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We report single-shot readout of a superconducting flux qubit by using a flux-driven Josephson
parametric amplifier (JPA). After optimizing the readout power, gain of the JPA, and timing of the
data acquisition, we observe the Rabi oscillations with a contrast of 74%, which is mainly limited
by the bandwidth of the JPA and the energy relaxation of the qubit. The observation of quantum
jumps between the qubit eigenstates under continuous monitoring indicates the nondestructiveness
of the readout scheme. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821822]

A dispersive readout scheme using an electromagnetic
resonator is widely used to read out the state of supercon-
ducting qubits.' This technique utilizes the fact that the reso-
nance frequency of a resonator to which the qubit is
dispersively coupled, depends on the state of the qubit.” Its
intriguing properties, e.g., high fidelity and nondestructive-
ness, have been demonstrated in a variety of experiments
exploring cavity quantum electrodynamics using supercon-
ducting circuits.>* One of the problems with dispersive read-
out, however, is its low signal to noise ratio (SNR). In order
to minimize backaction on the qubit, one has to detect a
small microwave signal leaking out of the resonator contain-
ing on the order of a single photon, and this should be done
within a time much shorter than the lifetime of the qubit.
Therefore, low-noise and wide-band amplifiers are indispen-
sable. To date, cryogenic HEMT amplifiers have been most
commonly used. However, even with a state-of-the-art
HEMT amplifier with a noise temperature of ~2-5K, the
SNR typically remains smaller than unity. This necessitates
averaging the readout signal over many trials (identical real-
izations of the experiment) to discriminate the state of the
qubit, whereas single-shot readout is desirable for applica-
tions in quantum information processing.

Recently, many groups have attacked this problem by
using low-noise amplifiers based on superconducting
circuits,”® including so-called Josephson parametric ampli-
fiers (JPAs),”~'" and single-shot readout using JPAs has been
realized.'>™"* The JPA we have developed is pumped by ac
flux instead of ac current, and we call it the “flux-driven
JPA.”'" Tt can be operated in the degenerate three-photon
mode (signal and pump frequencies are related by a factor
two) and has the practical advantage that it does not require
an additional microwave field to cancel the pump leaking out
of the device. Recently, the vacuum noise squeezing has
been demonstrated using the same type of the device.'>'¢

Dt-yamamoto@fe.jp.nec.com

0003-6951/2013/103(13)/132602/4/$30.00

103, 132602-1

Also, similar device based on the lumped-element circuit has
been reported.'” We note that there is another type of JPA
called the Josephson ring modulator, which may be also
operated in a three-photon mode, but in a nondegenerate
configuration.'""'®

In this letter, we utilize a flux-driven JPA as a preampli-
fier for the dispersive readout of a superconducting flux
qubit.'” We observed a drastic improvement in the SNR, and
this enabled us to achieve single-shot readout, which means
that we judge the state of the qubit by applying a single read-
out pulse. We observed Rabi oscillations with a contrast of
74%, which is limited mainly by the bandwidth of the JPA
and the energy relaxation of the qubit. Also, by continuously
monitoring the qubit, we observed quantum jumps between
the qubit eigenstates.'> The statistics of the jumps confirm
the nondestructiveness of our readout.

Figure 1(a) shows our measurement setup for the single-
shot readout of a flux qubit using flux-driven JPA. All meas-
urements were performed using a dilution refrigerator at the
base temperature T ~ 10 mK. The setup is the same as that
used in Ref. 19 with the addition of a flux-driven JPA con-
tained in a separate sample holder together with an independ-
ent coil for the flux bias ®@. The chip containing the qubit is
the same one used in Ref. 19 in which a conventional three-
Josephson-junction flux qubit is capacitively coupled to a co-
planar waveguide (CPW) resonator with a loaded quality
factor Q] of 650. We refer to this resonator as the “readout
resonator” to distinguish it from the “JPA resonator.” In the
present study, we bias the qubit at ® = 0.5®,, where |0)
to |1) transition frequency wg; = 27 x 5.461 GHz is insensi-
tive to low frequency flux noise to first order in the flux fluc-
tuation 0®. The resonant frequency of the resonator wj is
271 x 10.674 GHz when the qubit is in the ground state. The
dispersive shift of the resonator, 2y, namely the shift in
when the qubit is excited from ground state |0) to excited
state |1), is enhanced by the straddling effect'® and measured
to be 2 = 27 x (—80) MHz.

