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A striking characteristic of superconducting circuits is that their eigenspectra and intermode coupling
strengths are well predicted by simple Hamiltonians representing combinations of quantum-circuit elements. Of particular interest is the Cooper-pair-box Hamiltonian used to describe the eigenspectra of
transmon qubits, which can depend strongly on the oﬀset-charge diﬀerence across the Josephson element.
Notably, this oﬀset-charge dependence can also be observed in the dispersive coupling between an ancillary readout mode and a transmon fabricated in the oﬀset-charge-sensitive (OCS) regime. We utilize this
eﬀect to achieve direct high-ﬁdelity dispersive readout of the joint plasmon and charge-parity state of an
OCS transmon, which enables eﬃcient detection of charge ﬂuctuations and nonequilibrium-quasiparticle
dynamics. Speciﬁcally, we show that additional high-frequency ﬁltering can extend the charge-parity lifetime of our device by 2 orders of magnitude, resulting in a signiﬁcantly improved energy relaxation time
T1 ∼ 200 μs.
DOI: 10.1103/PhysRevApplied.12.014052

I. INTRODUCTION
The basic building blocks of quantum circuits—e.g.,
capacitors, inductors, and nonlinear elements such as
Josephson junctions [1] and electromechanical transducers [2]—can be combined and arranged to realize
device Hamiltonians engineered for speciﬁc tasks [3]. This
includes a wide variety of superconducting qubits for
quantum computation [4–8], quantum-limited microwave
ampliﬁers [9–11], and frequency converters for quantumsignal routing [12]. These circuits can be probed using
standard radio-frequency (rf) measurement techniques and
understood within the theoretical framework of circuit
quantum electrodynamics (cQED) [13], which has been
used to accurately predict energy levels and intermode
coupling strengths in novel and complex circuits [14–16].
Arguably the most well-studied quantum circuit is the
capacitively shunted Josephson junction [4,7], which is
parameterized by the ratio of the Josephson coupling
energy EJ to the charging energy EC . This circuit is typically operated in either the Cooper-pair box (EJ /EC ≈ 1)
[4] or transmon (EJ /EC  50) [7] extremes of oﬀsetcharge sensitivity. We will focus on circuits that fall in the
range between these two extremes. There, the characteristic plasmonic eigenstates (which we will refer to as plasmon states) of the circuit can be superpositions of many
*
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charge states, like a usual transmon but with measurable
oﬀset-charge dispersion of the transition frequencies
between eigenstates, like a Cooper-pair box. This deﬁnes
what we refer to as the oﬀset-charge-sensitive (OCS)
transmon regime.
Devices fabricated in the OCS regime are particularly useful for the investigation of interesting mesoscopic
phenomena. For example, these devices can be used to
probe deviations from the typical sinusoidal Josephson
current-phase relation, which will change the oﬀset-charge
dependence of circuit eigenenergies and transition-matrix
elements [17,18]. Additionally, this oﬀset-charge dependence in devices with standard Al-AlOx -Al junctions can
facilitate sensitive measurements of environmental charge
noise and quasiparticle dynamics [19–21]. This is important because the performance of superconducting devices,
especially qubits, can be limited by dissipation due to
nonequilibrium quasiparticles (QPs) [22–24]. The fact that
the observed ratio of these nonequilibrium QPs to Cooper
pairs (xQP ≈ 10−8 to 10−5 [21,23,25–34]) is many orders
of magnitude greater than would be expected in lowtemperature experiments (approximately 20 mK) remains
an unsolved mystery. Nonetheless, given this observed
phenomenological range of xQP , the natural combination of cQED and Bardeen-Cooper-Schrieﬀer (BCS) theory [35] leads to quantitative modeling of QP-induced
dissipation that has shown good agreement with experiment [22–24,31,36]. Recent work has demonstrated that
the eﬀects of QPs can even be distinguished from other
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sources of dissipation in OCS transmons [20,21]. These
experiments were able to correlate qubit transitions with
changes in the charge parity of the circuit: a signature
of QPs interacting with the qubit [37]. This development
has provided a foundation for experiments aiming to mitigate QP-induced dissipation and identify the generation
mechanisms of nonequilibrium QPs [38,39].
In this paper, we present an eﬃcient method to monitor the charge parity of an OCS transmon. This method
takes advantage of signiﬁcant hybridization between the
higher excited plasmon states in an OCS transmon and
an ancillary readout mode, resulting in a charge-paritydependent shift of that readout-mode frequency, even
when the transmon is in its ground plasmon state. We
leverage this eﬀect to perform direct high-ﬁdelity dispersive readout of the joint plasmon and charge-parity state
of an OCS transmon over a wide range of oﬀset-charge
conﬁgurations. This is in contrast to previous experiments
that monitored the charge parity of OCS transmons by
relying on state transitions induced by coherent pulses
[20,21]. The measured charge-parity-dependent dispersive
shifts agree with the predictions of quantum-circuit theory
[15,40,41] and we show that this readout scheme provides
a straightforward probe of QP tunneling rates across the
OCS-transmon Josephson junction. This idea of a parametric susceptibility can be extended to study other sources
of decoherence, such as charge and ﬂux noise, in cQED
systems.
Finally, we apply this technique to quantify the eﬀect
of high-frequency ﬁltering on quasiparticle dynamics
in transmons. Measuring the exact same device as in
Ref. [21], we ﬁnd that improved ﬁltering of radiation at frequencies of order 2/h (where  is the superconducting
energy gap) increases the timescale between QP-tunneling
events by almost 2 orders of magnitude, to approximately
6 ms. We observe an equilibrium excited-state population
P1eq ≈ 1.5% and an average energy-relaxation time T1 ≈
210 μs, which agrees with the predictions of Ref. [21].
In this regime of reduced xQP , QPs are not a dominant
dissipation mechanism in our OCS-transmon device.
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FIG. 1. Oﬀset-charge dispersion of OCS-transmon eigenstates.
(a) The circuit diagram of a Cooper-pair box or transmon coupled
to charges in the environment. Fluctuating charges in the environment produce a noisy reduced-charge oﬀset ng = Cg Venv /2e,
where Cg is an eﬀective gate capacitance and e is the electron
charge. The symbols EJ and EC refer to the Josephson and charging energies, respectively, while ϕ̂ and P denote the diﬀerence in
superconducting phase across the junction and the number parity of QPs that have tunneled across the junction, respectively.
(b) The eigenenergies i,p of the Cooper-pair-box Hamiltonian
with EJ /EC = 17, as a function of ng , normalized by EJ . Solid
(dashed) lines indicate the manifold of states corresponding to
odd (even) charge parity. (c) The maximum charge dispersion
energy levels, normalized by the plasma
δi of the ﬁve lowest
√
frequency ωp = 8EJ EC /.

