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Breaking the trade-off between fast control and
long lifetime of a superconducting qubit

S. Kono® '™ K. Koshino?, D. Lachance—Quirion3'4, A. F.van Loo® ', Y. Tabuchi® 3, A. Noguchi 56 &

Y. Nakamura® 3%

The rapid development in designs and fabrication technigues of superconducting qubits has
made coherence times of qubits longer. In the future, however, the radiative decay of a qubit
into its control line will be a fundamental limitation, imposing a trade-off between fast control
and long lifetime of the qubit. Here, we break this trade-off by strongly coupling another
superconducting qubit along the control line. This second qubit, which we call “Josephson
quantum filter” (JQF), prevents the first qubit from emitting microwave photons and thus
suppresses its relaxation, while transmitting large-amplitude control microwave pulses due to
the saturation of the quantum filter, enabling fast qubit control. This device functions as an
automatic decoupler between a qubit and its control line and could help in the realization of a
large-scale superconducting quantum processor by reducing the heating of the qubit envir-
onment and the crosstalk between qubits.
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ingle-qubit gates are an essential element for any quantum

protocol based on qubits!. They are typically implemented

by applying an electromagnetic field in resonance with the
energy difference between two levels, inducing Rabi oscillations?—.
The qubit has to be coupled to at least one one-dimensional
continuous mode to have an external control. Although a larger
coupling strength to the control degree of freedom achieves a faster
gate operation for a given drive amplitude, it also increases the
radiative decay of the qubit into the continuous mode. Conversely,
suppressing this radiative decay by reducing the coupling strength
leads to slower qubit control. This is a fundamental trade-off
between fast control and long lifetime of a qubit, which originates
from the fluctuation—dissipation theorem?.

Superconducting qubits are a promising candidate for a large-
scale quantum processor®. The ceaseless developments in designs
and fabrication techniques have been extending the coherence
times of theses qubits’. The radiative decay of a superconducting
qubit to its control line can no longer be dismissed in devices with
state-of-the-art coherence times. The trade-off in qubit control
has so far been dealt with by designing a weak coupling to the
control line and applying a strong microwave drive field for
compensation®. However, further improvements in the coherence
time of superconducting qubits would require even weaker cou-
pling to the control line, leading to an increase in the microwave
power needed to control the qubits. This will be problematic for
large-scale superconducting quantum circuits due to heating of
the qubit cryogenic environment3-!1 and the output power level
of the control electronics!?!3. Furthermore, the demand for a
strong microwave drive field may increase crosstalk to non-
targeted qubits in the vicinity!*

Here, we experimentally demonstrate the suppression of the
radiative decay of a “data” qubit to its control line without
sacrificing the gate speed by using an ancillary qubit that acts as a
nonlinear filter. We name this filter a Josephson quantum filter
(JQF)!>. As shown in Fig. 1a, on one hand, the JQF reflects single
photons emitted from the data qubit, suppressing the radiative
decay to the control line. On the other hand, when a large-
amplitude control field is applied (Fig. 1b), the JQF saturates and
becomes transparent, enabling fast Rabi oscillations of the data
qubit. The working principle is in contrast to that of a Purcell
filter, which utilizes the frequency difference between a qubit and
a readout resonator to realize both fast readout and long lifetime

a

Josephson quantum filter

of the qubit!6-18 The Purcell filter circuit is not suitable, however,
for a case where the frequencies of the radiative decay and the
control signal are identical.