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4821822
http://dx.doi.org/10.1063/1.4821822
http://dx.doi.org/10.1063/1.4821822
mailto:t-yamamoto@fe.jp.nec.com
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4821822&domain=pdf&date_stamp=2013-09-23

132602-2 Lin et al.

circulatorx3

(a)

signal out
HEMT JPA

um
desQuid L5N0R o P

1

1

1

JPA resonator l 5’._ i
I———-J ﬂ

X 1

CiJnPA QiPA, U.)éPA :

qubit control

it€ENMVWW We, P,
readout resonator X qb|t e e

circulator

(b)

readout resonator

o
Phase (rad)

JPA resonator ——»

Frequency (GHz)

FIG. 1. (a) Schematic of the measurement setup. The designed value of
CIPA Ct . and C, are 16 fF, 16 {F, and 4 fF, respectively. O’ and Q! are

n

measured to be 310 and 650, respectively. (b) Phase response of the circuit
as a function of the input signal frequency and the flux bias for JPA.

The JPA used in this study has the same design as that
reported in Ref. 10 and was fabricated by the same process.
The device consists of a CPW resonator with a supercon-
ducting quantum interference device (SQUID) termination
and a pump line inductively coupled to the SQUID loop.
The critical current of each Josephson junction in the
SQUID was estimated to be 1.2 A from the process test
data. The dc flux bias through the loop determines the static
resonant frequency wg)P A, namely the band center of the
JPA. A microwave field applied to the pump port at fre-
quency 2w{"* does parametric work on an incoming micro-
wave field at the signal port with frequency around a%PA.
Because the pump and the signal frequencies differ by a
factor two, we do not need an additional microwave field to
cancel the pump in the output line, as is often used for
current-driven JPAs.'**°

Figure 1(b) plots the phase response of the signal
transmission through the circuit shown in Fig. 1(a) as a
function of the input signal frequency ws and the JPA flux
bias @. The response was measured by a vector network
analyzer with the JPA pump turned off. At each ®, we
observe two resonances. The one at 10.674 GHz which is
independent of ® is due to the readout resonator, while
the other which depends on ® is due to the JPA resonator.
They become equal at ®/®y = 0.29, and this is the bias
point where we operate the JPA.>' The external and inter-
nal quality factors of the JPA resonator measured at
slightly detuned w{f* of 10.803 GHz are 330 and 4900,
respectively.
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First, we optimize the signal power for the readout. A
large signal power is favorable in terms of SNR, but it can
induce qubit energy relaxation due to readout backac-
tion.”*?** In Fig. 2(a), we show the qubit energy relaxation
time 7' as a function of the number of readout photons (n) in
the readout resonator. Here, (n) is defined as 4P,Q} /he?,
where Pg is the power of the readout microwave field at the
input of the readout resonator.”* In this measurement, the
pump of JPA is turned off, and w{f* is far detuned from the
signal frequency. The qubit relaxation time T is determined
from the decay of an ensemble averaged signal over a num-
ber of repetitions of the qubit excited by a n-pulse and a sub-
sequent continuous readout. We observe a decrease of T
when (n) = 2. In the figure, we also plot the contrast of Rabi
oscillations, which was obtained from ensemble average
measurement using a pulse sequence similar to the one
shown in the inset of Fig. 3(d) with an optimized delay time
14." Because the contrast is mainly limited by T, here, it
exhibits a similar dependence on (n) to that of T;. These data
show that (n) should not be larger than ~2 to guarantee the
nondestructiveness of the readout.