stochastically, there are often long periods (of the order
of minutes) of oﬀset-charge stability. To describe quasiparticle dynamics in this circuit, we employ the familiar
Cooper-pair-box Hamiltonian with a slight generalization:

ĤCPB = 4EC

II. HAMILTONIAN OF AN OCS TRANSMON
Transmons are constructed by shunting a Josephson
junction with a large capacitance to achieve a charging
energy EC that is much smaller than the Josephson coupling energy EJ , such that the transition frequency between
the ground state and ﬁrst excited state (ω01 ) is greater
than that between the ﬁrst and second excited states (ω12 ).
Figure 1(a) shows a general circuit schematic for this
type of device coupled to an environment with ﬂuctuating charges represented by a noisy voltage source Venv
that imposes a dimensionless oﬀset charge ng = Cg Venv /2e
across the junction (note the factor of 2e, which references the charge of a Cooper pair). Though ng drifts

ϕ̂, P

P−1
n̂ − ng +
4

2
− EJ cos ϕ̂.

(1)

The Hamiltonian ĤCPB contains two operators: ϕ̂ is the
superconducting phase diﬀerence across the junction and n̂
is the number of Cooper pairs that have traversed the junction. The discrete parameter P = ±1 is the charge parity of
the circuit (the parity of the total number of electrons that
have traversed the junction). We choose the convention
that if no electrons have tunneled, there is zero contribution of the parity term to the Hamiltonian and thus “even”
(“odd”) corresponds to P = +1 (P = −1). Tunneling of
a single QP will switch P, which aﬀects the energy spectrum as if ng was shifted by 1/2, creating two manifolds
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of energy eigenstates indexed by P [Fig. 1(b)]. Coherent
Cooper-pair tunneling does not change charge parity.
The eigenstates of an OCS transmon are indexed by two
discrete labels: i denotes the plasmon-excitation number
and p denotes the charge parity. For readability, we will
indicate i numerically (0, 1, 2 . . .) and p with the label “e”
or “o,” for “even” and “odd” charge parity, respectively.
The eigenenergies i,p (ng ) corresponding to our device
with EJ /EC = 17 are shown in Fig. 1(b). In the transmon
limit, the presence of two charge-parity manifolds is typically neglected because the maximum charge dispersion of
the energy levels
√ δi = |i,e (0) − i,o (0)| decreases exponentially with EJ /EC [7] [Fig. 1(c)] and the splitting
of the lowest energy levels (those relevant for coherent manipulation in quantum-computing architectures) is
overcome by other sources of dephasing at the 10 kHz
level [42,43].
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III. CHARGE-PARITY-DEPENDENT DISPERSIVE
SHIFTS
The strength of the OCS-transmon–readout mode coupling will vary with ng . An OCS transmon coupled to a
single linear readout mode is described by the following
Hamiltonian [7,13]:


Ĥ = ĤCPB + ωr â† â + g n̂ â + â† .

(2)

Here, ωr is the bare readout-mode frequency, g is the
capacitive coupling rate between the OCS transmon and
the readout mode, and â is the bosonic annihilation operator for excitations in the bare readout mode. In the dispersive regime, the coupling term g n̂(â + â† ) produces
a transmon-state-dependent shift χi,p of the readout-mode
frequency relative to ωr . Such dispersive shifts are the
basis for qubit readout in cQED. Up to second order in
perturbation theory, χi,p can be written as follows [40]:
χi,p = g

2



 2ωij ,p  j , p|n̂|i, p 2
j =i

ωij2 ,p − ωr2

,

(3)



which is valid for g  j , p|n̂|i, p   (ωij ,p − ωr ). Here,
ωij ,p is the transition frequency between transmon states
|i, p and | j , p. For a harmonic oscillator, only the charge
matrix elements  j , p|n̂|i, p coupling nearest-neighbor i
and j are nonzero. In a traditional weakly anharmonic
transmon, χi,p is well approximated by including only
nearest-neighbor terms, except in the rare case where a
transmon transition is nearly resonant with the readout
mode. In the more anharmonic OCS regime, charge dispersion of the transmon levels [Fig. 1(c)] can signiﬁcantly
change the detuning of transition frequencies from the
readout mode [Figs. 2(a) and 2(b)]. In addition, the charge
matrix elements coupling non-nearest neighbor transmon

FIG. 2. The theoretically calculated OCS-transmon–readout
spectrum as a function of ng . (a),(b) The plasmon-transition frequencies out of the ground state (a) and the ﬁrst excited state (b)
of an OCS transmon with EJ /EC = 17 with odd charge parity.
In this parameter regime, the detuning between ω03,o and the resonator frequency ωr varies by a factor of approximately 8 as a
function of the parameter ng . Additionally, ω14,o crosses ωr near
ng = 0.1. (c),(d) The matrix elements of the transmon charge
operator for transitions out of the ground (c) and ﬁrst excited
state (d) with “odd” charge parity. These matrix elements are
ﬁnite and relevant for calculating the transmon-readout dispersive shifts in our devices. In the transmon limit of large EJ /EC ,
matrix elements between non-nearest-neighbor states will be
suppressed.

states become important [Figs. 2(c) and 2(d)]. We calculate these quantities by numerical diagonalization in the
charge (n̂) basis. It is worth noting that the dominant matrix
elements are relatively insensitive to ng . It is only necessary to consider transitions out of the two lowest-energy
transmon eigenstates because the steady-state thermal population of higher levels can be neglected in the regime
where ω01
kB T. For visual clarity, we plot only the
transitions belonging to the “odd” charge-parity manifold;
the “even” transition frequencies and matrix elements are
mirror symmetric about the degeneracy point ng = 0.25.
The parameters chosen for Figs. 1 and 2 reﬂect the
experimental device that will be discussed in the following sections: EJ /h = 6.14 GHz, EC /h = 356 MHz, and
ωr /2π ≈ 9.202 GHz. Note that, in this parameter regime,
ω03,o (ng ) comes close to the bare readout frequency at
ng = 0 and that ω14,o (ng ) crosses the readout-mode frequency near ng = 0.1. These lead to substantial changes of
the dispersive shifts of the readout resonator as a function
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IV. EXPERIMENTAL SETUP
The experiments presented here are performed on the
exact same device as in Ref. [21]. To recapitulate, an
OCS transmon is coupled to a Al three-dimensional (3D)
waveguide cavity [44] and the transmon state is read
out through a standard rf input-output chain by detecting
the amplitude and phase of a signal reﬂected from the
input of the cavity. For the six months since the experiments reported in Ref. [21], the device has been stored
in air at room temperature. In this time, the Al-AlOx -Al
Josephson junction has “aged” [45], decreasing EJ such
that EJ /EC = 23 → 17 and ω01 /2π = 4.4004 GHz →
3.7837 GHz. Here, ω01 = |ω01,e (ng ) + ω01,o (ng )|/2 for
any value of ng , and is also the time average of both
ω01,e and ω01,o , assuming ergodic ﬂuctuations of ng . This
shift produces a corresponding change of the maximum
charge dispersion of the 0–1 transition δω01 (0)/2π =
1.6 MHz → 6.3 MHz. Crucially for our experiment, the
charge dispersion of more highly excited states (i ≥ 2) is
greatly increased such that there is signiﬁcant variation of
the OCS-transmon–readout-mode dispersive shift with ng .
The rf lines and ﬁlters (Appendix A) are similar to those
shown in the Supplemental Material of Ref. [21]. There
are a few diﬀerences, namely an additional Al shield surrounding the sample and improved rf low-pass ﬁltering on
the input-output line inside of this shield. We attribute an
observed reduction of xQP , which will be discussed in the
next section, to the latter.