Results

Theoretical model. A system composed of a data qubit and a JQF
in a semi-infinite control line is described theoretically by the
waveguide-quantum-electrodynamics formalism!9-23. As shown
in Fig. 1¢, d, the data qubit is placed at the end of the control line,
while the JQF is located a distance d away from the qubit?42>,
Here, we consider that the JQF frequency wy is set to be identical
to the qubit frequency w,. The resonant interaction mediated by
photons in the control line induces two cooperative effects
depending on the distance: a correlated decay and an energy-
exchange interaction?%:2!, In the frame rotating at the qubit and
JQF frequencies, the master equation of the composite system of
the qubit and JQF with a resonant control field is given by

A U, . i
p= _% [Heff + Hdrive7 P] + ,nyejx D(Uﬁaj)p? (1)
1.J=q,

where 6, (i = q, f) is the respective lowering operator of the qubit
and the JQF, and D(A,B)p = Bf)zzlT — (ATB;A)-F/A)ATB)/Z is a
superoperator describing the correlated decay. The correlated
decay terms are described with the individual decay rates of y33 =

d and y = yf cos?(27d /Aq), and the correlated decay rates of

=yl = \/;gjyg cos(2md/)y), where yi (i = q, f) is the

respectlve external coupling rate and Aq is the qubit wavelength.
The effective energy-exchange interaction is described as

Hy = h](&];&f + 6q63), where ] = /ydf, sin(27d/A,)/2 is the
coupling strength. Moreover, the drive Hamiltonian is given by
Hype = hQg 61/2 + hoy cos(271d/)tq)[7i/2, where Q; =2/y. n
is the Rabi frequency with a control photon flux of 71 and &; is the
Pauli s operator (s = x, ¥, 2).

Here, we explain the working principle of the JQF based on the
master Eq. (1). The seemingly contradictory goal is that the qubit
is isolated from the JQF while employing the subradiance effect
protecting the qubit from decaying. We achieve this by preparing
a system where the qubit and the JQF are coupled with the
strongly asymmetric external coupling rates to the control line, as

500 um

Decay
HRO) Cex
Reflechon Qub|t
Control Readout
b Saturation d d=1/2 Readout line
Rabi oscillation Control line /_Aq__\ + Purcell filter
T ol
Control pulse Josephson Qubit Readout
quantum resonator

filter

Fig. 1 Josephson quantum filter (JQF). a, b Concept of the JQF. The JQF reflects single photons emitted from the qubit, suppressing the qubit radiative
decay. In contrast, when a large-amplitude control pulse is applied to the qubit, the JQF saturates and transmits the pulse, enabling fast qubit control.
¢, d False-colored optical image and equivalent circuit of the fabricated superconducting circuit. A fixed-frequency transmon qubit acting as the data qubit
(green) is connected to a control coplanar-waveguide with an ancillary tunable-frequency transmon qubit with a SQUID acting as the JQF (blue). The data
qubit is coupled to a resonator (red) for fast dispersive readout via a readout line with a Purcell filter (purple). Air-bridges are fabricated on the waveguides
to suppress spurious modes. The Josephson junctions are indicated by magenta crosses.
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follows. To avoid the qubit hybridizing with the JQF (J = 0) and

to maximize the correlated decay (|y%| = [yf| = \/y&yL,), the

distance d is set to half the qubit wavelength (d = A/2).
Therefore, the correlated decays are described as the individual

decays of a bright mode [ = N(—+/y% 04 + /7Ly 0¢)] with
decay rate p2 =33 +y  and a dark mode
[6p = N(\V/YE, 64+ \/7& 6¢)] with decay rate y2, = 0, where
N is the normalization factor?!. By engineering the system such

that yf_>> 3, the excited state of the qubit is close to the dark
state (0 ~ 0p), suppressing its radiative decay. In the limit of

¥, > y4, the master Eq. (1) can be approximated as

== e 7140 (0= i (1465, )or 2

with the effective drive Hamiltonian originating from the
correlated decay:

hQ

drive — 7 B Oy Tq(l + 0‘2) O-;l’ (3)
where D(A)p = Af)AT - (ATA,Z) + f)ATA)/Z. From this approx-
imative master equation, we find that the qubit is coupled to the
control line depending on the state of the JQF. When the control
field is absent (Hg,,. = 0), the JQF is in the ground state

(62 = —1), resulting in the complete suppression of the decay
term of the qubit. When the control field is applied, on the other
hand, the conditional drive term of the drive Hamiltonian
(x 6262) is suppressed by the drive term of the JQF (x 6£) in the
secular approximation, enabling us to individually drive the qubit
with the Rabi frequency of 4 (see more details in Supplementary
Note 4).

