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Improving control over physical qubits is a crucial component of quantum computing research.
Here we report a superconducting fluxonium qubit with uncorrected coherence time T ∗

2 = 1.48 ±
0.13 ms, exceeding the state of the art for transmons by an order of magnitude. The average gate
fidelity was benchmarked at 0.99991(1). Notably, even in the millisecond range, the coherence time
is limited by material absorption and could be further improved with a more rigorous fabrication.
Our demonstration may be useful for suppressing errors in the next generation quantum processors.

Superconducting qubits have become a major quan-
tum computing platform in large part because of a rapid
growth of coherence time [1, 2], beginning with the first
demonstration of coherent oscillations in a Cooper pair
box circuit in 1999 [3]. Notable leaps took place with
the invention of quantronium [4] and 3D-transmon qubits
[5], the latter leading to a widespread use of transmons
and related circuits, such as X-mons [6] and C-shunt flux
qubits [7]. However, despite promising recent develop-
ments [8], the coherence time of superconducting qubits,
as measured using the conventional Ramsey interference
protocol, has remained at about 100 µs for almost a
decade [9]. The limited coherence of physical qubits slows
down the implementation of useful noisy intermediate-
scale quantum (NISQ) processors [10, 11] and ultimately
intensifies the hardware requirement for quantum error
correction [12, 13]. In this Letter, we present a case study
of a superconducting qubit of the less explored fluxonium
type [14], the uncorrected (Ramsey) coherence time of
which robustly exceeded one millisecond.

Our circuit (see Fig. 1a,b) consists of a relatively
weak Josephson junction (Josephson energy EJ/h =
5.57 GHz) connected to an antenna-like capacitance and
a compact large-value inductance (superinductance), re-
alized with an array of about a hundred relatively strong
junctions (EJ/h = 106 GHz). The circuit design is sim-
ilar to that introduced in references [15, 16] except the
substrate is changed from silicon to sapphire. Dynamics
of fluxoniums can be described using a pair of conjugate
operators ϕ̂ and n̂ = −i∂ϕ, representing, respectively, the
superconducting phase-twist across the inductance and
the charge displaced at the capacitor plates (in units of
the Cooper pair charge). The chip is placed inside a cop-
per cavity, with a resonance frequency of 7.54 GHz and a
quality factor of Q = 417, in order to perform a dispersive
readout of the qubit state [17]. A separate port in the
cavity is used for wireless driving of the fluxonium transi-
tions. The circuit parameters are accurately determined
from spectroscopy data as a function of flux through the
loop, which, along with the details of our experimental
procedures, are available in the Supplementary Material.

At the half-integer flux bias, fluxoniums are practically
unaffected by the background 1/f flux-noise [15, 18],
thanks to the large value of the inductive shunt. The

FIG. 1. (a) Optical image of the measured device. The an-
tenna electrodes are attached directly to the weak junction
of fluxonium, contributing to the total shunting capacitance
and coupling the qubit to a copper box readout resonator
(not shown). (b) Close up of the fluxonium loop formed by
the weak junction (top left corner) and a chain of stronger
junctions. (c) Measured frequencies and calculated charge
operator n̂ matrix elements for transitions between the low-
est three energy levels at the half-integer flux bias. Note, the
qubit transition |0〉− |1〉 is allowed, albeit suppressed in com-
parison to transition |1〉 − |2〉, and transitions |0〉 − |2〉 and
|1〉 − |3〉 are dipole-forbidden.

spectrum of relevant transitions in the present device is
concisely summarized in Fig. 1c. The qubit transition
between the lowest energy states |0〉 and |1〉 has a fre-
quency ω01/2π = 163 MHz. In comparison to trans-
mons, such a qubit is better protected against energy
relaxation into charge defects in the circuit material [19],
because of the reduced matrix element |〈0|n̂|1〉| � 1
(for transmons, |〈0|n̂|1〉| ∼ 1), and against uncontrolled
leakage of quantum information into higher energy states,
because of the extraordinary large anharmonicity. The
non-computational transitions |1〉 − |2〉 and |0〉 − |3〉 are
instrumental to designing an on-demand qubit-qubit in-
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FIG. 2. (a) Ramsey coherence time T ∗
2 and energy relaxation

time T1, measured simultaneously and repeatedly over a pe-
riod of 12 hours. Lower panel shows the Ramsey fringe fre-
quency ∆ν, the fluctuations of which are contained within
100 Hz. (b) Ramsey fringe data averaged over the entire
12-hour period. The solid line is the fit to a decaying si-
nusoid with characteristic time T̄ ∗

2 = 1.16 ± 0.05 ms. (c)
Energy relaxation data averaged across the same 12-hour pe-
riod. The solid line is an exponential fit with a time constant
T̄1 = 1.20± 0.03 ms.

teraction [20], as they have much larger frequency and
charge matrix elements. In fact, high-fidelity controlled-
Z and controlled-phase gates on a pair of capacitively-
coupled fluxoniums with similar spectra to that shown
in Fig. 1 have been recently demonstrated [21, 22].

