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Dispersive readout of superconducting qubits relies on a transverse capacitive coupling that hybridizes the
qubit with the readout resonator, subjecting the qubit to Purcell decay and measurement-induced state
transitions (MIST). Despite the widespread use of Purcell filters to suppress qubit decay and near-quantum-
limited amplifiers, dispersive readout often lags behind single- and two-qubit gates in both speed and fidelity.
Here, we experimentally demonstrate junction readout, a simple readout architecture that realizes a strong
qubit-resonator cross-Kerr interaction without relying on a transverse coupling. This interaction is achieved
by coupling a transmon qubit to its readout resonator through both a capacitance and a Josephson junction.
By varying the qubit frequency, we show that this hybrid coupling provides intrinsic Purcell protection and
enhanced resilience toMIST, enabling readout at high photon numbers. While junction readout is compatible
with conventional linear measurement, in this work we exploit the nonlinear coupling to intentionally
engineer a large Kerr nonlinearity in the resonator, enabling bifurcation-based readout. Using this approach,
we achieve a 99.4% assignment fidelity with a 68 ns integration time and a 98.4% quantum non-demolition
(QND) fidelity without an external Purcell filter or a near-quantum-limited amplifier. These results establish
the junction readout architecture with bifurcation-based readout as a scalable and practical alternative to
dispersive readout, enabling fast, high-fidelity qubit measurement with reduced hardware overhead.

DOI: 10.1103/m348-gy75

I. INTRODUCTION

As superconducting quantum processors scale toward
fault-tolerant quantum error correction [1–6], qubit read-
out has emerged as a critical bottleneck, often lagging
behind single- and two-qubit gates in both speed and
fidelity [5,6]. Dispersive readout, the standard method for
measuring superconducting qubits, relies on a transverse
capacitive coupling between the qubit and the resonator

[7,8]. In the dispersive regime, this interaction produces a
qubit-state-dependent shift of the resonator frequency
[7,9,10], enabling a quantum non-demolition (QND)
measurement in the idealized limit of negligible qubit-
resonator hybridization.
Despite its widespread adoption and continuous

improvements [11–16], dispersive readout faces intrinsic
limitations. The underlying transverse interaction neces-
sarily hybridizes the qubit and the resonator, opening a
channel for Purcell-induced relaxation of the qubit [17,18].
This hybridization also leads to additional detrimental
effects such as measurement-induced state transitions
(MIST) [19–26].
To mitigate these issues, state-of-the-art implementations

rely on additional hardware components: Purcell filters to
suppress qubit decay [11,27,28] and near-quantum-limited
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amplifiers [13,29,30], allowing operation at lower photon
numbers to help preserve the QNDness. While effective,
these additional components increase system complexity
and footprint, require additional calibration, and present
challenges for scalability.
One strategy for reducing the readout-chain footprint is

to implement intrinsic Purcell filtering, thereby sup-
pressing qubit relaxation without the need for additional
filter components. Proposals in this direction either modify
the qubit itself, replacing the transmon with symmetry
protected circuits [25,31–33], or by modifying the readout
circuitry. Examples of the latter include positioning the
feedline at a voltage node of the dressed qubit mode inside
the resonator [14], coupling the resonator to the feedline
at multiple points to engineer destructive interference
between decay pathways [34], and exploiting stray capac-
itances in the readout geometry [35].
Furthermore, strategies for enabling readout at higher

photon numbers include modifying the qubit-resonator
interaction or exploring parameter regimes beyond the
conventional operating range. One such approach is to
operate at extremely large detunings, where the qubit
frequency is only a small fraction of the resonator
frequency (ωr=ωq ∼ 10) [36,37]. This regime, however,
presents its own set of challenges. Another method is to
replace the transverse coupling with nonlinear interactions
which are predicted to suppress MIST even at large photon
numbers [38,39]. Such couplings include the longitudinal
coupling [40–42] and nonperturbative cross-Kerr inter-
actions [32,33,43–47]. However, these couplings typically
require circuit symmetries or the introduction of ancillary
modes. In several of these implementations, the nonlinear
interaction simultaneously induces a self-Kerr nonlinearity
on the resonator, enabling bifurcation-based readout
[29,48–50] at high photon numbers [47,51].
In this work, we realize the recently proposed junction

readout architecture [47,52]. Unlike most nonlinear-
coupling approaches, junction readout achieves nonpertur-
bative cross-Kerr interaction with a remarkably simple
modification of the standard dispersive readout circuit:
by adding a Josephson junction in parallel with the conven-
tional capacitive coupling. We demonstrate that this circuit
provides intrinsic Purcell protection and preserves
QNDness at high readout photon numbers. Leveraging
the resonator self-Kerr induced by the coupling junction,
we implement a bifurcation-based readout and obtain a
readout fidelity of 99.4% with a 68 ns integration time and a
98.4% QND fidelity without near-quantum-limited ampli-
fication or a dedicated Purcell filter. We note that although
this work employs bifurcation-based readout, the junction-
readout circuit is equally compatible with conventional
linear readout by reducing the resonator impedance to
suppress its Kerr nonlinearity; we leave such implementa-
tions to future device generations. Compared with the
closest experimental realization [47], our device features

a larger cross-Kerr interaction, operates with fewer photons,
and achieves faster readout. Importantly, the capacitive
coupling is intentionally engineered instead of relying on
a spurious capacitance. Combined with selective tuning of
the transmon Josephson energy, this design enables full
cancellation of the exchange interaction. The ability to tune
the transmon Josephson energy also enables an in-depth
investigation of the device physics, providing direct con-
firmation of intrinsic Purcell filtering and a quantitative
validation of the underlying theoretical model. These results
establish junction readout as a promising and scalable
architecture that addresses the main limitations of dispersive
readout with minimal hardware modifications.

II. NONPERTURBATIVE CROSS-KERR
COUPLING

Junction readout is implemented by coupling a transmon
qubit to its readout resonator through a Josephson junction
with energy EJc, placed in parallel with a capacitive
coupling of strength J. The circuit Hamiltonian is [52]

Ĥ ¼ Ĥt þ Ĥr − EJc cos ðφ̂t − φ̂rÞ þ Jn̂tn̂r: (1)

Here, Ĥt ¼ 4ECðn̂t − ngÞ2 − EJ cosðφ̂tÞ is the transmon
Hamiltonian with charging energy EC, Josephson energy
EJ, and gate charge offset ng. The resonator Hamiltonian is
Ĥr ¼ ωrâ†â with frequency ωr. The operators n̂t (n̂r) and
φ̂t (φ̂r) denote the charge and phase operators of the
transmon (resonator). To better understand the benefits of
this approach, we expand the interaction terms in Eq. (1) as

Ĥint ¼ −EJc½cos φ̂t cos φ̂r þ sin φ̂t sin φ̂r� þ Jn̂tn̂r: (2)

Writing the phase operators as φ̂t ¼ φzpf;tðb̂þ b̂†Þ and
φ̂r ¼ φzpf;rðâþ â†Þ, where b̂ and â are the qubit and
resonator annihilation operators, respectively, and φzpf;t and
φzpf;r are their corresponding zero-point phase fluctuations,
we can expand the interaction to second order in phase
fluctuations. To that order, the cos φ̂t cos φ̂r term generates a
cross-Kerr interaction of the form b̂†b̂â†â, whose amplitude
depends only on the coupling junction energy and the zero-
point phase fluctuations. Consequently, the amplitude of
this interaction is independent of the resonator frequency
(hence nonperturbative), in stark contrast to the cross-Kerr
interaction that arises from a transverse coupling via a
Schrieffer-Wolff transformation [53].
The same cos φ̂t cos φ̂r term also produces a nonper-

turbative self-Kerr nonlinearity on the resonator propor-
tional to â†â†ââ and whose strength depends on the
resonator impedance [52]. As we show later, this induced
nonlinearity can be intentionally exploited to perform
bifurcation-based readout.
On the other hand, the sin φ̂t sin φ̂r term produces, to

leading order, an undesired transverse coupling
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proportional to φ̂tφ̂r ∝ â†b̂þ âb̂†. A key feature of
junction readout is that this transverse coupling can
be mitigated—or even canceled—by choosing an appro-
priate capacitive coupling strength J such that the
exchange matrix element between qubit and resonator
vanishes. In other words, one can choose J such that
h1t; 0rjĤintj0t; 1ri ∝ h1t; 0rjâ†b̂þ âb̂†j0t; 1ri ¼ 0. We
refer to this operating point as the balanced condition [52].
Here, we implement junction readout with the circuit

schematic shown in Fig. 1(a). The transmon’s effective
Josephson energy EJðΦextÞ is made flux-tunable by an
asymmetric superconducting interference device
(SQUID). It is coupled to a λ=4 coplanar-waveguide
resonator with frequency ωr, which is itself coupled to
a feedline with decay rate κ. Moreover, an input capacitor
Cin is incorporated into the feedline to provide direction-
ality to the readout signal by preferentially routing emitted
photons toward the output port [15,54].
As shown in Fig. 1(a), this realization of junction

readout features three loops. The two large loops, outlined
by the red dashed and blue dash-dotted lines, are set by the
qubit-resonator geometry, while the small green loop
corresponds to the transmon’s SQUID loop. A DC coil
beneath the sample provides the flux bias. Flux threading
the large loops modulates both EJ and EJc, which in turn
modulates the resonator frequency. Importantly, the
SQUID loop has a much smaller area than the qubit-
resonator loops, and therefore a much larger flux period in
coil current. Because of this separation in flux periodic-
ities, we can tune the SQUID loop while keeping the large
loops biased at integer flux quanta to suppress their effect.
With this approach, the resonator effectively does not
experience the large-loop flux, whereas the transmon
SQUID can still be tuned (see Appendix A).
The chip contains four such qubit-resonator pairs,

