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(57) ABSTRACT

A quantum gate device includes a first superconducting
circuit which resonates at a first resonance frequency, second
superconducting circuit which resonates at a second reso-
nance frequency, and connector which connects these cir-
cuits. The first superconducting circuit includes a single first
Josephson device, second Josephson device group, and first
capacitor. The second Josephson device group includes n
Josephson devices connected by a line made of a supercon-
ductor. The Josephson energy possessed by each of the n
Josephson devices is greater than n times that of the first
Josephson device. The quantum gate device further includes
a magnetic field applier which applies a static magnetic field
to the partial superconducting circuit, and an electromag-
netic wave irradiator (first electromagnetic wave irradiator)
which irradiates the first superconducting circuit and/or
second superconducting circuit with an electromagnetic
wave having a difference frequency which is equal to the
difference between the first and second resonance frequen-
cies.
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1
QUANTUM GATE DEVICE

TECHNICAL FIELD

The present invention relates to a quantum gate device
which is a component of a quantum computer.

BACKGROUND ART

In recent years, research and developments for quantum
computers have been actively conducted. In conventional
computers, a piece of data represented by one of the binary
values (normally, “0” and “17) is used as the minimum unit
to perform computations. By contrast, in quantum comput-
ers, a superposition of two states handled in quantum
mechanics is used as the minimum unit to perform compu-
tations, which is expected to improve the computing capa-
bility.

Conventional computers perform operations called a
“logic gate”, in which logical multiplication (AND), logical
addition (OR), logical negation (NOT) and other logical
operations are performed on input data, to obtain a result as
an output. Quantum computers also perform similar opera-
tions, called a “quantum gate”, in which logical operations
are performed on input data to obtain a result as an output.
A device which performs such operations is called a “quan-
tum gate device”. As a prerequisite for realizing a superpo-
sition of two states, it is necessary for quantum gate devices
to selectively take two states from a large number of
quantum-mechanically discretized states (and will not take
any state other than the two states).

Non Patent Literature 1 discloses a circuit called the
“transmon” which is a component of a quantum gate device.
The transmon is a circuit in which one Josephson device and
one capacitor are connected in a ring-like form by a line
made of a superconductor. The Josephson device consists of
two superconductors between which a thin film of an
insulator is sandwiched.

When the quantum gate device is cooled to a temperature
at which the superconductors in the Josephson device and
the line make a transition to a superconducting state, an
electric current due to the Josephson effect flows within the
transmon, passing through the Josephson device. This makes
the transmon function as a resonance circuit. Due to quan-
tum mechanical effects, this resonance circuit takes one of a
plurality of discretized energy states. Since the Josephson
device is present in this resonance circuit, the plurality of
energy states occur at irregular intervals. Accordingly, an
electromagnetic wave whose energy level corresponds to the
smallest interval is injected into the Josephson device. This
enables the transmon to selectively take only two energy
states: the ground state and one excited state (if the Joseph-
son device is removed from the transmon, the energy states
in the remaining circuit occur at regular intervals, which
allows the transmon to take three or more energy states when
an electromagnetic wave whose energy level corresponds to
that interval is injected). A quantum gate device is con-
structed by combining a plurality of transmons each of
which takes only two energy states in the previously
described manner, or by combining one or more transmons
with another circuit.

CITATION LIST
Non Patent Literature

Non Patent Literature 1: J. Koch and nine other authors,
“Charge insensitive qubit design derived from the Cooper
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pair box”, Physical Review A, (USA), issued by American
Physical Society, Oct. 12, 2007, Vol. 76, paper No.
042319

SUMMARY OF INVENTION
Technical Problem

In quantum gate devices, the energy state created by the
quantum mechanical effect can be maintained for only a
limited period of time (the mean value of this period of time
is called the “coherence time”). Therefore, the rate of
occurrence of operation errors becomes high if the operation
requires a considerable amount of time. Quantum computers
are provided with the function of correcting an error when
such an error has occurred in the quantum gate device.
However, having a lower rate of occurrence of errors, i.e.,
having a shorter operation time, leads to a higher perfor-
mance since the amount of processing for error correction is
reduced. Understandably, the shortened operation time itself
also contributes to an improvement in the performance of
the quantum computer. To this end, it is preferable to shorten
the period of time for the transition from one energy state to
the other in the quantum gate device.