No

(b) S

Max.

Counts

of ng . Given a readout-mode frequency in the typical range
of cQED systems, only modest tuning of EJ and EC is
required to observe the dispersive eﬀects discussed above,
as long as the ratio EJ /EC is suﬃciently low.

(c)

FIG. 3. Direct dispersive readout of the joint plasmon and
charge-parity state of an OCS transmon. (a) A histogram in the
complex plane of 2 × 104 sequential shots separated by 200 μs
and integrated for 4.16 μs, normalized by σ , the standard deviation of the measurement distributions obtained by projecting
onto the Im axis and ﬁtting to a sum of two Gaussian functions
[Fig. 4(b)]. Measurements circled in red (blue) are assigned to
denote the state |0, e (|0, o). (b) A histogram obtained under the
same conditions as in (a), but with a pulse applied before each
measurement to scramble the qubit state. Measurements circled
in yellow (green) are assigned to denote the state |1, e (|1, o).
(c) Histograms of the phase of the readout signal sorted by ng .
Due to the symmetry of the eigenspectrum, our measurement
maps all values of ng into the range [0, 1/4]. The histograms in
(a) and (b) correspond to the data marked by the black arrow
at ng = 0.11.

V. RESULTS
Figures 3–5 describe the main experimental result of this
paper: the direct-dispersive measurement of the joint plasmon and charge-parity state of an OCS transmon. Due to
the charge dispersion of the OCS-transmon energy levels,
the dispersive shift of the readout mode will vary in time as
ng drifts. At values of ng away from the degeneracy point
ng (mod 1/2) = 1/4, the dispersive shifts corresponding
to even and odd charge parity will be distinguishable.
With the aid of a quantum-limited Josephson parametric converter [10], the rf readout signal is ampliﬁed such
that the state of the OCS transmon can be detected with
high ﬁdelity in a single shot. For the measurements presented in this paper, we probe the readout resonator at
ωro /2π = 9.20178 GHz with an integration time per shot
of 4.16 μs. The average number of photons occupying
the readout mode during measurement is approximately
10. We characterize this readout scheme as a function of
time and measure the timescales associated with ng drifts

and charge-parity ﬂuctuations. This simple experiment is
composed of three steps:
(1) A Ramsey interference experiment is performed to
determine the instantaneous ng . Speciﬁcally, we measure
δω01 (ng ) = δω01 (0) cos(2π ng ) [7], the detuning of ω01,e
from ω01 .
(2) We acquire 2 × 104 high-ﬁdelity dispersivemeasurement shots, which determine the state of the transmon at a repetition rate of 5 kHz.
(3) We repeat step 2 but with each shot preceded by a
microwave pulse with a carrier frequency of ω01 to “scramble” the transmon state, transferring some population from
|0, p to |1, p.
This protocol is repeated 500 times, once every 40 s.
Pulses addressing the transmon have a Gaussian envelope with a carrier frequency of ω01 , which is equally
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detuned from ω01,o and ω01,e at all values of ng so as
to be charge-parity insensitive. The width of this Gaussian envelope is chosen to be 20 ns to avoid driving the
1–2 transition. We refer to these as “scrambling” pulses
because they produce ineﬃcient rotation of the qubit due
to the large charge dispersion δω01 (ng ). We note that due
to symmetry of the transition spectrum about ng = 0 and
the degeneracy point ng = 0.25, the Ramsey measurement maps all values of ng into the “half-Brillouin zone”
[0, 1/4] ⊂ R. Thus, we will restrict our discussion of ng
to that range. Below we will describe the outcome of this
3-step experiment, emphasizing three separate but related
results.
A. Single-shot readout of charge parity
Figure 3(a) shows an example histogram of 2 × 104
measurement shots (step 2 of the experiment), where two
equally weighted distributions are visible [a histogram of
the data projected onto the Im axis is plotted in Fig. 4(b)].
The shots in the histogram of Fig. 3(b) are obtained after
applying a scrambling pulse to the qubit (step 3), resulting in four visible distributions. Prior to acquiring these
two histograms, a Ramsey measurement (step 1) is performed to determine that ng = 0.11. Each instance of this
protocol gives us the readout signal in equilibrium and
with a scrambled qubit population as a function of ng as it
varies in time. Figure 3(c) shows histograms of the phase
of the readout signal (step 3) sorted by ng as determined
from step 1. The solid lines denote the expected phase
for each χi,p , according to the theory presented earlier and
assuming a perfectly reﬂected signal from an overcoupled
resonator [46]:

i,p

ω − ωr + χi,p (ng ) + iκ/2
ω − ωr + χi,p (ng ) − iκ/2

.

perturbation of the OCS-transmon eigenstates due to the
coupling to the readout mode is small over the majority
of the ng range when the number of photons in the readout mode is  10. The wave-function overlap between
the coupled and uncoupled transmon is > 95%, except
in the range 0.125 ≤ ng ≤ 0.126 for the ground state,
and when 0.032 ≤ ng ≤ 0.034 or 0.091 ≤ ng ≤ 0.109 for
the excited state. For example, this approximation breaks
down when ω14,o crosses the bare readout frequency and a
more sophisticated theory would need to be employed [41].
We can thus use simple dispersive readout to probe chargeparity correlations over the majority of ng conﬁgurations
and in the next section we will consider the equilibrium
case [Fig. 3(a)] where transitions between |0, e and |0, o
directly measure charge-parity switches.
B. Charge-parity dynamics
In contrast to previous works studying QP dynamics that
have required coherent operations to map the charge parity
of an OCS transmon onto its plasmon eigenstate [20,21],
here we use our direct readout scheme to track the charge
parity as a function of time. In step 2 of the experiment
described above, we measure the OCS-transmon state as a
function of time with readout parameters that discriminate
between the states |0, e and |0, o [a portion of which is
shown in Fig. 4(a)] and we apply a single-threshold (black
dashed line) state assignment (red and blue denote |0, e
and |0, o, respectively) of the charge parity. This threshold
(a)
Data

