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The initialization of superconducting qubits is one of the essential techniques for the realization of
quantum computation. In previous research, initialization above 99% fidelity has been achieved at 280 ns.
Here, we demonstrate the rapid initialization of a superconducting qubit with a quantum circuit refrigerator
(QCR). Photon-assisted tunneling of quasiparticles in the QCR can temporally increase the relaxation time
of photons inside the resonator and helps release energy from the qubit to the environment. Experiments
using this protocol have shown that 99% of initialization time is reduced to 200 ns. This initialization time
depends strongly on the relaxation rate of the resonator, and faster initialization is possible by reducing
the resistance of the QCR, which limits the ON:OFF ratio, and by strengthening the coupling between the

QCR and the resonator.
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I. INTRODUCTION

Quantum computation to solve some computational
problems on time scales much faster than those of conven-
tional classical computers has been a major challenge over
the past few decades [1—4]. To realize a quantum computer,
initialization, gate operation, and readout of qubit states are
the essential processes [5,6]. To date, although relatively
high speed and high fidelity have been achieved in the
manipulation and readout of qubits, a further improvement
in the initialization time is required experimentally.

In various proposals for the initialization of a super-
conducting qubit [7—11], the quantum circuit refrigerator
(QCR) [12] is a promising candidate for fast initialization
[10]. The fastest method of initializing qubits, proposed in
Ref. [10], suggests that 6-ns initialization can be achieved
theoretically. However, in that method, a qubit should be
connected directly to a QCR. Thus, the coherence of the
qubits is markedly decreased.

In this study, to retain the coherence of a qubit, the qubit
is coupled to a QCR system through a resonator. Theoret-
ically, the initialization system with a resonator connected
to a QCR reduces only the qubit coherence time by less
than 1%. A QCR has a superconductor—insulator—normal-
metal-insulator—superconductor (S-/-N-/-S) junction [13,
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14], which absorbs energy spontaneously from the circuit
system via photon-assisted tunneling [15].

Our strategy for a rapid and efficient qubit initializa-
tion is based on three previous works [16—18]. References
[16,18] showed that a QCR reduces the photon relax-
ation time of a superconducting resonator by releasing the
energy of a resonator to the environment, and Refs. [8,17]
showed that two microwave pulses convert a population
of excited states of a transmon qubit into photons inside
the resonator, which are eventually released to the envi-
ronment through cavity photon loss. Combining these two
circuits, i.e., a qubit coupled to a tunable photon-relaxation
rate resonator with the QCR, we achieve qubit initializa-
tion using the QCR with 99% accuracy in 200 ns. This
is the first experimental realization of qubit initialization
using microwaves in combination with a QCR and a res-
onator in contrast to Ref. [19] where a transmon qubit was
reset by a directly coupled QCR [16,18,19].

II. GENERAL DESCRIPTION

In this study, the superconducting circuit is composed
of a transmon qubit and a coplanar waveguide resonator
for readout, as well as an S-/-N-/-S junction for the QCR.
The superconducting resonator is capacitively coupled to
the transmon qubit and the S-/-N-/-§ at each end. To read-
out the state of the qubit, the transmission line is coupled
to the resonator (shown in Fig. 1). The substrate sput-
tered with 50-nm Nb on a 3-inch Si wafer was cut into
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20-mm square pieces and fabricated by a process used
for fabricating semiconductors. First, a resonator, capaci-
tances, and a transmission line were drawn on the substrate
by photolithography, and Nb was etched by reactive ion

fabrication of the qubit. The first 40-nm-thick Al layer was
deposited, followed by the second 60-nm-thick Cu layer.

The Hamiltonian system of the circuit excluding the S-
1-N-I-§ junction is described as