coupled at different positions along the feedline, with
varying Josephson energies (EJc , EJ) but identical layout
(see Appendix A). Unless otherwise specified, we focus on
one representative pair. Figures 1(b)–1(d) show an optical
micrograph of the pair and scanning electron microscope
images of the transmon, coupling junction, and SQUID.
More fabrication and setup details are provided in
Appendix B.
Figure 2 shows the qubit frequency ωq, anharmonicity α,

and cross-Kerr shift χ as a function of the external flux
threading the transmon SQUID. The cross-Kerr shift is
defined as half the difference between the resonator frequen-
cies obtained when the qubit is prepared in jgi and jei. We
measure a resonator decay rate of κ=2π ¼ 10.6 MHz (see
Appendix F), and the resonator frequency ωr=2π varies
between 7.65 and 7.66 GHz over the flux range.
Solid black lines in Figs. 2(a) and 2(b) correspond to

numerical fits to Eq. (1) from which we extract
EJc=2π ¼ 4.01 GHz, J=2π ¼ 83 MHz, and a resonator
impedance of Zr ¼ 68.8 Ω. Furthermore, we find that

the SQUID’s total Josephson energy is EJΣ=2π ¼
21.56 GHz with an asymmetry of 0.346 (see
Appendix C). We note that the fit is obtained using only
the experimentally measured qubit frequencies and anhar-
monicities. All other quantities are subsequently derived
from the fitted parameters with the Hamiltonian in Eq. (1).
Figure 2(c) further decomposes the cross-Kerr shift into

contributions from the nonperturbative cos φ̂t cos φ̂r inter-
action (purple line) and from the transverse sin φ̂t sin φ̂r
and n̂tn̂r couplings (orange line). Because tuning the
flux through the SQUID modifies the transmon’s phase
zero-point fluctuations, the relative strengths of these
contributions vary with flux. As expected, the dominant
contribution to the cross-Kerr shift arises from the non-
perturbative cos φ̂t cos φ̂r interaction, which is at least five
times larger than the combined contribution of the trans-
verse sin φ̂t sin φ̂r and n̂tn̂r couplings.
Two points are worth emphasizing. First, the contribu-

tion from the combined transverse couplings is positive,
which reduces the overall cross-Kerr strength; see
Appendix I for details. Second, because the exchange
coupling in junction readout is strongly suppressed by the
interference between sin φ̂t sin φ̂t ∼ φ̂tφ̂r and n̂tn̂r inter-
actions, the transverse contribution to the cross-Kerr shift
arises predominantly from the remaining two-mode

FIG. 1. Circuit implementation of junction readout. (a) Sche-
matic of a single qubit-resonator pair on the device. The circuit
contains three flux loops: two large loops that enclose both the
qubit and the resonator, highlighted by the red dashed and blue
dash-dotted outlines, and a smaller loop formed by the asym-
metric SQUID of the transmon, shown in green. (b) Optical
micrograph of the first qubit-resonator pair. (c) Scanning electron
microscope (SEM) image of the transmon qubit and its coupling
to the resonator. (d) SEM images of the coupling junction
(highlighted in blue) and the asymmetric SQUID of the transmon
(highlighted in green).
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squeezing term proportional to âb̂þ â†b̂†. This is further
confirmed in Appendix I, where we decompose the
transverse part of the cross-Kerr using a Schrieffer-
Wolff perturbation expansion into contributions from the
exchange (co-rotating) and the two-mode-squeezing
(counter-rotating) matrix elements, proportional to
â†b̂þ âb̂† and âb̂þ â†b̂†, respectively. It is worth noting
that in standard dispersive readout, suppressing the
exchange coupling would largely eliminate the dispersive
shift. In contrast, junction readout retains a large cross-
Kerr shift even when the exchange term is canceled.
Finally, as shown in Appendix E, measurements across

the different resonators on the chip confirm that the cross-
Kerr shift scales with the coupling-junction energy EJc.

III. INTRINSIC PURCELL PROTECTION AND
CRITICAL PHOTON NUMBERS

Another distinctive feature of junction readout is its
intrinsic Purcell filtering, which arises from the coupling
made of a capacitor in parallel with a Josephson junction
naturally forming a lumped-element LC notch filter.
Indeed, when the qubit frequency coincides with the notch
frequency ωn ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffi
LJcCc

p
, where LJc ¼ ðℏ=2eÞ2=EJc is

the linearized inductance of the coupler Josephson junc-
tion and Cc is the coupling capacitance, the filter presents a
high impedance, thereby suppressing energy relaxation of

the qubit through the resonator and, equivalently, maxi-
mizing its Purcell-limited lifetime Tpl

1 .
Since the qubit relaxation time T1 contains contributions

from multiple decay channels beyond Purcell loss, meas-
uring T1 as a function of qubit frequency alone does not
provide a direct characterization of the Purcell filtering.
Instead, we follow the method of Ref. [14], which provides
an accurate estimate of the Purcell-limit of the lifetime,
Tpl
1 , even when the qubit is not Purcell limited. In this

approach, the qubit is driven through the resonator feedline
with power P at its transition frequency, inducing resonant
Rabi oscillations with frequency Ω. The Purcell-limited
lifetime is then given by [14]

Tpl
1 ¼ 4P

Ω2ℏωq
: (3)

To calibrate the drive power at the device input, we
follow the approach of Ref. [34]. When the qubit is
biased at the flux point where its frequency is maximally
detuned from the notch-filter frequency, the relaxation is
expected to be dominated by Purcell decay, so that
Tpl
1 ≈ T1. Thus, the applied drive power can be estimated

as P ≈Ω2ℏωqT1=4.
Figure 3(a) shows the Purcell-limited relaxation time Tpl

1

(green circles) and the measured relaxation time T1

(orange circles) as a function of the flux threading the
transmon SQUID. As the qubit frequency approaches the
notch frequency (black vertical dashed line), Tpl

1 increases
by nearly four orders of magnitude. Two peaks appear as
the flux bias spans one flux quantum, bringing the qubit
frequency through the notch twice. The solid black line
shows the theoretical Purcell decay rate obtained from
master-equation simulations using the parameters
extracted from the fits in Fig. 2; see Appendix J for more
details. We observe excellent agreement between theory
and experiment.
The inset highlights the measured T1 lifetimes, which

follows the same trend as Tpl
1 away from the notch but

saturates near T1 ¼ 27 μs when the qubit frequency is
close to the notch frequency, reflecting the presence of
other relaxation channels. The blue star indicates the point
used for calibrating the drive power, where the qubit is
indeed Purcell limited. In Appendix D, we show Purcell
lifetimes obtained from finite-element electromagnetic
simulations, which also exhibit excellent agreement with
the measured lifetimes. Finally, at the point of maximum
Purcell filtering (black vertical dashed line), we measure a
Hahn-echo pure dephasing time of TE

2 ¼ 11 μs and an
inhomogeneous dephasing time of T�

2 ¼ 4 μs, extracted
from Ramsey measurements.
It is important to note that the flux point where Tpl

1 is
maximized does not coincide with the balanced-coupling

(a)

(c)

(b)

FIG. 2. Circuit parameters. (a) Qubit frequency, (b) qubit
anharmonicity and (c) cross-Kerr shift as a function of flux
threading the transmon’s asymmetric SQUID. The solid black
lines are fits obtained from Eq. (1) from which we extract
EJc=2π ¼ 4.01 GHz, J=2π ¼ 83.0 MHz, and resonator imped-
ance Zr ¼ 68.8 Ω. In (c), the calculated contributions from the
transverse (orange) and nonperturbative (purple) coupling terms
are also shown. In all panels, the vertical dashed line marks the
flux bias point used for the readout characterization in the
following sections.
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point, where the qubit-resonator exchange inter-
action is suppressed. To illustrate this explicitly,
Fig. 3(b) shows the j0t; 1ri ↔ j1t; 0ri matrix element of
the interaction Hamiltonian Ĥint, together with the separate
contributions coming from the n̂tn̂r and sin φ̂t sin φ̂r
couplings. One can see that these two contributions cancel
at Φ ≈ 0.384Φ0 (red dashed-dotted line), where jĤ01;10j ¼
jh0t; 1rjĤintj1t; 0rij approaches zero (see inset). In

contrast, the Purcell filtering is maximal at around
Φ ≈ 0.107Φ0 (black dashed line).
The origin of this distinction lies in the fact that, even

when the exchange coupling is canceled at the balanced
condition, Purcell decay can still occur through the two-
mode-squeezing interaction. As shown in Appendix J, in
the dispersive limit the Purcell decay rate can be approxi-
mated as

1

Tpl
1

¼ κ

�h0t; 1rjĤintj1t; 0ri
ωr − ωq

þ h0t; 0rjĤintj1t; 1ri
ωr þ ωq

�2

: (4)