The problem to be solved by the present invention is to
provide a quantum gate device that can make a high-speed
transition between two energy states, from one energy state
to the other.

Solution to Problem

A quantum gate device according to the present invention
developed for solving the previously described problem
includes:

a) a first superconducting circuit configured to resonate at
a first resonance frequency, the first superconducting
circuit including:

a-1) a first Josephson device which is a single Joseph-
son device;

a-2) a second Josephson device group in which n
Josephson devices are connected in series by a line
made of a superconductor, where each of then
Josephson devices has a Josephson energy greater
than n times a Josephson energy of the first Joseph-
son device;

a-3) a first capacitor; and

a-4) a first line made of a superconductor and config-
ured to form a partial superconducting circuit by
connecting the first Josephson device and the second
Josephson device group in a ring-like form, as well
as to connect the partial superconducting circuit and
the first capacitor in parallel;

b) a second superconducting circuit configured to resonate
at a second resonance frequency, including at least one
Josephson device, a second capacitor, and a second line
made of a superconductor;

¢) a connector configured to connect the first supercon-
ducting circuit and the second superconducting circuit,
including a connector capacitor as well as a third line
made of a superconductor and connected to each of the
two poles of the connector capacitor;

d) a magnetic field applier configured to apply a static
magnetic field to the partial superconducting circuit;
and

e) an electromagnetic wave irradiator configured to irra-
diate the first superconducting circuit with an electro-
magnetic wave having a difference frequency which is
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equal to the difference between the first resonance
frequency and the second resonance frequency.

The quantum gate device according to the present inven-
tion has a circuit configured in such a manner that two
superconducting circuits, i.e., the first superconducting cir-
cuit and the second superconducting circuit, are connected
by the connector. Each of the two superconducting circuits
functions as a qubit which has one bit of information, as will
be described later. A quantum gate device having two qubits
as in the present invention is generally called a “two-qubit
gate device”.

The first superconducting circuit has the partial supercon-
ducting circuit and the first capacitor, where the partial
superconducting circuit includes the first Josephson device
and the second Josephson device group connected in a
ring-like form by the first line. A static magnetic field is
applied from the magnetic field applier to the partial super-
conducting circuit (starting from a state with no magnetic
field applied), whereby an electric current is generated
within the first superconducting circuit. With this static
magnetic field maintained, the first superconducting circuit
is made to function as a resonance circuit. Provided that the
Josephson devices of the second Josephson device group are
identical, the inductance energy U possessed by the partial
superconducting circuit in this situation is expressed as:

U(g) = —Ej1co8(p) — nEj2008(Pex — ) /1) M

where E; represents the Josephson energy of the first
Josephson device, and E ,, represents the Josephson energy
of each of the second Josephson devices. @ is defined as
O, =27D/D,, where ® is the magnetic flux injected into the
partial superconducting circuit by the static magnetic field
applied by the magnetic field applier, and @, is a constant
called the flux quantum. The magnetic flux @, is expressed
as ®,=h/2e, using the Planck constant h and the elementary
charge e. ¢ represents the phase difference between the two
superconductors in the first Josephson device. Equation (1)
can be approximated as follows by a Tailor expansion
around the point where U(¢) takes the smallest value:

U@) ~ axf® + as¢’ + augp? @

where a,, a; and a, are constants. Thus, the first supercon-
ducting circuit has the term of ¢> in addition to the terms of
¢* and ¢* in its inductance energy. On the other hand, in the
case of the transmon described earlier, since it has only a
single Josephson device, its inductance energy is repre-
sented by a Tailor expansion of a cosine function, which is
approximated by the sum of the terms of ¢ and ¢* without
the term of ¢°.

