
PRX QUANTUM 7, 010357 (2026)

Fluxonium as a Control Qubit for Bosonic Quantum Information
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Bosonic codes in superconducting resonators are a hardware-efficient avenue for quantum error correc-
tion and benefit from the inherent bias toward relaxation errors provided by long-lived cavities compared
to typical superconducting qubits. The required coupling to an ancillary control qubit, however, can negate
these benefits by inducing highly detrimental effects such as excess decoherence and undesired nonlineari-
ties. This is exemplified by the typically employed transmon qubit that imposes limits on cavity operations
due to its finite lifetime as well as the inevitably induced self-Kerr nonlinearity. An important question is
thus whether a cavity-qubit coupling can be realized that offers readout and control capabilities without
spoiling the cavity. Here, motivated by its long lifetime and design flexibility of its Hamiltonian, we exper-
imentally investigate the fluxonium as a control qubit for superconducting cavities. We couple a fluxonium
qubit to a superconducting resonator in the strong-dispersive regime and use it to measure the coherence
and flux-tunable inherited nonlinearities of the resonator. We then demonstrate quantum control of the
oscillator by preparing and characterizing resonator Fock states and their superpositions, with fidelities
limited by resonator decay in our planar prototype device. Finally, we show that the fluxonium can realize
cavity-couplings that eliminate undesirable cavity nonlinearities and reach regimes of suppressed self-
Kerr that are inaccessible to transmon-based devices. Our results thus demonstrate the potential of the
fluxonium as a high-performance bosonic control qubit for superconducting cavities that can outperform
existing transmon-based architectures.

DOI: 10.1103/dgwk-w3jj

I. INTRODUCTION

Bosonic codes store quantum states in harmonic oscil-
lators, which offer a hardware-efficient approach for real-
izing the large Hilbert space required for logical qubits
[1–4]. In superconducting quantum circuits, bosonic
encodings are a particularly appealing route toward fault-
tolerant quantum computers [5,6]. For one, supercon-
ducting cavities can display quantum state storage times
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that outperform the best available superconducting qubits
[7–9]. Second, errors in cavities can be strongly biased
toward relaxation [10–12], which reduces requirements
on quantum error correction. The challenge in utilizing
bosonic encodings is to find strategies for quantum control
of the oscillator that preserve these benefits.

Universal control of an oscillator’s quantum state can
be achieved by coupling it to an ancillary qubit [13–15].
In particular, a static dispersive coupling is a simple yet
powerful means to achieve arbitrary state manipulation and
tomography [16–18]. In superconducting circuits, this cou-
pling scheme has been investigated extensively with the
transmon qubit and has enabled key bosonic code function-
alities such as quantum state preparation and manipulation
[19–21], readout and tomography [19,22], and quantum
error correction [23–26].
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The introduction of the ancillary qubit, however, can
spoil the oscillator: hybridization gives rise to new error
channels, such as Purcell decay or qubit-induced dephas-
ing [7], and spurious nonlinearites induced can dramat-
ically reduce circuit performance [27,28]. Uncontrolled
nonlinearities are unavoidable when using the transmon,
which has led to alternative control strategies such as min-
imized or tuneable qubit-cavity coupling [9,12,29,30] or
parametric control schemes [27,30–34]; the downside of
these approaches is that they can lead to reduced control
speed, or added complexity in circuit design or opera-
tion. It thus remains a compelling question whether an
alternative ancillary qubit could enable a large disper-
sive coupling for fast and universal bosonic control, while
eliminating inherited detrimental effects on the cavity.

Here, we investigate the fluxonium [35] as an ancillary
qubit for superconducting cavities due to several possi-
ble benefits over the transmon. First, it has been shown
to have millisecond lifetimes [36–38] and could thus min-
imize qubit-induced cavity decoherence. Second, its flux
tunability enables in situ tuning of qubit-cavity coupling
[39,40]. Finally, the rich energy level structure of the flux-
onium and the resulting interactions with the cavity it is
coupled to can be modified through multiple different cir-
cuit parameters [41,42]. This latter property suggests the
possibility of tailoring the effective qubit-cavity Hamilto-
nian such that undesirable nonlinearities are minimized or
eliminated. The experimental demonstration of the fluxo-
nium as a control qubit for cavities has remained, however,
elusive. Specifically, there has been no demonstration of
quantum control of a cavity mode using the fluxonium,
and no experimental investigation of the nonlinearities
imparted on the oscillator by the coupling to the qubit.

In this work, we experimentally demonstrate bosonic
control of a superconducting resonator mode using the
fluxonium as the control qubit. Operating in the strong-
dispersive coupling regime, we use the qubit to character-
ize the resonator and measure the nonlinearities that the
resonator inherits from the coupling at multiple different
flux points, in quantitative agreement with simulations.
We show that the quantum control techniques pioneered
with transmon qubits can be similarly used with the fluxo-
nium to manipulate and reconstruct quantum states of the
resonator. Critically, the agreement of our experimental
data with numerical models demonstrate an understand-
ing of the interplay between nonlinearity and loss, letting
us credibly predict device parameters for which bosonic
control with low error rates can be achieved. To further
investigate the potential of our experimental platform, we
use our simulations to predict that the fluxonium can be
coupled to a cavity in the strong-dispersive regime while
practically eliminating the self-Kerr nonlinearity of the
cavity at half flux. Our results thus establish fluxonium
as a promising avenue for the control of bosonic quantum
information.

II. FLUXONIUM-RESONATOR SYSTEM

We consider a minimal circuit composed of a stor-
age resonator and the fluxonium to test it as an ancillary
control qubit for a bosonic mode. An additional readout
resonator serves to measure the qubit state (for details
see Appendix A 3). The fluxonium-storage Hamiltonian is
given by

Ĥ/� = 4ECn̂2 + 1
2

ELφ̂
2 − EJ cos (φ̂ − φext)

+ ω̃ ˆ̃a† ˆ̃a − ign̂( ˆ̃a − ˆ̃a†). (1)

Here, EC, EL, and EJ represent the charging, inductive,
and Josephson energies of the fluxonium. The Cooper pair
number and phase operator are denoted by n̂ and φ̂. The
external flux is represented by �ext, and we introduce
φext/2π = �ext/�0. The bare storage mode has a resonant
frequency ω̃ and annihilation operator ˆ̃a, and its coupling
strength to the fluxonium is given by g.

Starting from the circuit design [Eq. (1)] we aim to
relate circuit parameters to a description of the interaction
between fluxonium and storage resonator in the dispersive
regime of cavity quantum electrodynamics (cavity QED).
Ideally, a dispersive shift of magnitude χ is the sole inter-
action [Fig. 1(a)]. In practice, however, the resonator also
inherits a nonlinearity from the interaction with the qubit.
The lowest-order nonlinearity is the self-Kerr, K , corre-
sponding to a photon-number dependent shift that results
in typically undesired state evolution that limits operation
fidelities. To this order, the effective Hamiltonian is

Ĥeff/� = � |e〉 〈e| + ωâ†â + χ â†â |e〉 〈e| + K
2

â†â†ââ,

(2)

where we model the fluxonium as a two-level system of
transition frequency �. The dressed frequency of the stor-
age mode is ω, while â is the dressed annihilation operator
of the storage mode.

To experimentally make the connection between circuit
description and cavity QED model, we have designed a
device as shown in [Fig. 1(b)]. We chose to implement it
using a two-dimensional (2D) on-chip architecture because
it offers precise control over fluxonium and resonator cir-
cuit parameters. For our proof-of-principle experiment,
the benefit of Hamiltonian predictability outweighs the
trade-off in resonator quality factor compared to a high-Q,
three-dimensional (3D) implementation. This circuit pro-
vides a simple yet effective platform for investigating the
fluxonium-resonator interaction, as well as using the flux-
onium to characterize the resonator and the nonlinearity
imparted on it.
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FIG. 1. Fluxonium-resonator system. (a) Schematic compar-
ison of an idealized cavity quantum electrodynamics system
versus a circuit implementation. Our target is a dispersive shift
χ as the only interaction (left). In practice, a resonator coupled
to an artificial atom implemented by a superconducting circuit
also inherits (at least) a self-Kerr nonlinearity K arising from
the qubit’s anharmonicity (right). With sufficient control over cir-
cuit parameters, K can be tuned and potentially suppressed. (b)
False-colored optical images of the fabricated device. A fluxo-
nium qubit is capacitively coupled to storage and readout modes,
implemented as coplanar waveguide resonators.

