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The density of quasiparticles typically observed in superconducting qubits exceeds the value expected in
equilibrium by many orders of magnitude. Can this out-of-equilibrium quasiparticle density still possess an
energy distribution in equilibrium with the phonon bath? Here, we answer this question affirmatively by
measuring the thermal activation of charge-parity switching in a transmon qubit with a difference in
superconducting gap on the two sides of the Josephson junction. We then demonstrate how the gap
asymmetry of the device can be exploited to manipulate its parity.
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In thermal equilibrium, the breaking of Cooper pairs in
conventional superconductors should be negligible when
the temperature is much smaller than the superconducting
gap. Experimentally, however, a finite fraction of broken
Cooper pairs, typically in the range of 10−9–10−5, persists
to the lowest measured temperatures. While it is appre-
ciated that the resulting “resident” quasiparticles (QPs) are
detrimental for superconducting devices [1–17], their
origin is not fully understood. The main conjectures are
that QPs might be generated by stray millimeter-wave
photons, radioactive materials, or cosmic rays [18–27].
Another long-standing mystery is the energy distribution

of the resident QPs. Can the QP energy distribution be in
thermal equilibrium with the phonon bath, despite their
density being out of equilibrium? Previous experiments
investigated this question by measuring 1e switching in the
offset charge of a transmon qubit. These offset charge-
parity switches were identified with the tunneling of resi-
dent QPs [28–30]. The authors found that the charge-parity
switches are approximately equally likely to excite or relax
the qubit, leading them to the conclusion that the QP energy
distribution is “hot.” Later, an alternative explanation for
the results of [30] emerged, which does not require the
resident QPs to be hot [31]. In this alternative mechanism,
no preexisting QPs in the device are required to cause a
parity switch. Instead, a stray photon with energy greater
than 2Δ is absorbed at the Josephson junction. This process
simultaneously breaks a Cooper pair and deposits one of
the resulting quasiparticles on each side of the junction,
switching the charge-parity [see Fig. 1(b)]. Further experi-
ments [23] confirmed the prevalence of the photon-assisted
parity switching mechanism in [30]. The energy distribu-
tion of the resident QPs in superconducting qubits was
thus mischaracterized. To reveal it, photon-assisted parity
switching must be suppressed.

Here, we suppress the rate of parity switching by stray
photons to Γ0 ¼ 0.14� 0.01 sec−1 in a 3D aluminum
transmon, an improvement of 3 orders of magnitude
compared to a previous measurement of the same device
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FIG. 1. (a) Schematic of the junction between two super-
conducting films with gaps Δ and Δþ δΔ. The gap difference
δΔ arises due to the thickness difference of the films [32–34].
(b) Photon-assisted parity switching. A stray photon breaks a
Cooper pair at the junction, depositing one QP on each of its
electrodes and flipping the parity. This process overwhelmed the
tunneling of resident QPs in Ref. [30]. (c) At small temperatures,
the QP density is much higher than the value expected in thermal
equilibrium, but the QP distribution function is thermalized to the
temperature T of the phonon bath. As a result, when δΔ ≫ kBT,
the QP tunneling rate activates with temperature. (d) In the
excited state, the qubit energy hfq can be transferred to a QP,
helping it traverse the gap difference. This reduces the activation
energy by hfq.
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[35]. We achieve this by enhancing the filtering and
shielding against high-frequency photons. With enhanced
filtering, parity switching becomes dominated by the
tunneling of resident QPs.
We observe Arrhenius activation of the parity switching

rates with activation energies much smaller than the
superconducting gap, which suggests that the QP energy
distribution is indeed thermalized to the phonon bath,
despite the nonequilibrium QP density. We attribute the
activation to the difference of superconducting gaps δΔ
between the two sides of the junction impeding QP
tunneling (see Fig. 1).
The activation energies for QP tunneling are very

different for the ground and excited states of the transmon.
For the ground state, the activation energy is given by δΔ
[see Fig. 1(c)]. When the transmon is excited, the QP can
absorb the energy from the qubit when tunneling across the
junction [see Fig. 1(d)]. This reduces the activation energy
to δΔ − hfq, where fq is the qubit frequency. Thus, the
parity switching rate when the qubit is excited vastly
exceeds the ground-state rate at low temperatures. We
exploit this asymmetry to control the steady-state charge-
parity of the device.
We begin by noting that monitoring of the transmon

parity is allowed by the fact that parity switching effectively
shifts the offset charge by 1e. Then, if the transmon
spectrum is sensitive to the offset charge, parity switching
events can be detected. To attain the offset charge sensi-
tivity, we use a transmon with a moderate ratio of
Josephson and charging energies, EJ=EC ¼ 17.5. In our
system, this makes the frequency pull of the resonator
different for the four relevant states constituting both
charge-parities for the j0i and j1i transmon states. This,
along with a relatively long energy relaxation time T1 ¼
193� 25 μs and the use of a quantum-limited amplifier
[36], allows us to distinguish these four states with a single-
shot readout [35] at certain values of the offset charge. For
the data presented in the experiment, we use ng ¼ 0.163�
0.003 (in units of 2e). At this value of offset charge, the
dephasing time is T⋆