We also checked the dynamic range of the JPA. Figure
2(b) shows the dependence of the signal gain on (1) when P,
is —52.5 dBm, —53.5 dBm, and —54.5 dBm. We observed
unwanted parametric oscillations when P, > —52.0dBm.
The measurement was done using a continuous microwave
and a spectrum analyzer. The signal gain is measured in
a nondegenerate mode configuration, namely at a pump
frequency @, = 2w, — 2m x 100kHz, where ;= wy
= 27 X 10.674 GHz. The 1-dB-compression points for these
P,’s are indicated by the arrows in the figure.

Next, we tried to maximize the single-shot readout con-
trast. We operate the JPA in a degenerate mode configuration,
ie., w, = 2w, = 2wy},. The phase of the pump microwave is
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FIG. 2. (a) T and contrast of Rabi oscillations as functions of the number of
readout photons (n). For the T measurement, a readout pulse of a length
3 us is applied after the m-pulse. We acquire readout data of duration
100 ns, at a repetition rate 167 kHz, and average over 65 000 such trials. (b)
Dependence of the signal gain on (r) for different pump powers. The arrows
indicate the 1-dB-compression points. The JPA is operated in the nondegen-
erate mode, namely, at w, = 2w — 2 X 100kHz, where w, = wy,.
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FIG. 3. Histograms of the digitally down-converted IF signal in the /-Q
plane (a) without and (b) with a 7 pulse. Both figures are rotated around the
origin by a phase offset so that the peaks of the distribution lie along the V,
axis. The JPA is operated at a gain of 25.6dB and a bandwidth of 4.8 MHz
(Pp, = —53.5dBm), and ¢4 is set to be 100ns. (c) Histograms obtained from
(a) and (b) projected onto the V, axis. The horizontal dashed line represents
the threshold used to discriminate the qubit states. (d) Contrast (1 — f;) as a
function of 74. All data were measured with (n) = 1.3. (e) Rabi oscillations
observed with averaged single-shot measurements.

adjusted so that the phase-dependent gain becomes maximal.
Using the pulse sequence shown in the inset of Fig. 3(d), we
acquired the reflected readout pulse in the time domain using
a heterodyne detection scheme with an intermediate frequency
(IF) of 50 MHz and a sampling rate of 1 GS/s. We used a
100-ns-long data sequence, the acquisition of which begins af-
ter a delay ¢4 from the end of the applied m-pulse, to extract
the amplitude and phase of the reflected readout pulse. The
100-ns-long data acquisition is needed because of the limited
SNR; the noise consists mainly of the input vacuum noise and
possibly the noise added by JPA. From the SNR, we can esti-
mate the upper limit of the noise temperature of the JPA,
which is found to be 380 mK.*> More precise measurement
using a calibrated noise source has recently been reported
using the same kind of device.'® Figures 3(a) and 3(b) show
examples of histograms for 1.6 x 10* such measurements
without and with the m pulse, respectively. As shown in
Fig. 3(c), which are the histograms obtained from Figs. 3(a)
and 3(b) projected onto the V, axis, we observe two, well-
separated distribution peaks which correspond to the qubit |0)
and |1) states. From such data, we calculate the overlap
between the two peaks, defined by
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for="Y_min(Ho(i), Hy (i)) /Nioi )
i