III. HALF-FLUX CHARACTERIZATION

The most favorable operating point for the fluxonium
as an ancillary qubit is at half-flux where its lifetime and
coherence are maximized. Here, we found relaxation and
(Hahn echo) coherence times of T1 = 123 µs and TE

2 =
90 µs for the qubit (see Appendix A for more information).
Our first objective is to characterize the qubit-resonator
interaction at this operating point, and to demonstrate ele-
mentary control and readout of the resonator using the
qubit (Fig. 2). To verify the coupling regime we measured
the qubit spectrum after preparing a coherent state with
amplitude α in the storage mode through a displacement
pulse [Fig. 2(a)]. The observation of clear number-split
qubit resonances confirms the strong-dispersive coupling,
with peak separation χ/2π = 1.0 MHz [43]. The strong
dispersive regime allows Fock-state selective qubit rota-
tions which is the basis for bosonic state control and
readout. Using this principle, we measured the resonator
relaxation rate by monitoring the probability that the res-
onator is in the vacuum state |0〉 after a displacement. We
extracted a single-photon lifetime of 12 µs, limited by the
internal quality factor of the fabricated device [Fig. 2(b)].

A central concern of our work is the extraction of
the inherited self-Kerr nonlinearity of the storage mode.

(a) (b)

(d) (e)

(c) delay
Storage

Fluxonium

FIG. 2. Characterization of the resonator and its coupling to
the qubit. (a) Photon-number splitting in the fluxonium spec-
trum with the storage resonator prepared in |α = 1〉. The nonzero
background in the spectroscopy arises from imperfect qubit ini-
tialization (Appendix B 1). (b) Time-dependent vacuum state
probability after an initial displacement. The energy relax-
ation rate κ ≡ 1/T1,s is determined from a fit to a function ∝
exp(−|α|2 exp(−κt)) [7]. Data are background corrected (indi-
cated by an asterisk) for skewness arising from qubit decay
and resonator crosstalk [19]. (c) Pulse sequence for Ramsey
interferometry experiment on the storage resonator. Initial flux-
onium measurement serves to cool the qubit by postselection.
(d) Resonator Ramsey experiment as a function of displacement
amplitude. The Kerr nonlinearity of the storage resonator induces
an amplitude-dependent shift in the detuning. (e) Data at different
displacement amplitudes and fit to a master equation simulation.

Employing the toolkit provided by the dispersive cou-
pling, we measured the magnitude of the Kerr effect
with a “cavity Ramsey” interferometry experiment on the
resonator using the sequence of resonator displacements
and number-selective measurements shown in Fig. 2(c)
[19]. The fringes observed confirm that the resonator
mode remains phase coherent despite the short lifetime
[Fig. 2(d)]. The shift of the fringes at larger displacement
amplitudes indicates a photon-number dependent detun-
ing, i.e., the Kerr effect. This detuning scales linearly with
photon number, |α|2, from which we extract a self-Kerr
coefficient of K/2π = 3.6 kHz. To account for system
losses, we fitted the Ramsey fringes at various displace-
ments using a Lindblad master equation incorporating
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relevant loss mechanisms, yielding quantitative agreement
with the experimental data [Fig. 2(e); see Appendixes C
and D for details].

IV. FLUX DEPENDENCE OF χ AND K

Because the resonator’s χ and K depend heavily on
the fluxonium level structure, an externally applied mag-
netic flux provides a control knob for in situ adjustment
of χ and K . For one, this control is useful for locating
decoupled idling points [39], and for biasing the system
to suppress the Kerr effect during idle stages of opera-
tions. In addition, mapping χ and K across flux allows
us to fully connect the circuit Hamiltonian [Eq. (1)] to a
flux-dependent cavity QED description and reinforce the
predictability of interactions and nonlinearity.

(a) (b)

(c) (d)

(e) (f)

FIG. 3. Hamiltonian parameters as function of external flux.
(a) and (b) Fluxonium spectra of device A (left; solid circles)
and device B (right; open circles), fit to the |g〉 → |e〉 transition.
The higher transitions |g〉 → |f 〉 and |g〉 → |h〉 are shown in
gray. The storage resonator level (orange) crosses different higher
fluxonium levels in each device. This results in distinct flux
dependence of the dispersive shift χ shown in (c) and (d), and the
self-Kerr nonlinearity K shown in (e) and (f). K can change sign
and cross zero at specific flux bias points (star; see Appendix D 1
for raw data). Solid lines are expected parameters based on the fit
to the fluxonium spectrum. All simulations are performed numer-
ically and show good agreement with the measurements. Error
bars are smaller than the marker size (Appendix A 5).

We measured the fluxonium spectrum as a function
of flux, and fitted the |g〉 → |e〉 transition [Fig. 3(a)] as
well as the resonator spectrum (Appendix A 3) to Eq. (1).
Using the extracted circuit parameters, we then numeri-
cally computed the expected flux dependence of χ and K .
The comparison with the measured χ and K is shown in
Figs. 3(c) and 3(e). The data show a markedly wide vari-
ation of χ and K across flux, in excellent agreement with
our numerical predictions. Notably, similar values of χ can
correspond to drastically different values of K , highlight-
ing the possibility of engineering distinct K/χ ratios for
bosonic control. Moreover, K can change sign and cross
zero at specific flux bias points, which could help improve
control fidelity by suppressing Kerr-induced state evolu-
tion. This tunability offered by the fluxonium thus allows
dynamic reconfiguration of system properties for specific
protocols.

To understand the dependence of χ and K on resonator
parameters, we repeated the same characterization with
a second device (“device B”). It shares the same fluxo-
nium design parameters as the initially presented device
(“device A”), but features a different storage resonator
frequency [Fig. 3(b); see Appendix A 3 for system parame-
ters]. This frequency difference causes the storage mode to
intersect different higher-energy levels of the fluxonium,
which leads to device B’s distinct flux dependence of χ

and K [Fig. 3(d) and 3(f)] from that observed in device
A. The pronounced difference in flux-dependent behavior
between the two devices further illustrates the versatility of
Hamiltonian engineering achievable with the fluxonium.

V. BOSONIC CONTROL

A detailed understanding of the static system Hamil-
tonian allows us to predict coherent dynamics, and to
design and implement bosonic control schemes. Further,
achieving faithful modeling of dynamics under gate oper-
ations proves a quantitative understanding of the error
model, and thus allows the prediction of conditions under
which bosonic quantum control with low errors suitable for
quantum computation can be expected. Here we demon-
strate these capabilities as a proof of concept by preparing
and characterizing storage resonator Fock states and their
superpositions. We employed resonator displacement and
the Selective Number-dependent Arbitrary Phase (SNAP)
gate [16,44,45] to realize quantum control over the stor-
age mode [Fig. 4(a)]. While other control schemes have
been proposed [29,46,47], we adopted the SNAP protocol
since it only relies on strong dispersive coupling to impart
arbitrary phases, and allows for straightforward numerical
optimization to suppress coherent errors. We implemented
the SNAP gate using optimized selective π pulses fol-
lowed by a fast π pulse [45]. As a demonstration, we
prepared both the single-photon Fock state |1〉 and the
superposition state (|0〉 − |1〉)/√2.
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(a)

(b) (c) (d) (e) (f)

FIG. 4. Bosonic control using the fluxonium. (a) Pulse sequence for the preparation and characterization of Fock states in the storage
resonator. A selective number-dependent arbitrary phase gate is used to prepare specific Fock states, which are characterized using
either qubit spectroscopy or Wigner tomography. (b) Fluxonium spectroscopy with the storage resonator prepared in |1〉 (top) and

1√
2
(|0〉 − |1〉) (bottom). For the selective number-dependent arbitrary phase gate, we choose �θ = (π , 0, 0, . . . ), with displacements

indicated in the figure. (c) Measured Wigner functions of the prepared Fock states. (d) Simulated Wigner functions using the master
equation. Simulation includes both state preparation and Wigner measurement processes. (e) Cuts of the measured and simulated
Wigner functions along Im(α) = 0. (f) Simulated incoherent errors during the selective number-dependent arbitrary phase gate for
�θ = (π , 0, 0, . . .) and α1 = 1 as a function of storage resonator lifetime T1,s and fluxonium (pure) dephasing time Tφ,f . The blue marker
indicates our device parameters.