(4)
Time

Here, S11 (ω) is the frequency-dependent reﬂection coefﬁcient [Appendix B] and the measured phase is given
i,p
by Arg[S11 (ωro )]. For our calculation, we ﬁx ωr /2π =
9.1979 GHz to match the cavity frequency measured at
high probe power (approximately 1 nW at the input of
the cavity), beyond the point at which the transmon and
readout modes have decoupled [47,48]. In our device, the
readout-mode line width κ/2π = 2.5 MHz. The dispersive
shifts χi,p (ng ) are computed from Eq. (3), where g/2π =
40 MHz is chosen to match the data. The charge-matrix
elements and transition frequencies ωij ,p are obtained from
numerical simulation [Fig. 2]. This analysis allows us
to conﬁdently assign a joint plasmon and charge-parity
state to each distribution in the measurement histogram
when |ng |  0.22 (approximately 90% of the range). The
calculated values of χi,p (ng ) can be found in Fig. 9.
Our use of second-order perturbation theory (Eq. (3))
is justiﬁed by numerical simulations, which show that the

(b)

(c)
Data

Counts 103

i,p

S11 (ω) =
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Fit

FIG. 4. Charge-parity jumps in an OCS transmon. (a) A snapshot of an approximately 4 s time trace from the same data as
in Fig. 3(a), projected onto the Im axis (gray). The charge-parity
assignments (red and blue) within the ground-state manifold are
obtained with a single threshold at the black-dashed line. (b)
The histogram of all of the measurements from Fig. 3(a) ﬁtted to a sum of two Gaussian distributions, where the colors
denote charge-parity assignment. (c) The charge-parity autocorrelation function P(0)P(τ ) computed from the time trace
partially shown in (a) with an exponential ﬁt.
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is determined by ﬁtting the distribution of measurement
outcomes projected onto the Im axis to a sum of two Gaussian distributions and taking the midpoint [Fig. 3(b)]. Here,
eq
we ignore the residual excited-state population P1 =
0.014 ± 0.002, corresponding to an eﬀective temperature
of approximately 40 mK, which is close to the base
temperature of our cryostat (approximately 20 mK).
Having measured the charge parity P(t) of the transmon as a function of time and assuming stationarity and
ergodicity, we can compute by a sliding average the
charge-parity autocorrelation function:
P(0)P(τ ) = F 2 e−2τ/TP .

(a)

(b)

(5)

For consistency with the previous literature, we deﬁne the
charge-parity lifetime TP as the characteristic time between
charge-parity switches. This is a factor of 2 larger than
the timescale for the decay of charge-parity correlations,
which is due to equal even-odd and odd-even switching
rates. In this instance where ng = 0.11, the ﬁdelity of
the charge-parity measurement F ≈ 0.99, though this
varies with ng , as the two measurement distributions
become indistinguishable when ng approaches the degeneracy point ng = 0.25. An exponential ﬁt of P(0)P(τ )
[Fig. 4(c)] yields TP ≈ 6 ms, almost an order of magnitude greater than previously reported in Ref. [20] and
almost 2 orders of magnitude greater than in our previous
report [21].
We attribute this improvement of TP to additional highfrequency ﬁltering on the input-output line connected to
our OCS-transmon–cavity system. The added ﬁlter is a
1-cm-long coaxial line ﬁlled with Eccosorb CR-110 highfrequency absorber [49], designed to present an impedance
of 50
in the range 2–10 GHz [50]. Empirically, placing the ﬁlter inside of the sample shielding (Appendix A)
is crucial to reducing QP-generating radiation at energies greater than 2, the pair-breaking energy. Further
studies to understand this eﬀect and the source of highfrequency QP-generating radiation are ongoing. We note
that these results are consistent with the notions presented
in Ref. [51], which identiﬁed that high-frequency photons
could be directly responsible for the observed chargeparity transitions in OCS transmons via photon-assisted
QP generation and tunneling processes.
C. Time dependence of TP
The 3-step experiment is repeated 500 times, the results
of which are summarized in Fig. 5. The Ramsey experiments (step 1) [Fig. 5(a)] determine ng as a function of
time. Figure 5(b) shows histograms of the phase of the
readout signal as a function of time, where the overlaid
dotted state assignments come from our previous analysis
of χi,p (ng ) using the measured values of ng in Fig. 5(a).
We compute P(0)P(τ ) at each of these times [Fig. 5(c)],
except in the range 0.22  ng ≤ 0.25, where the readout

Counts Max.

(c)

Time

FIG. 5. Simultaneous detection of slow and fast charge dynamics. (a) The slow drift of ng probed via a Ramsey experiment
(see Ref. [21]). The frequency of the Ramsey oscillations δω01
is the shift of the qubit transition frequency from its average
value ω01 . The right axis converts δω01 to ng . (b) Histograms
of the phase of repeated dispersive measurements after a statescrambling pulse [Fig. 3(b)] as a function of time. Each instance
contains 2 × 104 measurement shots acquired immediately after
the Ramsey experiment described in (a). Colored dots correspond
to the predicted phases of each joint plasmon and charge-parity
state (labeled on the right) using the theory from the main text,
assuming an overcoupled readout resonator. (c) The chargeparity lifetime TP obtained from the decay of P(0)P(τ ) as a
function of time.

distributions corresponding to states |0, e and |0, o are
indistinguishable. We ﬁnd an average TP = 5.6 ms with
standard deviation 0.8 ms.
Nonequilibrium QP tunneling will result in a TP proportional to 1/xQP . Comparing to the results in Refs. [20]
and [21] (in which both TP and xQP are reported), we estimate that the eﬀective residual QP density xQP ∼ 10−9 in
this device [52], which is the lowest reported value for
similar devices. We ﬁnd no discernible correlation in TP
as a function of time, though in this experiment we are
only sensitive on the minute time scale. This sampling rate
is limited by the interleaved Ramsey experiment (step 1)
and could trivially be increased to approximately 1 Hz,
at which point more information could be extracted about
the spectrum of QP density ﬂuctuations [53]. There is also
no dependence of TP on ng , which is not surprising since
δ0 /kB  20 mK, the base temperature of our dilution
refrigerator.