Since the inductance energy U of the first superconduct-
ing circuit has the term of ¢°, the quantum gate device
according to the present invention produces the following
effects: In general, simply connecting two qubits does not
give rise to the coupling of the two qubits (they merely
operate individually) since their resonance frequencies are
different, so that they do not function as a two-qubit gate
device. By contrast, in the quantum gate device according to
the present invention, since the inductance energy U of the
first superconducting circuit has the term of ¢°, the reso-
nance frequency can be modulated by applying an oscillat-
ing electric field from outside the first superconducting
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circuit. As this oscillating electric field for irradiating the
first superconducting circuit, the electromagnetic wave irra-
diator uses an electromagnetic wave having a difference
frequency lw2-wll, i.e., the difference between the first
oscillation frequency (denoted by ®w1) which is the oscilla-
tion frequency of the first superconducting circuit (without
the oscillating electric field) and the second oscillation
frequency (denoted by ®2) which is the oscillation fre-
quency of the second superconducting circuit. The reso-
nance frequency is thereby modulated, and the first and
second superconducting circuits oscillate and interact with
each other. Thus, the quantum gate device according to the
present invention functions as a two-qubit gate device.

In order to express the inductance energy of the first
superconducting circuit by a Tailor expansion as in equation
(2), U(¢) in equation (1) must have only a single local
minimum within a range of -n<¢<nx for any value of .
To meet this requirement, each of the n Josephson devices
constituting the second Josephson device group (those
Josephson devices are hereinafter collectively called “each
second Josephson device”) must have a Josephson energy
greater than n (i.e., the number that is equal to the number
of Josephson devices constituting the second Josephson
device group) times the Josephson energy of the first Joseph-
son device. It should be noted that the Josephson energy is
the energy for the tunnel coupling between the two super-
conductors included in the Josephson device.

In the first superconducting circuit, the energy is dis-
cretized due to the quantum mechanical effect, and the
energy interval between the neighboring energy states var-
ies. Therefore, it is possible to select two energy states with
the smallest energy interval and induce a transition between
the two states. In the following description, the lower one of
the two energy states in the first superconducting circuit is
called the ground state, denoted by “g1”, and the higher one
is called the first excited state, denoted by “el”. The first
superconducting circuit represents one bit of information by
these two energy states.

As the second superconducting circuit, for example, the
previously described transmon, as well as the charge qubit,
flux qubit or fluxonium which will be described later, can be
used. Among these examples, the transmon is preferable in
that it has a longer coherence time than the other options.
The second superconducting circuit includes at least one
Josephson device, a second capacitor and a second line made
of a superconductor. Due to the non-linearity of the Joseph-
son device, a plurality of energy states occur at irregular
intervals, among which the circuit can selectively take two
energy states neighboring each other with the smallest
energy interval (of which the lower one is called the ground
state, denoted by “g2”, and the higher one is called the first
excited state, denoted by “e2”). The second superconducting
circuit represents one bit of information by these energy
states.

As one example of the operation of the quantum gate in
the quantum gate device according to the present invention,
an operation called the “SWAP gate” is hereinafter
described. In the case where the combination of the energy
states of the first and second superconducting circuits is one
of the two states “gle2” and “elg2”, the electromagnetic
wave irradiator irradiates the first superconducting circuit
with an electromagnetic wave having a difference frequency
lw2-wll. During the irradiation with this electromagnetic
wave of the aforementioned difference frequency, the com-
bination of the energy states in the quantum gate device
alternates between “gle2” and “e1g2” with a specific period
of time. Therefore, by performing the irradiation with the
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electromagnetic wave for a half-integral multiple of that
period, the device can be changed from one of the two states
“gle2” and “elg2” to the other state. This type of operation
corresponds to an exchange of the ground state (gl or g2)
and the first excited state (el or e2) between the first and
second superconducting circuits, and therefore, is called the
“SWAP gate”.