The prepared states were characterized using qubit spec-
troscopy and Wigner tomography. In Fig. 4(b), we show
fluxonium qubit spectroscopy after state preparation. The
measured spectra confirm that we prepared the intended
Fock-state components. We further leveraged the strong-
dispersive coupling to perform Wigner tomography, an
essential ingredient for bosonic quantum information pro-
cessing. We note that the full experimental sequence
lasted approximately 3.5 µs, which is a significant fraction
(>25%) of the storage mode relaxation time; the fidelity
of both state preparation and tomography are thus signif-
icantly impacted by incoherent errors. Nevertheless, we
were able to prepare and characterize the Fock states, as
evidenced by the experimentally measured Wigner func-
tions shown in Fig. 4(c). To account for imperfections, we
simulated the Wigner function using the master equation,
including both the SNAP gate and the Wigner measure-
ment process [Fig. 4(d)]. Our simulations are in good
quantitative agreement with the experimental data; a cut
along Im(α) = 0 is shown in Fig. 4(e). This agreement
allows us to estimate a preparation fidelity of 79% for
|1〉 and 91% for (|0〉 − |1〉)/√2 based on simulations. The
dominant sources of infidelity are qubit initialization ineffi-
ciency and T1 decay of the storage mode (see Appendix E 2
for a detailed breakdown of loss mechanisms).

While we have established the core capabilities needed
for bosonic quantum information processing in our 2D

fluxonium-resonator prototype, fidelities are constrained
by the low cavity lifetime of our 2D resonator. Figure 4(f)
shows the potential improvement in gate fidelity enabled
by increased system lifetimes and coherence, such as those
provided by a 3D architecture. Leveraging the quanti-
tative understanding of loss and nonlinearity shown in
Fig. 4(b)–4(e), we simulated the SNAP gate infidelity
due to incoherent errors as a function of the storage
mode lifetime and qubit dephasing time, using our current
system parameters and pulse durations (Appendix E 2).
With a cavity lifetime of 1 ms and a fluxonium dephas-
ing time of 50 µs, the incoherent errors can already
be suppressed to 1%. These results highlight the via-
bility of universal, high-fidelity bosonic control in a
fluxonium-resonator system using experimentally accessi-
ble parameters.

VI. OUTLOOK

In summary, we have analyzed, in experiment and the-
ory, a cavity QED system composed of a fluxonium qubit
coupled dispersively to a superconducting resonator. This
analysis has yielded two important results: First, we have
shown that fluxonium-cavity systems can reach χ/K ratios
that significantly exceed what is possible in transmon-
cavity systems. Second, we have demonstrated quantum
control of the resonator state using the fluxonium. The
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fluxonium is thus well-suited to act as an ancillary qubit
for bosonic quantum information stored in superconduct-
ing microwave cavities. We have shown strong-dispersive
qubit-resonator coupling with interactions and nonlineari-
ties tailored by circuit design and tuned in situ. We have
employed this coupling to demonstrate the manipulation
and readout of the quantum state of the resonator, with
fidelities limited mainly by the resonator lifetime of our
planar prototype device.

While our experiment performed at half flux has realized
an interaction regime that is similar to typical transmon
implementations, our modeling indicates that through cir-
cuit parameter engineering, the fluxonium qubit at half flux
can reach regimes that are not possible using the typically
employed transmon. This allows the operation at the flux
sweet spot while simultaneously suppressing K . For many
bosonic control schemes we desire a large dispersive shift
χ for fast operations but a small nonlinearity K . We can
predict fluxonium parameters using simulations that can
achieve a vanishing K while still maintaining a large χ

at half flux; this parameter regime is extremely difficult to
reach for the transmon.

The relationship between the dispersive shift and the
Kerr nonlinearity for a transmon-resonator system is heav-
ily constrained. In the transmon-resonator system, χ and
K are both approximately proportional to the product of
EC and the ratio of coupling strength and detuning, g/�,
to some power (see Appendix C 3 for details). The only
way to achieve a high χ/K ratio given these constraints
is to enter the regime EC ∼ � where the cavity and qubit
become strongly hybridized, as shown in Fig. 5(a). This
situation is typically not desirable if the aim is to pro-
tect cavity coherence. Avoiding this strong hybridization
while staying in the transmon limit allows us to estimate a
lower bound on the Kerr nonlinearity, |K | � χ2/4EC. With
reasonable bounds on transmon parameters we evaluate
the bound numerically as |K |/2π � (χ/2π)2/(2.12 GHz)
(see Appendix C 3 for details). We plot this estimated
bound on the χ/K ratio for the transmon as the dashed line
in Fig. 5(c). A representative selection [9,23–25,44,45,48–
53] of transmon χ and K value pairs from the literature
(see Table II) are plotted in Fig. 5(c), in agreement with
this limit.

In contrast, the fluxonium can achieve a wider range
of χ and K , which is already apparent from the experi-
mental data shown in Fig. 3. Because the transmon bound
can be expressed as χ2/K > 2π × 2.12 GHz, we show the
ratio χ2/K for devices A and B as a figure of merit in
Fig. 5(d). From both the data and fit lines, we see that
χ2/K exceeds the transmon bound across several flux
regions (see Appendix D 3 for further details and raw
data). Such regions of enhanced χ/K ratio could be read-
ily combined with fast-flux control of the fluxonium and
thus exploited to suppress errors originating in resonator
self-Kerr nonlinearity.

(c) (d)

(a) (b)

O
ve

rla
p

FIG. 5. Relation of χ and K for the fluxonium and trans-
mon. (a) K (purple line) and overlap between bare and dressed
states (green line) as a function of � for a (hypothetical)
transmon-resonator system with parameters EC/2π = 530 MHz
and EJ /2π = 26.5 GHz for fixed |χ |/2π = 1 MHz. Although
K reaches zero near EC ≈ �, the qubit and resonator states
become strongly hybridized at this point. The black star shows
example transmon parameters for the bound (black dashed line)
on χ/K discussed in the main text. (b) The same quanti-
ties as in (a), shown for a fluxonium-resonator system at half
flux with EC/2π = 1.19 GHz, EL/2π = 556 MHz, EJ /2π =
3.04 GHz. Blue star indicates a set of fluxonium parameters that
beat the transmon bound, chosen with a detuning of 100 MHz
from the K = 0 case, to illustrate that no unrealistic fine-tuning
is required for small Kerr nonlinearity. (c) Our derived χ/K
bound (dashed black line) plotted with values from the literature
[9,23–25,44,45,48–53] for transmons (black circles are measured
data; black diamonds have measured χ and simulated K), and
devices A (blue circle) and B (open blue circle) of this work
(at half-flux). (d) The figure of merit χ2/K vs flux. The ratio
is plotted for measured data (blue circles) and fit to simula-
tion (blue line) for device A (device B) in the top (bottom)
panel. The black dashed lines are the transmon bound. For device
B, two measured points fall above the transmon bound, with
χ/2π = {−1.83, −3.31} MHz and K/2π = {0.31, 1.04} kHz at
�ext ≈ {0.1919, 0.3358}�0 (see Appendix D 3 for details).

Even when constrained to the half-flux sweet spot, how-
ever, we can find Hamiltonian parameters that result in
a vanishing K with a large χ while maintaining low
hybridization. To illustrate this, we found an example
circuit through numerical optimization that achieves this
goal. The simulated K for the example fluxonium is plot-
ted in Fig. 5(b) as a function of � (For a discussion of
higher-order nonlinearities, see Appendix C 4). Notably,
when K passes through zero, overlap between dressed and
bare states [also plotted in 5(b)] stays close to 1. To fur-
ther illustrate that fluxonium can achieve a broader range
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of χ and K values compared with the transmon, we con-
trast our example circuit (marked with a blue star) with the
transmon case in Fig. 5(c). We see that our predicted large
χ/K ratio fluxonium clearly falls outside of the transmon
bound.

While Fig. 5 highlights an appealing direction for
Kerr-free bosonic control, its experimental realization will
require further advances. In particular, integration of fluxo-
nium with a high-Q cavity poses an engineering challenge
that remains an active area of development [39]. Simi-
larly, reliably targeting circuit parameters and fabricating
highly coherent fluxonium qubits are important objec-
tives, with ongoing research in fabrication processes to
address them. Along with these endeavors, our present
work marks an important milestone by demonstrating flux-
onium as a viable and advantageous bosonic control qubit.
Importantly, the control techniques established here can be
directly carried over to more advanced architectures incor-
porating high-Q cavities, thereby paving the way toward
the realization of Kerr-free bosonic control.