014052-6

DIRECT DISPERSIVE MONITORING OF CHARGE PARITY...
D. Qubit relaxation and excitation
As a further characterization of the sample, we perform
standard T1 measurements by applying a scrambling pulse
to the qubit and measuring the time it takes for the qubit
to thermalize to its equilibrium population distribution in
free decay (Fig. 6). We ﬁnd that the average T1 ≈ 207 μs,
but that it ﬂuctuates in time with a standard deviation of
42 μs. At all times, the population decay is well described
by a single exponential [Fig. 6(c)].
These results support those of Ref. [21], which claim
that the T1 of this exact device was previously limited to
a signiﬁcant extent by nonequilibrium QPs. In that report,
we correlated charge-parity transitions with plasmon transitions in an OCS transmon and extracted QP-induced
and dielectric-loss-induced transition rates from a ﬁt to
a master equation model. From this, we predicted that
if QP-induced dissipation were to be reduced to a negligible level, then the transmon would have a residual
dielectric quality factor of approximately 4.9 × 106 and
the equilibrium thermal population of the qubit would be
drastically decreased. Here, with improved rf ﬁltering to
reduce QP generation, the measured T1 and ω01 correspond
to a total qubit quality factor of 5.0 × 106 , extremely close
to the predicted “non-QP” limit. Surprisingly, we found
in Ref. [21] that QP-induced excitation events were the
dominant source of residual excited-state population of our
OCS transmon. We see now that with lower QP density, the
qubit eﬀective temperature is approximately 40 mK, compared to approximately 160 mK previously. These observations indicate that the device is limited in this experiment
by dielectric loss [54]. The large ﬂuctuations observed in
(a)

Time

Counts

Normalized

(c)

(b)

FIG. 6. Fluctuations of the OCS-transmon energy-relaxation
time. (a) The relaxation time T1 of the OCS-transmon device
sampled approximately every 40 s. (b) A histogram of all T1 measurements [including others not shown in (a)], where the average
T1 = 207 μs. (c) The data and ﬁts from the two extremal T1
measurements in (a), marked with green and orange boxes.
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the measured T1 as a function of time are therefore not
due to a ﬂuctuating QP density but, instead, to a timedependent coupling to lossy dielectric channels. Although
the source of QP-generating radiation is still unknown,
the eﬃcacy of increased ﬁltering at these high frequencies
( 100 GHz for our Al-based devices) to reduce QPinduced dissipation is clear.
VI. DISCUSSION AND CONCLUSIONS
We demonstrate a powerful application of OCStransmon devices through dispersive monitoring of the
dynamics of nonequilibrium QPs, which can impair the
performance of superconducting quantum circuits. This
technique can be used to extract the rates of all QP-induced
qubit transitions as in Refs. [20] and [21]. We stress that
the QP-tunneling rates observed in OCS transmons will
be similar to those in traditional high-EJ /EC transmons by
factors of order unity.
The observed charge-parity-dependent dispersive shifts
of our readout resonator agree well with our simple application of quantum-circuit theory [3] with the Cooper-pairbox Hamiltonian. This strong agreement further supports
the idea that the Cooper-pair-box circuit can be used as
a testbed for the physics of novel quantum-circuit elements. Of particular interest are Josephson junctions made
from proximity-coupled semiconductors with a large spinorbit coupling and Landé g factor, which may play host to
Majorana fermions when tuned with an applied magnetic
ﬁeld into the topological regime [55,56]. Proposals suggest
embedding these junctions into magnetic-ﬁeld-compatible
OCS-transmon circuits to look for signatures of this phase
transition in spectroscopy experiments [17,18]. These can
be observed as changes in transition frequencies or the
brightness of certain transitions as a function of ng . In light
of our experiments, these features can also be observed in
ng -dependent dispersive shifts that are inﬂuenced by both
the transition frequencies and charge-matrix elements.
Additionally, since there is a one-to-one correspondence between the reﬂected phase indicating |0, o and
ng , one could use an OCS transmon and the techniques
described above as a fast charge sensor, with the chargeparity lifetime acting as an upper bound on the integration
time. We ﬁnd the unoptimized charge sensitivity of our
OCS-transmon√device near ng = 0.11 to be approximately
4.4 × 10−4 e/ Hz, which does not change appreciably
over the majority of the ng range. While the rf singleelectron transistor (rf-SET) has better sensitivity to charge
ﬂuctuations [57], the OCS transmon may prove useful
for wireless charge sensing with minimal measurement
back action. Furthermore, our work frames the idea of
the “quantum-capacitance detector” [58–61] in the language of cQED and OCS transmons with symmetric
superconducting islands, which may have applications for
astronomical detectors.
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In conclusion, we achieve direct dispersive readout of
the joint plasmon and charge-parity states of an OCS transmon, i.e., without performing any coherent operations on
the qubit. We demonstrate that, with improved rf ﬁltering,
the charge-parity lifetime of typical 3D transmons can be
extended to many milliseconds. This also extends the T1
of our OCS transmon to approximately 210 μs. Having
reduced the eﬀect of nonequilibrium QPs on qubit performance to a negligible level, this provides a clear experimental foundation for further attempts to mitigate other
mechanisms of dissipation in superconducting qubits, such
as surface dielectric loss [62–64].
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APPENDIX A: CRYOGENIC MICROWAVE SETUP
The sample is thermalized to the mixing chamber of a
cryogen-free dilution refrigerator with a base temperature
of approximately 20 mK. The cold rf setup [Fig. 7] is very
similar to that of Ref. [21], with a few modiﬁcations, one
of which has a direct impact on the improvement of TP . To
be precise, this is the addition of an additional Eccosorb
CR-110 ﬁlter above the input-output port of the OCStransmon–cavity system. We ﬁnd that placing this ﬁlter
within the Cryoperm and Al shields is crucial to achieving
the largest suppression of QP generation. We note that the
coldest radiation shield that is not depicted is thermalized
to the still plate (approximately 700 mK) of the dilution
refrigerator.
APPENDIX B: FREQUENCY-DEPENDENT PHASE
RESPONSE
We perform microwave reﬂectometry of the single-port
readout resonator in the overcoupled regime, in which
energy loss through the input-output port is stronger than
loss to internal degrees of freedom. In this regime, the
reﬂection coeﬃcient is characterized by a full 2π phase roll
as a function of the frequency, with no amplitude response
[Eq. (4)]. We resolve this in Fig. 8, where we plot histograms of the measured reﬂected phase as a function of
the readout probe frequency, with and without a scrambling pulse preceding each measurement. We observe the

Cryoperm
shield

Eccosorb

Σ

Δ

Al
shield
Copper
plate with
carbon black

Krytar
180°
hybrid

JPC
Cavity +
transmon

FIG. 7. The wiring diagram of the cryogenic microwave measurement setup. Acronyms labeling components include the
Josephson parametric converter (JPC) quantum-limited ampliﬁer, Low Noise Factory (LNF) high-electron-mobility transistor
(HEMT) ampliﬁer, and low-pass ﬁlter (LPF).