The first term of this expression arises from the
exchange interaction and vanishes at the balanced-
coupling point, whereas the second term originates from
the two-mode-squeezing interaction and does not vanish at
that point. In standard dispersive readout architectures that
rely only on the transverse n̂tn̂r coupling, the magnitudes
of these two matrix elements are identical (and opposite in
sign). As ωr þ ωq > jωr − ωqj, their contributions cannot
cancel, and therefore no Purcell-cancellation point exists.
In contrast, in the junction readout scheme, the

exchange coupling is intentionally engineered to be
smaller than the two-mode-squeezing term. This enables
destructive interference between the two contributions in
Eq. (4), making Purcell cancellation possible. Importantly,
this cancellation occurs precisely when the qubit frequency
matches the notch frequency of the LC filter, see
Appendix J.
As the coupling contributions vary with external flux,

the onset of MIST—which we refer to as the critical
photon number ncrit—is likewise expected to display a rich
flux dependence. This behavior is indeed observed in
Fig. 3(c). Here, ncrit is computed using the branch-analysis
method of Ref. [21], a numerical procedure for labeling
the dressed states of the qubit-resonator system that
enables identification of the resonator photon number
above which multiphoton resonances involving the com-
putational states appear in the spectrum [21,24]. These
resonances typically involve higher excited states of the
transmon near or above the cosine potential which are
sensitive to gate charge ng. Since gate charge can fluctuate
from shot to shot in experiments, the critical photon
numbers shown in Fig. 3(c) are averaged over gate charge
in the range ng ∈ ½0; 0.5�.
The drops in ncrit, indicated by the vertical blue dotted

lines, arise from multiphoton resonances involving the
absorption of one or more photons in the readout resonator.
Notably, the balanced-coupling point (red dashed line)
features a relatively large critical photon number, espe-
cially considering the large cross-Kerr strength at this flux
bias (2χ=2π ∼ −24 MHz), in agreement with Ref. [52].
Interestingly, the flux bias point at which the Purcell

filtering is maximized (gray dashed line) also exhibits a
large critical photon number, ncrit ∼ 60. Combined with the

(a)

(b)

(c)

FIG. 3. Intrinsic Purcell protection and critical photon num-
bers. (a) Purcell-limited relaxation time Tpl

1 (green circles) and
relaxation time T1 (orange circles) as a function of flux threading
the transmon SQUID. The inset shows a zoom of the T1

revealing two distinct peaks corresponding to the notch fre-
quency encountered twice over one flux quantum. The solid
black line shows the theoretical prediction obtained from master-
equation simulations using the fitted parameters from Fig. 2. The
blue star marks the operating point used for power calibration,
while the gray vertical dashed line indicates the flux bias at
which Purcell filtering is maximal and which is used for the
readout characterization in subsequent sections. (b) Absolute
value of the exchange matrix element jh0; 1jĤintj1; 0ij, illustrat-
ing the suppression of the qubit-resonator exchange coupling due
to cancellation between the n̂tn̂r and sin φ̂t sin φ̂r interaction
terms. The red vertical dashed-dotted line indicates the balanced-
coupling condition. (c) Onset of MIST ncrit as a function of
external flux. Blue dotted vertical lines indicate multiphoton
resonances, which give rise to sharp drops in ncrit. The gray
vertical dashed line again marks the flux point of maximal
Purcell protection, while the red dashed-dotted lines denote the
balanced-coupling point.
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strong cross-Kerr interaction at this flux bias point,
2χ=2π ∼ −14 MHz, this offers an excellent operating
point for readout with minimal leakage. In the following,
we fix the flux bias to this value (Φ ≈ 0.107Φ0) to
experimentally explore the readout landscape in detail.
With appropriate optimization, we further demonstrate
that the junction readout architecture supports fast, high-
fidelity, and highly QND measurement.

IV. READOUT PERFORMANCE

The resonator Kerr nonlinearity introduced by the
coupling junction enables bifurcation dynamics that we
exploit for qubit readout. When the drive amplitude and
detuning exceed a critical threshold, the nonlinear reso-
nator switches from having a single stable steady state to
exhibiting two distinct stable states corresponding to low-
and high-photon-number amplitudes [29,55–57]. In our
implementation, the large cross-Kerr interaction produces
a strong qubit-state-dependent separation of the resonator
response, while the partial cancellation of the transverse
interaction allows operation at high photon number with-
out detrimental effects such as MIST. As a result, the
qubit state can be mapped onto the two dynamical steady
states of the nonlinear resonator, enabling high-fidelity
bifurcation-based readout.
In this section, we focus on the readout performance

achieved when the drive amplitude and frequency are
optimized for both fidelity and QNDness. The following
section examines how these metrics vary with drive
frequency and amplitude while keeping the flux bias
fixed. The readout performance is characterized using
the protocol sketched in Fig. 4(a). The sequence begins
with a 68-ns preselection pulse that verifies that the qubit
is in the ground state [13,58]. After a waiting time of
τw ¼ 150 ns—sufficient to passively reset the resonator
(κτw ≈ 10)—the qubit is either left in jgi or excited to jei
using a 48-ns Gaussian derivative-removal-by-adiabatic-
gate (DRAG) pulse [59,60]. A 68-ns square readout pulse
is then applied to the resonator, and the resulting meas-
urement signal is integrated with optimal weights [13,61]
to maximize discrimination between the two qubit states.
The quantum efficiency of the readout chain, η ≈ 4%,

is measured in the resonator’s linear regime (see
Appendix G) by comparing the measurement-induced
dephasing to the measured SNR [61]. The low efficiency
results from using a 4 K HEMT as a first-stage amplifier,
which sets a relatively high noise floor for the readout
chain. Nevertheless, as shown below, we achieve high
readout fidelity due to the large cross-Kerr interaction and
the comparatively high intracavity photon population,
which remains well below the critical photon number.
This enables a strong, state-dependent resonator response
despite the modest quantum efficiency.
Figure 4(b) shows the intracavity photon number,

extracted from the measured ac-Stark shift (see

Appendix F), for the qubit prepared in either jgi or jei.
Owing to the resonator’s nonlinearity, the dynamics differ
substantially between the two qubit states. High-fidelity
readout is achieved in the region where jgi is encoded in
the low-photon branch and jei in the high-photon branch.
We observe that the intracavity photon number reaches a
maximum of 26 and 8 photons when the qubit is initialized
in jei and jgi, respectively. The black dashed line marks
the end of the 68-ns readout pulse and integration window.
We note that the intracavity photon number begins to
decrease before the end of the pulse. This occurs because
the pulse induces transient oscillations in the intracavity
field which causes the photon number to overshoot and
ring before settling to its steady-state amplitude.

(a)

(b)

(d)

(c)

FIG. 4. Single-shot readout performance. (a) Pulse sequence
used for readout fidelity characterization: a preselection pulse
heralds the qubit to the ground state, after which the qubit is
optionally excited and read out. (b) Time evolution of the
intracavity photon number for the qubit in jgi (blue) and jei
(red). The dashed line marks the end of the readout pulse and
integration window. (c) 5 × 104 single-shot readout events
for when the qubit is prepared in the excited (red) and ground
(blue) states. The dashed line indicates the linear discriminant
used to calculate the assignment fidelity. (d) Histograms of the
measured quadrature distributions in (c). The solid black lines
show fits to a double Gaussian distribution. The blue and red
shaded regions indicate readout errors arising from qubit decay
or excitation during the measurement. Taking half of each shaded
area gives their contribution to the total error (ϵe ¼ 0.35% and
ϵg ¼ 0.07%). The overlap of the two distributions (half of the
green shaded area) contributes a state-separation error of
ϵsep ¼ 0.18%. The resulting assignment fidelity is 99.4% with
an integration time of 68 ns.
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The results of 5 × 104 readout events are shown in
Fig. 4(c), with blue (red) dots corresponding to the
transmon prepared in jgi (jei). A linear discriminant
(black dashed line) is used to separate the two clusters.
The assignment fidelity is computed as F ≡ ½P0ðgjgÞþ
PπðejgÞ�=2, where PðajbÞ denotes the conditional proba-
bility of measuring the outcome a given the preselection
outcome b, and the labels π and 0 indicate sequences
performed with and without a π pulse on the qubit. We
obtain an assignment fidelity of 99.4% with an integration
time of 68 ns.
Projecting the measurements onto the I quadrature gives

the histograms in Fig. 4(d). Both histograms are well
described by a double Gaussian distribution fit (solid lines)
[13,58]. From the overlap of the two fitted distributions
(half of the green shaded area), we extract a state-
separation error of ϵsep ¼ 0.18%: Additional errors arise
from qubit-state transitions during the readout, contribut-
ing to ϵg ¼ 0.07% for jgi (half of the blue shaded area) and
ϵe ¼ 0.35% for jei (half of the red shaded area). We
estimate the relaxation-induced contribution to ϵe during
the measurement to be ϵcl ¼ τm=ð2T1Þ ≈ 0.13%, using
T1 ¼ 27 μs and the measurement integration time
τm ¼ 68 ns. Incorporating a near-quantum-limited ampli-
fier at the first stage is expected to primarily reduce the
state-separation error ϵsep. The remaining error is attributed
to imperfections in the preselection measurement and
excited-state preparation, as well as switching events
between the two dynamical resonator states during
measurement—a known effect in bifurcation-based read-
out [29,62,63] (see Appendix H for details). A more
comprehensive study of these limitations is left for
future work.