2 ¼ 3� 1 μs.
To suppress the flux of high-frequency photons inci-

dent on the transmon, the device is placed in a shield [see
Fig. 2(a)] with seams sealed by indiumO-rings and interior
walls coated with an absorptive carbon-impregnated epoxy.
A dissipative Eccosorb CR-110 low-pass filter is placed on
the microwave line inside the shield. At the minimum
Cooper-pair-breaking frequency of 2Δ=h ∼ 100 GHz, we
expect [37,38] this filter to provide 35 dBof attenuation [39].
With this improved filtering, we observe much smaller
parity switching rates and QP density compared to previous
experiments [23,30,35]. More recent experiments have also
reduced the flux of pair-breaking photons by engineering the
modes of the circuit above f ¼ 2Δ=h [40,41].
Next, we measure the parity switching rate of the qubit

by collecting a series of jump traces with one measurement

of the qubit state every 2 ms [44]. A histogram of mea-
surement outcomes is shown in Fig. 2(b) and a time trace is
shown in Fig. 2(c). The two visible distributions correspond
to the two charge parities of the transmon in the ground
state. By fitting the jump traces to a hidden Markov model
[45], we extract a parity switching rate of Γ0 ¼ 0.14�
0.01 sec−1 [44]. Since the residual excited-state popu-
lation in the described measurement is small, ≲0.2%,
the measured Γ0 well approximates the parity switching
rate in the ground state of the transmon. We note that, in
contrast to previous experiments [30,35], our excited-
state population is not limited by photon-assisted parity
switching.
By itself, Γ0 is not enough to distinguish the contributions

of nonequilibrium QP tunneling and photon-induced
Cooper pair breaking. Therefore, we also measure the parity
switching rate in the excited state of the transmon Γ1. We do
this by interleaving readout pulses played every 2 ms with
variable-amplitude qubit-scrambling pulses played every
11 μs [23]. The Gaussian qubit-scrambling pulses have a
standard deviation of 10 ns and lead to a steady-state excited-
state population that we measure simultaneously with the
parity. The resulting dependence of the parity switching rate
on the excited-state population p1 is well described by Γ ¼
ð1 − p1ÞΓ0 þ p1Γ1 [see Fig. 3(a)]. Extrapolating this line to
p1 ¼ 0 and p1 ¼ 1 yields Γ0 and Γ1. We obtain Γ0 ¼
0.14� 0.01 andΓ1 ¼ 4.76� 0.04 sec−1. Remarkably,Γ1 is
approximately 34 times higher than Γ0. This observation is
inconsistent with parity switching due to photon-induced
pair breaking,which should lead toΓ0 ∼ Γ1 [1,23,30,31,35].
The remaining explanation is that resident QPs dominate
parity switching in the excited state.
Next, to shed light on the energy distribution of the

QPs, we measure Γ0 and Γ1 at different temperatures

FIG. 2. Measurement of the parity switching rate in the trans-
mon ground state. (a) Schematic of the measurement setup. 3D
transmon [42,43] is placed in a light-tight shield. (b) Histogram of
single-shot cavity measurements. Two distributions correspond to
the ground state of the transmon in the two parity states
(P ¼ �1). (c) Measurement record of the I quadrature over a
30 sec time interval. Solid line shows a hidden Markov model
state assignment.
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[see Fig. 3(b)]. The temperature dependence is distinct in
three temperature regions, marked by ticks at the top of
Fig. 3(b). In the high-temperature region, T ≳ 100 mK,
both rates rapidly activate with activation energies
∼h × 50 GHz. In the intermediate-temperature region,
30≲ T ≲ 100 mK, rates Γ0 and Γ1 also thermally activate,
but with much smaller activation energies. Notably, the

activation energies are very different for the two qubit
states. Finally, in the low-temperature region, T ≲ 30 mK,
Γ0 saturates to a constant value, while Γ1 continues to
activate.
We attribute the temperature dependence of the rates to