where H, (H) is the histogram when the © pulse is turned
off (on), i is the index for the bin of the histogram, and N,y is
the total number of counts for each histogram. In Fig. 3(d),
we plot single shot readout contrast defined by 1 — £ as a
function of ¢4 for the P,’s used in Fig. 2(b). All data were
measured with (n) = 1.3. Qualitatively, the contrast at a
fixed P, is determined by the competition between energy
relaxation of the qubit and the ring-up of the readout signal
whose timescale is determined by the bandwidth of the JPA.
Namely, a short ¢4 is favorable for high contrast in terms of
small probability of energy relaxation, but unfavorable in
terms of state distinguishability. As a consequence, there is
an optimal ¢4 for each P, as shown in Fig. 3(d), although
the drop of the contrast due to energy relaxation for
P, = —52.5dBm is not clearly observed for 74 < 190ns.
Among these three P},’s, we attained the maximum contrast
with P, = —53.5dBm and t3 ~ 100ns. The histogram
shown in Fig. 3(c) is obtained with this condition. Using the
same condition, we observe Rabi oscillations as shown in
Fig. 3(e). Here, the probability of the qubit in state |1) is
plotted as a function of the amplitude of the control pulse of
duration 50ns. To discriminate the qubit state, we set a
threshold as shown in Fig. 3(c). The attained contrast is
73.5%. Possible sources of the error are (i) incomplete initi-
alization of the qubit, (ii) insufficient separation of the peaks
in the histogram, and (iii) qubit energy relaxation. Errors
from each source are estimated in the following.?> The error
from the first source (incomplete initialization) is estimated
from the histogram when no n-pulse is applied. This histo-
gram was obtained with a higher JPA gain of 29.0dB and
longer #4 of 300ns to clearly separate out the error counts.
This error is estimated to be 2.8%. The error from the second
source (insufficient peak separation) is estimated from the
overlap between the two Gaussian functions fitted to the his-
togram peaks corresponding to the qubit states |0) and |1),
and calculated to be 2.4%. The error from the third source
(energy relaxation) is estimated from the histogram when a ©
pulse is applied. In the histogram, we observe two main
peaks which correspond to the qubit state |1) and the qubit
state |0). The latter is due to the qubit energy relaxation, and
the peak area (14.8%) roughly agrees with the value
expected from the exponential decay during #4. In addition,
we observe counts in the middle of those peaks, more than
one would expect from the Gaussian curves fitted to these
peaks. We attribute them to the relaxation during our acqui-
sition time of 100ns. In total, we estimate the error due to
the qubit relaxation to be 19.8%. We still have an unac-
counted error of 1.5%, which could be related to the transient
response of JPA.

To check the nondestructiveness of our readout, we per-
formed continuous monitoring of the qubit.'* After preparing
the qubit in state |1) using a w-pulse, we applied a 3-us-long
readout pulse and extracted the amplitude and phase using a
40ns-long time trace initiated every 20ns. To clearly dis-
criminate the qubit states with shorter integration time, we
set P, = —52.5dBm to improve the SNR, where the JPA
exhibits a gain of 29.0 dB and a bandwidth of 2.8 MHz. The
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FIG. 4. Histogram showing the statistical distribution of jump times of the
qubit from state |1) to |0). The solid curve is an exponential fit with a time
constant of 594 ns. The JPA is operated at a gain of 29.0 dB and a bandwidth
of 2.8 MHz. The readout photon number (n) is 1.3. Inset: Examples of the
time trace under continuous monitoring. Arrows indicate the occurrence of
quantum jumps.

inset of Fig. 4 shows examples of the time trace of V, where
we can clearly observe jumps as indicated by the arrows.
From such time traces, we extract the jump time of the qubit
from state 1) to |0) by setting a threshold in V. Fig. 4
shows the statistical distribution of the jump time. Due to the
JPA’s limited bandwidth of 2.8 MHz, which corresponds to a
time constant of t = 114 ns, we cannot correctly detect the
jumps earlier than ~t. Thus, we fit the histogram from
300ns to 2.9 us with an exponential function to obtain the
decay time constant. The time constant is 594 ns, which is
consistent with 7 of 600 ns measured using a standard pulse
sequence, namely, a n-pulse followed by a delayed readout
pulse. This consistency indicates that our readout is highly
nondestructive.

In conclusion, we demonstrated single-shot readout of a
superconducting flux qubit with a flux-driven JPA. The flux-
driven JPA has a widely tunable band center and is easily
operated in the degenerate three-photon mode. With the aid
of the flux-driven JPA, we achieve a single-shot readout con-
trast of 74%, which is currently limited by the bandwidth of
the JPA and the qubit energy relaxation time. We also
observed quantum jumps of the qubit, which indicates that
our readout is highly nondestructive. This measurement tech-
nique can be further applied to quantum feedback control®
and single microwave photon detection.?’
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