V. PARAMETER DEPENDENCE OF READOUT
FIDELITY AND QNDNESS

We now turn to a discussion to the effect of variations in
the drive frequency and amplitude on the readout fidelity,
the QND character of the measurement, and the resonator
responses.
Figure 5(a) shows the readout fidelity as a function of

the drive frequencyωd and drive amplitude, obtained using
the protocol described in the previous section. The red and
blue dashed lines mark the bistable regions of the resonator
for the qubit prepared in jei and jgi, respectively. We find a
broad operating window in which the fidelity exceeds
95%. The operating point used in Fig. 4 is indicated by the
star marker. We note that the largest difference in steady-
state intracavity photon number between the responses for
the qubit prepared in jgi and jei does not necessarily
correspond to the optimal readout fidelity. Although this
difference increases when operating closer to the bifurca-
tion point associated with the resonator response for jei,
the resulting fidelity decreases in this region. We attribute

this effect to the nonlinear dynamics near the bifurcation
point, where the switching to the high-amplitude state
becomes slower, leading to distorted IQ distributions for
finite measurement durations (see Appendix H).
Figures 5(b) and 5(c) display the steady-state intracavity

photon number—determined via ac Stark-shift calibration
[64]—as a function of drive frequency and amplitude
for the qubit in jgi (blue) and jei (red). The calibration
procedure is described in Appendix F. The solid black lines
correspond to fits to the semiclassical steady-state
response of a driven nonlinear resonator, described by

iðωe=g − ωdÞαþ iKjαj2αþ κ

2
α ¼ F; (5)

where ωe=g ¼ ωr � χ is the qubit-state-dependent resona-
tor frequency (see Appendix E), ωd is the drive frequency,
and F is the drive amplitude. Here, F is the only free
parameter, while the self-Kerr nonlinearity is fixed to the

(a)

(b)

(c)

FIG. 5. Readout fidelity landscape. (a) Heat map of the readout
fidelity as a function of drive frequency ωd and readout drive
amplitude. The star indicates the parameter used for Fig. 4. The
dashed colored line indicates the resonator bistable region for
when the qubit is in state jgi (blue) and jei (red). The gray dashed
lines correspond to the drive frequency and amplitude used in the
subsequent panels. (b),(c) Steady-state intracavity photon num-
ber as a function of drive frequency (b) and drive amplitude (c),
extracted from the Stark-shift calibration. Solid lines show fits to
the stable solution of Eq. (5), while light dashed lines indicate the
regions of unstable solutions. Vertical black dashed lines indicate
(b) the drive frequency and (c) the drive amplitude at the star-
marked parameters in (a).
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state-averaged valueK=2π ¼ −0.963 MHz, obtained from
the Hamiltonian Eq. (1) using the previously extracted
parameters. The remaining parameters κ, ωr, and χ are set
to their experimentally determined values. The dashed
vertical lines indicate the drive frequency and amplitude
used for the readout-fidelity measurements.
We now turn to assessing the QNDness of the meas-

urement. The sequence used to quantify the QND char-
acter consists of two consecutive readout pulses separated
by 150 ns, with the qubit initially prepared either in the
ground or excited state, as illustrated in Fig. 6(a). Between
successive experiments, we wait long enough to ensure
that the transmon has relaxed to its ground state. We define
the QND fidelity as FQND ≡ ½P0ðgjgÞ þ PπðejeÞ�=2,
which quantifies the probability that the qubit state
remains unchanged by the measurement. To extract these
probabilities, we post-select the data based on the outcome
of the first measurement. For example, when estimating

PπðejeÞ, we retain only those trials in which the first
measurement reports jei and discard those that return jgi.
Figure 6(b) shows the QND fidelity as a function of the

drive frequency ωd and drive amplitude, exhibiting a trend
similar to the assignment fidelity in Fig. 5(a). We find a
broad region of parameter space in which the QND fidelity
exceeds 95%. At the operating point used for the readout-
fidelity measurement (indicated by the star), the QND
fidelity reaches 98.4%. Comparing the IQ distributions
from the first measurement, shown in Figs. 6(c) and 6(e),
with those from the second measurement, Figs. 6(d)
and 6(f), reveals no significant leakage. This is further
supported in Appendix H, where we perform a three-state
readout discrimination—distinguishing jgi, jei, and jfi—
and show that leakage into the jfi state has only a minimal
impact on the extracted QND fidelity. We estimate the
contribution to the QND error from energy relaxation to be
ϵQNDr ¼ τw

2T1
þ τm

T1
≈ 0.53%, where τw is the waiting time

between the two pulses and τm is the measurement
integration time. We suspect that the remaining QND
error arises from switching events between the two stable
resonator states, as detailed in Appendix H, where we
show in more detail how bistability limits the QND error.

VI. CONCLUSION

In this work, we have experimentally demonstrated
junction readout—a simple modification of the standard
dispersive circuit in which a Josephson junction is added in
parallel with the capacitive coupling between a transmon
and its readout resonator [47,52]. This hybrid interaction
simultaneously generates a strong, nonperturbative cross-
Kerr coupling and forms a lumped-element notch filter
that provides intrinsic Purcell protection. Moreover,
destructive interference between the sin φ̂t sin φ̂r and
n̂tn̂r couplings reduces the transverse interaction, sup-
pressing measurement-induced leakage. The coupling
junction also introduces sufficient nonlinearity in the
resonator to enable bifurcation-based readout at relatively
high intracavity photon numbers, with a large cross-Kerr
strength of 2χ=2π ∼ −14 MHz. The experimental obser-
vations are in excellent agreement with the theoreti-
cal model.
Even without external Purcell filters or near-quantum-

limited amplifiers—and despite the limited quantum effi-
ciency of our readout chain (η ∼ 4%)—we achieve an
assignment fidelity of 99.4% with a 68-ns integration
window and a QND fidelity of 98.4%. In both speed and
fidelity, the performance ranks among the best reported for
superconducting-qubit readout, while requiring signifi-
cantly less hardware overhead.
This work establishes junction readout as a practical and

hardware-efficient alternative to conventional dispersive
readout. Importantly, junction readout eliminates the need
for dedicated Purcell filters, remains fully compatible with

(a)

(b)

(c) (d)

(f)(e)

FIG. 6. QND fidelity landscape. (a) Pulse sequence used to
measure the QND fidelity. The qubit is either left in the ground
state jgi or excited to jei with a 48-ns π pulse, followed by two
identical, consecutive 68-ns-long square readout pulses, sepa-
rated by 150 ns. (b) Heat map of the QND fidelity as a function of
drive frequency ωd and amplitude. The star marker indicates the
operating point used to characterize the readout fidelity, see
Fig. 5(a). (c) IQ distribution of 5 × 104 measurement for the first
readout with the qubit prepared in jgi. (d) IQ distribution for the
second measurement, conditioned on the first outcome being
jgi ðgjgÞ. (e) Same as (c), but with the qubit prepared in jei.
(f) Same as (d), but conditioned on the first outcome being
jei (eje).
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multiplexing, and—as demonstrated here—enables fast,
high-fidelity readout even without using near-quantum-
limited parametric amplifiers. Moreover, the present work
explores only a subset of the rich parameter space available
in junction readout. For example, the same architecture can
also support conventional linear readout beyond the
bifurcation regime studied here, and the induced resonator
nonlinearity can be tuned by adjusting the resonator
impedance through the placement of the coupling junction
[52]. Future implementations may benefit from reducing
the size of the qubit-resonator flux loop in order to reduce
the sensitivity to flux noise and improve qubit coherence,
or from eliminating it altogether by using a single junction
to realize both the qubit and the coupling [52]. Finally, it
would be interesting to explore junction readout in alter-
native operating regimes, such as high-frequency readout.
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APPENDIX A: DETAILED SAMPLE
DESCRIPTION

A micrograph of the full device is shown in Fig. 7.
The chip contains four qubit-resonator pairs that share the
same layout with differing values of transmon’s intrinsic
Josephson energy EJ and the coupling Josephson junction
energy EJc. Starting from the left, we label the qubits Q1

through Q4, with each Qi coupled to its dedicated
resonator. From Q1 to Q4, the corresponding qubit-
resonator coupling Josephson energies EJc decrease. In
the main text we focus on Q2 which serves as a repre-
sentative example. In this section we provide additional
characterization data for the remaining qubit-resonator
pairs. The measured parameters of the four pairs at zero
flux are summarized in Table I.
In addition, we investigate the flux dependence of the

circuit. The device contains three flux loops: two large
loops defined by the qubit-resonator geometry and the
smaller SQUID loop of the transmon. Because the SQUID
loop has a much smaller area, its flux periodicity is well
separated from that of the large loops, making the two
effects easy to distinguish experimentally. The signifi-
cantly smaller area of the SQUID loop leads to a distinct
flux periodicity from that of the large loops, enabling the
two effects to be distinguished experimentally. As shown
in Fig. 8, varying the flux threading the large loops
modulates both EJ and EJc, leading to rapid variations
in the resonator frequency. The flux periodicity of the large
loops in coil current is on the order of 5–10 μA, much
smaller than the flux periodicity of the SQUID, which is of
the order of 1 mA. This difference in periodicity allows the
transmon SQUID to be tuned independently. By biasing
the device at integer multiples of the large-loop flux
period, where the resonator frequency reaches a maximum
(see red circles in Fig. 8), the effect of the large loops can
be effectively suppressed while continuously sweeping the
SQUID flux.
Figure 9 summarizes the cross-Kerr shift χ, measured

qubit lifetimes T1, and Purcell-limited qubit lifetimes Tpl
1

FIG. 7. Device overview. Optical micrograph of the device
containing four qubit-resonator pairs coupled to a common
feedline.
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as a function of qubit frequency, tuned by varying
the external flux threading the transmon’s SQUID loop.
Panel (a) shows that the cross-Kerr shift χ increases with
larger EJc as expected. Panel (b) displays the Purcell-
limited relaxation time Tpl

1 , obtained with the method
outlined in Sec. III. All devices exhibit a clear peak at the
frequency where the qubit frequency matches the notch-
filter frequency set by EJc and the capacitive coupling
strength J. Note that the frequency at which Purcell
filtering is most effective increases with EJc, since a larger
EJc shifts the notch to higher frequencies. Panel (c)
compares the Purcell-limited lifetimes Tpl

1 with the mea-
sured T1 values. For most qubits, the peak in Tpl

1 coincides
with a peak in the measured T1, though the measured
lifetimes saturate at lower values due to intrinsic relaxation
channels.