Experimental device. In the experiment, a superconducting
transmon qubit coupled to a coplanar-waveguide control line is
fabricated on a silicon substrate, as shown in Fig. 1c. The reso-
nance frequency, anharmonicity, and external coupling rate of the
qubit are wy/27m = 8.002 GHz, ag/2m = —398 MHz, and y% /27 =
123 kHz, respectively. The state of the qubit is dispersively read
out via a resonator with resonance frequency w,/2m = 10.156
GHz, external coupling rate x./2m = 2.16 MHz, and state-
dependent dispersive frequency shift 2y/2mr = —1.87 MHz. A
Purcell filter is used to prevent the Purcell decay into the readout
line from limiting the qubit relaxation time!S. An ancillary
transmon qubit acting as the JQF is strongly coupled to the
control line with external coupling rate yf_ /27 = 112 MHz. The
distance between the qubit and JQF is designed to be half
the qubit wavelength (d =~ 7.5 mm). The JQF resonance frequency
wg/27 is tunable between 6.3 and 8.5 GHz with a static magnetic
field, which enables us to investigate the behavior of the qubit
with and without the JQF in a single device: when the JQF is far
detuned from the qubit, the qubit behaves as if the JQF does
not exist. The anharmonicity and intrinsic loss rate of the JQF are
ag/2m = —387 MHz and yf, /2 = 3 MHz, respectively (see more
details in Supplementary Notes 1 and 2).

Dependence of the JQF reflection spectrum on probe power.
We first characterize the JQF by measuring its reflection spectrum
via the control line. In Fig. 2a, b, the amplitude and phase of the
reflection spectra are shown for different probe powers. At a
smaller probe power of —146 dBm, the JQF spectrum is in the
over-coupling regime, where the external coupling rate is much
larger than the intrinsic loss rate, ie., yi > L. The over-
coupling regime of the JQF is required for a perfect reflection of
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Fig. 2 Dependence of the JQF reflection spectrum on probe power.

a, b Amplitude and phase of the reflection spectra of the JQF measured via
the control line. The dots (blue, orange, red) are the experimental results
with different probe powers, and the black lines are the theoretical fits for
—120 and —146 dBm. The probe power of —120 dBm corresponds to the
single-photon power level for the JQF, defined as haw(yf, + yifn)z/(4y£x),
which would populate a linear resonator with a single photon on average3°.
Note that the qubit transition is not observed here since the resolution of
the probe frequency is larger than the qubit linewidth.

single photons emitted from the qubit?. The JQF transition starts
to saturate around the single-photon power level (=—120 dBm).
The second dip around 7.8 GHz corresponds to the two-photon
transition between the ground and second excited states. At a
stronger probe power of —100 dBm, the JQF does not affect the
reflection coefficient due to it being saturated?®, which is an
essential property for allowing the qubit control field to be
transmitted through the JQF (Supplementary Note 5).

Decay times and Rabi frequency of the qubit with and without
the JQF. To study the effect of the JQF on the qubit, we perform
time-domain measurements on the qubit with different
JQF-qubit detunings. The qubit population in the excited state is
obtained from the averaged quadrature amplitude of the readout
pulse. Note that the averaged amplitude is normalized by taking
into account the thermal population of the qubit for each
detuning.