We conclude that the fluxonium is a beneficial pathway
for bosonic quantum computation. In combination with
long coherence times, its large anharmonicity and potential
for negligible self-nonlinearity induced to the cavity make
it a compelling choice for a high-performance control qubit
with minimal detrimental side effects. More broadly, our
work demonstrates that the freedom of design available in
superconducting artificial atoms provides unique opportu-
nities for tailoring qubit-photon interactions that are not
accessible in traditional cavity QED.
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APPENDIX A: EXPERIMENTAL SETUP

1. Device fabrication

The devices were fabricated with a Ta baselayer on a
sapphire substrate. The Ta was patterned via photolithogra-
phy and wet etching to form the ground plane, resonators,
and qubit capacitor pads. The qubits were made from
Al/AlOx/Al Josephson junctions using the bridge-free fab-
rication process [55]. All measured devices were fabricated
on the same chip and share a common transmission line.

2. Cryogenic setup

The devices were cooled to 10 mK and measured in
an Oxford Instruments Triton 500 dilution refrigerator. A
schematic of the measurement setup and device wiring is
shown in Fig. 6. A global superconducting coil was used
for flux biasing, with a Yokogawa GS200 serving as the
current source.

3. Spectroscopic characterization

Here we describe the full system Hamiltonian and
present spectroscopic characterization of the readout and
storage resonators. The full system Hamiltonian is given
by

Ĥfull/� = 4ECn̂2 + 1
2

ELφ̂
2 − EJ cos (φ − φext)

+ ω̃ ˆ̃a† ˆ̃a + ω̃r ˆ̃r† ˆ̃r − ign̂( ˆ̃a − ˆ̃a†) − igrn̂(ˆ̃r − ˆ̃r†).
(A1)

The operator ˆ̃r describes the readout resonator mode, and
the subscript r is used to distinguish quantities from those
of the storage mode. By default, symbols without a sub-
script refer to the storage or qubit mode, consistent with the
convention used in the main text. In Fig. 7, we show flux-
dependent spectroscopy of the readout and storage res-
onators for both devices. For the readout mode, its strong
coupling to the transmission line allows direct characteri-
zation via single-tone spectroscopy [Figs. 7(a) and 7(c)].
For the storage mode of device A, the resonance is not
directly visible in the S21 transmission due to its weak
coupling. Instead, we probed the storage mode via the
fluxonium qubit by applying a drive near the storage fre-
quency, followed by a selective qubit π -pulse conditioned
on the storage being in |0〉 [Fig. 7(b)]. Device B’s stor-
age mode is coupled stronger and we directly measured its
flux-dependent spectrum using single-tone spectroscopy
[Fig. 7(d)]. From resonator spectroscopy, together with the
fluxonium spectrum, and χ , K as shown in Fig. 3, we
extracted the system parameters summarized in Table I.

4. Relaxation and coherence versus flux

Here we discuss the flux dependence of the qubit T1 and
T2, from which we identify the loss mechanisms limiting
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Amplifier

Thermal

FIG. 6. Measurement and cryogenic setup. The readout tone
and pump drives were synthesized using a Quantum Machines
OPX+, and up/downconverted via IQ mixing with external
local oscillators (SignalCore SC5511A and Rohde & Schwarz
SGS100A). The tones were combined and sent through the input
line in transmission. A high-pass filter (VXHF-392+) was used
to filter out the qubit drive tone before amplification by a
traveling-wave parametric amplifier.

qubit performance. In Fig. 8(a), we show the measured T1
as a function of flux for device A. The relaxation time T1
peaks near �ext ≈ 0.4�0 and decreases toward zero flux.

The observed flux dependence of T1 is well described by
a dielectric-loss model. By fitting the data using Fermi’s
golden rule for dielectric loss [56], we extract a frequency-
independent dielectric loss tangent of tan δC ≈ 3 × 10−6.
We additionally characterize TE

2 in the vicinity of zero flux,
up to �ext ≈ 0.1�0, as shown in Fig. 8(b). Away from the
sweet spot, the fluxonium becomes first-order sensitive to
flux noise. In this case, the flux dependence of the qubit
coherence time is governed by

1/TE
2 (�ext) = ∂�

∂�ext
A
√

ln 2, (A2)

where A is the flux noise amplitude. By fitting the TE
2

data to both 1/f flux noise and photon shot noise, we
obtain a flux noise amplitude A = 12 µ�0 and an effec-
tive resonator temperature Tr = 75 mK. We expect T2 to
be limited to ∼ 1 µs on the flux slope. The measured res-
onator temperature is higher than the qubit temperature
(∼ 28 mK), likely due to radiation from the fridge lines.

5. Error analysis

Here, we briefly describe the fitting uncertainty associ-
ated with the system parameters. In Table I, the fluxonium
circuit parameters, bare resonator frequencies, and their
coupling strengths were tuned to simultaneously match
spectroscopy data and measured χ and K . While we did
not compute uncertainties for this procedure, obtaining
a good fit required tuning each parameter to the preci-
sion reported. Thus, the uncertainties in these parameters
should be at least as small as the order of magnitude of the
last digit reported.

For directly measured quantities, such as χ and K , we
extracted the uncertainties from the covariance matrix of
the fitting functions. Specifically, the uncertainty in χ was
obtained from a multi-Lorentzian fit to the spectrum, while
the uncertainty in K was extracted directly from a linear
fit as a function of n̄. We note that the reported uncertain-
ties do not account for temporal fluctuations, which are
discussed separately in Appendix B 5.

The uncertainties in the qubit frequencies at half
flux were not obtained from a covariance matrix, but
were instead independently estimated from the measured
dephasing rate, with δ�/2π ∼ 1/2πTR

2 .

APPENDIX B: HALF FLUX CHARACTERIZATION

1. Qubit initialization

In this section, we describe the procedure used to pre-
pare the qubit in its ground state at half flux and provide
details on the initialization efficiency. Qubit initialization
is necessary due to the low transition frequency of the flux-
onium at half flux. We implemented qubit initialization
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(a) (b)

(c) (d)

FIG. 7. Resonator spectroscopy of the two devices. (a) Readout resonator spectroscopy and (b) Storage resonator spectroscopy of
device A as a function of external flux. Numerical simulation of |g0〉 → |g1〉 (solid line) and |e0〉 → |e1〉 show good agreement with
the measurements. (c),(d) Storage and readout resonator spectroscopy of device B.

TABLE I. Summary of measured and fitted system parameters
for devices A and B. For device A, qubit T1 and T2 times were
measured during the selective number-dependent arbitrary phase
experiment and are used in all corresponding master equation
simulations. For device B, T1 and T2 times were averaged from
an 24-hour continuous time-domain measurements, as reported
in Appendix B 5.

Parameter Device A Device B

EC/2π 1.142 GHz 1.101 GHz
EL/2π 0.559 GHz 0.564 GHz
EJ /2π 3.645 GHz 3.890 GHz
NJJ 116 116
ω̃/2π 5.3575 GHz 7.3269 GHz
ω̃r/2π 6.4615 GHz 6.8435 GHz
g/2π 64 MHz 106 MHz
gr/2π 105 MHz 123 MHz
κr/2π 0.35 MHz 0.32 MHz
T1,s 12.0(4) μs ∼350 ns

Half flux Device A Device B

�/2π 424.88(1) MHz 358.72(1) MHz
χr/2π −6.38(4) MHz 2.85(1) MHz
χ/2π 1.013(4) MHz −1.22(1) MHz
K/2π 3.60(4) kHz −13.5(4) kHz
T1,f 123(4) μs 85(6) μs
TR

2,f 16(1) μs 17(4) μs
TE

2,f 90(4) μs 62(4) μs

using measurement-based cooling. Prior to each experi-
ment, we applied a 3 μs readout pulse to perform single-
shot measurement of the qubit state. We then post-selected
data for which the qubit was in the ground state during
this measurement pulse. To ensure the system returns to its
computational subspace, we included a buffer time Tbuffer
of 3 μs (∼5κr) after the readout to allow residual pho-
tons in the readout resonator to decay before starting the
experiment. In Fig. 9, we show two consecutive single-shot
readout measurements of the qubit, separated by a buffer
time Tbuffer. The second measurement was post-selected

(b)(a)

FIG. 8. Time-domain measurements of device A as a function
of flux. (a) Qubit T1 vs flux, fitted to a dielectric-loss model. The
fit corresponds to a dielectric loss tangent of tan δC = 3 × 10−6.
(b) Qubit TE

2 measured around zero flux, fitted using 1/f flux
noise and photon shot noise. The fit yields a flux noise amplitude
A = 12 µ�0 and an effective resonator temperature Tr = 75 mK.
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(a)

(b)

Fluxonium

FIG. 9. Cooling through measurement. (a) Pulse sequence for
measurement-based cooling. Two consecutive qubit measure-
ments were performed, separated by a buffer time Tbuffer. The
first measurement projected the fluxonium into its ground state,
increasing the contrast of the second measurement. (b) Qubit
population of device A (top) and device B (bottom), measured
in the first measurement (left) and in the second measurement
(right) after postselection.

based on the outcome of the first. At thermal equilib-
rium, both devices had approximately 66% qubit popula-
tion in the ground state [Fig. 9(b)]. After post-selection,
we achieved greater than 90% ground-state population.
For more complex bosonic control protocols where high-
fidelity qubit initialization is critical, more effective active
reset techniques are available for the fluxonium qubit
[57–60].