etching. We then fabricated a qubit. The process involved
drawing the mask by electron-beam lithography and using
the double-angle shadow evaporation method. The first
40-nm-thick Al layer was deposited, followed by the sec-
ond 60-nm-thick Al layer. After the first Al layer was
deposited, oxygen was allowed to flow into the cham-
ber to naturally form an oxide film of Al. Once the qubit
was fabricated, it was diced into 2.5 x 5.0 mm chips.
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FIG. 1. (a) Optical image of the measured device. Conductor of the chip made of Nb (purple) and etched to form the resonator,
gaps of the lead line for S-/-N-/-§ bias, interdigital capacitance, and ports. The labels on the wires indicate the parts shown in the
figure shown below. CHy is the port that outputs a bias pulse to be applied to S-/-N-I-S. CHy is the port that outputs the signal of CHy
with opposite sign. The dc and ac lines of the S-/-N-I-S bias line are formed by bias T. (b),(c) Optical and SEM images of the region
around the QCR. The resonator (orange) is coupled to the S-/-N-I-S by an interdigital capacitor (green). The S-7-N-I-S is deposited
by the double-angle evaporation of Cu (red) and Al (blue). These devices are surrounded by a Nb ground (purple). (d) SEM image
focused around the S-/-N-/-S junction [red square in (c)]. Al (blue) and Cu (red) are used for the superconductor and normal metal
of the S-7-N-I-S, respectively. The insulator is AlO, (yellow). (¢) SEM image of the N-/-S junction [the same color as that in (d)].
(f),(g) SEM image of the area around the qubit. The resonator (orange) is coupled to the qubit by a capacitor (green). The Josephson
junction is deposited by double-angle evaporation of Al-Al (blue) similar to S-/-N-/-S junctions. At this time, the natural oxide film
of the Nb island (red) is removed by Ar milling to form a superconducting contact between the Nb island and Al. These devices are
surrounded by Nb ground (purple). (h) SEM image focused around the Josephson junction [red square in (g)]. Al-Al (blue) is used as
the superconductor of the qubit. The insulator is AlO, (yellow).

044077-2



ACTIVE INITIALIZATION EXPERIMENT. ..

PHYS. REV. APPLIED 20, 044077 (2023)

where w, /21, wg. /27, and wr /27 represent the resonator
frequency and the qubit transition frequencies between
states |g) and |e) and states |e) and |f), respectively. Here,
A/2m represents the coupling frequency between the qubit
and the resonator, and o« = w.r — wg, represents the anhar-
monicity of the transmon qubit. The term ggrapi/27 is the
Rabi frequency between the |f,0) and |g, 1) states, and
QRrapi 18 the Rabi frequency between the |e,0) and |f', 0)
states.

The energy diagram of the circuit is shown in Fig. 2(a)
where the eigenstate of the qubit (n =g, e, /) and the
Fock state of the resonator (m = 0, 1, 2, ...) are taken into
account. The state |n, m) represents their product state. In
the energy diagram, to release qubit energy to the envi-
ronment via a resonator, applying two drive pulses with
frequencies w,y /27 (transition frequency between |e, 0)
and |f',0)) and wyoe1/27 (transition frequency between
|/, 0) and |g, 1)) enables the unconditional initialization of
a qubit based on Ref. [17] The qubit state |e,0) will be
excited to the |[f, 0) state by the Qgap; pulse, and the |, 0)
energy will be exchanged with that of the |g, 1) state by
the grabi pulse; then, the resonator energy will release its
photon to the environment at «,. As a result, the qubit will
be initialized by reaching the ground state |g, 0).

For Eq. (1), the term «, is included as a damping term in
the Lindblad equation. The optimal parameters Qgap; and
Zrabi to minimize the initialization time (maximize «,) are
obtained to satisfy the relation [17]

I 2
QRabi = g\/m and gravi = 77" (2)

@

FIG. 2.

In practice, we tune the drive power of two pulses to match
the condition. When the system evolves under this condi-
tion, the exponential decay component of initialization rate
is maximized and becomes «,/3.

In this reset scheme, the relaxation rate of the resonator
is the main factor that limits the maximum speed of qubit
initialization. However, in a conventional superconducting
circuit, the relaxation rate and the coupling A to the qubit
are constrained by the design and fabrication, and it will be
very difficult to adjust values afterward. A high resonator
relaxation rate that can be designed for rapid initialization
shortens the lifetime of the qubit. Thus, there is a trade-off
between qubit lifetime and initialization time.