As shown in Fig. 3a, we measure the qubit relaxation with and
without the JQF. When the JQF is nearly resonant with the qubit,
the qubit shows an exponential decay with a longer relaxation
time than without the JQF. The thermal population of the qubit is
increased from 2.8 to 16.2%, which is not because the JQF adds a
thermal noise to the qubit, but because it decouples the qubit
from the control line which has a lower effective temperature
than the intrinsic loss channel?’. The relaxation time (T;) and
Hahn-echo coherence time (TE) of the qubit as a function of the
JQF-qubit detuning are shown in Fig. 3b. Both the relaxation and
coherence times are enhanced by a factor of about 4 when the
JQF is nearly on resonance with the qubit. The enhancement is
mainly limited by the intrinsic energy relaxation and thermal
population of the qubit. The full frequency bandwidth at half
maximum of the enhancement spectrum is found to be about 60
MHz, which roughly coincides with the external coupling rate of
the JQF. As this bandwidth corresponds to about 1% of the JQF
frequency, it would be possible to implement a frequency-fixed
JQF in a future device with the state-of-art Josephson-energy
variation?8, The asymmetry of the enhancement spectrum is
explained by the non-ideal JQF-qubit distance, i.e., d = 0.526,.
Interestingly, for this distance, we find in numerical simulations
that with a finite detuning of (wf — wq)/27 = 9 MHz, the decay
times of the qubit can reach the level that would be achieved with
the ideal distance of d = 0.514 (Supplementary Note 9).
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Fig. 3 Breaking the trade-off between the fast control and long lifetime of
the qubit with the JQF. The red and blue dots are the experimental results
with and without the JQF, respectively. The black lines are the theoretical
fits. a Qubit population in the excited state as a function of the delay time
between the x pulse and the readout. b Decay times as a function of the
JQF-qubit detuning. The orange and cyan circles depict the relaxation time
(Ty) and the Hahn-echo coherence time (T5), respectively. The solid lines
are the numerically simulated results (see more details in Supplementary
Notes 3 and 4). The horizontal dashed lines are those in the absence of the
JQF. ¢ Qubit population in the excited state as a function of the duration of
a square control pulse with Gaussian edges. d Rabi frequency as a function
of the JQF-qubit detuning. The green circles are the observed Rabi
frequency in the presence of the JQF, and the orange circles are the
conventional upper bound of the Rabi frequency for the given drive power,
which is calculated as 24/n/T,. The error bars represent standard errors.

Furthermore, Rabi oscillations of the qubit are observed when
applying a stationary control field with a photon flux of
7= 1.5x10'" s7!, which corresponds to —101 dBm. As Fig. 3c
shows, the Rabi oscillations are not affected by the presence of the
JQF except for the oscillation amplitude, which is decreased due
to the thermal excitation caused by the intrinsic loss channel of

the qubit. The observed Rabi frequency as a function of the
JQF-qubit detuning is shown with the green circles in Fig. 3d.
Due to the saturation of the JQF by the strong control field, the
Rabi frequency is found to be constant and does not depend on
the detuning.

To further study the trade-off in qubit control, we define the
conventional upper bound of the Rabi frequency of the qubit

without employing the JQF as 24/7/T,. This is because a Rabi
frequency Qg with a fixed external coupling never exceeds the
upper bound, as O, = 2 Y& <24/1/T,. The upper bound can
be achieved in a conventional setup only when the intrinsic loss,
pure dephasing, and thermal excitation of the qubit are negligible.
As shown in Fig. 3d, the observed Rabi frequency with the JQF
exceeds this upper bound (indicated by the shadowed area in
Fig. 3d), which demonstrates that we break the trade-off in qubit
control.

Controlling the qubit in the presence of the JQF. To investigate
whether the JQF has negative effects on our ability to control the
qubit, the Rabi frequency and Rabi decay time of the qubit are
measured as a function of the control amplitude (Fig. 4a, b). In
the presence of the JQF, in the region where the JQF is not
completely saturated (/L ~ 1), the Rabi frequency is smaller
and the decay time is shorter than those without the JQF.
However, in the limit of large control amplitudes (Q;/y, > 1),
the results with and without the JQF become indistinguishable.

