG) and analyze with
an analog to digital converter (ADC) at 1 GS/s sampling
rate.

The wiring diagram shown in Fig. 10 includes the dif-
ferent stages of the dilution fridge. The AWG enables
using the lower sidebands of the IQ mixer with IF fre-
quencies of 70 MHz for the qubit control signals, 140
MHz for the stabilization drive, and 140 MHz for the
cat quadrature readout up-conversion. For the down-
conversion of the readout signal, we use 210 MHz IF fre-
quency. The difference between the upconversion and
down conversion IF frequencies is the result of the in-
put signal being at wcqr and the output signal being
at wr. In this experiment, we use two local oscillators
around the qubit frequency and the readout frequency.
To generate the carrier of the stabilization drive, we use
a frequency doubler, and to generate the carrier of the cat
quadrature readout, we mix the two local oscillators with
an RF mixer (shown in the diagram). This arrangement
eliminates the sensitivity on the phase of the local oscil-
lators when controlling the qubit (i.e., driving on phase
as in Fig. 3 (f)) or performing the cat readout (i.e., the
IQ signal shown in Fig. 3 (b)). Also, since the Kerr cat
Hamiltonian is realized in the rotating frame, the readout
signal picks a phase depending on the delay we use rela-
tive to the time we ramp up the stabilization drive. To
account for this delay, we multiply the input signal ecqr
with the appropriate phase to make sure the output sig-
nal always aligns with the reference we use to draw the
discrimination line in the IQ plane. In this experiment,
we ensured spectral purity of =~ 40 dB suppression of the
next visible side band, which requires large IF frequen-
cies and the use of both high-pass and low-pass filters
to suppress the sidebands and DC bias at each mixer to
suppress the carrier.

To ensure the thermalization of the qubit, we attenuate
the lines heavily and use a gold-plated cryogenic atten-
uator from Quantum Microwave at the mixing chamber
in combination with eccosorb filters. To avoid dumping
heat at the mixing chamber (MXC), we use directional
couplers to attenuate the signal at the MXC plate while
directing the signal to the 4 K with 50-ohm termination.
The output signal is first amplified with a traveling wave
parametric amplifier (TWPA) with a gain of around 20
dB at the mixing chamber [74], then a HEMT amplifier
at 4 K, and a low-noise amplifier at room temperature.
The signal is then downconverted with an IQ) mixer, fil-
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