Additionally, in the quantum gate device according to the
present invention, the phase of the electromagnetic wave for
irradiating the first superconducting circuit and/or the sec-
ond superconducting circuit can be changed by 90 degrees
to exchange the ground state (gl or g2) and the first excited
state (el or e2) between the first and second superconducting
circuits as well as to invert the phase in one of the first and
second superconducting circuits; i.e., it is possible to invert
“gle2” to “ielg2” (where 1 is the imaginary unit) as well as
“elg2” to “igle2”. This type of operation of the quantum
gate is generally called the “iISWAP gate”.

Furthermore, in the case where the combination of the
energy states in the quantum gate device is “ele2”, when the
first superconducting circuit and/or the second supercon-
ducting circuit is irradiated with an electromagnetic wave
having a difference frequency lw2-a2-wll, the device alter-
nately takes the two states “ele2” and “glf2”, where “f2”
means that the second superconducting circuit takes a sec-
ond excited state which is the second highest energy state
next to the first excited state, while w2-02 means a reso-
nance frequency resulting from a resonance between the
“f2” state and the “e2” state (in this case, this resonance
frequency is selected as the second resonance frequency
mentioned earlier). By temporarily changing “ele2” to
“g1f2” by this operation and then further continuing the
irradiation to return it to the original state, the state receives
a phase of 180 degrees and changes to “-ele2”. This type of
operation is called the “CZ gate”.

As described to this point, the quantum gate device
according to the present invention can be operated to func-
tion as one, two or all (three) of the three types of quantum
gates, i.e. the SWAP gate, iSWAP gate and CZ gate.

Conventional two-qubit gate devices (e.g., a device
including two transmons combined together) require more
than 100 nanoseconds for the transition from one energy
state to the other energy state. On the other hand, an
experiment using a quantum gate device according to the
present invention fabricated as will be described later has
demonstrated that the transition between two energy states
can be achieved with approximately 16 nanoseconds, which
is shorter than the conventionally required time. One reason
for the successful reduction of the period of time for the
transition between two energy states is that the inductance
energy U(¢) of the partial superconducting circuit has a
non-linear and low-order term of ¢*, which strengthens the
interaction between the first and second superconducting
circuits.

There is no specific limitation on the strength of the static
magnetic field as long as it is weaker than the weakest
magnetic field which can break the superconducting state of
the superconductors included in each Josephson device (the
first Josephson device and each second Josephson device) as
well as that of the superconductor used for the first line
included in the partial superconducting circuit. In practice,
the magnetic field should preferably have a strength that
generates, in the partial superconducting circuit, a flux equal
to or less than the flux quantum multiplied by 5, and more
preferably, a strength that generates, in the partial supercon-
ducting circuit, a flux equal to or less than the flux quantum
multiplied by 1.
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The superconductors respectively included in the first
Josephson device, each second Josephson device, first line,
second line and third line may be of the same kind, or of
different kinds. Similarly, the insulators used for the junction
in the first Josephson device and the junction in each second
Josephson device may also be of the same kind, or of
different kinds.

In the case where a device in which a junction having a
first thin film made of an insulator is sandwiched between
two superconductors is used as the first Josephson device
while a device in which a junction having a second thin film
made of the same insulator as the first thin film is sand-
wiched between two superconductors is used as each second
Josephson device, it is preferable that the value of the tunnel
resistance in the first Josephson device be greater than n
times the value of the tunnel resistance in each second
Josephson device. This makes the Josephson energy of each
second Josephson device greater than n times the Josephson
energy of the first Josephson device. The tunnel resistance
(R) is given by dividing the value (V) of a voltage applied
to the junction by the value (I) of the current which flows
across the junction (R=V/).

The electromagnetic wave irradiator may irradiate the
second superconducting circuit with the electromagnetic
wave in addition to the first superconducting circuit.