In Fig. 4a, b, we compare the experimental results with the
numerical ones which we calculate by replacing the transmon
JQF with a two-level JQF with the same parameters. Unlike with
the transmon JQF, the Rabi decay time of the qubit with the two-
level JQF is calculated to be shorter than that in the absence of the
JQF, even when the JQF is nearly completely saturated by the
control field (Q;/y_ > 1). This is because the saturated two-level
JQF is still coupled to the qubit (see the conditional drive term
originating from the correlated decay in Eq. (3)), providing
additional decay channels of the qubit through the JQF. The
transmon JQF, on the other hand, once excited to its higher
levels, becomes decoupled from the qubit due to its anharmo-
nicity and loses the correlated decay, and therefore no longer
affects the Rabi oscillations of the qubit. From numerical
simulations, we find that the minimum error per qubit Rabi
cycle is achieved when the anharmonicity of a transmon JQF
almost equals its external coupling rate (Ja;| & y£,), which agrees
with our experimental findings (Supplementary Note 4).

When the qubit is sequentially controlled, the JQF is expected
to be saturated during each gate and to not significantly affect the
gate fidelity. The average gate error of the Clifford gates on the
qubit is measured by using randomized benchmarking?®. In
Fig. 4c, the average gate errors with and without the JQF are
shown as a function of the control pulse duration. We confirm
that the average gate errors in both cases are close to the
coherence limit. The small increase in the gate error with the JQF
can be explained by the additional decay of the qubit due to the
incomplete saturation of the JQF at the beginning and end of each
control pulse. Note that the coherence limit is mainly determined
by the external coupling rate of the qubit.

Discussion

We successfully resolved the trade-off in qubit control by
implementing a JQF to the control line of a qubit. We experi-
mentally confirmed that the JQF suppresses the qubit radiative
decay, while it does not significantly reduce the Rabi frequency
and the gate fidelity of the qubit from those without the JQF. This
would also allow us to enhance the qubit-control-line coupling,
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Fig. 4 Controlling the qubit in the presence of the JQF. a, b Rabi frequency and Rabi decay time of the qubit as a function of the control amplitude

represented as the square root of the photon flux v/fi. The top axes show the

corresponding Rabi frequency of the JQF £; normalized by its external decay

rate ygx. The red and blue data are the experimental results with and without the JQF, respectively. The red and blue solid lines depict numerical results
with and without a transmon JQF, whereas the green dashed lines show simulation results using a two-level JQF. The insets are magnifications of the small
amplitude region of the main plots. ¢ Average gate error of the qubit as a function of the control pulse duration, obtained by randomized benchmarking. A
Gaussian pulse is used for the qubit control, and the pulse interval is set to be twice the pulse duration. The black dashed line depicts the coherence limit.

The error bars represent standard errors.

and thus to reduce the Rabi drive power, by three orders of
magnitude, compared with the weak coupling required for a
state-of-the-art qubit with a 1-ms lifetime in the absence of JQF.
The device could be useful in the realization of a large-scale
superconducting qubit system by reducing the heating of the
qubit environment and the crosstalk between qubits. More gen-
erally, our experiments show that a nonlinear element acts as a
power-dependent variable boundary condition for microwave
modes, which can be applied to other types of parametric control,
such as two-qubit gates, single-photon generation, or active
cooling of quantum systems.

Methods

Calibration of the photon flux in the qubit control field. To quantitatively show
the breaking of the trade-off in qubit control, we calibrate the photon flux 7 in the
control field. First, we measure the reflection spectrum of the qubit in the absence
of the JQF in order to distinguish the external coupling rate of the qubit yd from
the intrinsic loss rate y. By using the fitting results of the reflection spectrum
together with the qubit thermal population, the external coupling rate is deter-
mined to be y3 /27 = 123 kHz. Furthermore, given a control amplitude, the
corresponding Rabi frequency is obtained by observing the Rabi oscillation of the
qubit in the absence of the JQF. Thus, by using the expression of Qg = 2/ Yexi1, we
calibrate the photon flux 7 for a given control field amplitude. See more details in
Supplementary Notes 6-8.

