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1
QUANTUM GATE DEVICE

TECHNICAL FIELD

The present invention relates to a quantum gate device
which 1s a constituent element of a quantum computer.

BACKGROUND ART

Quantum computers are actively researched and devel-
oped 1n recent years. In a conventional computer, calculation
1s performed using data represented by either one of binary
values (generally “0” and “1””) as a minimum unit. On the
other hand, 1n a quantum computer, calculation 1s performed
on a superposition state occurring 1n quantum mechanics, so
that calculation capability 1s expected to be enhanced. When
measurement (observation) 1s performed on the superposi-
tion state after calculation, one of discrete eigenstates 1s
obtained as a calculation result. In another expression used
in quantum mechanics, calculation 1s performed 1n a wave
state, and a calculation result 1s obtained 1n a particle state.

In a conventional computer, an operation called a logic
gate 1s performed, 1n which data 1s mput, a logical operation
such as logical conjunction (AND), logical disjunction
(OR), or negation (NOT) 1s performed, and the result of the
logical operation 1s output. Similarly, 1n a quantum com-
puter, an operation called a quantum gate 1s performed, in
which data 1s imnput and a predetermined logical operation 1s
performed. A device that performs such an operation 1s
referred to as a quantum gate device.

Non Patent Literature 1 describes a partial superconduct-
ing circuit serving as a constituent element of a quantum
gate device. The partial superconducting circuit described 1n
Non Patent Literature 1 includes, similarly to a first super-
conducting circuit (referred to as “first superconducting
circuit 917) illustrated i FIG. 7 of the present application,
one first Josephson device 911 and a second Josephson
device group 912 1n which n (n 1s an integer of two or more,
and FIG. 7 illustrates an example in which n=2) second
Josephson devices 9121, 9122, . . . are connected in series
by a superconducting wire, which 1s a wire made from a
superconductor, are annularly connected by a superconduct-
ing wire. The first superconducting circuit 91 illustrated 1n
FIG. 7 of the present application 1s configured by annularly
connecting a partial superconducting circuit 913 and a
capacitor (referred to as “first capacitor” in the present
description) 914 by a superconducting wire. In each of the
first Josephson device 911 and the second Josephson devices
0121, 9122, . . . , a thin film made from an insulator is
sandwiched between two superconductors. As each of the
second Josephson devices 9121, 9122, . . ., a device having
Josephson energy higher than n times (here, n 1s the same as
the number n of the second Josephson devices 9121,
9122 . . . ) the first Josephson device 911 i1s used. The first
superconducting circuit 91 1s a circuit equivalent to an LC
resonance circuit including a coil and a capacitor. A reso-
nance frequency of the first superconducting circuit 91 1s set
to m,.

Non Patent Literature 2 describes, as illustrated in FIG. 7
of the present application, that a quantum gate device 90 1s
configured by combining a superconducting circuit (first
superconducting circuit 91) and another superconducting
circuit (second superconducting circuit 92 1 FIG. 7) gen-
erally called transmon. The second superconducting circuit
92 1s formed by annularly connecting a Josephson device
921 and a capacitor (referred to as a “second capacitor” 1n
the present description) 924 by a superconducting wire. The
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2

second superconducting circuit 92 1s also a circuit equivalent
to an LC resonance circuit. A resonance frequency of the
second superconducting circuit 92 1s set to ..

The quantum gate device 90 includes a circuit 1n which
the first superconducting circuit 91 and the second super-
conducting circuit 92 are connected by a superconducting
wire provided with a capacitor (referred to as a “connection
capacitor” in the present description) 934. The quantum gate
device 90 further includes a magnetic field application unit
94 which applies a static magnetic field to the partial
superconducting circuit 913, a first quantum gate control
clectromagnetic wave irradiation unit 95 which irradiates the
first superconducting circuit 91 with an electromagnetic
wave ol a first predetermined frequency, and a second
quantum gate control electromagnetic wave 1rradiation unit
96 which 1rradiates the second superconducting circuit 92
with an electromagnetic wave of a second predetermined
frequency. Hereinatter, an electromagnetic wave emitted by
the first quantum gate control electromagnetic wave irradia-
tion unit 95 and the second quantum gate control electro-
magnetic wave rradiation unit 96 1s referred to as “control
clectromagnetic wave”. The first quantum gate control elec-
tromagnetic wave irradiation unit 95 includes a radio-ire-
quency power supply 951 and an electromagnetic wave
irradiation electrode 9521 provided to face the first super-
conducting circuit 91 and to which radio-frequency voltage
1s applied between the electromagnetic wave irradiation
clectrode 9521 and the ground. The second quantum gate
control electromagnetic wave irradiation unit 96 includes a
radio-frequency power supply 961 and an electromagnetic
wave 1rradiation electrode 9621 similar to the first quantum
gate control electromagnetic wave irradiation umt 95. The
clectromagnetic wave 1rradiation electrode 9521 (9621) 1s
represented as one electrode of a capacitor 952 (962) con-
nected to the first superconducting circuit 91 (second super-
conducting circuit 92) in the equivalent circuit 1llustrated 1n
FIG. 7. While application of a magnetic field by the mag-
netic field application unit 94 1s always performed during
operation of the quantum gate device 90, wrradiation of a
control electromagnetic wave from the first quantum gate
control electromagnetic wave wrradiation unit 95 and the
second quantum gate control electromagnetic wave rradia-
tion unit 96 1s performed at a predetermined timing as
described later. Further, the quantum gate device 90 includes
a first measurement unit 971 which measures an energy state
and a phase (described later) of the first superconducting
circuit 91 and a second measurement unit 972 which mea-
sures an energy state and a phase of the second supercon-
ducting circuit 92. The first measurement umt 971 and the
second measurement unit 972 are collectively referred to as
“measurement unit 977

The first superconducting circuit 91 functions as a quan-
tum bit having one-bit information represented by using two
states of a ground state (referred to as “gl”) and a first
excited state (el). The second superconducting circuit 92
functions as a quantum bit having one-bit information
represented by using two states of a ground state (g2) and a
first excited state (€2). In the quantum gate device 90 as a
whole, there are four energy states “glg2”, “elg2”, “gle2”,
and “ele2” formed by interaction of these two quantum bits.
An energy diflerence between “glg2” and “elg2” 1s (h/2m)
m,, an energy difference between “glg2” and “gle2” 1s
(h/2m)w,, and an energy difference between “glg2” and
“ele2” 1s (h/2m)x(m,+w,) (h 1s the Planck constant). FIG. 8
illustrates each energy state 1n a case where m,<wm..