2. Readout background correction

Here, we describe our general procedure used to cor-
rect for measurement background. In the ideal case, the
storage resonator is measured via the qubit with a con-
stant readout background. Resonator cross talk and qubit
decay after measurement-based cooling, however, cause
a skewed background. For the reported experiments with
background correction (indicated by an asterisk as P∗

e ), we
performed a control experiment where the qubit π pulse
was not played. The time slot for the pulse was still pre-
served to account for any decay during this interval. We
subtracted the control data from the measurement to isolate
the actual qubit signal.

3. Device A displacement calibration

Here, we describe the calibration procedures used
to relate the drive amplitude to the displacement in
the storage mode for device A. Depending on whether
photon-number splitting is observable in the qubit
spectrum, different calibration methods were employed. At

the flux sweet spots, where the fluxonium qubit is first-
order insensitive to flux noise, the dephasing time reaches
its maximum. Therefore, one can apply a selective π pulse
to the qubit to measure the storage mode’s overlap with
|0〉, which is given by

P(α) = |〈0|D̂α|0〉|2 = e−|α|2 . (B1)

In Fig. 10(a), we show the pulse sequence used to dis-
place the storage mode to measure the probability of it
being in the |0〉 state. A Gaussian pulse of duration 80 ns
was applied to populate the storage mode, while the pump
power was swept to calibrate the displacement amplitude.
The measured qubit population as function of displace-
ment amplitude is shown in Fig. 10(b). Away from the flux
sweet spots, where the fluxonium is sensitive to flux noise
and the dispersive shift is smaller than the qubit linewidth,
this method is no longer suitable for displacement cali-
bration. Alternatively, the displacement amplitude can be
calibrated by measuring the AC Stark shift induced on the
qubit by the photon population in the storage mode. This
shift is given by

�(α) = �(0) + χ |α|2. (B2)

In Figs. 10(c) and 10(d), we show the pulse sequence and
the corresponding measured data used for the AC Stark
shift calibration. We note that the spectral width of the
80 ns storage pump pulse is significantly larger than the
frequency shift of the storage resonator across an entire

(a)

(c)

(b)

(d)

ωd

Storage

Fluxonium

P

Storage

Fluxonium

P

FIG. 10. Displacement calibration of device A. (a) Pulse
sequence for displacement calibration at the flux sweet spots.
A Gaussian pulse of duration 80 ns was used to populate the stor-
age resonator. (b) Displacement calibration at half flux, using the
pulse sequence shown in (a). Background was subtracted using
a control measurement. (c) Pulse sequence for displacement cal-
ibration away from the flux sweet spots. Qubit spectroscopy was
performed on the fluxonium to extract the induced AC Stark shift
and calibrate the displacement. (d) Qubit frequency detuning as
a function of displacement amplitude, measured using the pulse
sequence shown in (c).
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flux quantum. Consequently, the calibration performed at
half-flux bias remains valid across the full flux range. Cal-
ibrations performed at different flux points using the two
methods yield consistent results.

4. Device B half-flux characterization

In this section, we discuss the characterization of device
B at half flux, which requires different methods from those
used for device A. Due to a nearby spurious mode, the
storage mode of device B couples more strongly to the
transmission line than intended, resulting in a reduced life-
time for the storage mode. Consequently, displacement
calibration via selective measurement is not feasible, as it
relies on a sufficiently long storage mode lifetime. Instead,
we calibrated the displacement by measuring the AC Stark
shift induced on the qubit. In Fig. 11(a), we show the pulse
sequence used for this measurement. Unlike the pulse
sequence shown in Fig. 10(c), we used two overlapping
10 μs pulses to simultaneously populate the storage mode
and perform qubit spectroscopy. The storage drive was
applied on resonance with the resonator frequency corre-
sponding to the qubit in the |g〉 state. We swept over a
range of low powers for the storage drive to extract the AC
Stark shift induced on the qubit. Although not explicitly
shown in the pulse sequence, we applied a cooling mea-
surement prior to driving the storage mode on resonance

(a) (b)

(c) (d)

P

Storage

Fluxonium

ωd

FIG. 11. Half-flux characterization of device B. (a) Pulse
sequence for displacement calibration based on the AC Stark
shift. Due to the short T1 of the storage resonator, two over-
lapping 10 µs-long pulses were used for the resonator and qubit
drives. (b) Displacement calibration at half flux, using the pulse
sequence shown in (a) and (c) Storage resonator single-tone
spectroscopy at half flux. Two peaks are visible, correspond-
ing to the thermal population of the fluxonium qubit. The peaks
are separated by a dispersive shift of χ/2π = −1.22 MHz. (d)
Storage resonator frequency detuning as a function of average
photon number. A linear fit yields a self-Kerr nonlinearity of
K/2π = −13.5 kHz.

with its |g〉 peak. Therefore, one can safely assume

n̄ = n̄g = |α|2 = |αg|2, n̄e = 0, (B3)

where n̄ denotes the total mean photon number in the stor-
age mode, while n̄g (n̄e) refers to the mean photon number
when the qubit is in the ground (excited) state.

In Fig. 11(b), we show the measured AC Stark shift
data, which exhibits a parabolic dependence, supporting
our assumptions. We directly measured the dispersive
shift at half flux using single-tone spectroscopy, obtaining
χ/2π = −1.22 MHz [Fig. 11(c)]. To extract the self-Kerr
nonlinearity, we performed resonator single-tone spec-
troscopy as a function of pump power. Using the relation

ωn̄+1 − ωn̄ = n̄K , (B4)

we obtain K/2π = −13.5 kHz. We used the same proce-
dures for extracting χ and K across the entire flux range,
as shown in Figs. 3(d) and 3(f) of the main text.

5. System fluctuations due to TLS

During our measurements of both devices, we directly
observed signatures of two-level systems (TLSs), includ-
ing fluctuations in system parameters attributable to their
presence. For Device A at half flux, we observed a splitting
in the fluxonium |g〉 → |e〉 transition due to coupling to a
nearby TLS, as indicated by a small bump adjacent to the
main transition peak in the two-tone spectroscopy shown
in Fig. 12(a). Due to the fluctuating coupling to this TLS,
we observed approximately 10% variation in the qubit’s
dispersive shift χ to the storage mode [Fig. 12(b)]. These
changes occur on the timescale of several days, which
is sufficiently slow to allow stable calibration during our
measurements. Similarly, for device B, although we did not
directly observe a splitting in the qubit spectroscopy, we
observed fluctuations in the qubit TR

2 measurements over
time (Fig. 13).

(a) (b)

TLS

FIG. 12. Evidence of two-level system in Device A. (a) Flux-
onium two-tone spectroscopy at half flux. A small splitting
approximately 1.35 MHz away from the main fluxonium tran-
sition is observed, indicating coupling to a nearby two-level
system. (b) Photon-number splitting in the fluxonium spectrum,
measured similarly to Fig. 2(b). However, the extracted disper-
sive shift χ differs due to fluctuations in the qubit–two-level
system coupling.
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TLS

FIG. 13. Time-domain measurements of device B over time.
The jump in device B’s T2,R data is attributed to fluctuations of a
nearby two-level system.

APPENDIX C: THEORETICAL MODELING

1. System Hamiltonian

To simulate the system spectrum, we numerically diag-
onalized the full Hamiltonian given in Eq. (1) using the
scQubits [61,62] Python package. From the spectrum, we
extracted the qubit and resonator frequencies, as well as
the dispersive shift χ and the self-Kerr nonlinearity K of
the storage mode. At a specific flux bias point, we simu-
lated the system using the effective Hamiltonian given in
Eq. (2).