expected 2π phase roll for each joint qubit and chargeparity state, which allows for the straightforward extraction of χi,p (ng ). The quoted values of ng in each row
are obtained by comparison with the data in Fig. 3(c).
Though there is good agreement with the frequencydependent predictions of Eq. (4), impedance mismatches
within our room-temperature rf-interferometry setup skew
these curves. This contributes a weak background electrical delay to the measured curves. Operating with a
single frequency (as we do for the measurements presented
in the main text) avoids this complication. This technique is particularly convenient for directly observing the
charge-parity-dependent dispersive shifts χi,p (ng )/2π of
the readout-mode frequency due to the transmon occupying state |i, p [Fig. 9]. Some of the data shown in the main
text are acquired at ng = 0.11, at which point χ1,o /2π ≈
11 MHz. This is not visible in Fig. 9, in order to better
observe the variation of χ0,e and χ0,o as a function of ng .
APPENDIX C: DEVICE FABRICATION
The OCS transmon is fabricated on a c-plane sapphire
wafer. The wafer is initially cleaned by sonication in 1methyl-2-pyrrolidone (NMP), acetone, and then methanol.
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FIG. 9. The theoretically calculated charge-parity-dependent
dispersive shifts of the readout-mode frequency due to the
OCS-transmon occupying state |i, p.

aqueous KI-I, the pattern is developed in a bath of 3:1 ratio
of isopropanol to deionized water at 6 ◦ C.
Prior to deposition of Al, an in situ Ar-O2 ion-beam
cleaning operation is performed in the loadlock of a
Plassys UMS-300 evaporation system. After a 4-min Ti
evaporation (without deposition) to improve the vacuum to
approximately 5 × 10−9 Torr, Al junction electrodes (20and 30-nm-thick Al) are deposited at angles of ±20◦ in
a dedicated evaporation chamber. Between the Al evaporations, the sample is transferred to a third chamber for
thermal oxidation of the ﬁrst electrode to form the junction barrier. This is performed at ambient temperature in a
17:3 Ar : O2 mixture at a pressure of 30 Torr for 10 min.
To passivate the surface before exposure to air, another
thermal-oxidation step is performed following the second
Al evaporation at 50 Torr for 5 min. Following the deposition process, the remaining resist and extra Al are removed
by a hot NMP lift-oﬀ process for 1 h, with a 30 s sonication
step at the end. A protective layer of Microposit SC-1827
photoresist is spun and baked at approximately 80 ◦ C to
protect the devices during dicing. This protective resist is
stripped prior to mounting in the Al 3D readout cavity by
sequential rinsing with NMP, acetone, and methanol.

Phase

(c)

Phase

(d)

Phase

(e)

FIG. 8. The OCS-transmon plasmon- and charge-parity-statedependent readout resonator response. (a)–(e) Histograms of the
phase of the signal reﬂected by the readout resonator as a function
of the probe frequency at diﬀerent instances of ng . The right (left)
column is the response with (without) a state-scrambling pulse.

We then spin coat a bilayer of Microchem 950PMMA
A4 on methyl methacrylate (MMA) (8.5) MAA EL13
electron-beam-sensitive resists, baking at approximately
180 ◦ C after each layer. After spinning, we sputter a Au
anticharging layer (approximately 10 nm thick) on the surface. The transmon pattern is written in a single step with
a Raith-Vistec EBPG-5000 100-kV electron-beam pattern
generator. After etching away the Au anticharging layer in

[1] B. Josephson, Possible new eﬀects in superconductive tunnelling, Phys. Lett. 1, 251 (1962).
[2] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman, K. Cicak, A. J. Sirois, J. D. Whittaker, K. W. Lehnert,
and R. W. Simmonds, Sideband cooling of micromechanical motion to the quantum ground state, Nature 475, 359
(2011).
[3] U. Vool and M. H. Devoret, Introduction to quantum electromagnetic circuits, Int. J. Circuit Theory Appl. 45, 897
(2017).
[4] V. Bouchiat, D. Vion, P. Joyez, D. Esteve, and M. H.
Devoret, Quantum coherence with a single Cooper pair,
Phys. Scr. T76, 165 (1998).
[5] J. E. Mooij, T. P. Orlando, L. Levitov, L. Tian, C. H. van
der Wal, and S. Lloyd, Josephson persistent-current qubit,
Science 285, 1036 (1999).

014052-9

K. SERNIAK et al.

PHYS. REV. APPLIED 12, 014052 (2019)

[6] I. Chiorescu, Y. Nakamura, C. J. P. M. Harmans, and J. E.
Mooij, Coherent quantum dynamics of a superconducting
ﬂux qubit, Science 299, 1869 (2003).
[7] J. Koch, T. M. Yu, J. Gambetta, A. A. Houck, D. I. Schuster,
J. Majer, A. Blais, M. H. Devoret, S. M. Girvin, and R. J.
Schoelkopf, Charge-insensitive qubit design derived from
the Cooper pair box, Phys. Rev. A 76, 042319 (2007).
[8] V. E. Manucharyan, J. Koch, L. I. Glazman, and M. H.
Devoret, Fluxonium: Single Cooper-pair circuit free of
charge oﬀsets, Science 326, 113 (2009).
[9] M. Castellanos-Beltran, K. Irwin, L. Vale, G. Hilton, and
K. Lehnert, Bandwidth and dynamic range of a widely tunable Josephson parametric ampliﬁer, IEEE Trans. Appl.
Supercond. 19, 944 (2009).
[10] N. Bergeal, R. Vijay, V. E. Manucharyan, I. Siddiqi, R. J.
Schoelkopf, S. M. Girvin, and M. H. Devoret, Analog information processing at the quantum limit with a Josephson
ring modulator, Nat. Phys. 6, 296 (2010).
[11] C. Macklin, K. O’Brien, D. Hover, M. E. Schwartz, V.
Bolkhovsky, X. Zhang, W. D. Oliver, and I. Siddiqi, A
near-quantum-limited Josephson traveling-wave parametric ampliﬁer, Science 350, 307 (2015).
[12] R. W. Andrews, R. W. Peterson, T. P. Purdy, K. Cicak,
R. W. Simmonds, C. A. Regal, and K. W. Lehnert, Bidirectional and eﬃcient conversion between microwave and
optical light, Nat. Phys. 10, 321 (2014).
[13] A. Blais, R. S. Huang, A. Wallraﬀ, S. M. Girvin, and R.
J. Schoelkopf, Cavity quantum electrodynamics for superconducting electrical circuits: An architecture for quantum
computation, Phys. Rev. A 69, 062320 (2004).
[14] C. Janvier, L. Tosi, L. Bretheau, Ç. Ö. Girit, M. Stern, P.
Bertet, P. Joyez, D. Vion, D. Esteve, M. F. Goﬀman, H.
Pothier, and C. Urbina, Coherent manipulation of Andreev
states in superconducting atomic contacts, Science 349,
1199 (2015).
[15] W. C. Smith, A. Kou, U. Vool, I. M. Pop, L. Frunzio, R.
J. Schoelkopf, and M. H. Devoret, Quantization of inductively shunted superconducting circuits, Phys. Rev. B 94,
144507 (2016).
[16] A. Kou, W. Smith, U. Vool, R. Brierley, H. Meier, L.
Frunzio, S. Girvin, L. I. Glazman, and M. H. Devoret,
Fluxonium-Based Artiﬁcial Molecule with a Tunable Magnetic Moment, Phys. Rev. X 7, 031037 (2017).
[17] E. Ginossar and E. Grosfeld, Microwave transitions as a
signature of coherent parity mixing eﬀects in the Majoranatransmon qubit, Nat. Commun. 5, 4772 (2014).
[18] K. Yavilberg, E. Ginossar, and E. Grosfeld, Fermion parity measurement and control in Majorana circuit quantum
electrodynamics, Phys. Rev. B 92, 075143 (2015).
[19] J. A. Schreier, A. A. Houck, J. Koch, D. I. Schuster, B. R.
Johnson, J. M. Chow, J. M. Gambetta, J. Majer, L. Frunzio, M. H. Devoret, S. M. Girvin, and R. J. Schoelkopf,
Suppressing charge noise decoherence in superconducting
charge qubits, Phys. Rev. B 77, 180502 (2008).
[20] D. Ristè, C. C. Bultink, M. J. Tiggelman, R. N. Schouten,
K. W. Lehnert, and L. DiCarlo, Millisecond charge-parity
ﬂuctuations and induced decoherence in a superconducting
transmon qubit, Nat. Commun. 4, 1913 (2013).
[21] K. Serniak, M. Hays, G. de Lange, S. Diamond, S. Shankar,
L. Burkhart, L. Frunzio, M. Houzet, and M. H. Devoret, Hot