The phase refers to a phase @ used when a quantum bit 1n
a superposed state of two states |g> (gl of the first super-
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conducting circuit 91 or g2 of the second superconducting
circuit 92 1n the quantum gate device 90) and |le> (el of the
first superconducting circuit 91 or €2 of the second super-
conducting circuit 92) is represented as a wave of A |g>+(cos
¢+1 sin @)Ble>. Here, A and B are both real numbers, and
satisfy a condition of A*+B*=1. At this time, the probability
that lg> is observed is A®, and a probability that le> is
observed is B>, and neither of them depends on the phase .
Quantum gates that can be operated by the quantum gate
device 90 includes a quantum gate called an 1Swap gate. In
the 1Swap gate, first, the first quantum gate control electro-
magnetic wave trradiation unit 95 irradiates the first super-
conducting circuit 91 with a control electromagnetic wave
having the frequency m, or m, to set the energy state to either
“01e2” or “elg2”. This state 1s referred to as an 1nitial state.
Next, when the first quantum gate control electromagnetic
wave 1rradiation unit 95 wrradiates the first superconducting
circuit 91 with a control electromagnetic wave having a
difference frequency |m,—m,| corresponding to the energy
difference A.,;=(h/2m)lw,—m, | between “gle2” and “elg2”,
the first superconducting circuit 91 and the second super-
conducting circuit 92 resonate and interact with each other.
By the above, operation 1s repeated in such a manner that, 1n
a case where the iitial state 1s “gle2”, the energy state
changes to “1elg2” (1 1s the mmaginary umt), “-gle2”,
“—~1e1g2”, and the like and returns to “gle2”, and 1n a case
where the 1mitial state 1s “elg2”, the energy state changes to
“1g1€2”, “—elg2”, “-1gle2”, and the like and returns to
“elg2”. Here, “17, “-”, and “—1” mean that the phase 1s
changed by 90°, 180°, and 270°, respectively. Then, after
predetermined time elapses from start of irradiation of the
control electromagnetic wave, the irradiation of the control
clectromagnetic wave 1s stopped, and then the measurement
1s performed by the measurement unit 97. As a result, the
energy state changes from “gle2” before irradiation to
“1€1g2”, or from “elg2” before 1irradiation to “1gle2” (see an
arrow 1ndicated by a solid line 1n FIG. 8). This operation 1s
referred to as an 1ISwap gate because 1t means exchanging,
(swapping) two pieces of data. Note that the 1Swap gate does
not affect a phase difference between the first superconduct-
ing circuit 91 and the second superconducting circuit 92.
Further, the second quantum gate control electromagnetic
wave 1rradiation unit 96 1s not used in the 1Swap gate.
Further, as another quantum gate that can be operated by
the quantum gate device 90, there 1s one called a CZ gate.
In the CZ gate, “ele2” 1s set as an 1nitial state, and further,
one of energy states in which one of the first superconduct-
ing circuit 91 and the second superconducting circuit 92 is
in a second excited state (denoted as “11” or “12”) and the
other 1s 1n a ground state 1s used. Hereinatter, a case where
an energy state of “gl12” in which the first superconducting
circuit 91 1s 1n the ground state and the second supercon-
ducting circuit 92 1s 1n the second excited state 1s used will
be described as an example. First, the first superconducting,
circuit 91 1s 1rradiated with a control electromagnetic wave
having the frequency w, from the first quantum gate control
clectromagnetic wave 1rradiation unit 95, and the second
superconducting circuit 92 1s 1rradiated with a control elec-
tromagnetic wave having the frequency w, from the second
quantum gate control electromagnetic wave 1rradiation unit
96, so that the energy state 1s set to the initial state “ele2”.
Next, when the first superconducting circuit 91 1s irradiated
with a control electromagnetic wave having a frequency
corresponding to an energy diflerence A, between “gli2”
and “ele2” from the quantum gate control electromagnetic
wave 1rradiation unit 95, two energy states of “ele2” and
“o112” are 1n a state of resonance. During occurrence of this
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4

resonance, the phase 1s inverted, that 1s, changed by 180°,
every time excitation from “ele2” to “gl12” and returning to
“ele2” occurs once. Then, when the control electromagnetic
wave 1s stopped after irradiation with the control electro-
magnetic wave 1s performed for predetermined time and
phase mversion 1s generated odd number of times, the phase
1s mverted from “ele2” before the irradiation. Such a state
in which the phase 1s iverted 1s written as “-ele2”. This
iverted state can be measured by the measurement unit 97.

CITATION LIST
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Research, [searched on Apr. 28, 2020], Internet
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2019, Vol. 12, No. 3, pp. 054023-1 to 054023-10

Non Patent Literature 4: Matthew Ware, and five others,
“Cross-resonance interactions between superconducting
qubits with variable detuning”, [online], May 27, 2019,

arX1v, [searched on Apr. 28, 2020], Internet

SUMMARY OF INVENTION

Technical Problem

In the above description, a frequency of the control
clectromagnetic wave 1s determined based on the value of
energy in each energy state obtained without considering an
interaction occurring between the first superconducting cir-
cuit 91 and the second superconducting circuit 92. However,
in practice, there 1s an extra interaction (See Non Patent
Literatures 3 and 4) called a ZZ interaction between the first
superconducting circuit 91 and the second superconducting
circuit 92. For this reason, the value of energy in each energy
state of one superconducting circuit depends on an energy
state of the other superconducting circuit. For example, the
energy difference between “glg2” and “ele2” 1s (h/2m)x
(w,+wm,) as described above 1f the interaction between the
first superconducting circuit 91 and the second supercon-
ducting circuit 92 1s not considered, but actually becomes
(h/2m)x(w,+w,-J) due to the ZZ interaction of energy I
(FIG. 9). Further, when the second superconducting circuit
92 1s 1n a superposition state of g2 and €2, the energy state
of the first superconducting circuit 91 cannot be determined
only by g1 and el, and the first superconducting circuit 91
has two resonance frequencies different from the resonance
frequency due to the energy difference between gl and el
when there 1s no ZZ interaction. When such two resonance
frequencies exist, operation of a quantum bit cannot be
correctly controlled by a control electromagnetic wave hav-
ing a single frequency, and a phase due to a deviation
between the two resonance frequencies occurs.

Further, such a problem caused by the ZZ interaction 1s
not limited to the quantum gate device described in Non

Patent Literature 2, and may similarly occur 1n a quantum
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gate device obtained by combiming two (or more) supercon-
ducting circuits including at least one Josephson device 1n an

annular circuit including a superconductor. Examples of
such a superconducting circuit mclude a superconducting
circuit having a partial superconducting circuit (correspond-
ing to a configuration in which the second Josephson device
group 1n the partial superconducting circuit described 1n Non
Patent Literature 1 1s replaced with only one Josephson
device) 1n which two Josephson devices are annularly con-
nected by a superconducting wire, in which the partial
superconducting circuit and a capacitor are annularly con-
nected by a superconducting wire (see FIG. 1 of Non Patent
Literature 4).