The qubit drive is modeled by

Ĥdrive/� =
∑

n

εn(t)e−iωnt |e〉 〈g| + h.c., (C1)

where εn(t) denotes the time-dependent amplitude of the
nth microwave drive with pump frequency ωn. For sim-
plicity, we work in the rotating frame given by

Ĥframe/� = � |e〉 〈e| + ωâ†â. (C2)

In this frame, the effective Hamiltonian and the drive
Hamiltonian take the form

Ĥeff, rot/� = χ ŝ†ŝ |e〉 〈e| + K
2

ŝ†ŝ†ŝŝ, (C3)

Ĥdrive, rot/� =
∑

n

εn(t)e−iδnt |e〉 〈g| + h.c., (C4)

where δn = ωn − � is the detuning between the nth
drive frequency and the fluxonium transition frequency. A
microwave drive on the storage resonator can be included

analogously by replacing |e〉 〈g| with the annihilation oper-
ator â. The total Hamiltonian Ĥeff, rot + Ĥdrive, rot provides a
sufficiently accurate model for our system in the rotating
frame.

2. Master equation simulation

To incorporate decoherence and energy relaxation, we
simulated the system dynamics by numerically solving the
Lindblad master equation,

∂ρ̂

∂t
= −i[Ĥeff,rot + Ĥdrive,rot, ρ̂] +

∑

k

[LkρL†
k − 1

2
{L†

kLk, ρ̂}],

(C5)

where ρ̂ is the system density operator and Lk are the
collapse operators describing dissipation. We included
the dominant loss mechanisms using the collapse opera-
tors: storage-mode energy decay

√
κ â, fluxonium relax-

ation
√

�↓ |g〉 〈e|, fluxonium excitation
√

�↑ |e〉 〈g|, and
pure dephasing

√
�φ/2(|e〉 〈e| − |g〉 〈g|). Due to the short

storage-mode lifetime, the coherence time of the resonator
is mainly T1-limited at all points in flux. In addition to
incoherent loss, we incorporated qubit initialization error
by setting the initial density matrix to a mixed state.
Simulations were carried out using the Python package
QuTiP [63].

TABLE II. Literature values for transmon χ and K . Each row
corresponds to a unique device, except for the six values from
Ref. [51]. Those values were measured with a SQUID transmon,
with each row corresponding to a different flux point. Some of the
K values are measured, while some were simulated by the respec-
tive authors. The distinction is made in column 3. Uncertainties
are given as originally reported.

|K |/2π kHz |χ |/2π MHz K type Reference

22 ± 2 3.825 ± 0.001 Data [48]
3.6 × 10−3 4.2 × 10−2 Simulation [9]
107.9 ± 0.5 8.2813 ± 0.001 Data [44]
8 2.86 Data [49]
5 2.29 Data [49]
0.699(6) 0.4861(3) Data [45]
4.5 1.97 Data [23]
1 × 10−3 2.8 × 10−2 Data [50]
4.8 × 10−3 4.65 × 10−2 Data [25]
44 1.67 Simulation [51]
6 0.94 Simulation [51]
1.9 0.57 Simulation [51]
0.19 0.29 Simulation [51]
9 × 10−2 0.18 Simulation [51]
5 × 10−3 5 × 10−2 Simulation [51]
3 1.3 Data [52]
2 1.411 Data [52]
4.9 ± 0.1 1.499 ± 0.003 Data [53]
1.7 1.313 Data [24]
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3. Derivation of transmon K limit

As derived in [64], χ and K for a transmon dispersively
coupled to a cavity are given by

K ≈ −EC

( g
�

)4
, (C6)

χ ≈ − 2g2EC

�(� − EC)
. (C7)

Here, we are setting � = 1, so all quantities in Eqs. (C6)
and (C7) are in units of angular frequency. The detun-
ing � is defined with the sign convention � = ω̃q − ω̃

[64], where ω̃q and ω̃ denote the bare frequencies of the
transmon and cavity, respectively.

We want to find the smallest possible K for a given χ . If
we impose a lower limit |χ | ≥ χ0, then

g2 � χ0|�(� − EC)|
2EC

. (C8)

Plugging this into the expression for K yields

|K | ≈ EC

( g
�

)4
� χ0(� − EC)2

4EC�2 . (C9)

Initially, it appears that for constant χ0 we could have
|K | → 0 by taking � → EC. However, while that param-
eter regime can be useful in some situations [30], we
aim to keep the storage mode as linear as possible and
demand minimal hybridization between the cavity and
qubit modes. To measure the hybridization, we com-
puted the overlap between the bare and dressed cavity
states, where an overlap less than unity indicates finite
qubit-cavity hybridization. To compute the overlap, we
numerically diagonalized the transmon-storage system,
approximated by

Happrox/� = 4ECn̂2 − 1
2

EJ

15∑

n=−15

(|n〉 〈n + 1| + h.c.)

+ ω̃ ˆ̃a† ˆ̃a − ignn̂( ˆ̃a − ˆ̃a†) + h.c., (C10)

with scQubits [61,62]. Note that in Eq. (C10), we have
truncated the transmon Hilbert space in the charge basis.
Further, though not shown explicitly in Eq. (C10), we
have truncated the storage Hilbert space dimension to 5
Fock states. Then we averaged the bare → dressed overlap
for the states |g; 0〉 , |e; 0〉, |g; 1〉 , |e; 1〉. We find that the
overlap drops dramatically when � ∼ EC, exactly where
|K | → 0 [see Fig. 5(a)].

Hence, for low hybridization, we must move to the
regime |�| � EC. In this regime, we have (� − EC)2 ≈

�2. This simplifies Eq. (C9) to

|K | � χ2
0

4EC
. (C11)

In principle, we can reduce this lower bound by increas-
ing EC. However, EC is bounded by practical limitations.
In particular, we do not want the transmon frequency ω̃q �√

8ECEJ − EC to be too large, and want to stay in the trans-
mon regime EJ ≥ 50EC [65,66]. We require that the qubit
frequency be less than 10 GHz, which leads to EC/2π ≤
10 GHz/19 ≈ 530 MHz. Plugging this into Eq. (C11), we
find the bound described in the main text,

|K | � χ2
0

2π · 2120 MHz
. (C12)

4. Higher-order nonlinearities

Our effective Hamiltonian [Eq. (2)] is truncated to
the leading-order nonlinearity Kâ†â†ââ/2. However, the
full nonlinearity of the dressed cavity mode generically
includes higher-order terms. The terms that are relevant
when the qubit is in the ground state can be written as

∞∑

p=2

Kp

p!
â†p âp . (C13)

Note that K2 ≡ K . The terms in the sum are normal-
ordered so that the pth term only contributes to the energy
once the cavity has at least p photons.

Because the bosonic control experiments in this work
only need a few cavity photons, the effects of higher Kp are
not seen. But later experiments to create bosonic codes will
need larger photon numbers. Thus, here we present simu-
lated higher-order Kp for the low-K fluxonium proposed
in Sec. VI (see Fiq. 5) to verify its viability for general
bosonic encoding.

To compute Kp , we first found the dressed energies with
scQubits [61,62]. If Eg,n is the energy when the fluxonium
is in the ground state and the cavity has n photons, then the
coefficients Kp are given by

Kp =
p∑

j =0

(−1)(j +p)

(
p
j

)
Eg,j . (C14)

The Kp are plotted as a function of detuning in Fig. 14(a)
up to p = 5 (p = 2 is shown also in Fig. 5). We find that Kp
decreases with p in the simulated range of � and starting
with p ≥ 4, the value of Kp reaches the level of numerical
noise in our simulation.

As an additional illustration of the nonlinearity, we com-
puted the deviation of the cavity frequency away from its
single-photon value up to 20 photons [Fig. 14(b)]. More
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(c)

(a) (b)

FIG. 14. Higher-order Kerr in the fluxonium devices. (a) Sim-
ulated pth order shift Kp as a function of detuning for the same
fluxonium as presented in Fig. 5 for p = 2 (purple), 3 (blue),
4 (orange), and 5 (green). At each �, g is tuned such that
|χ | = 1 MHz. The blue star at �/2π = −2.25 MHz is the same
example point as in Fig. 5. (b) At the blue star point of sub-figure
a, the simulated deviation �ω (orange stars) of the cavity fre-
quency is plotted for different photon numbers. The deviation
only due to K2/2π = 1.76 Hz is plotted for comparison (dashed
purple line). (c) The simulated deviation �ω for devices A and B
(closed and open circles, respectively). The deviations only due
to K2 are plotted as dash-dotted and dotted lines, respectively.

precisely, �ω(n) = ω(n) − ω(0), with ω(n) = Eg,n+1 −
Eg,n. The actual �ω is compared to the deviation accounted
for by taking only K2. We computed the same quantities
for devices A and B [Fig. 14(c)]. Up to 20 photons, the
deviation is well described by just K2 for both device A
and our proposed device. For device B, however, higher-
order corrections become significant after approximately
10 photons.