Therefore, to resolve these conflicting objectives, we
introduce QCR coupling to the resonator. The QCR with
the S-7-N-I-S junction works as a knob to tune the relax-
ation rate of the resonator, and the S-/-N-/-S junction can
be controlled by voltage V3 [20]. When an appropriate bias
is applied to the S-7/-N-I-S junction, photon-assisted elec-
tron tunneling occurs, causing the S-/-N-/-S junction to
absorb energy from the resonator, thereby enhancing the
relaxation rate of the resonator. The resonator relaxation
rate «k, becomes

ket(Vp) = K + 8yocr (Va), (3)

where §yqcr 1s an additional relaxation rate enhanced by
QCR cooling. In our pulse schedule shown in Fig. 2(b),
although the qubit coherence is maintained during the con-
trol of a qubit (except initialization) since the QCR is OFF
(bias is not activated), the relaxation rate of the resonator
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(a) Hamiltonian [Eq. (1)] energy diagram. The Rabi frequencies of the transitions are induced by the drive pulses between

le, 0) and |f', 0), |/, 0), and |g, 1), respectively. (b) Pulse sequence of this experiment from state preparation to initialization and
measurement. The lines represent channels of the arbitrary waveform generator (AWG) that generates the waveform. The |e) state is
prepared as the preinitialization state with g,. Then, an initialization pulse is applied to obtain the occupation of the |e) state in Rabi
population measurement (RPM). Here, Q2rapi and grap; are the Rabi frequency between levels shown in (a). A total of four RPMs were
carried out, with and without the first 4, and with CH2 using 7,r or 27,y .
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(a) Experimental result of Eq. (4) for the pulse length of the bias voltage applied to the QCR. (Black dots) The slope of the

function that linearly fits this plot from Eq. (4) corresponds to §ygcr. The bias voltage applied to the QCR when this experiment was
performed was eV, /2A = 1.03. The inset shows the shape of the QCR pulse with pulse length t. The rise and fall time of the pulse is
Stiise = Ot = 2.5 ns in the shape of a Gaussian function. (b) Relaxation rate of the resonator as a function of bias voltage for S-/-N-/-
S. The graph shows the measurement and calculation results of the relaxation rate of the resonator 8y ocr dependent on the bias voltage
V', normalized by e/2A. The measured relaxation rate of the resonator when the QCR is ON is shown as green dots and that when the
QCR is OFF is shown as a black dot-dash line. The calculated relaxation rate of the resonator as a function of bias voltage for the QCR
using Eq. (5) is shown as a blue dot-dot-dash line. The theoretical effective resonator relaxation rate Kef theory = K + SYQCR theory 18

shown as a red dashed line.

is enhanced when the QCR is ON (bias activated) during
the initialization process together with qubit initialization
drives.

II1. QUANTUM CIRCUIT REFRIGERATOR

We measure the effective resonator relaxation rate ks
depending on the S-7/-N-I-S bias voltage V}, and the mea-
surement results are plotted in Fig. 3(a). Below the specific
bias point, the relaxation rate is almost constant with back-
ground noise. Beyond the bias point, the relaxation rate
increases almost by one order of magnitude. Thus, the
resonator relaxation is controllable by S-7/-N-/-S bias.

To characterize the relaxation rate of the resonator for
kef When the QCR is ON and OFF, two measurements are
performed and the results are shown in Fig. 3. After the
readout pulse of frequency w, is turned OFF, a square pulse
of V}, with the duration t is applied to the S-/-N-I-S while
the resonator is naturally relaxed. When the QCR is OFF
[shown in Fig. 3(a)], that is, S-/-N-I-S is not biased or
biased to a sufficiently small degree to prevent electrons
from photon-assisted tunneling, the natural decay of the
resonator is obtained as k. = 2.36 x 10° 1/s by fitting the
signal from the resonator at a low probe power [16].

On the other hand, when the QCR is ON, that is, S-/-
N-I-S is further biased than the threshold of the tunneling,
the relaxation rate can be calculated from the ratio of the
signal amplitude of the resonator before applying a QCR

bias pulse (Apefore) to that after applying (Aager) as [16]

Aafter

1
—expl — 2[5 Y VI
Ao GXP{ 2[ YQcr (T s fall)

+5 yéié&el{fall

(8trise + Stgan) + Krétab]} SN C))
where 61, is the measurement delay time between Apefore
and A,per. The applied bias pulse is formed as a flat-top
Gaussian, which has the pulse length 7, and the times of
pulse rise 8¢5 and pulse fall §zy;. Both are fixed at 2.5 ns
in this experiment.