An object of the present invention 1s to provide a quantum
gate device 1n which two or more superconducting circuits
having a Josephson device are combined, the quantum gate
device being capable of suppressing influence of an extra 77
interaction.

Solution to Problem

A quantum gate device according to the present invention

made to solve the above problems 1ncludes:

a) a first superconducting circuit including at least one
Josephson device 1 an annular circuit including a
superconducting wire, the first superconducting circuit
being configured to resonate at a first resonance Ire-
quency;

b) a second superconducting circuit including at least one
Josephson device 1 an annular circuit including a
superconducting wire, the second superconducting cir-
cuit being configured to resonate at a second resonance
frequency different from the first resonance frequency;

¢) a connection unit including a capacitor and a super-
conducting wire provided at each of both electrodes of
the capacitor, the connection unit being configured to
connect the first superconducting circuit and the second
superconducting circuit;

d) a magnetic field application means configured to apply
a magnetic field to one or both of the first supercon-
ducting circuit and the second superconducting circuit;

¢) a quantum gate control electromagnetic wave 1rradia-
tion unit configured to irradiate one of the first super-
conducting circuit and the second superconducting
circuit with a control electromagnetic wave which 1s an
clectromagnetic wave having a control frequency cor-
responding to an original energy diflerence between
two energy states contributing to operation of a quan-
tum gate among a plurality of quantized energy states
formed by the first superconducting circuit and the
second superconducting circuit; and

1) an unnecessary mteraction suppression electromagnetic
wave 1rradiation unit configured to irradiate one of the
first superconducting circuit and the second supercon-
ducting circuit with an unnecessary interaction sup-
pression electromagnetic wave which 1s an electromag-
netic wave having an unnecessary 1nteraction
suppression Irequency, the unnecessary interaction
suppression frequency being a frequency between a
first frequency and a second frequency, and differing by
10 MHz or more from a frequency corresponding to an
original energy diflerence between arbitrarily selected
two energy states among a plurality of the energy states,
where the first frequency 1s a frequency corresponding,
to an original energy diflerence between a first energy
state that 1s highest and a second energy state that 1s
second highest 1n three energy states among a plurality
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6

of the energy states, and the second frequency i1s a
frequency corresponding to an original energy difler-
ence between the second energy state and a third energy
state having lowest energy.

The “original energy diflerence” refers to the energy
difference between two energy states 1n a state where there
1s no ntluence by ZZ interaction between the first super-
conducting circuit and the second superconducting circuit.

In the quantum gate device according to the present
invention, operation of a quantum gate 1s performed by
irradiating one of the first superconducting circuit and the
second superconducting circuit with a control electromag-
netic wave having a control frequency which 1s a frequency
corresponding to an original energy diflerence between two
energy states contributing to the operation of the quantum
gate among a plurality of quantized energy states formed by
the first superconducting circuit and the second supercon-
ducting circuit for predetermined time by using a quantum
gate control electromagnetic wave 1rradiation unit while
applying a magnetic field to one or both of the first super-
conducting circuit and the second superconducting circuit by
the magnetic field application means. For example, in a case
where the first superconducting circuit and the second
superconducting circuit in the quantum gate device accord-
ing to the present invention are the first superconducting
circuit 91 and the second superconducting circuit 92
described in Non Patent Literature 2 described above, the
two energy states correspond to “gle2” and “elg2”, or
“ele2” and “gli2”. In a case of “gle2” and “elg2”, the
quantum gate operates as an 1Swap gate or a swap gate to be
described later, and 1n a case of “ele2” and “gli2”, the
quantum gate operates as a CZ gate.

Furthermore, 1n the quantum gate device according to the
present ivention, the unnecessary interaction suppression
clectromagnetic wave irradiation unit irradiates one of the
first superconducting circuit and the second superconducting
circuit with an unnecessary interaction suppression electro-
magnetic wave having an unnecessary interaction suppres-
s1on frequency which 1s a frequency (however, for a reason
described later, a frequency having a difference of less than
10 MHz from the first frequency and the second frequency
1s not used) between the first frequency which 1s a frequency
corresponding to an original energy difference between the
first energy state that 1s highest and the second energy state
having second highest energy 1n three energy states among
a plurality of the energy states and the second frequency
which 1s a frequency corresponding to an original energy
difference between the second energy state and the third
energy state having lowest energy. For example, 1n a case
where the first superconducting circuit and the second
superconducting circuit in the quantum gate device accord-
ing to the present invention are the first superconducting
circuit 91 and the second superconducting circuit 92
described 1in Non Patent Literature 2 described above, when
the first energy state 1s “gl12”, the second energy state 1s
“ele2”, and the third energy state 1s “f1g2”, the first fre-
quency 1s the frequency corresponding to an original energy
difference between “gli2” and “ele2”, and the second
frequency 1s the frequency corresponding to an original
energy difference between “ele2” and “11g2”. By 1rradiation
of the unnecessary interaction suppression electromagnetic
wave, 1t 1s possible to suppress remaining of extra ZZ
interaction and to suppress deviation of the three energy
states from an original energy value.

When 1rradiation with an electromagnetic wave having a
frequency corresponding to arbitrarily selected two energy
states among a plurality of the energy states as an unnec-
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essary interaction suppression electromagnetic wave 1s per-
formed, undesirable interaction occurs between the two
energy states. For this reason, an electromagnetic wave
having a frequency close to such a frequency 1s not used as
an unnecessary interaction suppression electromagnetic
wave. Normally, in a quantum gate, two energy states having
an energy diflerence corresponding to a frequency of about
several hundred MHz to several GHz are used. Therefore, 1
the unnecessary interaction suppression frequency is differ-
ent from frequencies corresponding to arbitrarily selected
two energy states by 10 MHz or more, undesirable interac-
tion can be prevented. Note that, since “plurality of the
energy states” mentioned here also include the first to third
energy states, “frequencies corresponding to arbitrarily
selected two energy states among a plurality of the energy
states” also include the first frequency and the second
frequency. Therefore, an electromagnetic wave close to the
first frequency and the second frequency (diflers from them
by less than 10 MHz) 1s also not used as an unnecessary
interaction suppression electromagnetic wave.

Preferably, the unnecessary interaction suppression elec-
tromagnetic wave irradiation unit continues irradiation of
the unnecessary interaction suppression electromagnetic
wave not only while irradiation of the control electromag-
netic wave by the quantum gate control electromagnetic
wave 1rradiation unit 1s performed, but also until operation
ol a quantum gate ends (an energy state and/or a phase of the
first superconducting circuit and the second superconducting
circuit are measured) from start of irradiation of the control
clectromagnetic wave. By the above, 1t 1s possible to sup-
press influence of extra Z7 interaction not only during
operation ol a quantum gate but also during a period from
the end of operation of the quantum gate to output of an
operation result.

