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Superconducting quantum circuits based on Josephson junctions have made rapid progress in demonstrating quantum behavior and scalability. However, the future prospects ultimately depend upon the
intrinsic coherence of Josephson junctions, and whether superconducting qubits can be adequately
isolated from their environment. We introduce a new architecture for superconducting quantum circuits
employing a three-dimensional resonator that suppresses qubit decoherence while maintaining sufficient
coupling to the control signal. With the new architecture, we demonstrate that Josephson junction qubits
are highly coherent, with T2  10 to 20 s without the use of spin echo, and highly stable, showing no
evidence for 1=f critical current noise. These results suggest that the overall quality of Josephson
junctions in these qubits will allow error rates of a few 104 , approaching the error correction threshold.
DOI: 10.1103/PhysRevLett.107.240501

PACS numbers: 03.67.Lx, 42.50.Pq, 85.25.j

Superconducting circuits are a promising technology for
quantum information processing with solid-state devices.
Several different types of qubits [1,2] have been developed,
which all rely on the nonlinearity of one or more Josephson
junctions. Ideally, the Josephson junctions should be dissipationless and highly stable to avoid decoherence, while
providing the crucial anharmonicity that allows individual
energy levels to be separately addressed. In the past decade, the coherence time of superconducting qubits has
increased from initially only a few nanoseconds to typically about a microsecond today. This has permitted experiments where two or three qubits are controlled,
entangled [3–6], and used to demonstrate simple algorithms [7]. However, scaling more than three qubits with
an acceptable level of fidelity and coherence will require
higher coherence times than the current state of art. Two
major outstanding questions are whether superconducting
qubit coherence can improve further and whether there
are fundamental limits on coherence imposed by the
Josephson junctions.
The coherence can either be limited by possible imperfections in the Josephson junctions or by unintended interactions with the environment. Even if the junctions were
perfectly coherent, achieving a long coherence time also
requires understanding and controlling the Hamiltonian
such that the terms coupling the qubit to the outside
world can be made small. For example, in the hydrogen
atom a coupling of only 40 parts per billion (ppb) to the
electromagnetic continuum gives rise to spontaneous
emission and a quality factor Q of about 25 million
(25  106 ). Building a scalable quantum computer using
0031-9007=11=107(24)=240501(5)

superconducting qubits therefore requires engineering a
Hamiltonian where the undesirable couplings that lead to
decoherence are kept at the part per million (ppm) to ppb
level. Can a man-made, macroscopic quantum system
based on Josephson junctions have well-defined quantum
states that approach this level of coherence?
Here we present results on a new implementation of a
superconducting qubit where we carefully control the coupling to the environment, obtaining an increase in coherence by over an order of magnitude. We observe
reproducible qubit lifetimes for relaxation (T1 ) up to
60 s, and lifetimes of coherent superpositions (T2 ) of
10–20 s, corresponding to quality factors for both dissipation (Q1 ¼ !01 T1  2  106 , where !01 is the transition frequency of the qubit) and decoherence
(Q2 ¼ !01 T2  7  105 ) of about 1  106 . The high
quality factors observed imply that the instability in the
parameters of our system, the intrinsic dissipation in the
Josephson junction, and the size of the undesired couplings
are all in fact smaller than 1 ppm. Together with the fast
gate time (tgate  10 ns) previously demonstrated in superconducting qubits [8], we estimate the error rate will be
approximately tgate =T2  5  104 . These results suggest
that existing Josephson junction technology should allow
superconducting circuits to achieve coherence levels compatible with scalable quantum computing in the solid state.
Our experiment employs a particularly simple transmon
qubit [9,10], consisting of just two superconducting electrodes connected with a single small aluminum Josephson
junction, that requires no bias circuitry and has minimal
sensitivity to 1=f noises in charge or flux, coupled to a
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FIG. 1 (color online). Qubit coupled to a 3D cavity.
(a) Schematic of a transmon qubit inside a 3D cavity. The qubit
is coupled to the cavity through a broadband dipole antenna that
is used to receive and emit photons. (b) Photograph of a half of
the 3D aluminum waveguide cavity. An aluminum transmon
qubit with the dipole antenna is fabricated on a c-plane sapphire
substrate and is mounted at the center of the cavity. (Inset)
Optical microscope image of a single-junction transmon qubit.
The dipole antenna is 1 mm long. (c) Transmission of a 3D
cavity (cavity D) coupled to a transmon (J1) measured as a
function of power and frequency. The cavity response above
80 dBm occurs at the bare cavity frequency fc ¼ 8:003 GHz.
At lower powers, the cavity frequency shifts by g2 =.