The qubit energy relaxation time T1 is measured by ap-
plying a π-pulse to the |0〉−|1〉 transition and reading out
the excited state population after a variable time delay.
Prior to the π-pulse, the qubit is partially initialized us-
ing a cavity pulse in the high photon number regime (see
Supplementary Note 2C). The coherence time T ∗2 is ob-
tained from the sequence of two π/2-pulses separated by
a variable time delay. This protocol produces a Ramsey
fringe oscillating at the drive-qubit detuning frequency
∆ν and has an exponentially decaying envelope with a
characteristic time T ∗2 . The two pulse sequences were in-
terleaved and repeated over a period of about 12 hours.
The fit values of T1, T ∗2 and ∆ν are shown in Fig. 2a. The
highest recorded coherence time T ∗2 = 1.48± 0.13 ms ex-
ceeds the state of the art value for both transmons and
fluxoniums by an order of magnitude. This coherence
time is attainable thanks to the long average energy re-
laxation time T̄1 = 1.20±0.03 ms of our qubit. Averaging
the Ramsey fringes measured over a period of 12 hours
results in only a minor reduction of the coherence time

to T̄ ∗2 = 1.16± 0.05 ms (Fig. 2b). Accordingly, the qubit
frequency variation over the 12 hour period is contained
within a 100 Hz interval, much narrower than what is
commonly reported [23]. Likewise, averaging the energy
relaxation signal shows no signs of double-exponential
behavior, typical to the case of a decay rate fluctuating
in time (Fig. 2c). In fact, the values of T1 and T ∗2 were
stable around 1 ms over a period of several months.

Coherent control over a single qubit can be more rig-
orously characterized using the randomized benchmark-
ing (RB) technique [24, 25]. In a RB sequence, m ran-
domly chosen Clifford gates are performed on the qubit
before applying a single recovery gate, chosen to bring
the state vector back to the initial state. The excited
state probability p(|1〉) decays with the sequence length
m as A + Bpm, where p is the depolarization param-
eter, and A,B are constants that absorb state prepa-
ration and measurement (SPAM) errors (see the red
curve in Fig. 3a). We extract an average error rate of
a Clifford operation rcliff given by rcliff = (1 − p)/2 =
(1.7 ± 0.2) × 10−4. Because each Clifford operation is
composed on average of 1.833 physical gates (we do not
count the identity gate), the average physical gate fi-
delity is given by F = 1 − rcliff/1.833 = 0.99991(1). To
our knowledge, a significantly higher fidelity number has
been possible only in trapped ion demonstrations [26].

The fidelity of each physical gate in the list
(±X,±Y,±X/2,±Y/2) can be extracted using an inter-
leaved RB sequence: a given gate is interleaved between
each Clifford operation. The resulting curve follows the
same decay profile as the standard RB, but with a depo-
larization parameter pg (see Supplementary Note 3). The
physical gate error is given by rg = (1−pg/p)/2 = 1−Fg,
where p is the depolarization parameter obtained from
reference RB and Fg is the fidelity of the physical gate.
The error rates of each physical gate, 1−Fg, are quoted in
the inset of Fig. 3a. Note that the average of the values
Fg listed in Fig. 3a differs from the average physical gate
fidelity F composing a Clifford operation, because there
are more π/2- than π-rotations, on average, in a Clifford
operation. The decoherence contribution to the gate er-
ror can be estimated using the purity benchmarking (PB)
procedure [27–29]. Purity benchmarking consists of per-
forming state tomography of the qubit at the end of the
RB sequence instead of the recovery gate. The purity
P = tr(ρ2) of the qubit state decays as A′+B′um−1 (see
Fig. 3b), where u is called the unitarity and A′, B′ are
constants. The error rate due to decoherence per Clif-
ford gate is rdec, cliff = (1 −

√
u)/2 ' 1.1 × 10−4, and

the error rate due to decoherence per gate is rdec, gate =
rdec, cliff/1.833 ' 0.6 × 10−4. We conclude that most of
the gate error is caused by incoherent processes and hence
can be reduced even further by shortening the pulses.