In the quantum gate device according to the present
invention, energy ol each of a plurality of the energy states
changes according to a diflerence in output of the unneces-
sary interaction suppression electromagnetic wave. In view
of the above, desirably, output of the unnecessary interaction
suppression electromagnetic wave 1s adjusted so that mag-
nitude of a difference between energy diflerences of two sets
having the same original energy difference among sets of
energy states including arbitrarily selected two energy states
among a plurality of the energy states 1s close to zero,
specifically, falls within a range of -0.1 MHz to 0.1 MHz.
For example, in a case where the first superconducting
circuit and the second superconducting circuit in the quan-
tum gate device according to the present invention are the
first superconducting circuit 91 and the second supercon-
ducting circuit 92 described in Non Patent Literature 2
described above, an original energy difference between
“o0le2” and “glg2” and an original energy diflerence
between “ele2” and “elg2” are both w,, that 1s, equal. In
view ol the above, preferably, by an experiment (in a state
where deviation from an original energy difference occurs
due to Z7Z interaction 1f there 1s no irradiation with the
unnecessary interaction suppression electromagnetic wave)
or calculation i consideration of ZZ interaction, an energy
difference between “gle2” and “glg2” and an energy dii-
ference between “ele2” and “elg2” 1s obtained while output
of the unnecessary interaction suppression electromagnetic
wave 1s changed, and output of the unnecessary interaction
suppression electromagnetic wave by which a difference
between them 1s 1n a range of —-0.1 MHz to 0.1 MHz 1s
obtained.

As the quantum gate device according to the present
invention, the quantum gate device obtained by adding the
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unnecessary interaction suppression electromagnetic wave
irradiation unit to the quantum gate device described 1n Non
Patent Literature 2 can be suitably used. That i1s, 1n the
quantum gate device according to the present invention,
preferably,

the first superconducting circuit includes a partial super-
conducting circuit 1n which a first Josephson device and a
second Josephson device group 1n which n second Joseph-
son devices having Josephson energy higher than n times
Josephson energy of the first Josephson device are con-
nected 1n series by a wire made from a superconductor, in
which the partial superconducting circuit and a capacitor are
connected annularly by a wire made from a superconductor,
and

the second superconducting circuit includes one Joseph-
son device and a capacitor connected annularly by a wire
made from a superconductor.

Note, a magnitude relationship between Josephson energy
of the Josephson device 1n the second superconducting
circuit and Josephson energy of each of the first and second
Josephson devices 1n the first superconducting circuit does
not matter.

As described above, 1n a case of using the configuration
in which the unnecessary interaction suppression electro-
magnetic wave 1rradiation unit 1s added to the quantum gate
device described in Non Patent Literature 2, the quantum
gate control electromagnetic wave irradiation unit can cause
the quantum gate device to operate as an 1Swap gate as long
as the unnecessary interaction suppression electromagnetic
wave 1rradiation unit irradiates at least the first supercon-
ducting circuit with a control electromagnetic wave. On the
other hand, in a case where the quantum gate device 1is
operated as a CZ gate and/or a swap gate to be described
later, one which 1rradiates the first superconducting circuit
and the second superconducting circuit are with control
clectromagnetic waves having frequencies different from
cach other 1s used as the quantum gate control electromag-
netic wave rradiation umnit.

Advantageous Effects of Invention

According to the present mvention, 1n a quantum gate
device 1 which two or more superconducting circuits hav-
ing a Josephson device are combined, influence of extra ZZ
interaction can be suppressed.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic diagram 1llustrating an embodiment
of a quantum gate device according to the present invention.

FIG. 2A 1s a diagram 1illustrating a first Josephson device
included 1n the quantum gate device of the present embodi-
ment.

FIG. 2B 1s a diagram illustrating a second Josephson
device included 1n the quantum gate device of the present
embodiment.

FIG. 3 1s a photomicrograph showing an example of
manufacturing the quantum gate device of the present
embodiment (upper photomicrograph), a photomicrograph
obtained by enlarging and photographing a part of a region
photographed in the upper photomicrograph (middle pho-
tomicrograph), and a photomicrograph obtained by enlarg-
ing and photographing a part of a region photographed 1n the
middle photomicrograph (lower photomicrograph).

FIG. 4 1s a diagram for explaining an energy state that
may be taken by the quantum gate device of the present
embodiment, operation of three quantum gates (swap gate,
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1Swap gate, and CZ gate), and 1rradiation of an unnecessary
interaction suppression electromagnetic wave.

FIG. 5 1s a graph 1llustrating a result of an experiment of
measuring an energy difference A2(gl) between “gle2” and
“0192” and an energy difference A2(el) between “ele2” and
“e1g2” while changing output of an unnecessary interaction
suppression electromagnetic wave in the quantum gate
device of the present embodiment.

FIG. 6 1s a schematic diagram 1llustrating a varnation of
the quantum gate device according to the present invention.

FIG. 7 1s a schematic diagram 1llustrating an example of
a conventional quantum gate device.

FIG. 8 1s a diagram 1llustrating an example of operation

of a swap gate and a CZ gate 1n a conventional quantum gate
device.

FIG. 9 1s a diagram 1illustrating an energy state in con-
sideration of a ZZ interaction in a conventional quantum
gate device.

DESCRIPTION OF EMBODIMENTS

An embodiment of a quantum gate device according to

the present mvention will be described with reference to
FIGS. 1 to 6.

(1) Configuration of Quantum Gate Device of
Present Embodiment

FIG. 1 1s a diagram 1illustrating an outline of a configu-
ration of a quantum gate device 10 of the present embodi-
ment by an equivalent circuit. The quantum gate device 10
includes a first superconducting circuit 11, a second super-
conducting circuit 12, a connection unit 13, a magnetic field
application unit 14, a quantum gate control electromagnetic
wave 1rradiation umt (a first quantum gate control electro-
magnetic wave 1rradiation unit 15 and a second quantum
gate control electromagnetic wave 1rradiation unit 16), a
measurement unit 17, and an unnecessary interaction sup-
pression electromagnetic wave trradiation unit 18.

The first superconducting circuit 11 includes a first
Josephson device 111, a second Josephson device group 112,
and a first capacitor 114. The first Josephson device 111 1s
formed by sandwiching a joint portion having a first thin film
111J formed of an insulator between two superconductors
11151 and 11152 (FI1G. 2A). In the second Josephson device
group 112, n (n 1s an mteger of two or more) second
Josephson devices 1121, 1122, . . ., 112#» are connected 1n
series by a wiring 115 including a superconductor. Note that,
although a case where n=2 is illustrated as an example 1n
FIG. 1, n may be an integer of three or more. Each second
Josephson device 1124 (k 1s an integer in a range of 1 to n)
1s obtained by sandwiching a second thin film 112J made of
the same type of insulator as the first thin film 1117 between
two superconductors 112S1 and 11252 (FIG. 2B). Here,
thickness and areas of the first thin film 111J and the second
thin film 1127J are set so that a value of tunnel resistance in
the first Josephson device 111 1s larger than n times a value
of tunnel resistance 1n each of the second Josephson devices
112%. In this manner, Josephson energy of each of the second
Josephson devices 1124 1s larger than n times Josephson
energy of the first Josephson device 111.