APPENDIX B: DEVICE FABRICATION AND
EXPERIMENTAL SETUP

The device fabrication is entirely carried out at the
Center of MicroNano Technology (CMi) at EPFL. The
device is fabricated on a 525-μm-thick high-resistivity
silicon substrate. The fabrication process begins with the
definition of alignment markers, which are etched directly
into the substrate using photolithography followed by
SF6-based dry etching. After stripping the resist, the wafer
is cleaned using a piranha solution to remove organic
residues. Immediately before metal deposition, the Si
native oxide is removed by dipping the wafer in 1%
hydrofluoric acid. A 150-nm-thick aluminum layer is then
deposited by electron-beam evaporation at a rate of

TABLE I. Measured qubit and resonator parameters at zero
external flux. Here, ωr and κ are the resonator frequency and
coupling rate to the feedline, respectively, ωq is the qubit
frequency, α is the anharmonicity, and χ is the cross-Kerr shift.

ωr=2π
(GHz)

κ=2π
(MHz)

ωq=2π
(GHz)

α=2π
(MHz)

χ=2π
(MHz)

Q1 7.80 4.95 6.62 −209 −7.62
Q2 7.66 10.6 6.45 −210 −6.83
Q3 7.55 3.98 6.11 −213 −6.17
Q4 7.44 3.68 5.74 −215 −6.06

µ

FIG. 8. Flux spectroscopy of the resonators. Resonator spec-
troscopy as a function of coil current, showing fast modulations
of the resonator frequency from flux biasing the large loops. The
red circles on the resonance frequency associated with Q2

indicate the operating points used for device characterization,
corresponding to integer multiples of the large-loop flux period
where the resonator frequency is maximal.

(b)

(c)

(a)

µ

µ
µ

µ
µ

FIG. 9. Cross-Kerr shifts, Purcell-limited lifetimes, and mea-
sured qubit lifetimes. (a) Cross-Kerr shift χ as a function of qubit
frequencies tuned by varying the SQUID flux. The qubit-
resonator pairs with a larger EJc have a stronger cross-Kerr
interaction. (b) Purcell-limited relaxation time Tpl

1 versus flux,
showing that the intrinsic Purcell filtering (where Tpl

1 reaches
maxima) shifts to higher qubit frequencies with increasing EJc
which results in a higher notch frequency. (c) Comparison
between Tpl

1 (semi-transparent circles, right axis) and the
measured T1 (square, left axis).
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0.2 nm=s. The Al ground plane is patterned via photoli-
thography and wet etching in TechniEtch Al80 for 3 min
and 30 s at room temperature. After stripping the photo-
resist, the Josephson junctions are fabricated using a
Manhattan-style double-angle evaporation process. A
bilayer resist (500 nm MMA EL9 and 450 nm PMMA
495k A8) is exposed by electron-beam lithography and
developed in a 3:1 MIBK:IPA solution. The aluminum
layers forming the junction, which are 85-nm thick and
35-nm thick for the bottom and top layer, respectively,
are deposited at 0.5 nm=s under ultra-high vacuum in a
Plassys MEB550SL3 system. The tunnel barrier is formed
by static oxidation in pure oxygen at 10 Torr for 10 min.
A second oxidation is performed for capping with the same
parameters. To create a galvanic connection between the
Josephson junctions and the ground plane, a 200-nm-thick
Al patch is deposited by e-beam evaporation at 0.5 nm=s.
This patch is patterned via electron-beam lithography and
lift-off. Finally, the wafer is diced into 4 × 7 mm chips and
bonded with Al wire to a custom printed circuit board.
A schematic of the microwave setup is shown in Fig. 10.

The device is enclosed in a high-purity copper box and
thermally anchored to the mixing chamber of a BlueFors
dilution refrigerator. Magnetic flux biasing is achieved
via a NbTi superconducting coil positioned beneath the
chip and driven by a Yokogawa GS200 current source. To
suppress any spurious magnetic field, the device is
shielded using two layers of high-permeability metal
enclosures. A Quantum Machines OPXþ paired with an
Octave module is used to generate both qubit and readout
drives. During the Purcell-limited relaxation time measure-
ments, the qubit and readout drives are combined and sent to
the feedline (indicated by dashed lines in the schematic).
For all other measurements, the qubit drive is sent via an
independent control line. The resonator output passes
through two dual-junction circulators (LNF 4-8 GHz
Dual Junction Circulator) and is amplified by a 4-8 GHz
LNF High-Electron-Mobility Transistor (HEMT) amplifier
mounted at the 4 K plate. At room temperature, the signal
undergoes a last amplification stage with a low-noise
amplifier (Agile AMT-A0284), before being demodulated
in the Octave and digitized by the OPXþ.

APPENDIX C: LUMPED MODEL OF JUNCTION
READOUT

We consider a lumped-element model of the junction-
readout circuit shown in Fig. 11 to derive simple
analytical relations between the circuit parameters and
the Hamiltonian.
The circuit consists of a transmon qubit with capaci-

tance Ct and Josephson energies EJ1 and EJ2 which form
a SQUID. The transmon is coupled to an LC resonator
with capacitance Cr and inductance Lr. The transmon is

FIG. 10. Schematic of the experimental setup. The dashed
connection, which allows driving the qubit through the feedline,
is used only to characterize the device’s Purcell protection. The
qubit is driven through the dedicated drive line for readout
fidelity characterization.
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coupled to the resonator with capacitance Cc and a
Josephson junction with energy EJc. Furthermore, external
flux threads two loops in the circuit. We denote the
external flux threading the transmon’s SQUID loop as
Φext;t and the external flux threading the loop that encloses
both the transmon and resonator as Φext;b. To quantize
this lumped element circuit we describe the Lagrangian
L ¼ K − U of the system with the generalized flux node
variables Φt and Φr that describe the transmon and
resonator degrees of freedom, respectively.
The kinetic energy K of the circuit can be written as

K ¼ Ct

2
Φ̇2

t þ
Cr

2
Φ̇2

r þ
Cc

2
ðΦ̇t − Φ̇rÞ2; (C1)

where the potential energy U is written as,

U ¼ −EJ1 cos
�
Φt

ϕ0

�
− EJ2 cos

�
Φt

ϕ0

−Φext;t

ϕ0

�

− EJc cos
�
Φt

ϕ0

−Φr

ϕ0

−Φext;b

ϕ0

�
þ 1

2Lr
Φ2

r : (C2)

To obtain the above expression, we have chosen a
spanning tree for the circuit that includes the transmon
and resonator shunting capacitances [66]. Here, ϕ0 ¼
Φ0=2π ¼ ℏ=2e denotes the reduced flux quantum. The
conjugate charge variables are then,

Qt ¼
∂L
∂Φ̇t

¼ ðCt þ CcÞΦ̇t − CcΦ̇r; (C3)

Qr ¼
∂L
∂Φ̇r

¼ ðCr þ CcÞΦ̇r − CtΦ̇t: (C4)

The Hamiltonian of the circuit can be written as
H ¼ 1

2
QTC−1QþU, where

C ¼
�
Ct þ Cc −Cc−Cc Cr þ Cc

�
; (C5)

and Q ¼ ðQt;QrÞ. This leads to the Hamiltonian,

H ¼ Q2
t

2CtΣ
− EJ1 cos

�
Φt

ϕ0

�
− EJ2 cos

�
Φt

ϕ0

−Φext;t

ϕ0

�

þ Q2
r

2CrΣ
þ 1

2Lr
Φ2

r − EJc cos
�
Φt

ϕ0

−Φr

ϕ0

−Φext;b

ϕ0

�

þ Cc

β
QtQr; (C6)

with CtΣ ¼ Ct þ ð 1
Cr
þ 1

Cc
Þ−1, CrΣ ¼ Ct þ ð 1Ct

þ 1
Cc
Þ−1, and

β ¼ CtðCr þ CcÞ þ CrCc. We promote the classical var-
iables to quantum operators which satisfy the commutation
relations ½Φ̂i; Q̂j� ¼ iℏδjk for j ¼ t and r for the transmon
and resonator, respectively. Furthermore, we introduce the
charge number operator n̂j ¼ Q̂j=2e and phase operator
φ̂j ¼ Φ̂j=ϕ0 to rewrite the Hamiltonian as

Ĥ ¼ 4ECtn̂2t − EJðΦext;tÞ cosðφ̂tÞ þ ωrâ†âþ Jn̂tn̂r

− EJc cos ðφ̂t − φ̂r − φext;bÞ; (C7)

with ECt ¼ e2=2CtΣ, and J ¼ 4e2Cc=β. Furthermore, we
have introduced the resonator’s annihilation and creation
operators â and â†, and the resonator frequency is given by
ωr ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8ECrELr

p
with ECr ¼ e2=2CrΣ and ELr ¼ ϕ2

0=Lr.
The charge and phase operators of the resonator are
then defined as n̂r ¼ ði=2ÞðELr=2ECrÞ1=4ðâ† − âÞ and
φ̂r ¼ ð2ECr=ELrÞ1=4ðâ† þ âÞ. Moreover, in the above
Hamiltonian we introduce the transmon’s effective
Josephson energy EJðΦext;tÞ formed by the two Josephson
junctions with energies EJ1 and EJ2 as,

EJðΦext;tÞ ¼ EJΣ cos
�
πΦext;t

Φ0

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ d2 tan2

�
πΦext;t

Φ0

�s
;

(C8)

where EJΣ ¼ EJ1 þ EJ2 and the junction asymmetry is
d ¼ jEJ1 − EJ2j=EJΣ. Finally, as noted in the main text,
we bias Φext;b to be at integer flux quanta. We then recover
the Hamiltonian in Eq. (1) by setting EJðΦext;tÞ ¼ EJ as a
shorthand notation.
In practice, our device uses a λ=4 coplanar-waveguide

resonator. The distributed mode is mapped to an effective
lumped-element LC oscillator where the fundamental
mode has capacitance Cr ¼ π=4Z0ωr and inductance
4Z0=πωr [67] where Z0 is the characteristic impedance
of the coplanar-waveguide resonator. Given our fitted
characteristic impedance of Z0 ¼ 54 Ω, this gives an
effective mode impedance of Zr ¼ 68.8 Ω for the funda-
mental mode we use for readout.