APPENDIX D: K MEASUREMENT

1. Cavity Ramsey simulation

Under the pulse sequence shown in Fig. 2(c), and
not considering dissipation, the storage resonator evolves
under the unitary transformation

Û(t) = exp
[
−i

(
�â†â + K

2
â†â†ââ

)
t
]

, (D1)

where � denotes the detuning between the storage-mode
frequency and the pump frequency. In this case, the Ram-
sey signal is given by the return probability of the coherent

(a) (b)

(c) (d)

FIG. 15. (a) Detuning extracted from the Ramsey data shown
in Fig. 2(d). The detuning exhibits a linear dependence on the
average photon number. A linear fit yields a self-Kerr nonlinear-
ity of K/2π = 3.6 kHz. (b) Zoom-in of the data from Fig. 3(e)
near the Kerr zero-crossing point. The data show a clear sign
change in the extracted Kerr, indicating a transition through
K/2π = 0 kHz. (c) Cavity Ramsey raw data as a function of
displacement taken at the flux bias indicated by the star marker
shown in (b). No appreciable change in detuning is observed.
(d) Data taken at displacement amplitude |α| = 2.2, from which
we extract a detuning of �/2π ≈ 0.227 MHz. The resonance
observed in the data is not as sharply peaked as in simulation,
due to imperfect selectivity in the measurement arising from
reduced qubit coherence away from the sweet spot. Based on the
detuning and the swept displacement range, we estimate the min-
imum Kerr that can be reliably resolved in this experiment to be
K/2π ≈ 300 Hz.

state under the evolution,

P(t) =
∣∣∣
〈
α|Û(t)|α

〉∣∣∣
2

. (D2)

For short evolution times, the phase accumulation of a
coherent state under this unitary can be approximated as
linear in time,

Û(t) |α〉 ≈ |αe−iφ(t)〉 , φ(t) = (� + K |α|2)t. (D3)

Thus, the effective detuning experienced by the coherent
state grows linearly with the mean photon number n̄, with
a slope given by K , as shown in Fig. 15(a) for half flux.

Due to Kerr-evolution of the coherent state, the Ram-
sey signal undergoes Gaussian decay at short evolution
times. However, the finite lifetime of the storage resonator
leads to further incoherent decay. To capture both effects,
we modeled the cavity Ramsey signal using the master
equation detailed in Appendix C 2.
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We note that away from the flux sweet spot, the reduced
qubit coherence limits the ability to perform photon-
number-selective measurements. As a result, the measured
cavity Ramsey data exhibit reduced contrast, leading to
broadened fringes and deviations from the exact predic-
tions of the master equation simulation [Fig. 15(d)]. How-
ever, extracting the Kerr coefficient from the measured
detuning remains possible, as the frequency shift is still
reliably observed despite the reduced measurement selec-
tivity. Accordingly, all Kerr values shown in Fig. 3(e) were
extracted from the measured detuning rather than from full
master equation fits. At flux sweet spots, where selective
measurement was feasible, we also verified the extracted
Kerr values against full master equation simulations for
consistency.

For bosonic encoding, self-Kerr nonlinearity is gener-
ally undesirable, as it induces photon-number-dependent
dephasing. For fluxonium, it is possible to flux-tune the
system to operating points where K is small. In Fig. 15(b),
we show a zoom-in of the same data presented in Fig. 3(e)
near half flux. Both the data and simulation clearly show
the Kerr coefficient transitioning from positive to negative
values, indicating a zero-crossing around �ext ≈ 0.456�0.
In Fig. 15(c), we show the cavity Ramsey data as a func-
tion of displacement, taken at �ext ≈ 0.4563�0. At this
flux point, as single-shot readout was not feasible, we plot
the measured quadrature signal instead of the actual qubit
population. As evidenced by the data, there is no visible
change in detuning, which remains approximately constant
at �/2π ≈ 0.227 MHz [Fig. 15(d)]. To resolve K , we esti-
mate that the shift in the position of the final Ramsey
fringe at the largest displacement must be at least 400 ns.
Achieving such a shift would require a Kerr of at least
K/2π � 300 Hz, thereby placing an upper bound on K at
this flux point. Improved resolution of smaller Kerr would
require a cavity with higher coherence.

2. Q function characterization of K

An alternative method to extract K is through the time-
evolution of the Husimi Q-function. By measuring the
overlap between a displaced resonator state and |0〉, we can
effectively construct the Q function, defined by

Q(α) = 1
π

〈
α

∣∣ρ̂
∣∣ α

〉 = 1
π

〈
0
∣∣∣D̂†

αρ̂D̂α

∣∣∣ 0
〉

. (D4)

Measuring the Q function enables us to identify the Kerr
nonlinearity by observing the evolution of the quantum
state in phase space [Fig. 16(a)], where the Q function is
given by

Q(α, t) = 1
π

〈
α

∣∣∣Û†(t)ρ̂Û(t)
∣∣∣ α

〉
, (D5)

Û(t) = exp
[
−i

(
K
2

â†â†ââ
)

t
]

. (D6)

(a)

(b) (c) (d)

Storage

Fluxonium

delay

FIG. 16. Q function under Kerr evolution. (a) Pulse sequence
used to characterize Kerr by measuring Q function. A delay time
was inserted between state preparation and Q function measure-
ment, during which the coherent state evolved under the Kerr
effect. (b) The Q function of a coherent state |α| = 3 with zero
delay time. Only regional data were acquired to save measure-
ment time. (c) The Q function of a coherent state that evolves
under Kerr interaction for 5 μs. Due to the Kerr effect, the initially
circular distribution becomes elongated in phase space. (d) Sim-
ulation of the dynamics shown in (c) using the measured system
parameters. The simulation agrees well with the experimental
data.

In Fig. 16(b), we prepared a coherent state with ampli-
tude |α| = 3 and immediately measured its Q function.
As expected for a coherent state, the resulting Q func-
tion exhibits a Gaussian-shaped peak centered at |α| = 3
in phase space. However, when we waited for 5 μs before
measuring the Q function, the state evolved under the Kerr
interaction, leading to a shearing of the Q function distribu-
tion, as shown in Fig. 16(c). Photon loss during the evolu-
tion caused the Q function peak to shift inward from |α| =
3. We simulated the evolution using a master equation with
the system parameters listed in Table I, which successfully
reproduces the data [Fig. 16(d)]. The consistency between
simulation and measurement provides additional valida-
tion of the Kerr nonlinearity extracted from the cavity
Ramsey data.

3. Experimentally measured χ2/K ratio

While devices A and B have different storage-resonator
frequencies, both have flux ranges over which χ2/K
exceeds the simulated transmon bound, as shown in
Fig. 5(d). Here we present fitted data for device B at two
characterized flux points in this regime, corresponding to
the two points above the transmon bound in Fig. 5(d).
Figure 17 shows the measured dispersive shift χ and
Kerr nonlinearity K for device B at �ext ≈ 0.1919�0 and
�ext ≈ 0.3358�0. By performing the same characteriza-
tion as detailed in Fig. 11, we extract χ/2π = −1.83 MHz
and K/2π = 0.31 kHz at �ext ≈ 0.1919�0, and χ/2π =
−3.31 MHz and K/2π = 1.04 kHz at �ext ≈ 0.3358�0.
At both flux points, χ2/(2π |K |) is calculated to be above

010357-15



KE NIE et al. PRX QUANTUM 7, 010357 (2026)

(b)

(a)

FIG. 17. Measured χ and K for device B at external flux
biases (a) �ext ≈ 0.1919�0 and (b) �ext ≈ 0.3358�0. At �ext ≈
{0.1919, 0.3358}�0, we extract χ/2π = {−1.83, −3.31} MHz
and K/2π = {0.31, 1.04} kHz. At both flux points, the ratio of
χ2/|K | exceeds the simulated transmon bound shown in Fig. 5(d)
for device B.

1 × 104 MHz, which exceeds the transmon bound shown
in Fig. 5(d). By flux biasing to these points, one can
potentially implement fast, high-fidelity bosonic control
gates while mitigating errors from Kerr-induced dephas-
ing, beyond what is achievable with a transmon ancillary
qubit.