The first Josephson device 111 and the second Josephson
device group 112 are annularly connected by the supercon-
ducting wire 115, by which a partial superconducting circuit
113 1s formed. Furthermore, the partial superconducting
circuit 113 and the first capacitor 114 are connected 1n
parallel by the superconducting wire 115.
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The first superconducting circuit 11 configured as
described above 1s a circuit equivalent to an LC resonance
circuit. A resonance frequency of the first superconducting
circuit 11 1s set to m,.

The second superconducting circuit 12 1s a transmon 1n
which one Josephson device 121 and one second capacitor
124 are annularly connected by a superconducting wire 125.
The second superconducting circuit 12 1s also a circuit
equivalent to an LC resonance circuit. A resonance Ire-
quency of the second superconducting circuit 12 1s set to m,.

The connection unit 13 includes a connection unit capaci-
tor 134 and superconducting wires 135 provided on both
clectrodes of the connection unit capacitor 134. The first
superconducting circuit 11 and the second superconducting,
circuit 12 are connected by the connection unit 13.

The magnetic field application unit 14 applies a static
magnetic field to the inside of the partial superconducting
circuit 113. Magnitude of the static magnetic field to be
applied 1s not particularly limited as long as the static
magnetic field 1s smaller than a magnetic field that destroys
a superconducting state of the superconductors 11151,
11152, 11251, and 11252 of the first Josephson device 111
and the second Josephson devices 1124 and the supercon-
ductor of the superconducting wire 115, but 1s preferably
smaller. For example, the intensity 1s desirably one by which
a magnetic flux of five times or less a magnetic flux quantum
1s generated 1n the partial superconducting circuit 113, and
the intensity 1s more desirably one by which a magnetic tlux
of one time or less a magnetic flux quantum 1s generated 1n
the partial superconducting circuit 113. A preferable mag-
nitude of a static magnetic field 1s, for example, about 10 T,

The first quantum gate control electromagnetic wave
irradiation unit 15 includes a quantum gate control power
supply 151 and an electromagnetic wave 1rradiation elec-
trode 1521. The electromagnetic wave wrradiation electrode
1521 1s represented as one electrode of a capacitor 152
connected to the first superconducting circuit 11 1n the
equivalent circuit illustrated in FIG. 1. The quantum gate
control power supply 151 applies radio-frequency voltage
having a predetermined frequency (control frequency) used
for operation as a quantum gate between the electromagnetic
wave 1rradiation electrode 1521 and the ground to 1rradiate
the first superconducting circuit 11 with a control electro-
magnetic wave having the control frequency.

The second quantum gate control electromagnetic wave
irradiation unit 16 includes a quantum gate control power
supply 161 and an electromagnetic wave 1rradiation elec-
trode 1621, similarly to the first quantum gate control
clectromagnetic wave wrradiation unit 15. The electromag-
netic wave irradiation electrode 1621 1s represented as one
clectrode of a capacitor 162 connected to the second super-
conducting circuit 12 1n the equivalent circuit illustrated 1n
FIG. 1. The quantum gate control power supply 161 applies
radio-frequency voltage having a predetermined control
frequency (different from a control frequency in the first
quantum gate control electromagnetic wave 1rradiation unit
15) between the electromagnetic wave irradiation electrode
1621 and the ground to 1rradiate the second superconducting,
circuit 12 with a control electromagnetic wave having the
control frequency.

The unnecessary 1nteraction suppression electromagnetic
wave 1rradiation unit 18 1includes an unnecessary interaction
suppression electromagnetic wave power supply 181 and the
clectromagnetic wave irradiation electrode 1521. The elec-
tromagnetic wave 1rradiation electrode 13521 1s shared by the
first quantum gate control electromagnetic wave 1rradiation
unit 15 and the unnecessary interaction suppression electro-
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magnetic wave irradiation unit 18. The unnecessary inter-
action suppression electromagnetic wave power supply 181

applies radio-frequency voltage having a predetermined
frequency (unnecessary interaction suppression frequency)
different from the control frequency between the electro-
magnetic wave irradiation electrode 1521 and the ground to
irradiate the first superconducting circuit 11 with an unnec-
essary interaction suppression clcctrcnlagnctic wave having
the unnecessary interaction suppression frequency. Note that
the quantum gate control power supply 151 and the unnec-
essary interaction suppression electromagnetic wave power
supply 181 can be shared when mounted by employing a
power supply capable of simultaneously generating a plu-
rality of frequencies.

Details of the control frequency and the unnecessary
interaction suppression frequency will be described later
together with description of operation of the quantum gate
device 10.

The measurement unit 17 includes a first measurement
unit 171 which measures an energy state and a phase of the
first superconducting circuit 11 and a second measurement
unit 172 which measures an energy state and a phase of the
second superconducting circuit 12.

FIG. 3 1llustrates a photomicrograph of the quantum gate
device 10 which 1s actually produced. In FIG. 3, a photo-
micrograph of the entire quantum gate device 10 1s illus-
trated 1n the upper part, a photomicrograph of a part of the
photomicrograph enlarged and photographed 1s 1llustrated in
the middle part, and, further, a photomicrograph of a part of
the phctcmlcrcgraph enlarged and photographed 1s 1llus-
trated 1n the lower part. In FIG. 3, a portion enclosed by a
gray line darker than light gray in the background 1s
portion where a surface of a substrate made from silicon
appears, a light gray portion 1s made from niobium, and a
white portion 1s made from aluminum. Niobium and alumi-
num are superconductors. Although not illustrated 1n this
photomicrograph, alumina obtained by oxidizing aluminum
1s used for a thin film made from an insulator of each of
Josephson devices. Note that, 1n the present invention, the
superconductor and the insulator are not limited to these
examples, and any material can be used.

FIG. 3 does not illustrate the quantum gate control power
supply 151 or the unnecessary interaction suppression elec-
tromagnetic wave power supply 181, but illustrates an
clectrode 1522 to which the two power supplies are con-
nected 1n common. Sumilarly, FIG. 3 does not illustrate the
quantum gate control power supply 161, but illustrates an
clectrode 1622 to which the power supply 1s connected.
Further, in FIG. 3, the first capacitor 114 and the second
capacitor 124 are not denoted by reference numerals, but the
first capacitor 114 1s formed between the superconducting
wire 115 and the ground, and the second capacitor 124 1s
formed between the superconducting wire 125 and the
ground.