QP tunneling in the presence of gap difference at the
junction. Within this model, the parity switching rates are
proportional to the density of the QPs. In the low-gap film
of the device, we model the QP density (normalized by the
density of Cooper pairs) as

xQP ¼ xresQP þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2πkBT
Δ

r
exp

�
−

Δ
kBT

�
: ð1Þ

The second term describes the density of QPs in thermal
equilibrium. Thermal QPs dominate xQP in the high-temper-
ature region of Fig. 3, T ≳ 100 mK, thus explaining high
activation energy there. On the contrary, at T ≲ 100 mK,
resident QPs with a temperature-independent density xresQP

dominate xQP.
To describe the data at intermediate temperatures, we

calculate the QP tunneling rates in a model with different
gaps at the two sides of the junction. We assume that the
energy distribution of the resident QPs is in equilibriumwith
the phonon bath. The presence of large low-gap pads (Δ) on
both sides of the junction (see Fig. S6 in Supplemental
Material [44]) dictates the form of the distribution function
F ðϵÞ ¼ xQP

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðΔ=2πkBTÞ
p

e−½ðϵ−ΔÞ=kBT� for either side at
sufficiently low temperatures (kBT ≪ δΔ). This means that
the QPs in both pads primarily reside in the low-gap regions.
Then, when the qubit is in the ground state, the QP tunneling
rate reads

ΓQP
0 ¼ ηfqxQP exp

�
−

δΔ
kBT

�
; ð2Þ

where η ¼ 4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðEJ=ECÞðδΔ=ΔÞ

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi½2Δ=ðδΔ − hfqÞ�
p

is a
dimensionless prefactor. Here, we assumed δΔ ≪ Δ and
kBT ≪ δΔ − hfq for simplicity. To explain the origin of the
activation law in Eq. (2), we note that the tunneling of QPs is
suppressed while the transmon is in the ground state, since
the QPs do not have enough energy to cross to the high-gap
side of the junction [see Fig. 1(c)]. As the temperature is
increased, a growing number of QPs have sufficient
energy to tunnel, resulting in the activation of parity
switching with activation energy δΔ. This explains the
behavior of Γ0 observed in the intermediate-temperature
regime of Fig. 3.
When the qubit is in the excited state, the qubit energy

hfq can be transferred to tunneling QPs, helping them
overcome the gap difference [see Fig. 1(d)]. The resulting
activation energy for Γ1 becomes δΔ − hfq. Explicitly, we
find

(a)

(b)

FIG. 3. Temperature dependence of the parity switching rates in
the ground and excited transmon states (Γ0 and Γ1, respectively).
Unless indicated with error bars, errors are within the size of the
points. (a) Parity switching rate as a function of excited-state
population p1. Extrapolation to p1 ¼ 0 and p1 ¼ 1 yields Γ0 and
Γ1. Different colors correspond to different mixing chamber
temperatures. (b) Temperature dependence of Γ0 and Γ1. Solid
lines show the result of a simultaneous fit of our theory to both rates
(see details in the text). Inset shows the independent fit ofΓ0 andΓ1

to an Arrhenius law in the intermediate-temperature regime. In the
fits, a small offset of 0.14 sec−1 is added to the rates to account for
the saturation ofΓ0. The difference in extracted activation energies
between Γ0 and Γ1, δEA=h ¼ 3.4� 0.2 GHz, is close to the qubit
frequency, fq ¼ 3.826 GHz.
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ΓQP
1 ¼ fq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Δ

δΔ − hfq

s
xQP exp

�
−
δΔ − hfq

kBT

�
: ð3Þ

Here, we again assumed that δΔ − hfq ≫ kBT and
δΔ ≪ Δ. The difference in activation energies for Γ1

and Γ0 leads to large asymmetry between these rates.
Equation (3) explains the behavior of Γ1 in both the
intermediate- and small-temperature regimes.
In the low-temperature region of Fig. 3, Γ0 saturates. We

attribute this to photon-assisted processes [44] because the
continued activation of Γ1 in this regime rules out elevated
temperature of the resident QPs. The corresponding con-
tributions to the parity switching rates are temperature
independent and are in addition to ΓQP