At each bias voltage Vp,8yqcr is measured as the
amount of change in the relaxation rate of the resonator

before and after the QCR ON pulse [shown in Fig. 3(b)].

Sygézfan is also measured as the amount of change in the
relaxation rate of the resonator during the QCR ON pulse
rises and falls. We sweep the pulse length 7 and measure
Aafier/Avetore- The slope of In(Aager/Avefore) depending on

7 is equal to §yqcr shown in Fig. 3(a). In addition, the fit

intercept represents éygéeR/fau. Then, by measuring the rate

in the eV, /2A range from 0 to 2.2, we obtain the data in
Fig. 3(a) for kg by calculating Eq. (3).

Next, we estimate §yqcr theoretically. The transition
rate between the m and m’ Fock states of the resonator
coupled to S-/-N-I-S can be written as

T (Vo) = M2

/
M’

2R
R F(eVy + hot — Ey)
Ry

+ F(—eVp + hw,t — Ey)], (5)
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where Rg = h/é? is the resistance quantum, Ry is the tun-
nel resistance obtained by /-V measurement of S-/-N-I-S,
M, 1s the element of the transition matrix, £ = m — m’,
Ey is the normal-metal island-charging energy, and F is
the function on the state distribution [10,20,21]. Using this
transition rate [Eq. (5)] for Fock states |0) and |1), we
derive the QCR cooling rate §yqcr(V3) as

8vacr (V) = To1(Vp) — Tio(Vp). (6)

Figure 3(b) shows the theoretical prediction of Eq. (6)
using our experimental parameters (shown in Table I),
and k. theoretically estimated using this theoretical 6 ygcr
reproduces our experimental results well.

For the use of the QCR for initialization, the maxi-
mum ON:OFF ratio of . is required, and it is obtained
around eV, /2A = 1.03. However, in the measured device,
the optimal operating bias range is broadened by the pulse
shape; therefore, we need to find the best performance
point at around this value. Then, we fine tune the bias
and finally choose eV;/2A = 1.03 as the optimal bias for
S-1-N-1-S (QCR ON).

IV. RABI POPULATION MEASUREMENT

Rabi population measurements [22] are carried out to
estimate the population in the ground state after initializa-
tion. By applying a dispersive readout, we calculate the
population in the ground state is calculated from the Rabi
amplitude. When we assume that there is no leakage to
the |f') state, the population P, is extracted from the mea-
sured amplitude of Rabi oscillation between the |e) and |f)
states by applying the m pulse to excite the |g) state to the
le) state, 4, and without applying the 7 pulse 4jno 7 :

A\non
Py = ————. 7
9 Alnon +A\rr ( )

The measurement results are shown in Fig. 4. The pop-
ulations of the |g) and |e) states are 85% and 15%,
respectively. The temperature of the mixing chamber of
the dilution refrigerator was 12 mK. Since the dilution
refrigerator in this experiment has no shield in the mixing
chamber, it is considered that the qubit is thermally excited
by radiation from the still.

When the waiting time #; from initialization to RPM
measurement is swept, an exponential increase in the pop-
ulation can be observed [Fig. 4(b)]. This represents the
thermal excitation time required for the qubit to change
from a cooled state to a thermal equilibrium state, which is
3.9 us.

V. INITIALIZATION

The scheme of initialization proposed in a previous
study [17] does not have a structure that dynamically
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FIG. 4. (a) RPM measurement scheme. When measuring 4,

the |g) state is read out by applying 7. after initialization and
then 7,r or 27, . The amplitude corresponding to the occupation
of the |g) state is obtained by this measurement. When measur-
ing Ajnox, after wer or 27, is applied after initialization, the |g)
state is read out. The amplitude corresponding to the occupa-
tion of the |e) state is obtained by this measurement. (b) RPM
measurement results. 7, and 7, have the same amplitude of
44.8 wV and pulse lengths of 102 and 90 ns, respectively. 27,
simply doubled the pulse length. Amplitude values were calcu-
lated from AWG output values (Voltage peak-to-peak) with the
addition of the attenuator and cable attenuation. The time con-
stant to reach thermal equilibrium was determined to be 3.9 s
by sweeping the time from initialization to RPM. 4, and Ajno»
are the measurement results of the scheme in (a). (Left axis) P,
is the residual population calculated using Eq. (7) (right axis).

changes the relaxation rate of the resonator. If you increase
the relaxation rate too much in an attempt to initialize
rapidly, there will be adverse effects such as the inability to
read out or the shortening of the qubit lifetime. Therefore,
if the QCR is biased at the same time as the two initial-
izing drive pulses are applied, the relaxation rate of the
resonator can be increased only at the time of initialization,
thus protecting the qubit from the QCR while keeping the
relaxation rate of the resonator low except for initializing.