microwave resonant cavity that can act as an entanglement
bus and readout circuit. Neglecting the interactions with its
environment, the transmon is described by the simple
Hamiltonian [9,11] H^ ¼ 4EC ðn^  n0 Þ2  EJ cos^ where
n^ and ^ are the normalized operators for the pair charge
^ n
^ ¼ i), EJ ¼ @Ic =2e and EC ¼
and phase (obeying ½;
2
e =2C are the Josephson and Coulomb energies, e is the
electron’s charge, Ic is the junction critical current, C is
the total capacitance between the electrodes, and n0 is the
offset charge.
The experiments are performed using a circuit QED
architecture [12,13], a circuit implementation of a cavity
QED [14], to isolate, couple, and measure the qubit. A
novel aspect is the use of a three-dimensional waveguide
cavity machined from superconducting aluminum (alloy
6061 T6), as shown in Figs. 1(a) and 1(b). This type of
cavity offers several advantages over the planar
transmission-line cavities used in previous circuit QED
experiments. First, the cavity has a larger mode volume
(approximately 3 cm3 or one tenth of a cubic wavelength,
compared to the 106 cubic wavelengths for a conventional
transmission-line resonator), and is much less sensitive to
the surface dielectric losses that are suspected as the limiting source of dissipation in transmission-line resonators to
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date [15,16]. Indeed, we have observed reproducible quality factors of these cavities [17] of 2  106 to 5  106 ,
corresponding to photon storage times in excess of 50 s
(not shown) in the quantum regime (kB T  @!c and
hni < 1, where !c is the cavity frequency), without the
power dependence [15,16] indicative of the presence of
two-level systems. Second, the geometry presents the qubit
with a well-controlled electromagnetic environment, limiting the possibility of relaxation through spontaneous emission into the multiple modes that may be possible with a
complicated chip and its associated wiring [18]. The qubit
is placed in the center of the cavity, maximizing the
coupling to the lowest frequency TE101 mode at !c =2 
8 GHz, which is used for readout and control. This location
also nulls the coupling to the second mode (TE102 at
approximately 10 GHz).
Despite the larger mode volume of the threedimensional cavity, we are able to achieve the strongcoupling limit of cavity QED in this system, with vacuum
Rabi frequencies, g=2, greater than 100 MHz. As seen in
Fig. 1(b), the electrodes of the qubit are significantly larger
[  0:5 mm] than in a conventional transmon qubit, so that
the increased dipole moment of the qubit compensates for
the reduced electric field that a single photon creates in the
cavity. We note that due to the large dipole moment, the
expected lifetime from spontaneous emission in free space
would be only 100 ns, so that a high-Q cavity is required
to maintain the qubit lifetime. The electrodes also form the
shunting capacitance (C  70 fF) of the transmon, giving
it the same anharmonicity and the same insensitivity to 1=f
charge noise as in the conventional design. An advantage
of this qubit design is that the large electrode size reduces
the sensitivity of the qubit to surface dielectric losses,
which may be responsible for the improved relaxation
times. In this experiment, the qubits cannot be tuned into
resonance with the cavity, so the vacuum Rabi coupling is
not observed directly. The system is rather operated in the
dispersive limit (jj  j!c  !01 j  g) [13]. Here the
qubit induces a state-dependent shift on the cavity, which
is the basis of the readout mechanism. The dispersive shifts
are typically several tens of MHz (see Table I), and can
approach 1000 times the linewidths of qubit and cavity, so
that all devices are well within the strong dispersive limit
[19]. The transmission through the cavity as a function of
microwave power, which demonstrates the ground-state
shift of the cavity and the reemergence of the bare cavity
frequency at sufficiently high powers (see Refs. [20,21]) is
shown in Fig. 1(c). Single-shot readout of the qubit (with
fidelities greater than 70%) is performed using the technique previously described [20].
The dramatically improved coherence properties of
these qubits are confirmed via the standard time-domain
measurements of the relaxation time (T1 ) and Ramsey
experiments (T2 ) (see Fig. 2 and Table I). We employ the
same techniques used in the previous conventional
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TABLE I. Parameters of four transmon qubits (labeled as J’s for single-junction qubits and S’s for SQUID) measured in four
different 3D cavities (labeled as A, B, C and D respectively). The data of J1a and Sa are data on qubits J1 and S following cycling to
room temperature. Here, f01 ¼ !01 =2 is the dressed qubit transition frequency between ground-state j0i and the first excited state
j1i, g=2 is the coupling strength, g2 =2 is the cavity frequency shift from the bare cavity frequency due to the qubit, fc ¼ !c =2 is
the bare cavity frequency, Qc is the quality factor of the shifted cavity resonance at single-photon power, T1 is the relaxation time from
j1i to j0i, T2 is the coherence time measured by Ramsey experiment, and Techo is the coherence time measured by a spin-echo
experiment.
Qubit (cavity)
J1 (D)
J1a (D)
J2 (C)
J3 (B)
S (D)
Sa (A)