FIG. 11. Lumped-element model of the junction-readout cir-
cuit. The transmon qubit is coupled to the resonator through both
a Josephson junction and a coupling capacitor.
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APPENDIX D: INTRINSIC PURCELL
PROTECTION

The Purcell-limited lifetime can be predicted using
finite-element method (FEM) simulation performed in
Ansys high-frequency simulation software (HFSS) [34].
The device is modeled as a three-port system comprising
the input and output feedline ports, and a third port
corresponding to the qubit junction. The qubit relaxation
rate to the environment is obtained from the real part of the
input admittance YinðωqÞ as seen from the qubit port. The
Purcell decay rate is then given by [68,69]

1

Tpl
1

¼ Re½YinðωqÞ�
CtΣ

; (D1)

where CtΣ is the total transmon capacitance, obtained
from Ansys Q3D simulation. The input admittance Yin is
extracted from a driven-modal simulation in HFSS. The
coupling Josephson junction is modeled as a lumped-
element inductor with an inductance of 38.93 nH. This
value is treated as a fitting parameter chosen to best
match the experimental data. In Fig. 12, we compare the
Purcell-limited relaxation time predicted by the FEM
simulation with the measured data presented in the main
text. The excellent agreement between experiment and
simulation confirms the intrinsic Purcell filtering of the
circuit.

APPENDIX E: SEMICLASSICAL MODEL FOR
THE NONLINEAR RESONATOR

As stated in the main text, coupling a transmon and
resonator through a Josephson junction introduces a non-
linearity K in the resonator. We model the nonlinear
distributed resonator using a single-mode Hamiltonian

Ĥ=ℏ ¼ ωrâ†âþ ðK=2Þðâ†Þ2a2: (E1)

The equation of motion for the cavity field â follows
from the quantum Langevin equation,

dâ
dt

¼ −iΔ0â − iKâ†â2 − κ0

2
âþ

ffiffiffiffi
κ0

p
âi; (E2)

where κ0 is the coupling rate between the resonator and the
feedline, Δ0 ¼ ω0

r − ωd is the detuning between the drive
frequency ωd and the resonator frequency ω0

r, and âi is the
input field operator. We introduce the primed parameters
κ0, ω0

r, and Δ0 to distinguish the bare resonator parameters
from the effective parameters measured experimentally. As
shown below, coupling the resonator to the feedline
through an input capacitor leads to interference between
the incident drive and the field reflected from the output
port, resulting in renormalized effective parameters, which
we denote κ, ωr, and Δ.
To relate the resonator input field to the drive applied at

the device input port, we use the input-output relations for
the circuit configuration shown in Fig. 13. In this con-
figuration, the resonator is coupled to a feedline engi-
neered to preferentially decay toward the output port by
introducing asymmetry via the input capacitance Cin. The
corresponding input-output relations for this circuit were
derived in Ref. [54]. For completeness, we briefly recall
the main results below.µ

FIG. 12. FEM simulation of the Purcell-limited lifetime.
Purcell-limited relaxation time Tpl

1 predicted from FEM simu-
lation as a function of qubit frequency ωq (solid black line).

Experimentally extracted Tpl
1 values are shown as green circles,

and measured qubit lifetimes T1 as yellow circles. The inset
shows the full simulated frequency range and highlights the
enhanced decay near the resonator frequency.

FIG. 13. Input-output schematic. Schematic representation of
the resonator and its coupling to the feedline used for the input-
output derivation (adapted from Ref. [54]).
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The resonator input field âi is related to its output field
â0 through

âo ¼ âi −
ffiffiffiffi
κ0

p
â: (E3)

The scattering matrix of the T-junction connecting the
these resonator fields to the left (l̂) and right (r̂) ports of the
device is described by the following relations,

l̂o ¼ − 1

3
l̂i þ

2

3
r̂i þ

2

3
âo; (E4)

r̂o ¼
2

3
l̂i − 1

3
r̂i þ

2

3
â0; (E5)

âi ¼
2

3
l̂i þ

2

3
r̂i − 1

3
âo; (E6)

where l̂i, r̂i (l̂o, r̂o) denote the input (output) field modes
propagating in the left and right directions of the feedline,
respectively. The effect of the input capacitor is introduced
via a reflection coefficient ΓðωÞ ¼ 1=ð1þ 2iωZ0CinÞ,
which relates the input (ĉi) and output (ĉo) signals at
the left port to the feedline modes through the following
expressions:

ĉo ¼ ð1 − ΓÞl̂o þ Γĉi; (E7)

l̂i ¼ ð1 − ΓÞĉi þ Γl̂o: (E8)

Using the above expressions, we obtain the input-output
relations for both the mirror side and the right port of the
feedline

ĉo ¼ ð1 − ΓÞr̂i þ Γĉi − ð1 − ΓÞ
ffiffiffiffi
κ0

p

2
â; (E9)

r̂o ¼ ð1 − ΓÞĉi þ Γr̂i − ð1þ ΓÞ
ffiffiffiffi
κ0

p

2
â; (E10)

Substituting these relations into the Langevin equation
yields an equation of motion of the same form as
Eq. (E2), but with a renormalized resonator frequency
and linewidth,

˙̂a ¼ −iΔâ − iKâ†â2 − κ

2
âþ

ffiffiffiffi
κ0

p

2
½ð1 − ΓÞĉi þ ð1þ ΓÞr̂i�:

(E11)

The corresponding effective parameters are

κ ¼ κ0

2
½1þ ReðΓÞ�; (E12)

and

ωr ¼ ω0
r þ κ0

ImðΓÞ
4

; (E13)

such that the detuning in the equation of motion is
defined with respect to the effective resonance frequency
as Δ ¼ ωr − ωd.
In our configuration we drive only through the left port

(r̂i ¼ 0). In the semiclassical steady-state regime, we
assume that the cavity and input fields are in coherent
states and replace the corresponding operators by their
expectation values, α ¼ hâi, ci ¼ hĉii. Setting α̇ ¼ 0, we
obtain

iΔαþ iKjαj2αþ κ

2
α ¼ F; (E14)

with F ¼
ffiffiffi
κ0

p
2
ð1 − ΓÞci: The average intracavity photon

number n ¼ jαj2 can be obtained by multiplying Eq. (E14)
by its complex conjugate [70], giving

jFj2 ¼
�
Δ2 þ κ2

4

�
nþ 2KΔn2 þ K2n3; (E15)

where jFj2 ¼ κ0
4
j1 − Γj2hĉ†i ĉii ¼ κ0

4
j1 − Γj2 P

Aℏω.
Solving Eq. (E15) for the steady-state intracavity photon

number n gives a nonlinear response that can exhibit
multiple real solutions depending on the system parame-
ters. A bifurcation occurs when the system transitions from
a single stable solution to three solutions (two stable and
one unstable). This critical point is characterized by the
conditions ∂Δ=∂n ¼ 0 and ∂2Δ=∂n2 ¼ 0. For a purely Kerr
nonlinear system, these conditions give the well-known
result Δbif ¼ −sgnðKÞ ffiffiffi

3
p

κ=2 and a corresponding photon
number nbif ¼ κffiffi

3
p

K
[70].

In the main text, we use Eq. (E15) to fit the measured
steady-state intracavity photon number as a function
of drive frequency and drive amplitude. The only free
fitting parameter is the effective drive amplitude F.
The self-Kerr is fixed to the state-averaged value
K=2π ¼ 1

2
ðKg=2π þ Ke=2πÞ ¼ −0.963 MHz, where Kg

and Ke are the Kerr coefficients obtained from the
Hamiltonian Eq. (1) using the previously extracted
parameters, with the qubit initialized in jgi and jei,
respectively. The remaining parameters are set to their
measured values: κ=2π ¼ 10.6 MHz, χ=2π ¼ −7 MHz
and ωr=2π ¼ 7.659 GHz.
Experimentally, we can also characterize the system

by measuring the scattering coefficient S21 ¼ hr̂oi
hcii jhr̂ii¼0.

Below, we consider the regime of very weak driving, in
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which the nonlinear terms are negligible and the scattering
coefficient is given by

S21 ¼ ð1 − ΓÞ
�
1 − ð1þ ΓÞ

1þ ReðΓÞ
κ

2iΔþ κ

�
: (E16)

To perform a direct fit of the experimental data with
Eq. (E16), we include an additional correction prefactor
that accounts for frequency-dependent attenuation or gain
in the measurement line and for phase accumulation due to
finite propagation speed along the cables. Specifically,
we multiply Eq. (E16) by ðA0 þ AωωÞe−iðαþτωÞ, where A0

and Aω describe a linear dependence of the amplitude
response, ω is the probe frequency, α is a constant phase
offset, and τ is the electronic delay time constant. Hence,
the scattering coefficient can be expressed as,

S21 ¼ ðA0 þ AωωÞe−iðαþτωÞð1 − ΓÞ

×
�
1 − 1þ Γ

1þ ReðΓÞ
κ

2iΔþ κ

�
: (E17)

Figure 14 shows an example S21 parameters for weak
drive with the qubit in the jgi (blue) and jei (red). We find
excellent agreement between the measured transmission
coefficients S21 and the numerical fits.