Having established exceptional figures on coherence
and gate fidelity, we proceed with an in-depth character-
ization of our qubit device. To start, we use single-shot
readout histograms (Supplementary Note 2A) to find the
dispersive shift χ01/2π = 1.16 MHz. The quantity χ01
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FIG. 3. (a) Results of randomized benchmarking (RB). The
red curve (solid markers) is the reference RB sequence with
an average Clifford gate error rate of (1.7±0.2)×10−4, which
converts to the average fidelity of the physical gates used to
generate the Clifford group of 0.99991(1) (see text). The eight
other curves are the interleaved RB sequences, where each
color marks a given interleaved gate. The relative uncertainty
on the gate errors given in the caption is about 10%. (b)
Results of purity benchmarking (PB). Solid markers indicate
the purity of the quantum state versus number of Clifford
gates. The decay rate coverts to the average error due to
decoherence of 0.6 × 10−4, establishing an upper bound on
the achievable average gate fidelity of 0.99994.

sets the qubit-cavity interaction rate in the dispersive
limit and it is just as large as in a typical 3D-transmon-
based cQED. The discrepancy between simultaneously
measured values of T2 = 1.55 ms (using a single echo
π-pulse) and 2T1 = 2.1 ms cannot be explained by de-
phasing due to 1/f flux-noise, the magnitude of which is
bounded by the data off the sweet-spot [15]. However,
it may be explained by the presence of approximately
4 × 10−4 photons, on average, in the cavity, given the
known values of χ01 and κ (see Supplementary Note 2).
Such a cavity occupation would correspond to a tem-
perature of about 46 mK, which is larger than the base
temperature of our dilution refrigerator (10 mK) but con-
sistent with previous reports using heavy attenuation at
the readout frequency [30–32]. We designed χ01/κ << 1
to limit thermal photon dephasing, which reduced the
readout fidelity.

The single-shot readout histograms also provide an ac-
curate value of the effective qubit temperature of 25 mK,
extracted from fitting the equilibrium populations of
states |0〉 and |1〉. This temperature value is a factor
of 1.5−2 lower than what is typically measured in trans-
mons, but here the qubit frequency is much lower as well.
One may reasonably expect a frequency-dependent tem-

perature for a qubit facing an out-of-equilibrium environ-
ment. We checked that raising the refrigerator tempera-
ture to 25 mK did not modify T1 appreciably, but going
to 50 mK increased the relaxation rate by a factor of
three, in agreement with the stimulated emission factor.

Next, we turn to characterizing the energy relaxation.
Fig. 4a shows the measurement of T1 ≡ T 01

1 vs. qubit
frequency ω01, obtained by tuning the flux away from
the sweet-spot. Each data point has been taken by ap-
plying a proper π-pulse on resonance with the new qubit
frequency, and we have manually checked that each re-
laxation trace was single-exponential. The data reveals
reproducible fluctuations of T 01

1 in frequency. These fluc-
tuations qualitatively eliminate out-of-equilibrium quasi-
particles as the dominant relaxation mechanism, and
rather point at the absorption by material defects. In-
terestingly, neither the high nor the low values of T1 in
Fig. 4a show any trend for an increase towards the half-
integer sweet-spot, which contrasts the observations re-
ported in Ref. [33]. It is also worth noting that quan-
tum defect spectroscopy has not been available so far
in the sub-GHz frequency range (the T1-data data in
Ref. [33] shows fluctuations of T1 in time rather than
in frequency), which makes the data in Fig. 4a valuable
for modeling dielectric loss mechanisms.