f01 (GHz) EJ (GHz) EC (GHz) g=2 (MHz) g2 =2 (MHz) fc (GHz) Qc (x103 ) T1 (s) T2 (s) Techo (s)
6.808
6.769
7.772
7.058
7.625
7.43

21.1
21.0
28.6
22.5
34.4
32.5

0.301
0.301
0.292
0.304
0.227
0.228

138
140
152
141
136
123

15.9
15.8
99.8
21.5
48.2
24.1

transmon experiment (see Refs. [8,18,22]) performed in a
cryogen-free dilution refrigerator at 10 mK. The qubits
have an anharmonicity =2 ¼ f12  f01  200 MHz
to 300 MHz which allows fast single-qubit operations in
10 ns. There are several surprising features in the timedomain data. First, while T2 ’s are typically in the range of
15–20 s, they do not yet attain the limit twice T1 which is
reproducibly in the range 25–50 s corresponding to
Q1 ¼ 1–2  106 . This indicates that there is still significant dephasing. At the same time, both the Ramsey decay
envelope and the echo coherence (which has an artificial
phase rotation as a function of the delay added) can be fit
well by an exponential decay, indicating that contrary to
the previous predictions [23,24], 1=f noise is not dominant
[22] in our experiment. This is consistent with the expectation that these simple qubits should avoid dephasing due
to both 1=f flux noise (since there are no superconducting
loops) and charge noise (since the total charge variation of
the transition frequency [9] for these transmon parameters
is less than 1 kHz). The observed phase coherence factor,
Q2  700 000, is an order of magnitude larger than previous superconducting devices [10,25]. Since
the transition
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
frequency of the transmon qubit (!01  8EJ EC Þ is set by
a combination of the Josephson and charging energies, this
allows us to place stringent limits on the amount of critical
current noise in Josephson junctions, or dielectric fluctuations in the shunt capacitance. We find that any critical
current noise must have a total variance of less than about
1 ppm (I=Ic < 106 ). In fact, the observed Ramsey
and echo decays are more consistent with frequencyindependent noise in the qubit transition frequency
pﬃﬃﬃﬃﬃﬃ (or
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
critical current) pof
about
S

10
ppb=
Hz or
!=!01
ﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
SI=Ic  20 ppb= Hz. The improvement by approximately a factor of 2 with echo indicates either a characteristic correlation time in this noise of about 10 s, or an
additional low-frequency noise (but not 1=f in character)
component with a variance of about 1 ppm.
The high stability of the qubit transition frequency is
exhibited in Fig. 2(c), which shows the deviations observed
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FIG. 2 (color online). Time-domain measurement of the qubit
coherence (a) Relaxation from j1i of qubit J1. T1 is 60 s for
this measurement. (Inset) The pulse sequences used to measure
relaxation (upper) and Ramsey experiments with and without
echo (lower). The pulse shown in dashed line is an echo signal
applied at one half of the delay between two =2 pulses.
(b) Ramsey fringes measured on resonance with (blue squares
online or upper curve) and without (red squares online or lower
curve) echo sequence. The pulse width for the  and =2 pulses
used in the experiments is 20 ns. An additional phase is added to
the rotation axis of the second =2 pulse for each delay to give
the oscillatory feature to the Ramsey fringes. (c) Qubit frequency
f01 measured over 23 h by repeated Ramsey measurements.
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FIG. 3 (color online). Temperature dependence of qubit properties. (a) Measurement of T1 , Techo , and T2 . (b) Shift of the
transition frequency f01 . Black dashed curves in (a) and (b) are
theoretical T1 and f01 calculated from the model in Ref. [26]
plus a temperature-independent relaxation rate with the same
fitting parameter of  ¼ 194 eV for both T1 and f01 . (See
Supplemental Material [22] for details.) The blue small-dashed
curve is the theoretical T2 from 1=f critical current fluctuations
predicted by Ref. [23].