(2) Operation of Quantum Gate Device of Present
Embodiment

Hereinafter, operation of the quantum gate device of the
present embodiment will be described.
(2-1) Energy State which May be Taken by Quantum Gate
Device 10

The quantum gate device 10 1s cooled to the supercon-
ducting transition temperature or less by a cooling device,
and a static magnetic field 1s applied from the magnetic field
application unit 14 1nto the partial superconducting circuit

113. After that, the quantum gate device 10 takes one of a
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plurality of energy states illustrated in FIG. 4 by 1rradiation
with a control electromagnetic wave having a predetermined
control frequency described later from the quantum gate
control electromagnetic wave irradiation unit 15 for a pre-
determined time. FIG. 4 1illustrates six energy states of
“o01g2”, “elg2”, “gle2”, “f1g2”, “ele2”, and “gli2” 1n
which one of a ground state “gl”, a first excited state “el”,
and a second excited state “11”°, which are energy states of
the first superconducting circuit 11, and one of a ground state
“02” a first excited state “e2”, and a second excited state
“12”, which are energy states of the second superconducting
circuit 12, are combined.

In addition, in FIG. 4, original energy (in a state in which
there 1s no 1ntluence of a ZZ interaction) 1n each of the six
energy states obtained by experiment in the quantum gate
device 10 1illustrated i FIG. 3 1s illustrated in units of
frequency with “glg2” as a reference (value zero). Values of
frequencies below are multiplied by (h/27) to obtain an
energy value. Values of these frequencies are 3633 MHz
(=w,) tor “elg2”, 4473 MHz (=w,) for “gle2”, 7134 MHz
(=2w,+a,; (a, will be described later)) for “11g2”, 8106
MHz (=w,+wm,) for “ele2”, and 8778 MHz (=2w,+a, (.,
will be described later)) for “gli2”. In the example 1llus-
trated 1n FIG. 4, since w, 1s smaller than w,, “elg2” 1s
smaller than “gle2”, and “11g2” 1s smaller than “gl112”. An
original difference A, (Fw,—m,;) between “gle2” and
“el1g2” 1s 840 MHz, an original difference A -, (=0,—m,; +A,)
between “gli2” and “ele2” 1s 672 MHz, and an original
difference o0 (=w,-w,—q,;) between “ele2” and “T1g2” is
972 MHz. The value a, 1s defined by a difference between
an energy interval between the 11 state and the el state and
an energy interval between the el state and the gl state for
the energy states gl, el, and 11 in a case where the first
superconducting circuit 11 exists alone. Similarly, o, 1s
defined by a difference between an energy interval between
the 12 state and the €2 state and an energy interval between
the €2 state and the g2 state for the energy states g2, €2, and
12 1n a case where the second superconducting circuit 12
exists alone. The value o, 1s =132 MHz, and o, 1s =168
MHz.

In the quantum gate device 10 being 1n such an energy
state, suppression of unnecessary interaction 1n a case where
the quantum gate device 10 1s operated as one of the three
quantum gates, which are an 1ISwap gate, a CZ gate, and a
swap gate, by operation described below will be described.
Hereinafter, the initial state 1s assumed to be “glg2”.

(2-2) Operation of Each Quantum Gate and Suppression of
Unnecessary Interaction
(2-2-1) 1Swap Gate

First, the unnecessary interaction suppression electromag-
netic wave 1rradiation unit 18 1rradiates the first supercon-
ducting circuit 11 with an unnecessary interaction suppres-
sion electromagnetic wave having an unnecessary
interaction suppression frequency. In the present embodi-
ment, a focus 1s placed on three energy states of “gli2”,
“ele2”, and “11g2”. Then, 930 MHz, which 1s a frequency
between A,..~=672 MHz, which 1s a frequency (the first
frequency) corresponding to an original energy diflerence
between “gli2” (the first energy state) and “ele2” (the
second energy state) having highest energy among the three
energy states, and 0=972 MHz, which 1s a frequency (the
second Irequency) corresponding to an original energy dif-
ference between “ele2” and “f1g2” (the third energy state),
and 1s a frequency different by 10 MHz or more from any of
original energy differences (for example, A.;,=840 MHz)
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between any two energy states including the three energy
states, 1s set as the unnecessary interaction suppression
frequency.

Next, the first superconducting circuit 11 1s irradiated with
a control electromagnetic wave having the frequency wm,,
which 1s the original control frequency, 1n a manner super-
imposed on the unnecessary interaction suppression electro-
magnetic wave by the first quantum gate control electro-
magnetic wave 1rradiation unit 135, so that the energy state 1s
set to “elg2”. Subsequently, the first superconducting circuit
11 1s wrradiated with a control electromagnetic wave having
a frequency ((w,—wm,), 840 MHz 1n the example of FIG. 4)
corresponding to A, which 1s the original control fre-
quency, 1n a manner superimposed on the unnecessary
interaction suppression electromagnetic wave by the first
quantum gate control electromagnetic wave 1rradiation unit
15. In this manner, the first superconducting circuit 11 and
the second superconducting circuit 12 resonate and interact
with each other, and operation in which the energy state
changes from “gle2” to “1elg2”, “-gle2”, “—1elg2”, and
returning to “gle2” 1s repeated. Here, “17, “-”, and “-1”
mean that the phase 1s changed by 90°, 180°, and 270°,
respectively. Then, the 1rradiation of the control electromag-
netic wave 1s stopped after predetermined time elapses from
the start of the irradiation of the control electromagnetic
wave. Aflter the above, when measurement i1s performed by
the measurement unit 17, the energy state changes from
“01e2” before wrradiation to “1elg2”.

Alternatively, when the first superconducting circuit 11 1s
irradiated for predetermined time with a control electromag-
netic wave having a frequency corresponding to A, which
1s the original control frequency 1n a manner superimposed
on the unnecessary interaction suppression electromagnetic
wave by the first quantum gate control electromagnetic wave
irradiation unit 15 from the state where the energy state 1s
“ole¢2”, an energy state measured by the measurement unit
17 changes from “elg2” belfore rradiation to “1gle2”.

As described above, operation 1n which the energy state
changes from “gle2” to “1elg2” or from “el1g2” to “1gle2”,
that 1s, two pieces ol data are exchanged (swapped) 1s
performed.

By 1rradiation of the first superconducting circuit 11 with
the unnecessary interaction suppression electromagnetic
wave continuously over the entire operation of the 1Swap
gate, mtluence of extra Z7 interaction can be suppressed.
For this reason, 1t 1s possible to prevent an unnecessary
phase from being applied when a control electromagnetic
wave having the original control frequency 1s 1rradiated.
(2-2-2) CZ Gate

First, as 1n the case of the 1Swap gate, the unnecessary
interaction suppression electromagnetic wave 1rradiation
unit 18 irradiates the first superconducting circuit 11 with an
unnecessary interaction suppression electromagnetic wave
having a frequency w_. The irradiation of the unnecessary
interaction suppression electromagnetic wave 1s continu-
ously performed over the entire operation of the CZ gate
described below.