Three types of pulse are used for initialization using the
QCR, as shown in Fig. 2. The ef drive and f Og1 drive are
flat-top Gaussian modulated at their corresponding transi-
tion frequencies. The QCR is biased by flat-top Gaussian
pulses from both sides of the source and drain contacts
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TABLEI. Sample parameters used in the experiment. Each parameter is defined by premeasurement. The parameters annotated with
asterisk (*) denote values calculated by estimating dimensions from the SEM images in Fig. 1.

Parameter Symbol Value
Resonator frequency w, /21 6.538 GHz
g — e transition frequency Wge /21 4.663 GHz
e — f transition frequency Wer [27 4.401 GHz
f 0 — g1 transition frequency wrog1 /27 2.499 GHz
Anharmonicity of qubit a/2m —261.8 MHz
Resonator-qubit detuning 84/27 1.876 GHz
Qubit lifetime T, 9.6 us
Qubit coherence T; 2.3 us
Josephson energy and qubit charging energy E;/Ec 442
Qubit island capacitance C, 73.9 fF
Qubit-resonator coupling frequency A 136 MHz
Bare resonator relaxation rate Ky 2.36 x 10° 1/s
S-1-N-I-S—resonator coupling capacitance * C. 23.4 {F
N-I-S junction capacitance * G 1.99 fF
S-1-N-I-S normal-metal—island capacitance * Cn 2.35fF
Tunnel resistance of S-/-N-I-S Ry 72 k2
Normal-metal electron temperature Ty 60 mK
Dynes parameter ¥D 1.3 x 1074
Energy gap parameter of Al leads A 193 peV

of the QCR. The QCR pulse is generated by AWG at 65
GSa/s, and the rise and fall settings of the pulse are both
Strise = Stran = 2.5 ns. The microwave components of the
applied line of the QCR pulse supports up to 20 GHz
except for the amplifier, and it is considered that the wave-
form is hardly deformed by the microwave components.
As for the voltage amplifier, there is no problem in terms
of the pulse shape because the rise and fall time is 1.8 ns,
as indicated in the catalog specifications, which is below
the set value. It also calibrates the signal output from the
AWG to be flat at the output port of the amplifier. Addi-
tionally, if the bias applied to the QCR is small due to
the rise and fall time effect, the initialization may be faster
than that described later because the initialization time in
experiments are overestimated. In the initialization scheme
shown in Fig. 2(b) using microwaves, faster initialization
is achieved by maximizing the variable kg shown in Fig. 3
for the QCR.

Currently, the ' 0g1 drive applies a high-power pulse,
so the frequency of a qubit is shifted by an ac Stark shift
[17]. The QCR bias also causes a Lamb shift at the resonant
frequency of the resonator [23,24], so both effects must be
calibrated.

Figures 5(a) and 5(b) show the residual population
obtained from numerical simulation (a) and experimental
(b) results, where grap; is fixed. The simulation results are
similar to the experimental results. Figure 5(c) shows the
plotateV/2A = 1.03, grapi/27 = 28.4 MHz. The excited
population decreases as the initialization pulse duration
becomes longer, and it reaches almost zero around 200
ns. To estimate the excited population more precisely, we
repeated the measurement around 200 ns within the error

bar. Figure 5(d) shows the result. It is evident that in the
realm of numerical calculation, the fidelity of initializa-
tion for both the qubit and the resonator surpasses 99%
at approximately 200 ns. In the experimental result, the
fidelity of qubit initialization achieves values exceeding
99% at around 180 ns, displaying a remarkably close corre-
spondence. While the initialization fidelity of the resonator
in the experimental setup has not been directly measured,
referencing the numerical calculation suggests that both
the qubit and the resonator can be initialized with fidelity
exceeding 99% at approximately 200 ns.