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]

014052-10

Nonequilibrium Quasiparticles in Transmon Qubits, Phys.
Rev. Lett. 121, 157701 (2018).
R. Lutchyn, L. Glazman, and A. Larkin, Quasiparticle
decay rate of Josephson charge qubit oscillations, Phys.
Rev. B 72, 014517 (2005).
J. M. Martinis, M. Ansmann, and J. Aumentado, Energy
Decay in Superconducting Josephson-Junction Qubits from
Nonequilibrium Quasiparticle Excitations, Phys. Rev. Lett.
103, 097002 (2009).
G. Catelani, R. J. Schoelkopf, M. H. Devoret, and L.
I. Glazman, Relaxation and frequency shifts induced by
quasiparticles in superconducting qubits, Phys. Rev. B 84,
064517 (2011).
J. Aumentado, M. W. Keller, J. M. Martinis, and M. H.
Devoret, Nonequilibrium Quasiparticles and 2e Periodicity in Single-Cooper-Pair Transistors, Phys. Rev. Lett. 92,
066802 (2004).
K. Segall, C. Wilson, L. Li, L. Frunzio, S. Friedrich, M. C.
Gaidis, and D. E. Prober, Dynamics and energy distribution
of nonequilibrium quasiparticles in superconducting tunnel
junctions, Phys. Rev. B 70, 214520 (2004).
O. Naaman and J. Aumentado, Time-domain measurements
of quasiparticle tunneling rates in a single-Cooper-pair
transistor, Phys. Rev. B 73, 172504 (2006).
M. D. Shaw, R. M. Lutchyn, P. Delsing, and P. M. Echternach, Kinetics of nonequilibrium quasiparticle tunneling in
superconducting charge qubits, Phys. Rev. B 78, 024503
(2008).
U. Vool, I. Pop, K. Sliwa, B. Abdo, C. Wang, T. Brecht,
Y. Gao, S. Shankar, M. Hatridge, G. Catelani, M. Mirrahimi, L. Frunzio, R. J. Schoelkopf, L. I. Glazman, and
M. H. Devoret, Non-Poissonian Quantum Jumps of a Fluxonium Qubit due to Quasiparticle Excitations, Phys. Rev.
Lett. 113, 247001 (2014).
I. Nsanzineza and B. Plourde, Trapping a Single Vortex and
Reducing Quasiparticles in a Superconducting Resonator,
Phys. Rev. Lett. 113, 117002 (2014).
C. Wang, Y. Y. Gao, I. M. Pop, U. Vool, C. Axline, T.
Brecht, R. W. Heeres, L. Frunzio, M. H. Devoret, G. Catelani, L. I. Glazman, and R. J. Schoelkopf, Measurement
and control of quasiparticle dynamics in a superconducting
qubit, Nat. Commun. 5, 5836 (2014).
P. J. de Visser, J. J. A. Baselmans, J. Bueno, N. Llombart,
and T. M. Klapwijk, Fluctuations in the electron system of
a superconductor exposed to a photon ﬂux, Nat. Commun.
5, 3130 (2014).
S. Gustavsson, F. Yan, G. Catelani, J. Bylander, A. Kamal,
J. Birenbaum, D. Hover, D. Rosenberg, G. Samach, A.
P. Sears, S. J. Weber, J. L. Yoder, J. Clarke, A. J. Kerman, F. Yoshihara, Y. Nakamura, T. P. Orlando, and W. D.
Oliver, Suppressing relaxation in superconducting qubits by
quasiparticle pumping, Science 354, 1573 (2016).
M. Taupin, I. M. Khaymovich, M. Meschke, A. S.
Mel’nikov, and J. P. Pekola, Tunable quasiparticle trapping
in Meissner and vortex states of mesoscopic superconductors, Nat. Commun. 7, 10977 (2016).
J. Bardeen, L. N. Cooper, and J. R. Schrieﬀer, Theory of
superconductivity, Phys. Rev. 108, 1175 (1957).
M. Lenander, H. Wang, R. C. Bialczak, E. Lucero, M.
Mariantoni, M. Neeley, A. D. O’Connell, D. Sank, M.

DIRECT DISPERSIVE MONITORING OF CHARGE PARITY...