APPENDIX E: WIGNER TOMOGRAPHY AND
SNAP

1. Power Rabi calibration

This section outlines the power Rabi calibration pro-
cedure used for the Wigner tomography measurement.
We chose to perform Wigner tomography to character-
ize our control over other protocols such as Ramsey-type
experiments due to two main experimental benefits. First,
photon-number selective π -pulses are easy to calibrate.
We performed Wigner tomography of the storage res-
onator by applying parity-selective measurements, where
we drove the fluxonium at frequencies corresponding to
even and odd photon number peaks, up to the 10th peak
[Fig. 4(a)]. Second, the Wigner protocol automatically
removes any residual signal arising from the cross-Kerr
coupling between the storage and readout resonators.
To find the Wigner function, we measure the difference
between the measured qubit excitation probabilities after
a prior resonator displacement yields the Wigner function.
The drives can be described by

Ĥdrive,rot/� =
∑

n=even,
odd

π

2T
e−inχ t |e〉 〈g| + h.c. (E1)

(a) (b)

(c) (d)

Storage

Fluxonium

P, ωd

ωd = Ω

ωd = Ω + 5χ

FIG. 18. Photon-number selective power Rabi calibration. (a)
Pulse sequence for the Rabi calibration. A Gaussian pulse of
duration 1.6 µs was used for the qubit π pulse. (b) Power Rabi
calibrated at the |0〉 peak. The data were fit using a cosine
function (c) Power Rabi calibrated at the |5〉 peak. Due to a
combination of photon decay, qubit dephasing, and imperfect
selectivity of the drive pulse, the Rabi oscillation curves upward.
The data were fit using a master equation simulation. (d) Sim-
ulation of the time evolution of each Fock state under the drive
conditions used in (c).

where T is the duration of the Rabi pulse. We there-
fore need to perform a Rabi amplitude calibration at each
photon-number-resolved peak by preparing a coherent
state in the storage resonator and driving the fluxonium at
the corresponding transition frequency [Fig. 18(a)]. For the
Wigner measurements, we used 1.6 μs multiplexed Gaus-
sian pulses to selectively address each peak. In Fig. 18(b),
we show the Rabi calibration performed at the 0th peak,
which exhibits a well-defined Rabi oscillation. However,
for higher photon-number peaks, the calibration signal
deviates from ideal Rabi oscillations and instead displays
an overall rising trend with oscillatory features [Fig. 18(c)].
We fitted the measured data using the master equation and
extracted the qubit population associated with the neigh-
boring photon-number states [Fig. 18(d)]. The significant
population in the |3〉 and |4〉 states during the pulse arises
from the fact that the storage resonator undergoes sub-
stantial photon loss due to its limited relaxation time. The
residual oscillations observed in the |4〉 and |6〉 populations
suggest imperfect selectivity of the Rabi pulse, leading
to weak off-resonant excitation of neighboring photon-
number states. However, we could not use a longer Rabi
pulse to improve selectivity due to the strong damping
of the storage resonator. Consequently, the Wigner func-
tion we reconstruct deviates from the actual quantum state
of the resonator. However, this deviation is well captured
by our master equation simulation, as evidenced by the
agreement between our simulation and experimental data
in Figs. 4(c) and 4(d).
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2. SNAP simulation and fidelity

To initialize the resonator in both the single-photon
Fock state |1〉 and the superposition state (|0〉 − |1〉)/√2,
we first displaced the resonator, then applied the SNAP
gate, and subsequently displaced the resonator back. For
preparation of |1〉, we used displacement amplitudes α1 =
1.14 and α2 = −0.58, while for (|0〉 − |1〉)/√2 we used
α1 = 0.56 and α2 = −0.24. The SNAP process was imple-
mented by applying photon-number-selective π pulses on
the fluxonium, followed by a fast unconditional π pulse.
We used 1.6 μs multiplexed Gaussian pulses for the selec-
tive pulses and a short 40 ns Gaussian pulse for the fast
unconditional π pulse. The amplitudes and phases of the
selective π pulses were numerically optimized to sup-
press coherent errors, following the algorithm described in
Ref. [45].

We note that in principle the states discussed here could
also be obtained by conditional π -pulses. However, in con-
trast with using a simple conditional π pulse, the SNAP
gate includes amplitude and phase corrections on the selec-
tive π pulses to suppress coherent errors. In addition, our
faithful modeling of the experimental data obtained using
SNAP gives us better predictive power over errors that
must be anticipated in more complex gate sequences.

Since the state preparation fidelity cannot be directly
obtained from the overlap of the reconstructed Wigner
function, we simulated the full SNAP process to evaluate
the fidelity. The drive pulses are described by

Ĥslow/� = π

2Tslow

∑

n

λnei(ωnt+αn−�ωnTslow/2) |e〉 〈g| + h.c.,

(E2)

Ĥfast/� = π

2Tfast
|e〉 〈g| + h.c., (E3)

where Tslow and Tfast denote the durations of the slow
and fast Rabi pulses, respectively. λn, ωn and αn are the
optimized Fock-state-dependent amplitudes, frequencies,
and phases of the selective drives, with �ωn = ωn + nχ .
In Fig. 19, we show the Wigner functions of the ideal
target state and the output state resulting from the simu-
lated SNAP process, along with a center cut at Im(α) = 0.
From the overlap of the Wigner functions, we extract a
state preparation fidelity of 79% for the Fock state |1〉 and
91% for the superposition state (|0〉 − |1〉)/√2. The lower
preparation fidelity of the Fock state |1〉 arises from the
larger displacement required to initialize the state, which
results in increased photon loss during the SNAP sequence.

A more detailed breakdown of the loss mechanisms
during the SNAP sequence is provided in Table III. The
intrinsic limit refers to the minimum infidelity achievable
with our chosen displacement and SNAP parameters. To
compute the contribution of each loss channel, we simu-
lated the master equation while adding one loss channel at

(a) (c)(b)

FIG. 19. Wigner function comparison. (a) Target Wigner
functions for state |1〉 (top) and 1√

2
(|0〉 − |1〉) (bottom).

(b) Simulated Wigner functions produced by the selective
number-dependent arbitrary phase gate, assuming ideal Wigner
measurement. (c) Cuts of the target and simulated Wigner func-
tions along Im(α) = 0.

a time. The resulting contributions were then weighted and
summed to account for the loss in addition to the intrinsic
limit, using the following equation:

εi,weighted = εi · εtotal − εintrinsic∑
i(εi)

. (E4)

Here, εi,weighted is the final weighted error reported for
loss channel i in Table III. εi denotes the unweighted
error contribution from a specific loss channel, εtotal is
the total simulated preparation error, and εintrinsic is the
intrinsic error associated with the finite fidelity of the cho-
sen SNAP parameters. This rescaling accounts for the
fact that the different loss channels are not strictly inde-
pendent and ensures that the weighted sum of individual
contributions matches the total observed additional error
beyond the intrinsic limit. The coherent errors in the table
are primarily attributed to phase accumulation during the
nonselective π pulse, which arises because the pulse is
not resonant with all spectral peaks. However, the coher-
ent errors could potentially be corrected with improved
optimization algorithms or shorter unselective π pulse.

Based on Table III, aside from qubit initialization, the
main sources of incoherent loss are storage T1 decay and
qubit T2 dephasing during the selective π pulse. Errors

TABLE III. Breakdown of the loss contributions for the ini-
tialization of |1〉 and |0〉 − |1〉)/√2 using selective number-
dependent arbitrary phase.

Loss mechanism |1〉 |0〉 − |1〉
Intrinsic limit ∼1.9% ∼0.05%
Qubit initialization ∼7.2% ∼4.7%
Storage T1 decay ∼6.6% ∼1.6%
Qubit depolarization ∼0.5% ∼0.3%
Qubit dephasing ∼1.7% ∼1.4%
Coherent errors ∼2.9% ∼0.7%
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from qubit initialization could be addressed with improved
active reset methods, whereas mitigating incoherent loss
requires better-cohering qubit and resonator systems. To
estimate the extent to which improved system coherence
suppresses incoherent errors, we simulated the incoherent
loss as a function of storage T1 and qubit T2, as shown
in Fig. 4(f). Since the unselective pulse is so short that it
incurs essentially no incoherent loss, we only simulated the
loss during the selective π pulse. To simplify the simula-
tion, we used representative parameters consistent with the
experiment, choosing �θ = (π , 0, 0, . . .) and α = 1. We also
used pulse parameters identical to those in the experiment.
We ran the master equation simulation while sweeping
over the coherence times, and subtract out coherent errors
to obtain the incoherent loss contribution.
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