Conventional upper bound of the qubit Rabi frequency. We define the upper
bound of the Rabi frequency of the qubit controlled in a setup of the fixed external
coupling rate as 21/71/T,. Generally, the total relaxation rate of the qubit is given
by 1/T, = (2n + 1)yd + 2nE™ 4+ 1)y4,, where nl and nl™ are the thermal
quanta of the intrinsic and external baths, respectively. Therefore, the external
coupling rate of the qubit is always smaller than the total relaxation rate, i.e.,

y4 <1/T,. The external coupling rate of yd, is equal to 1/T; only when yl, nf:™,
and n{ are negligible. Accordingly, the Rabi frequency never exceeds the upper
bound, ie. Q) = 2+/ y&n<21/n/T,. Note that this upper bound can be calculated
from 7 and T;, which are obtained by independent experiments.

Data availability
All the data used in this study are available from the corresponding author upon
reasonable request.

Received: 2 April 2020; Accepted: 5 July 2020;
Published online: 23 July 2020

| (2020)11:3683 | https://doi.org/10.1038/s41467-020-17511-y | www.nature.com/naturecommunications

References
1. Nielsen, M. A. & Chuang, I. L. Quantum Computation and Quantum
Information (Cambridge University Press, Cambridge, 2010).

2. Monroe, C. & Kim, J. Scaling the ion trap quantum processor. Science 339,
1164-1169 (2013).

3. Awschalom, D. D,, Bassett, L. C., Dzurak, A. S., Hu, E. L. & Petta, J. R.
Quantum spintronics: Engineering and manipulating atom-like spins in
semiconductors. Science 339, 1174-1179 (2013).

4. Devoret, M. H. & Schoelkopf, R. J. Superconducting circuits for quantum
information: an outlook. Science 339, 1169-1174 (2013).

5. Gardiner, C. W. & Zoller, P. Quantum Noise (Springer-Verlag, Berlin, 1999).

6. Arute, F. et al. Quantum supremacy using a programmable superconducting
processor. Nature 574, 505-510 (2019).

7. Kjaergaard, M. et al. Superconducting qubits: current state of play. Ann. Rev.
Condens. Matter Phys. 11, 369 (2019).

8. Krinner, S. et al. Engineering cryogenic setups for 100-qubit scale
superconducting circuit systems. EPJ Quantum Technol. 6, 2 (2019).

9. Yeh, J.-H., LeFebvre, J., Premaratne, S., Wellstood, F. & Palmer, B. S.
Microwave attenuators for use with quantum devices below 100 mk. J. Appl.
Phys. 121, 224501 (2017).

10. Ikonen, J., Salmilehto, J. & Motténen, M. Energy-efficient quantum
computing. npj Quantum Inf. 3, 1-7 (2017).

11. Wang, Z. et al. Cavity attenuators for superconducting qubits. Phys. Rev. Appl.
11, 014031 (2019).

12. Krantz, P. et al. A quantum engineer’s guide to superconducting qubits. Appl.
Phys. Rev. 6, 021318 (2019).

13. McDermott, R. et al. Quantum-classical interface based on single flux
quantum digital logic. Quantum Sci. Technol. 3, 024004 (2018).

14. Sheldon, S., Magesan, E., Chow, J. M. & Gambetta, J. M. Procedure for
systematically tuning up cross-talk in the cross-resonance gate. Phys. Rev. A
93, 060302 (2016).

15. Koshino, K., Kono, S. & Nakamura, Y. Protection of a qubit via subradiance: a
Josephson quantum filter. Phys. Rev. Appl. 13, 014051 (2020).

16. Houck, A. A. et al. Controlling the spontaneous emission of a superconducting
transmon qubit. Phys. Rev. Lett. 101, 080502 (2008).

17. Reed, M. D. et al. Fast reset and suppressing spontaneous emission of a
superconducting qubit. Appl. Phys. Lett. 96, 203110 (2010).