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]
[52]

Weides, J. Wenner, T. Yamamoto, Y. Yin, J. Zhao, A. N.
Cleland, and J. M. Martinis, Measurement of energy decay
in superconducting qubits from nonequilibrium quasiparticles, Phys. Rev. B 84, 024501 (2011).
G. Catelani, Parity switching and decoherence by quasiparticles in single-junction transmons, Phys. Rev. B 89,
094522 (2014).
A. Bespalov, M. Houzet, J. S. Meyer, and Y. V. Nazarov,
Theoretical Model to Explain Excess of Quasiparticles in
Superconductors, Phys. Rev. Lett. 117, 117002 (2016).
G. Catelani and D. Basko, Non-equilibrium quasiparticles
in superconducting circuits: Photons vs. phonons, SciPost
Phys. 6, 013 (2019).
V. E. Manucharyan, Ph.D. thesis, Yale University, 2012.
G. Zhu, D. G. Ferguson, V. E. Manucharyan, and J. Koch,
Circuit QED with ﬂuxonium qubits: Theory of the dispersive regime, Phys. Rev. B 87, 024510 (2013).
J. Gambetta, A. Blais, D. I. Schuster, A. Wallraﬀ, L.
Frunzio, J. Majer, M. H. Devoret, S. M. Girvin, and
R. J. Schoelkopf, Qubit-photon interactions in a cavity: Measurement-induced dephasing and number splitting,
Phys. Rev. A 74, 042318 (2006).
Z. Wang, S. Shankar, Z. Minev, P. Campagne-Ibarcq, A.
Narla, and M. H. Devoret, Cavity Attenuators for Superconducting Qubits, Phys. Rev. Appl. 11, 014031 (2019).
H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G.
Catelani, A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frunzio, L. I. Glazman, S. M. Girvin, M. H. Devoret, and R. J.
Schoelkopf, Observation of High Coherence in Josephson
Junction Qubits Measured in a Three-Dimensional Circuit
QED Architecture, Phys. Rev. Lett. 107, 240501 (2011).
I. M. Pop, T. Fournier, T. Crozes, F. Lecocq, I. Matei, B.
Pannetier, O. Buisson, and W. Guichard, Fabrication of stable and reproducible submicron tunnel junctions, J. Vac.
Sci. Technol., B 30, 010607 (2012).
D. M. Pozar, Microwave Engineering (Wiley, New York,
2004), 4th ed.
M. D. Reed, L. DiCarlo, B. R. Johnson, L. Sun, D. I. Schuster, L. Frunzio, and R. J. Schoelkopf, High-Fidelity Readout
in Circuit Quantum Electrodynamics Using the JaynesCummings Nonlinearity, Phys. Rev. Lett. 105, 173601
(2010).
L. Verney, R. Lescanne, M. H. Devoret, Z. Leghtas, and M.
Mirrahimi, Structural Instability of Driven Josephson Circuits Prevented by an Inductive Shunt, Phys. Rev. Appl. 11,
024003 (2019).
M. Halpern, H. P. Gush, E. Wishnow, and V. De Cosmo,
Far infrared transmission of dielectrics at cryogenic and
room temperatures: Glass, Fluorogold, Eccosorb, Stycast,
and various plastics, Appl. Opt. 25, 565 (1986).
I. M. Pop, K. Geerlings, G. Catelani, R. J. Schoelkopf,
L. I. Glazman, and M. H. Devoret, Coherent suppression of electromagnetic dissipation due to superconducting
quasiparticles, Nature 508, 369 (2014).
M. Houzet, K. Serniak, G. Catelani, M. H. Devoret, and L.
I. Glazman, arXiv:1904.06290 (2019).
Although it is not critical for the analysis presented here, it
is worth noting that the deﬁnition of TP in this paper, chosen
for clarity and convenience, varies slightly from that in

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

014052-11

PHYS. REV. APPLIED 12, 014052 (2019)
previous references [20,21]. This stems from the fact that
the rate of the charge-parity switches depends on the plasmon state of the OCS transmon. Here, we report a time
scale that is dominated by the rate of transitions between
eo
|0, o and |0, e (equivalent to 00
in the aforementioned
references), whereas those references quote a 1/TP that is
eﬀectively the average of this and the rate between |1, o
and |1, e.
L. Grünhaupt, N. Maleeva, S. T. Skacel, M. Calvo, F. LevyBertrand, A. V. Ustinov, H. Rotzinger, A. Monfardini, G.
Catelani, and I. M. Pop, Loss Mechanisms and Quasiparticle Dynamics in Superconducting Microwave Resonators
Made of Thin-Film Granular Aluminum, Phys. Rev. Lett.
121, 117001 (2018).
This is conﬁrmed qualitatively by qubit-state-conditioned
charge-parity autocorrelation measurements similar in theory to those described in Refs. [20] and [21], but performed
with the direct dispersive technique presented in this paper.
These are performed on a follow-up cool-down and are not
presented here.
R. M. Lutchyn, J. D. Sau, and S. Das Sarma, Majorana Fermions and a Topological Phase Transition
in Semiconductor-Superconductor Heterostructures, Phys.
Rev. Lett. 105, 077001 (2010).
Y. Oreg, G. Refael, and F. von Oppen, Helical Liquids and
Majorana Bound States in Quantum Wires, Phys. Rev. Lett.
105, 177002 (2010).
A. Aassime, G. Johansson, G. Wendin, R. J. Schoelkopf,
and P. Delsing, Radio-Frequency Single-Electron Transistor as Readout Device for Qubits: Charge Sensitivity and
Backaction, Phys. Rev. Lett. 86, 3376 (2001).
M. D. Shaw, J. Bueno, P. Day, C. M. Bradford, and P.
M. Echternach, Quantum capacitance detector: A pairbreaking radiation detector based on the single Cooper-pair
box, Phys. Rev. B 79, 144511 (2009).
J. Bueno, M. D. Shaw, P. K. Day, and P. M. Echternach,
Proof of concept of the quantum capacitance detector, Appl.
Phys. Lett. 96, 103503 (2010).
K. J. Stone, K. G. Megerian, P. K. Day, P. M. Echternach,
J. Bueno, and N. Llombart, Real time quasiparticle tunneling measurements on an illuminated quantum capacitance
detector, Appl. Phys. Lett. 100, 263509 (2012).
P. M. Echternach, B. J. Pepper, T. Reck, and C. M. Bradford, Single photon detection of 1.5 THz radiation with the
quantum capacitance detector, Nat. Astron. 2, 90 (2018).
C. Wang, C. Axline, Y. Y. Gao, T. Brecht, Y. Chu, L.
Frunzio, M. H. Devoret, and R. J. Schoelkopf, Surface
participation and dielectric loss in superconducting qubits,
Appl. Phys. Lett. 107, 162601 (2015).
A. Dunsworth et al., Characterization and reduction of
capacitive loss induced by sub-micron Josephson junction
fabrication in superconducting qubits, Appl. Phys. Lett.
111, 022601 (2017).
G. Calusine, A. Melville, W. Woods, R. Das, C. Stull, V.
Bolkhovsky, D. Braje, D. Hover, D. K. Kim, X. Miloshi,
D. Rosenberg, A. Sevi, J. L. Yoder, E. Dauler, and W.
D. Oliver, Analysis and mitigation of interface losses in
trenched superconducting coplanar waveguide resonators,
Appl. Phys. Lett. 112, 062601 (2018).