Next, the first superconducting circuit 11 1s irradiated with
a control electromagnetic wave having the frequency o, 1n
a manner superimposed on the unnecessary interaction sup-
pression electromagnetic wave by the first quantum gate
control electromagnetic wave irradiation unit 15 and the
second superconducting circuit 12 1s 1rradiated with a con-
trol electromagnetic wave having the frequency w, by the
second quantum gate control electromagnetic wave 1rradia-
tion unit 16, so that the energy state i1s set to “ele2”.
Subsequently, the first superconducting circuit 11 1s irradi-
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ated with a control electromagnetic wave having a frequency
(w,—w,+a,), 672 MHz 1n the example of FIG. 4) corre-
sponding to the original energy difference A, between
“01e2” and “elg2” 1n a manner superimposed on the unnec-
essary interaction suppression electromagnetic wave by the
first quantum gate control electromagnetic wave 1rradiation
unmit 15. By the above, the first superconducting circuit 11
and the second superconducting circuit 12 resonate and
interact with each other, and the energy state alternately
takes two states of “ele2” and “gl12”. Further, the phase 1s
inverted, that 1s, changed by 180° every time excitation from
“ele2” to “gl12” and returning to “ele2” occurs once. Then,
the 1rradiation of the control electromagnetic wave 1s
stopped aifter predetermined time elapses from the start of
the 1rradiation of the control electromagnetic wave. After the
above, when measurement 1s performed by the measurement
unit 17, the states of the first superconducting circuit 11 and
the second superconducting circuit 12 measured by the
measurement unit 17 change from “ele2” before 1rradiation
to “—ele2”. This means that the energy state does not change
before and after the irradiation of the control electromag-
netic wave, and the phase 1s changed by 180°.

Also 1 the CZ gate, by wrradiation of the first supercon-
ducting circuit 11 with the unnecessary interaction suppres-
sion electromagnetic wave continuously over the entire
operation, influence of extra ZZ interaction can be sup-
pressed.

(2-2-3) Swap Gate

A swap gate refers to operation of a quantum gate that
changes the energy state from “gle2” to “elg2” or from
“elg2” to “gle”.

First, as 1n the case of the 1Swap gate and the CZ gate, the
unnecessary interaction suppression electromagnetic wave
irradiation unit 18 irradiates the first superconducting circuit
11 with an unnecessary interaction suppression electromag-
netic wave having the frequency w.. The 1rradiation of the
unnecessary interaction suppression electromagnetic wave
1s continuously performed over the entire operation of the
swap gate described below.

Next, the first superconducting circuit 11 1s irradiated with
a control electromagnetic wave having the frequency wm,,
which 1s the oniginal control frequency, for predetermined
time by the first quantum gate control electromagnetic wave
irradiation unit 15, so that the energy state i1s set to a
quantum superposition state of “glg2” and “elg2”. Alter-
natively, the second superconducting circuit 12 may be
irradiated with a control electromagnetic wave having the
frequency m,, which 1s the original control frequency, for
predetermined time by the second quantum gate control
clectromagnetic wave irradiation umt 16, so that the energy
state 1s set to a quantum superposition state of “elg2” and
“ele2”. In such a quantum superposition state, the first
superconducting circuit 11 1s simultaneously 1rradiated with
an electromagnetic wave of a frequency (w,-m,) and an
clectromagnetic wave of a frequency (w,—m,+0.,) by the
first quantum gate control electromagnetic wave irradiation
unmit 15. By the above, the first superconducting circuit 11
and the second superconducting circuit 12 resonate and
interact with each other, the energy state changes between
“o01¢2” and “elg2”, and the circuits operate as a swap gate.

Also 1n the swap gate, by irradiation of the first super-
conducting circuit 11 with the unnecessary interaction sup-
pression electromagnetic wave continuously over the entire
operation, influence of extra Z7 interaction can be sup-
pressed.
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(2-3) Output of Unnecessary Interaction Suppression Elec-
tromagnetic Wave

As described above, lowering 1n energy of “ele2” can be
suppressed by irradiation of the unnecessary interaction
suppression electromagnetic wave, but degree of the sup-
pression depends on output of the unnecessary interaction
suppression electromagnetic wave. In order to check this, an
experiment of measuring an energy difference between
“01¢2” and “glg2” (referred to as A,(gl)) and an energy
difference between “ele2” and “elg2” (referred to as
A,(el)) while changing output of the unnecessary interaction
suppression electromagnetic wave was conducted. FIG. 5
shows a measurement result.

When irradiation with the unnecessary interaction sup-
pression eclectromagnetic wave 1s not performed, that 1s,
when a value of output of the unnecessary interaction
suppression electromagnetic wave on the horizontal axis 1n
FIG. 5 1s zero, A,(gl) and A,(el) are both (h/2m)w, 11 there
1s no 77 interaction, but A,(el) 1s actually smaller than
A,(gl). This 1s because energy of “ele2” 1s lowered due to
presence of Z7 interaction. When output of the unnecessary
interaction suppression electromagnetic wave 1s increased
from this state, a diflerence between A,(gl) and A,(el)
decreases. Then, when the output 1s W, (see FIG. §), A,(gl)
and A,(el) are equal. Then, when the output of the unnec-
essary interaction suppression electromagnetic wave 1s fur-
ther increased, A,(el) becomes larger than A,(gl).

When the quantum gate device 10 1s operated, 1t 1s
desirable to adjust the output of the unnecessary interaction
suppression electromagnetic wave so that the difference
between A,(gl) and A,(el) becomes as small as possible.
For example, the output of the unnecessary interaction
suppression electromagnetic wave 1s adjusted such that
A,(gl)-A,(el) 1s -0.1 MHz to +0.1 MHz.

Similarly to the intensity of the unnecessary interaction
suppression electromagnetic wave, i1t 1s desirable to adjust
the frequency ws of the unnecessary 1nteraction suppression
electromagnetic wave so that the difference between A,(gl)
and A,(el) 1s as small as possible (Tor example, A,(gl)-A,
(el) 1s between -0.1 MHz and +0.1 MHz.). Further, 1t 1s
more desirable to minimize the difference between A,(gl)
and A,(el) while minimizing the intensity of the unneces-
sary 1nteraction suppression electromagnetic wave by
adjusting both the itensity and the frequency ws of the
unnecessary interaction suppression electromagnetic wave.

(3) Variation

The present invention is not limited to the above embodi-
ment, and various variations are possible.