in the Ramsey detuning compared to the microwave generator over 1 d. The parameters in the Hamiltonian of this
artificial quantum system are seen to be stable for long
periods to within 600 Hz or 80 ppb over many hours.
Discrete jumps of a few kHz (or about 1 ppm) are
occasionally observed, which are consistent in size with
that expected by single atomic rearrangements in the
tunnel junction barrier. On subsequent thermal cycling
of two devices, a slow telegraph switching behavior
(with f  5–50 kHz) was also observed. These observations confirm the ability of this type of experiment to
reveal tiny variations in junction parameters which would
be undetectable in previous superconducting qubit
experiments.
It is still not clear what mechanisms limit the coherence
in these new qubits, but some information can be obtained
by measuring the dependence of coherence times on sample temperature, as shown in Fig. 3. The most striking
effect is the rapid decrease in the relaxation time, T1 ,
once the temperature exceeds about 130 mK, which is in
good quantitative agreement with a recent theory on the
effects of quasiparticles [22,26], using only a single fit
parameter which is the gap of the superconductor ( ¼
194 eV). The saturation of the relaxation times below
this temperature means that either the qubits are limited by
the presence of out-of-equilibrium quasiparticles, or other
mechanisms such as spontaneous emission (the Purcell
effect) or dielectric losses in the sapphire. The observed
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times place a stringent upper bound on the density of these
quasiparticles, which is less than one quasiparticle per
cubic micron, or a normalized quasiparticle density xqp ¼
nqp =npairs < 5  107 (where nqp is the density of quasiparticles and npairs is the density of Cooper pairs). This is
an order of magnitude lower density than reported in recent
measurements on phase qubits [27] or transmission-line
resonators [28]. We also observe a frequency shift of the
qubit transition due to the induced thermal quasiparticles
[Fig. 3(b)], again in quantitative agreement with the predictions of Ref. [26]. The coherence times T2 and Techo are
observed to decrease slowly with temperature, inconsistent
with either the quadratic [23] or linear [24] temperature
scalings reported previously for critical current noise.
Another mechanism for relaxation is spontaneous emission
of the qubit via the cavity (the Purcell effect), which is
consistent with the general trend that qubits with smaller
detunings from the cavity tend to have shorter lifetimes.
Our estimates of the multimode Purcell effect [18] for
these cavities predict only a small contribution to T1 for
most devices measured so far, but the data do not yet allow
a detailed test of the Purcell model. Further experiments
which vary qubit and cavity parameters will be required to
identify and hopefully further reduce decoherence.
Nonetheless, the current results already indicate that the
intrinsic quality factor of Josephson junctions is greater
than 1  106 .
We have presented a new implementation of superconducting qubits coupled to a 3D microwave cavity with an
order of magnitude improved coherence. While there have
been recent observations of individual devices with comparable T1 [29] or Techo times [30], we have reproducibly
obtained both relaxation (T1 ) and coherence (T2 , without
echo) times in excess of 10 s. Our qubits demonstrate
remarkable long-term stability, indicating that critical current fluctuations are much smaller than previously predicted. The dissipation and the frequency shift as a
function of temperature confirm recent theoretical predictions on the effects of thermally induced quasiparticles.
The lifetimes at low temperatures imply that the intrinsic
quality factor of Josephson junctions can be greater than
1  106 and enable us to place significantly more stringent
limits on any possible background density of nonequilibrium quasiparticles.
Our new architecture provides a particularly simple
electromagnetic environment for the qubits, and thereby
reduces the sources of decoherence. The good stability and
long coherence times obtained from the new architecture
enable us to detect couplings of the qubit to any low-energy
degrees of freedom, at the level of a fraction of only a ppm.
The improved coherence was achieved without reducing
either the anharmonicity or the coupling strength between
the qubit and cavity which should still permit fast one and
two-qubit operations. Scaling this architecture to multiple
qubits is not harder than for conventional superconducting
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circuits. For example, more qubits can be added inside a
3D cavity such that they couple to each other. These results
are therefore encouraging for all experiments with superconducting quantum circuits. The evolution of this architecture could allow future devices to approach the error
levels required to achieve the quantum error correction
threshold and make it possible to realize larger entangled
states and more complex algorithms with superconducting
quantum systems.
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