VI. DISCUSSION

The accuracy of the initialization depends on the ther-
mal excitation of qubits and the electron temperature of
normal metals. By using the parameters of this experi-
mental system, one can simply estimate the occupation of
|g) after the initialization. Let the transition rate from |g)
to |e) be I'y and from |e) to |g) be I'|. The relaxation
rate of a qubit can be expressed as 1/Ty =Ty +T') =
104 x 10% 1/s. Moreover, the occupation of the excited
state in the thermal equilibrium state can be expressed as
Py =T'4/(I'y +T)) = 0.15. Since the maximum initial-
ization rate in this experiment is keg/3 = 31 x 10° 1/s,
adding this value to I} to calculate the occupation of |g)
yields 99.95%. On the other hand, the result of this experi-
ment is 99.5 4 0.5%, which is very close to the calculation
result. It is conceivable that an initialization of one order
of magnitude lower, 99.9%, can be achieved by improv-
ing the readout measurement precision and reducing the
population of the thermally excited states of qubits.
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(b) Experiment
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(a) Simulation results showing dependence of initialization time on bias voltage of QCR. Using data in Table I, we computed

the initialization time as described in Ref. [20]. (b) Measurement result showing dependence of initialization time on bias voltage of
QCR. In the experiment, grapi/27 was fixed at 28.4 MHz and the Rabi frequency of the e-f state was set at the value satisfying
Eq. (2). (c) Line plot of the black dashed line in (b) when optimal parameters were used. (Red square) This data is the result of one
measurement of 40 000 integral measurements. The error bars in the range of pulse lengths 160240 ns are /110 times the error bars
determined in (d). For all other plots, the average of the error bars in (d) multiplied by +/110 was used. We assumed that this error
was limited by the noise of the amplifier in the measurement line and that all plots should show a similar trend. The solid black line
represents the numerical computation results utilizing the outcomes from Fig. 3(b). (d) Results of 110 repeated measurements of 40 000
integral measurements at around 200 ns. (Red square) The solid black line is identical to that in (c).

The resistance of S-/-N-/-S is the main reason for the
limited initialization speed in this experiment. The initial-
ization speed is strongly dependent on the relaxation rate
of the resonator, and faster initialization is possible by
increasing the relaxation rate and, accordingly, by increas-
ing grapi- In addition, since the adjustment value of the
relaxation rate of the resonator depends inversely on the
tunnel resistance of S-/-N-I-S, it is possible to make it
smaller, which enables further high-speed initialization. It

is possible to initialize at an initialization speed of 100 ns
or less by optimizing the circuit parameters, such as reduc-
ing the resistance of S-/-N-/-S and increasing the coupling
capacitance between S-/-N-/-S and the resonator [20].

It has also been theoretically shown that directly cou-
pling S-/-N-I-S to a qubit allows the qubit to be initial-
ized even faster. However, that has the disadvantage of
shortening the qubit lifetime by about 12.6%. If a qubit
with a sufficiently long lifetime to tolerate this demerit
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can be made, the direct-coupling method will also gain
advantages [19].

In this experiment, we utilize a transmon robust to
charge noise; it has coherence times 77 = 9.6 psand 7, =
2.3 ws. With the natural relaxation of this qubit, the ini-
tialization of 99% is calculated as 42 ws. In addition, the
T used in this study is shorter than those recently reported
for superconducting qubits, but a long lifetime qubit can
be realized by adding a Purcell filter [9,25] and improv-
ing the fabrication process for a superconducting qubit. It
seems necessary to further investigate whether the scheme
using the QCR is practically usable for the initialization by
examining the influence of the qubit on QCR in each ON-
OFF state. However, we suspect that in the future, when a
circuit in which QCRs and qubits coexist is designed with
sufficient detuning and fabrication will be improved, T1 of
a qubit will be improved, and the negative effect of QCR
should be sufficiently reduced.