For example, in the above embodiment, irradiation with
the control electromagnetic wave for setting the energy state
to a predetermined 1nitial state 1s performed before irradia-
tion with the control electromagnetic wave for operating as
the quantum gate (1Swap gate, CZ gate, or swap gate) 1s
performed, but the irradiation of the control electromagnetic
wave for setting the energy state to the predetermined 1nitial
state 1s not essential, and irradiation with the control elec-
tromagnetic wave for operating as the quantum gate may be
performed from an arbitrarily selected initial state. Further,
the second quantum gate control electromagnetic wave
irradiation unit 16 may be omitted 1n a case where the
irradiation with the control electromagnetic wave for setting
the predetermined 1nitial state 1s not performed, or 1n a case
where the quantum gate device 10 1s operated only as the
1Swap gate even 1n a case where such wrradiation with the
control electromagnetic wave 1s performed.
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The configurations of the first superconducting circuit 11
and the second superconducting circuit 12 are also not
limited to those described above. FIG. 6 illustrates a quan-
tum gate device 10A using, instead of the first supercon-
ducting circuit 11, a first superconducting circuit 11A 1n
which a partial superconducting circuit 113 A 1 which two
Josephson devices (first and second Josephson devices 111 A
and 112A) are annularly connected by a superconducting
wire 115A and a first capacitor 114A are connected in
parallel by the superconducting wire 115A. The first and
second Josephson devices 111 A and 112A may have differ-
ent and 1dentical Josephson energy. Further, in this variation,
a magnetic field application unit 14A applies an AC mag-
netic field to the inside of the partial superconducting circuit
113A. The quantum gate device 10A corresponds to a
configuration obtained by adding the unnecessary interac-
tion suppression electromagnetic wave irradiation unit 18 to
the configuration shown in Non Patent Literature 4.

REFERENCE SIGNS LIST

10, 10A, 90 . . . Quantum Gate Device

11, 91 . . . First Superconducting Circuit

111, 111A, 911 . . . First Josephson Device

1117 . . . First Thin Film

112, 912 . . . Second Josephson Device Group

1121,1122, 1124, 112A, 9121, 9122 . . . Second Josephson
Device

112J . . . Second Thin Film

113, 113A, 913 . . . Partial Superconducting Circuit

114, 114A . . . First Capacitor

115, 115A, 125, 135 . . . Superconducting Wire

12, 92 . . . Second Superconducting Circuit

121, 921 . . . Josephson Device

124 . . . Second Capacitor

13 . . . Connection Unit

134 . . . Connection Unit Capacitor

14, 94 . . . Magnetic Field Application Unait

15, 95 . . . First Quantum Gate Control Electromagnetic
Wave Irradiation Unit

151, 161 . . . Quantum Gate Control Power Supply

152, 162, 952 . . . Capacitor

1521, 1621, 9521 . . . Electromagnetic Wave Irradiation

Electrode

1522, 1622 . . . Flectrode

16,96 . . . Second Quantum Gate Control Electromagnetic
Wave Irradiation Unait

17, 97 . . . Measurement Unit

171, 971 . . . First Measurement Unit

172, 972 . . . Second Measurement Unit

18 . . . Unnecessary Interaction Suppression Electromag-
netic Wave Irradiation Unit

181 . . . Unnecessary Interaction Suppression Electromag-
netic Wave Irradiation Power Supply

951, 961 . . . Radio-Frequency Power Supply

The mnvention claimed 1s:

1. A quantum gate device comprising:

a) a first superconducting circuit including at least one
Josephson device 1 an annular circuit including a
superconducting wire, the first superconducting circuit
being configured to resonate at a first resonance 1ire-
quency;

b) a second superconducting circuit including at least one
Josephson device 1 an annular circuit including a
superconducting wire, the second superconducting cir-
cuit being configured to resonate at a second resonance
frequency different from the first resonance frequency;
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¢) a connection unit including a capacitor and a super-
conducting wire provided at each of both electrodes of
the capacitor, the connection unit being configured to
connect the first superconducting circuit and the second
superconducting circuit;

d) a magnetic field application means configured to apply
a magnetic field to one or both of the first supercon-
ducting circuit and the second superconducting circuit;

¢) a quantum gate control electromagnetic wave irradia-
tion unit configured to 1rradiate one of the first super-
conducting circuit and the second superconducting
circuit with a control electromagnetic wave which 1s an
clectromagnetic wave having a control frequency cor-
responding to an original energy diflerence between
two energy states contributing to operation of a quan-
tum gate among a plurality of quantized energy states
formed by the first superconducting circuit and the
second superconducting circuit; and

) an unnecessary interaction suppression electromagnetic
wave 1rradiation unit configured to rradiate one of the
first superconducting circuit and the second supercon-
ducting circuit with an unnecessary interaction sup-
pression electromagnetic wave which 1s an electromag-
netic wave having an unnecessary interaction
suppression Irequency, the unnecessary interaction
suppression frequency being a frequency between a
first frequency and a second frequency, and differing by
10 MHz or more from a frequency corresponding to an
original energy diflerence between arbitrarily selected
two energy states among a plurality of the energy states,
where the first frequency 1s a frequency corresponding
to an original energy difference between a first energy
state that 1s highest and a second energy state that 1s
second highest in three energy states among a plurality
of the energy states, and the second frequency i1s a
frequency corresponding to an original energy difler-
ence between the second energy state and a third energy

state having lowest energy.
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2. The quantum gate device according to claim 1, wherein

the unnecessary interaction suppression electromagnetic
wave trradiation unit 1s configured to continue irradia-
tion with the unnecessary interaction suppression elec-
tromagnetic wave from start of irradiation with the
control electromagnetic wave by the quantum gate
control electromagnetic wave 1rradiation unit to end of
operation of a quantum gate.

3. The quantum gate device according to claim 1, wherein

output of the unnecessary interaction suppression electro-
magnetic wave 1s adjusted so that magnitude of a
difference between energy diflerences of two sets hav-
ing a same original energy difference among sets of
energy states including arbitrarily selected two energy
states among the plurality of energy states falls within
a range ol —0.1 MHz to 0.1 MHz.

4. The quantum gate device according to claim 1, wherein

the first Superconductmg circuit includes a partlal Super-
conducting circuit in which a first Josephson device and
a second Josephson device group in which n second
Josephson devices having Josephson energy higher
than n times Josephson energy of the first Josephson
device are connected 1n series by a wire made from a
superconductor, 1n which the partial superconducting,
circuit and a capacitor are connected annularly by a
wire made from a superconductor, and

the second superconducting circuit includes one Joseph-
son device and a capacitor connected annularly by a
wire made from a superconductor.

5. A quantum computer comprising the quantum gate

device according to claim 1.

6. A quantum computer comprising the quantum gate

device according to claim 2.

7. A quantum computer comprising the quantum gate

35 device according to claim 3.

8. A gquantum computer comprising the quantum gate

device according to claim 4.
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