0 and ΓQP
1 given by

Eqs. (2) and (3). The contribution of photon-assisted
processes to Γ1 is negligible compared to QP tunneling.
Our model quantitatively matches the data. The joint fit

to Γ0 and Γ1, shown as solid lines in Fig. 3(b), includes an
extended version of the theory described in Eqs. (1)–(3)
that does not require δΔ ≪ Δ or δΔ − hfq ≫ kBT [44].
From the joint fit, we extract δΔ=h ¼ 4.52 GHz, Δ=h ¼
46 GHz, and xresQP ¼ 5.6 × 10−10. The extracted value of δΔ
is close to that measured by a different method in a flux-
tunable transmon of a similar design [23]. The extracted
values of Δ and δΔ are also close to the ones expected
based on the thickness of the films used in our transmon,
20 and 30 nm [32–34]. To our knowledge, our observed
xresQP is the smallest reported to date, which we attribute
to improved filtering and shielding. Some discrepancy
between the model and the data seen in Fig. 3 might arise
due to the nonuniformity of superconducting gap in
the films.
In addition to jointly fitting all data to our full model, we

independently fit Γ0 and Γ1 to activation laws in the
intermediate- and small-temperature regimes, as shown
in the inset of Fig. 3(b). We find a difference in activation
energies of δEA=h ¼ 3.4� 0.2 GHz, close to the inde-
pendently measured qubit frequency fq ¼ 3.826 GHz.
Finally, we show that the parity of the transmon can be

manipulated by applying a microwave drive. This manipu-
lation is possible because (i) the transmon frequency fPq
depends on the charge-parity P ¼ �1, and (ii) the parity
switching rate is much higher when the transmon is in the
excited state (Γ1 ≫ Γ0). We note that manipulation of
parity was recently reported for Andreev levels [46,47].
To explain the parity manipulation, we focus on the

idealized case Γ0 ¼ 0. Then we show how to prepare the
ground state with parity −1, assuming that initially either
parity is equally probable. To bias the distribution toward
−1, we drive the transmon at frequency fþq . The drive
excites the transmon only if its ground state had parity þ1.
Subsequent relaxation may bring the transmon to the
ground state with parity −1. The latter is a dark state of
the drive and, therefore, the distribution becomes biased

toward −1. Subsequent repetition of this process could
fully polarize the system in the ground state with parity −1.
Nonzero rate Γ0 prevents full polarization, but close to
unity polarization can be achieved as long as Γ1 ≫ Γ0. The
results of our measurements for how the degree of parity
polarization depends on the strength of the driving are
shown in Fig. 4.
Ability to manipulate parity can enhance qubit readout.

In transmons, the readout drive has been found to cause
undesired offset-charge-dependent transitions to highly
excited states [48,49]. Therefore, readout might be
improved by choosing the transmon parity with the lowest
rate of undesired transitions.
In this Letter, we presented measurements of the charge-

parity switching rates in the ground and excited states of a
transmon qubit. In our device, the latter rate is dominated
by the tunneling of excess resident QPs. We showed that
the tunneling of nonequilibrium QPs activates with temper-
ature (see Fig. 3). We interpret this as a consequence of

FIG. 4. Manipulation of the transmon charge-parity. The
measurement is carried out at T ¼ 21 mK and ng ¼ 0.163 (in
units of 2e). The pulse sequence is the same as in Fig. 3(a), except
we use parity-selective 400 ns scrambling pulses. (a) Sketch of
transmon energy as a function of the offset charge for j0i and j1i
states with different parities, P ¼ �1. Arrows depict the allowed
transitions. (b) Since the parity switching rate in j1i is large,
selective driving of the qubit transition for one of the parities
brings the system to the ground state with the opposite parity.
(c) Steady-state probability of P ¼ −1 as a function of the
strength of driving applied at fþq (teal) or f−q (orange). As a proxy
for drive strength, we use the probability of the qubit excited state
pe conditioned on parity being þ1 (−1). Solid lines show the fit
to a detailed balance model [44]. Insets show the measurement
histograms in the absence of qubit driving and in the presence of
parity-selective driving.
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superconducting gaps being different on the two sides of
the Josephson junction (see Fig. 1). Continued activation
down to T ≲ 30 mK implies that the QPs are well ther-
malized to the mixing chamber of our refrigerator, despite
their out-of-equilibrium density. Therefore, although the
QPs may arise from high-energy sources, rapid inelastic
processes [50–52] restore their near-thermal energy dis-
tribution. Our experimental results indicate that fabricating
qubits with δΔ larger then hfq can suppress QP-induced
decoherence [53]. Gap difference in conjunction with fast
QP energy relaxation may also reduce correlated errors
[20,21,24] in quantum processors resulting from QP bursts
produced by ionizing radiation [19,22,23].
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