VII. CONCLUSION

We have shown experimentally that the QCR is a power-
ful tool for accelerating the initialization of superconduct-
ing qubits. The qubit initialization time under the optimal
condition is 180 ns with 99.5 & 0.5%. Additionally, based
on the results of numerical calculations, it is suggested that
the resonator could achieve a 99% initialization fidelity
in approximately 200 ns. This technique will help in the
realization of quantum computation with quantum error
correction, which needs repeated initializations of ancilla
qubits. It is also expected to be effective not only in quan-
tum computing but also in research-level experiments. It
is expected that repeated experiments can be carried out
more efficiently without waiting for the completion of ini-
tialization by damping at 7 in experiments where many
integrations are carried out.
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APPENDIX
1. §-I-N-I-S I-V measurement

I-V measurements of S-/-N-/-S are described. To sup-
press the noise of the voltage source, voltage is applied
to the leads at both ends of the S-/-N-/-S at 1/1000 by
a voltage divider. The current flowing through the S-/-N-
I-S junction induced by the bias was amplified using a
current amplifier and measured with a digital multimeter.

-20 -15 -1.0 -05 0.0 0.5 1.0 1.5 2.0

eV,/2A

(b) 1.00

0.75 A

—0.25 1

1x1072 (nA)
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-1.00 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

eVb 2A

FIG. 6. (a)Results of /-V measurement of S-/-N-I-S using the
measurement circuit shown in Fig. 9(b). (b) Enlarged view of the
plateau region attributable to the superconducting gap in (a).

The measurement results are shown in Fig. 6. In addition,

oL / dEny(E)fy (E — eV) — fy (E +eV)], (Al)
26RT

was used for the fitting of Fig. 6 [26]. The functions n;
and fy are the quasiparticle density of states of the super-
conductor and the density of states Fermi function of the
normal metal, respectively.

2. Qubit Ty measurement

We describe lifetime 77 measurements of qubits. The
excited state is first generated by a mg. pulse, as shown
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FIG. 7. (a) Measurement scheme for the lifetime 7' of a qubit.
(b) Measurement results of scheme in (a).

in Fig. 7(a). Then, the lifetime 7' of the qubit is measured
by varying the delay time. The measurement results are
shown Fig. 7(b). This measurement includes the thermal
excitation rate.

3. Rabi population measurement

Here, we describe the Rabi population measurement
(RPM). RPM is a method of measuring occupation by the
protocol shown in Fig. 8(a). The protocol assumes zero
occupancies above the |f') state. The left panel in Fig. 8(a)
shows the measurement of the amplitude 4, of rabbinic
oscillations due to the occupation difference between the
|g) state and the |e) state. The panel on the right shows the
measurement of the amplitude 4, of the Rabi oscillation
due to the occupation difference between the |e) state and
the |f') state. The results of each measurement are shown
in Fig. 8(b). The amplitudes of the rabbinic oscillations
are Aj; = al — a2 and Ajno = b1 — b2, and in the actual
measurement, the occupation of the |e) state is calculated
by solving Eq. (A2) using measurement result at points a1,
a2, bl, and b2.

bl — b2

R”:@me+muwm‘

(A2)

al

(b)

-l—¢ T T T

14 \ g ] g

S 13 .
E

Téf 12 .
=
n

11 ]

10 .

0 200 400 600 800

Rabi drive pulse length (ns)
FIG. 8. (a) Measurement scheme for the RPM method. (b)

Measurement results of scheme in (a).

4. Experimental setup

The setup of the room-temperature electronics and the
internal wiring of the dilution refrigerator in this exper-
iment are illustrated in Fig. 9. The temperature of the
dilution refrigerator during the measurement was approxi-
mately 12 mK.

5. Master equation

The following master equation was used for the numer-
ical calculation of result in Fig. 5(a). This is taken from
Ref. [20]. In the simulation of this experiment, the change
in the relaxation rate of the resonator due to the QCR is cal-
culated using Eq. (5) and the value is used as the damping
term of the resonator to solve the master equation.

p = —i/hH, p]
+ (Kr(l +Ntr) + SVQCR(I + NT))D[&]IO
+ (k;Ny + 8yoer N Dla"p
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third and fourth terms are damping terms between the |g)
and |e) states of the qubit, the fifth and sixth terms are
damping terms between the |e) and |f) states, the sev-
enth term is the phase relaxation term between the |g) and
le) states, and the eighth term is the phase relaxation term
between the |e) and |f') states. Each parameter is also in
accordance with Ref. [20].
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