18. Jeffrey, E. et al. Fast accurate state measurement with superconducting qubits.
Phys. Rev. Lett. 112, 190504 (2014).

19. Roy, D., Wilson, C. M. & Firstenberg, O. Colloquium: strongly interacting
photons in one-dimensional continuum. Rev. Mod. Phys. 89, 021001 (2017).

20. Chang, D. E,, Jiang, L., Gorshkov, A. V. & Kimble, H. J. Cavity qed with
atomic mirrors. N. J. Phys. 14, 063003 (2012).

21. Lalumiére, K. et al. Input-output theory for waveguide qed with an ensemble
of inhomogeneous atoms. Phys. Rev. A 88, 043806 (2013).

22. van Loo, A. F. et al. Photon-mediated interactions between distant artificial

atoms. Science 342, 1494-1496 (2013).


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

23. Mirhosseini, M. et al. Cavity quantum electrodynamics with atom-like
mirrors. Nature 569, 692 (2019).

24. Koshino, K. & Nakamura, Y. Control of the radiative level shift and linewidth
of a superconducting artificial atom through a variable boundary condition. N.
J. Phys. 14, 043005 (2012).

25. Hoi, I.-C. et al. Probing the quantum vacuum with an artificial atom in front
of a mirror. Nat. Phys. 11, 1045 (2015).

26. Astafiev, O. et al. Resonance fluorescence of a single artificial atom. Science
327, 840-843 (2010).

27. Jin, X. Y. et al. Thermal and residual excited-state population in a 3D
transmon qubit. Phys. Rev. Lett. 114, 240501 (2015).

28. Kreikebaum, J. M., O’Brien, K. P., Morvan, A. & Siddiqi, I. Improving wafer-
scale josephson junction resistance variation in superconducting quantum
coherent circuits. Superconductor Sci. Technol. 33, 06LT02 (2020).

29. Magesan, E., Gambetta, ]. M. & Emerson, J. Characterizing quantum gates via
randomized benchmarking. Phys. Rev. A 85, 042311 (2012).

30. Clerk, A. A., Devoret, M. H., Girvin, S. M., Marquardt, F. & Schoelkopf, R. J.
Introduction to quantum noise, measurement, and amplification. Rev. Mod.
Phys. 82, 1155 (2010).

Acknowledgements

We acknowledge fruitful discussions with A. Eddins, J. M. Kreikebaum, and K. O’Brien.
This work was supported in part by UTokyo ALPS, JSPS Fellowship (No. 18]13084), JSPS
KAKENHI (Nos. 19K03684 and 26220601), JST ERATO (No. JPMJER1601), and MEXT
Q-LEAP (No. JPMXS0118068682). D.L.-Q. was an International Research Fellow of JSPS.
A.F.v.L. is an International Research Fellow of JSPS.

Author contributions

S.K. conceived the concept, designed, and fabricated the sample. K.K. and S.K. provided
theoretical models. S.K. and D.L.-Q. performed the experiments. D.L.-Q. and S.K. set up
the electronics for measurement. S.K. analyzed the results and wrote the manuscript with
feedback from Y.N., KK, AFv.L, D.L-Q,, Y.T,, and A.N. Y.N. supervised the project.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41467-
020-17511-y.

Correspondence and requests for materials should be addressed to S.K. or Y.N.

Peer review information Nature Communications thanks Eli Levenson-Falk and the
other, anonymous, reviewer(s) for their contribution to the peer review of this work. Peer
reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2020

6 | (2020)11:3683 | https://doi.org/10.1038/s41467-020-17511-y | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-020-17511-y
https://doi.org/10.1038/s41467-020-17511-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Breaking the trade-off between fast control and long lifetime of a superconducting qubit
	Results
	Theoretical model
	Experimental device
	Dependence of the JQF reflection spectrum on probe power
	Decay times and Rabi frequency of the qubit with and without the JQF
	Controlling the qubit in the presence of the JQF

	Discussion
	Methods
	Calibration of the photon flux in the qubit control field
	Conventional upper bound of the qubit Rabi frequency

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