APPENDIX F: STARK-SHIFT MEASUREMENT

We use the ac Stark shift to calibrate the resonator
parameters, such as the coupling rate κ, the steady-state
intracavity photon number, and the photon number during
the readout pulse, following Ref. [71].
To determine κ, we use the pulse sequence sketched in

Fig. 15(a). The qubit is initialized in jgiwhile the resonator
is driven for 500 ns, a duration much longer than 1=κ, to
ensure a steady-state resonator photon population n̄. The
resonator population shifts the qubit frequency by
δq ≈ 2χn̄. After turning off the resonator drive, a 48-ns
Gaussian-envelope qubit probe pulse of variable frequency
is applied with increasing delay times. By measuring the
qubit excitation probability as a function of delay, we

extract the Stark-shifted qubit frequency and determine the
photon population as the resonator decays. The photon
number follows an exponential decay, as shown in
Figs. 15(b) and 15(c). From the exponential fit, we obtain
a resonator linewidth of κ=2π ¼ 10.6 MHz.
The steady-state intracavity photon number is calibrated

with a similar sequence, shown in Fig. 16(a). The qubit is
prepared in either j0i or j1i, and the resonator is driven at
frequencyωd for 500 ns to reach steady state. The resulting
resonator occupation shifts the qubit frequency. A probe
pulse at frequency ωd;q is then applied to the qubit. The
qubit is flipped when ωd;q is resonant with the Stark-
shifted qubit frequency. After the resonator drive is turned
off and the resonator is allowed to deplete, the qubit state is
measured through the same resonator. By sweeping both
ωd and ωd;q, we obtain a two-dimensional excitation map,
as shown in Figs. 16(b) and 16(c). From these measure-
ments, the intracavity photon number is extracted and
fitted using Eq. (E15), following the procedure described
in Appendix E.
Finally, the intracavity photon number during the read-

out pulse is obtained using the ac Stark shift, following the
same protocol used to calibrate the resonator decay rate
(Fig. 16). The qubit is first prepared in either jgi or jei
using a π pulse and is then continuously probed during
the resonator drive. This allows us to monitor the photon
population in the resonator throughout the readout
drive. The result of this measurement is shown in
Figs. 17(b)–17(d). We note that when the qubit is prepared
in jei, the intracavity photon number begins to decay

(a) (b)

FIG. 14. S21 measurement. Measured transmission coefficient
S21 with the qubit prepared in jgi (blue circles) and jei (red
circles). Solid lines are fits to Eq. (E17).

µ

(a)

(b)

(c)

FIG. 15. Resonator decay rate measurement. (a) Pulse se-
quence used for calibrating the resonator decay rate κ. The red
trace corresponds to the qubit probe pulse, while the blue boxes
indicate the drives on the resonator. (b) Probability of measuring
the qubit in jei as a function of time after the resonator drive is
switched off. (c) Intracavity photon number extracted from the
Stark shift (circles), with the exponential fit (solid line) used to
determine the resonator decay rate κ.
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before the end of the drive pulse. This occurs because the
resonator dynamics do not follow a simple exponential
ring-up, but instead exhibit oscillatory transients.

APPENDIX G: QUANTUM EFFICIENCY

We determine the quantum efficiency η using the
method of Ref. [61], by comparing the measured SNR
to the measurement-induced dephasing rate of the qubit.
For a weak measurement in the linear regime, the SNR of
the integrated readout signal is defined as

SNR ¼
���� μe − μg
ðσg þ σeÞ=2

����2; (G1)

where μe=g and σe=g are the means and standard deviations
of the distributions obtained when preparing the qubit in
jei or jgi, respectively. In this regime, the SNR scales
quadratically with the drive amplitude ϵ, SNR ¼ c2ϵ2,
where c is a proportionality constant obtained by fitting

ffiffiffiffiffiffiffiffiffiffi
SNR

p
versus ϵ (green circles in Fig. 18(c)). The same

measurement drive also induces dephasing of the qubit.
This measurement-induced dephasing can be characterized
using the Ramsey-type sequence shown in Fig. 18(a). The
qubit is first prepared in the equatorial plane of the Bloch
sphere with a π=2 pulse and is then allowed to evolve under
a continuous resonator drive of varying amplitude ϵ. A
second π=2 pulse, applied with a variable phase, produces
the Ramsey fringes shown in Fig. 18(b). The peak-to-peak
amplitude of these fringes gives the coherence jρgeðϵÞj for
each drive amplitude. As the measurement strength
increases, the coherence decays according to jρgeðϵÞj ¼
jρgeð0Þje−βm with βm ¼ ϵ2

2σ2m
, where σm is finally obtained

by fitting the decay of Ramsey fringes contrasts versus
measurement amplitude (orange circles in Fig. 18). The
quantum efficiency is then obtained from

η ¼ SNR
4βm

¼ σ2mc2

2
: (G2)

(a)

(b)

(c)

(d)

µ

FIG. 17. Intracavity photon number during the readout pulse.
(a) Pulse sequence. The blue boxes represent resonator drive
pulses, and the red curve denotes the qubit probe pulse. The
dashed red line at the beginning indicates the optional prepara-
tion pulse, absent (present) for initialization in j0i (j1i).
(b),(c) Probability of measuring the qubit in the state opposite
to the one prepared, for initialization in jgi and jei, respectively,
as a function of time during the resonator drive. (d) Extracted
intracavity photon number versus time for the qubit prepared in
jgi (blue) and jei (red).

(a)

(b)

(c)

(d)

µ

FIG. 16. Intracavity photon number calibration. (a) Pulse
sequence. The red trace corresponds to the qubit probe pulse,
and the blue boxes indicate drives on the resonator. The dashed
red trace indicates the qubit preparation pulse that is present
(absent) when preparing the qubit in the state jei (jgi).
(b),(c) Probability of measuring the qubit in state jei (jgi) when
the qubit was prepared in state jgi (jei) for varying resonator
drive frequencies ωd. (d) Extracted intracavity photon number vs
resonator drive frequency ωd for the qubit prepared in jgi or jei.
The blue (red) points are the extracted measurements for jgi
(jei). The solid lines are fits to Eq. (E15).
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With this definition, the quantum efficiency satisfies
0 ≤ η ≤ 1=2. Using the method described above, we
measure an efficiency of η ≈ 4%: As noted in the main
text, the low efficiency results from using a 4 K HEMTas a
first-stage amplifier. Future generations of the device can
benefit from using near-quantum-limited amplifiers to
further improve the readout performance.

APPENDIX H: DISCUSSION ON FIDELITY AND
QNDNESS ERROR

In this section, we further examine the potential limi-
tations of bifurcation-based readout on the measurement
fidelity and QND performance. Figure 19 supplements
the results shown in Fig. 6. For reference, Figs. 19(a)
and 19(b) show the pulse sequence and readout fidelity
map from Fig. 6. Figures 19(c) and 19(d) show line cuts
along the dashed traces in Fig. 19(b), illustrating the
dependence of the QND fidelity on the drive frequency
ωd and drive amplitude. We observe that the fidelity drops
abruptly near the boundaries of the bistable region which
are indicated by the colored dashed contours in Fig. 19(b).

The origin of this degradation is visible in the IQ
distributions shown in Figs. 19(e)–19(h). Near the upper
boundary of the bistable region for the resonator when the
qubit is prepared in the ground state (corresponding to the
region close to the red triangle and purple circle in
Fig. 19(b)), we observe trajectories in which the resonator
switches from the low- to the high-photon-number state
during the measurement. Similarly, near the upper boun-
dary of the bistable region for the resonator when the qubit
is prepared in the excited state (the region close to the
orange square in Fig. 19(b)), trajectories are observed in

(a)

(b)

(c)

FIG. 18. Quantum efficiency measurement. (a) Pulse sequence
used to characterize measurement-induced dephasing. The res-
onator drive amplitude is varied and the azimuthal angle ϕ of the
final π=2 pulse is swept from 0 to 4π. (b) Measured Ramsey
fringes for different drive amplitudes and their fit to
σz ¼ 2jρgej cosðϕþ ϕ0Þ, from which jρgej is extracted. (c) Meas-
urement of the quantum efficiency in the linear regime. Orange
circles: Ramsey-fringe contrast versus measurement amplitude,
with the solid line corresponding to the fit to the dephasing
model jρgeðϵÞj ¼ jρgeð0Þje−ϵ2=ð2σ2mÞ. Green circles:

ffiffiffiffiffiffiffiffiffiffi
SNR

p
versus

measurement amplitude, with the solid line showing the linear fit
used to extract the proportionality constant c.

(a)

(b)

(c)

(d)

(e)

(g)

(f)

(h)

FIG. 19. Bistability and QND fidelity. (a) Pulse sequence used
to measure QND fidelity. See Fig. 6 and Sec. V for details.
(b) QND fidelity as a function of drive frequency ωd and
amplitude. The star marker indicates the operating point used
to characterize the readout fidelity in the main text. The colored
dashed lines indicate the bistable regions of the resonator for
when the qubit is prepared in jgi (blue) and jei (red), while the
black dashed lines refer to the cuts shown in panels (c) and (d).
(c) QND fidelity as a function of drive frequency ωd. (d) Same as
(c) but as a function of drive amplitude. (e)–(h) IQ distributions
of 5 × 104 shots of the first measurement outcomes taken at the
colored marker points in (b) (orange square, red triangle, purple
circle, and green hexagon).
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which the resonator switches from the high- to the low-
photon-number state during measurement. Such switching
events introduce additional errors that degrade both the
assignment fidelity and the QND fidelity. This effect is
further illustrated in Fig. 20, which shows the IQ distri-
butions as a function of drive frequency for the qubit
prepared in jgi, at a fixed drive amplitude corresponding to
the horizontal dashed line in Fig. 19(b). When the
resonator is driven at frequencies close to the transition
between low- and high-photon-number states, numerous
switching events give rise to spurious points in the IQ
plane, as shown in Fig. 20(c) and 20(d). This behavior is a
known effect of bifurcation-based readout [29,62,63].
Nonetheless, we confirm that these spurious points are

not associated with leakage to the second excited state jfi
of the transmon. Figure 21 compares the IQ distributions
from Fig. 19 with those obtained when the transmon was
prepared in state jfi. The region in which the spurious
points appear does not overlap with the jfi state distri-
bution (shown in green), indicating that they are not caused
by leakage to the jfi state. For reference, Fig. 21(e) shows
the IQ distributions for when the transmon is prepared in
the state jgi, jei and jfi at the star-marked operating point
[see Fig. 19(b)]. Here spurious points consistent with the
switching events are still observed in the distribution.
These observations indicate that switching between

different resonator solutions is a likely limitation of the

bifurcating readout. For a well-thermalized system, such
switching events are expected to arise from quantum
fluctuations [72]. Further theoretical investigation of
how the device parameters influence the switching dynam-
ics is required to determine how the device design can be
optimized to mitigate these effects.