Finally, we introduce a new loss characterization exper-
iment, which consists of measuring the rate Γ02 ≡ 1/T 02

1

of direct relaxation between states |2〉 and |0〉 (Fig. 4b).
This process should not be confused with a relatively
fast indirect relaxation |2〉 → |1〉, which has a charac-
teristic time T 12

1 ≈ 10 − 20 µs (Supplementary Note 6).
Our protocol for measuring T 02

1 is shown schematically
in Fig. 4c. It requires a large ratio of T 01

1 /T 12
1 ∼ 102, as

well as an accurate calibration of the qubit temperature
and lifetime T 01

1 at every flux bias (Supplementary Note
7). Note that T 01

1 = 1/(Γ01
↓ + Γ01

↑ ), where Γ01
↓ and Γ01

↑
are the relaxation and excitation rates of the qubit tran-
sition, respectively. We apply a saturating Rabi drive for
a given duration τ to the |1〉 − |2〉 transition with Rabi
frequency Ω12, wait for a period of a few times T 12

1 , and
then record the population p0(τ) of state |0〉. The devi-
ation of p0 from its equilibrium value indicates a direct
transfer of population from state |2〉 to state |0〉. We
model the quantity p0(τ) using a 3-level scheme and ex-
tract the value of T 02

1 as the sole adjustable parameter.

The T 02
1 -data (Fig. 4b) is particularly useful as it

involves relaxation processes at a frequency around
ω02/2π ≈ 5 GHz and hence allows for a more direct com-
parison to transmons. We find that T 02

1 rapidly grows
as the flux bias approaches the half-integer value, where
transition |0〉 − |2〉 is forbidden (Fig. 4b). The data in
Fig. 4b agree with a standard dielectric loss model as-
suming that the total capacitance C across the junction
has a loss tangent tan δC ≈ (1.5 − 4.5) × 10−6 (Supple-
mentary Note 4). These values of tan δC are consistent
with our previous measurements [15] but are larger than
those reported for transmons [19].

The most intriguing data point in Fig. 4b is the satura-
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FIG. 4. (a) Energy relaxation time T 01
1 of transition |0〉 − |1〉 versus external magnetic flux Φe. Marker color indicates

two separate scans taken 24 hours apart. (b) Energy relaxation time T 02
1 of transition |0〉 − |2〉 versus flux. Red and green

dashed curves represent the dielectric loss model with an effective loss tangent 1.5 × 10−6 and 4.5 × 10−6, respectively. The
magenta curve is the limit imposed by quasiparticle tunneling across the fluxonium’s weak junction, characterized by an effective
quasiparticle density xqp = 5 × 10−9 (see text). (c) Schematic of the driving (straight arrow) and relaxation (wavy arrows)
processes involved in measuring the relaxation rate Γ02 ≡ 1/T 02

1 . Thermal occupation of state |2〉 is neglected. Details of the
experimental procedure are provided in Supplementary Note 7.

tion of T 02
1 ≈ 1.5 ms at the half-integer flux point. What

mechanism can cause this saturation? Interestingly, both
the dielectric and inductive loss can be readily eliminated
by the parity selection rule (see Fig. 1b). The saturation
can be explained by indirect thermal processes, for ex-
ample, an excitation |2〉 → |3〉, the estimated rate of
which is indeed around 1 ms (using ω23/2π = 1.66 GHz
and T = 25 mK), followed by a rapid direct relaxation
|3〉 → |0〉 (Supplementary Note 7D). Theory also predicts
a parity-violating direct decay, governed by the matrix
element 〈2|cos(ϕ̂/2)|0〉 ∼ 1, due to quasiparticle tunnel-
ing specifically across the weakest junction of fluxonium
[34]. This mechanism includes photon-assisted tunnel-
ing (PAT) processes as well [35], altogether character-
ized by a dimensionless quasiparticle density xqp, nor-
malized by the density of Cooper pairs. Our observation
that T 02

1 > 1.5 ms translates into a direct upper bound
xqp < 5 × 10−9. For a transmon circuit, such as the
one obtained from that in Fig. 1 by removing the induc-
tive shunt and slightly adjusting the ratio of EJ/EC , our
bound on xqp would be equivalent to T1 > 4 ms.

The observation of T ∗2 > 1 ms follows naturally
from our previous work on fluxoniums [15]. There
we measured devices with varying parameters and
concluded that T1 was limited by dielectric loss and T2

was following T1. In particular, for device I we observed
T1 ∼ T2 ∼ 500 µs at the sweet-spot frequency of
395 MHz (T2 was measured with a single π-pulse echo).
The present device has about twice lower sweet-spot
frequency, which reduces the dielectric loss rate for the
same material quality. However, as we show in the
present study, many factors can suppress the value of
T ∗2 , such as an unfortunate defect-induced fluctuation
in the value of T1, or residual photons in the readout
cavity, or quasiparticle-induced relaxation or excitation
processes. Much work is still required to built large-scale
superconducting processors with millisecond-range
coherence times, and our case study demonstrates the
short-term feasibility of this goal.
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