APPENDIX I: CONTRIBUTIONS TO THE
CROSS-KERR SHIFT

In junction readout, the strong nonperturbative cross-
Kerr interaction used for readout originates from the
cos φ̂t cos φ̂r coupling between the transmon and resonator
in the interaction Hamiltonian Eq. (2), while the unwanted
transverse interaction from the sin φ̂t sin φ̂r term is can-
celed using a compensating n̂tn̂r interaction. Nevertheless,
as shown in Fig. 2(c), a small residual contribution from
the transverse interactions remains, producing a positive
correction to the total cross-Kerr shift. In this section, we
show that this residual shift arises from the two-mode
squeezing interaction between the transmon and resonator,

(a)

(b) (c) (d)

(e) (f) (g)

FIG. 20. IQ distributions near the bifurcation transition.
(a) Steady-state photon number versus drive frequency ωd for
qubit prepared in jgi. Circular markers indicate measured data
while the solid line is a fit to Eq. (E15). The light dashed lines
indicate the bistable regions. (b)–(g) IQ distributions of 5 × 104

readout events at the drive frequencies marked in (a). Away from
the bifurcation point, the distributions are well described by
Gaussians, indicating the absence of switching events. In con-
trast, near the bifurcation point frequent switching between the
low- and high-photon-number resonator states is observed,
producing spurious points in the IQ plane, see (c)–(d).

(a) (b)

(c)

(e)

(d)

FIG. 21. Second excited state distribution. (a)–(d) IQ distri-
butions of 104 measurements for the qubit prepared in jgi (blue),
jei (red), and jfi (green), taken at the four operating points
indicated in Fig. 19(a). The absence of overlap between the jfi
state distribution and the switching region suggests that the
observed spurious points arise from resonator dynamics, not
from leakage to jfi. (e) IQ distribution of 104 measurements at
the star-marked operating point of Fig. 19(b), where switching
events are still visible in the lower part of the distribution.
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which becomes enhanced in the vicinity of the balanced
condition.
To simplify the discussion, we first neglect the

cos φ̂t cos φ̂r interaction. Expanding sin φ̂r to first order
in the resonator’s phase zero-point fluctuation, the
Hamiltonian in Eq. (1) can be rewritten as

Ĥ ¼ Ĥt þ Ĥr þ B̂â† þ B̂†â; (I1)

where B̂ ¼ −EJcφzpf;r sin φ̂t þ iJnzpf;rn̂t. In the dispersive
regime, a standard Schrieffer-Wolff transformation yields,
to leading order, an effective Hamiltonian of the form,

Ĥ ≃ Ĥt þ Ĥr þ
X
j

χjâ†âjjihjj; (I2)

where jji are the eigenstates of the transmon. For sim-
plicity we have absorbed the Lamb shifts into Ĥt. The
dispersive shifts are given by

χj ¼
X
i

χij − χji; (I3)

with

χij ¼
jgijj2

ωj − ωi − ωr
; (I4)

where gij ¼ hijB̂jji and ωi (ωj) is the bare frequency of the
ith (jth) state of the transmon. Within the qubit subspace,
the relevant dispersive shift can be defined as
χx ¼ ðχ1 − χ0Þ=2. Note that χx captures the dispersive
shift arising solely from the transverse sin φ̂t sin φ̂r and
n̂tn̂r interactions. It does not include the nonperturbative
cross-Kerr contribution from the cos φ̂t cos φ̂r interaction.
For a transmon, the dispersive shift χx can be accurately

approximated by considering only the 0 ↔ 1 and 1 ↔ 2
transitions, yielding

χx ≈
�
χ01 − 1

2
χ12

�
þ
�
χ10 − 1

2
χ21

�
: (I5)

The first two terms arise from the co-rotating contri-
butions which originate from the beam-splitter interaction,
proportional to âb̂† þ â†b̂, between the transmon and
resonator, where b̂ is the transmon’s annihilation operator
in the Kerr oscillator approximation. The last two terms
arise from the counter-rotating contributions associated
with the two-mode squeezing interaction (proportional to
â†b̂† þ âb̂). In conventional dispersive readout, where the
transmon couples to the resonator through a charge
interaction with strength J, one has B̂ ¼ iJn̂t, implying
jgijj ¼ jgjij. Consequently, the co-rotating terms dominate
the dispersive shift χx.

However, for junction readout we have jgijj ≠ jgjij. By
design, at the balanced point the beam-splitter interaction
is suppressed so that g01 ¼ 0. In contrast, the two-mode
squeezing interaction g10 is maximized at this same
operating point. Equivalently, g10; g21 ≫ g01; g12, which
in turn yields jχ10j; 12 jχ21j ≫ jχ01j; 12 jχ12j as shown in
Figs. 22(a) and 22(b). We find good agreement between
the numerically extracted χexact and the approximate
expressions obtained from Eq. (I5). Thus, the enhancement
of the two-mode squeezing interaction near the balanced
condition is responsible for the small contribution of the
transverse terms to the overall cross-Kerr shift.
The preceding discussion, however, does not explain

why this small contribution is positive. In fact, when the
resonator frequency is above the qubit frequency, as is
the case here, the dispersive shift arising from either the
sin φ̂t sin φ̂r or n̂tn̂r coupling should be negative.
Nevertheless, our results suggest that when both inter-
actions are present simultaneously, their combined con-
tribution to the dispersive shift is positive. Remarkably, we
find that this net positive contribution originates from the
third-order nonlinearity of the sin φ̂t operator.
To see this, we first note that ω10 þ ωr and ω21 þ ωr

differ only by the transmon anharmonicity which is small
compared to the sum of the qubit and resonator frequen-
cies. Therefore, it is sufficient to compare the matrix
elements g10 and g21 to show that jχ10j > jχ21j=2 which
leads to an overall positive contribution to χx. Expanding
the sin φ̂t operator to third order in φzpf;t, one finds,

g10 ≈ −EJcφzpf;rðφzpf;t − φ3
zpf;t=2Þ − Jnzpf;rnzpf;t; (I6)

(a)

(b)

FIG. 22. Cross-Kerr shift contributions. (a) Contributions to
the cross-Kerr shift from the relevant dispersive shifts. Here,
χexact is the numerically extracted cross-Kerr shift, while all other
values are computed using Eq. (I4) with the fitted Hamiltonian
parameters. (b) Numerically extracted coupling coefficient jgijj2
where gij ¼ hijB̂jji with jii and jji transmon eigenstates.
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1ffiffiffi
2

p g21 ≈ −EJcφzpf;rðφzpf;t − φ3
zpf;tÞ − Jnzpf;rnzpf;t; (I7)

so that jg10j > 1ffiffi
2

p jg21j. Hence, the small positive contri-

bution to the total cross-Kerr shift arises from the third-
order nonlinearity of the transmon sin φ̂t operator com-
bined with the two-mode squeezing interaction, which is
enhanced near the balanced condition.

APPENDIX J: MASTER EQUATION
SIMULATION

In this section, we describe how the Purcell-limited
lifetimes Tpl

1 shown in Fig. 3(a) are computed. For each
value of the flux bias, we simulate a T1 experiment by
initializing the qubit in its dressed excited state j1t; 0ri and
evolving it according to

dρ̂
dt

¼ −i½Ĥ; ρ̂� þ κD½ĉop�ρ̂; (J1)

where Ĥ is given by Eq. (1). The transmon and
resonator parameters are those extracted from fitting
the qubit frequency and anharmonicity versus flux to
Eq. (1), as described in the main text, and we take the
resonator decay rate to be κ=2π ¼ 10.6 MHz, as stated
previously.
In the above expression, the collapse operator ĉop is

expressed in the dressed basis as [73]

ĉop ¼
X
λ0 ;λ

E
λ0≥Eλ

hλjâ† þ âjλ0ijλihλ0j; (J2)

where fjλig are the eigenstates of the transmon-resonator
Hamiltonian Ĥ as defined above. Here, we consider only
energy-loss processes, reflected in the condition Eλ0 ≥ Eλ

in the sum above. To extract Tpl
1 , we fit the excited-state

population j1t; 0rih1t; 0rj to a single exponential

decay, e−t=T
pl
1 .

To gain further intuition about the different contribu-
tions to the Purcell decay, we can express the collapse
operator in the Kerr approximation of the transmon.
Since we are interested in the single-excitation regime,
we can safely neglect higher-order nonlinear terms
arising from the coupling junction. Within this approxi-
mation, and in the dispersive limit, the collapse operator
can be written as

ĉop ¼ âþ
�h0t; 1rjĤintj1t; 0ri

ωr − ωq
þ h0t; 0rjĤintj1t; 1ri

ωr þ ωq

�
b̂;

(J3)

where â and b̂ denote the annihilation operators of the
dressed resonator and qubit modes, respectively, and Ĥint
is defined in Eq. (2). This expression directly leads to
Eq. (4) reported in the main text.
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