In general, in a quantum gate device configured to per-
form an operation as a quantum gate using two supercon-
ducting circuits, after an operation of the quantum gate has
been performed, an unwanted interaction called a “residual
interaction” possibly occurs between the electrons possessed
by one of the superconducting circuits and those possessed
by the other superconducting circuit, making it impossible to
maintain the state created by the operation of the quantum
gate. Accordingly, it is preferable for the quantum gate
device according to the present invention to further include:

a residual-interaction-cancelling electromagnetic wave
irradiator configured to irradiate the first superconducting
circuit with a residual-interaction-cancelling electromag-
netic wave which is an electromagnetic wave which inverts
the phase of a qubit; and

an irradiation coordinator configured to coordinate the
timing of irradiation by the electromagnetic wave irradiator
and the residual-interaction-cancelling electromagnetic
wave irradiator so that an irradiation with the electromag-
netic wave by the electromagnetic wave irradiator is per-
formed, and subsequently, an irradiation with the residual-
interaction-cancelling electromagnetic wave by the residual-
interaction-cancelling electromagnetic wave irradiator is
performed two times with a predetermined interval of time.

In the quantum gate device according to the present
invention which includes the residual-interaction-cancelling
electromagnetic wave irradiator and the irradiation coordi-
nator, after the first superconducting circuit has been irra-
diated with the electromagnetic wave having the difference
frequency by the electromagnetic wave irradiator to perform
an operation of the quantum gate, only one of the first and
second superconducting circuits is irradiated two times with
the residual-interaction-cancelling electromagnetic wave
which inverts the phase of the qubit. As a result of the first
irradiation with the residual-interaction-cancelling electro-
magnetic wave, the phase of the qubit is inverted in only one
of the first and second superconducting circuits irradiated
with the residual-interaction-cancelling electromagnetic
wave, whereby the residual interaction that occurs between
electrons possessed by the first superconducting circuit and
those possessed by the second superconducting circuit is
broken. Subsequently, the second irradiation with the
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residual-interaction-cancelling electromagnetic wave fur-
ther inverts the phase of the qubit in the superconducting
circuit irradiated with the residual-interaction-cancelling
electromagnetic wave, whereby the original state created by
the operation of the quantum gate is restored. By the
operations described to this point, the influence of the
residual interaction can be eliminated, and the state created
by the operation of the quantum gate can be maintained.

As an example of the residual-interaction-cancelling elec-
tromagnetic wave, a pulsed electromagnetic wave called a
“m pulse” or “180-degree pulse” can be used, which has
conventionally been used for a spin echo method in a
magnetic resonance measurement. In this case, the phase of
the qubit can be inverted by appropriately setting the pulse
width (duration) according to the frequency and amplitude
intensity of the pulsed electromagnetic wave.

There is no specific limitation on the predetermined
interval of time mentioned earlier. It can be optimized by
performing a preliminary experiment as will be described
later. There is also no specific limitation on the interval of
time between the irradiation with the electromagnetic wave
by the electromagnetic wave irradiator and the first irradia-
tion with the residual-interaction-cancelling electromagnetic
wave.

The residual-interaction-cancelling electromagnetic wave
irradiator may be the same device as the electromagnetic
wave irradiator. Since the electromagnetic wave irradiator
and the residual-interaction-cancelling electromagnetic
wave irradiator perform electromagnetic-wave irradiation
with different timings, it is possible to use the same device
as both the electromagnetic wave irradiator and the residual-
interaction-cancelling electromagnetic wave irradiator when
it is the first superconducting circuit that should be irradiated
with the residual-interaction-cancelling electromagnetic
wave. This makes the quantum gate device simpler in
configuration. Alternatively, the electromagnetic wave irra-
diator and the residual-interaction-cancelling electromag-
netic wave irradiator may be devices separate from each
other.

The residual-interaction-cancelling electromagnetic wave
irradiator may be configured to irradiate the second super-
conducting circuit with the residual-interaction-cancelling
electromagnetic wave in addition to the first superconduct-
ing circuit.

Advantageous Effects of Invention

The quantum gate device according to the present inven-
tion can make a high-speed transition between two energy
states, from one energy state to the other.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic configuration diagram showing the
first embodiment of the quantum gate device according to
the present invention.

FIG. 2A is a diagram showing a first Josephson device
included in the quantum gate device according to the first
embodiment.

FIG. 2B is a diagram showing a second Josephson device
included in the quantum gate device according to the first
embodiment.

FIG. 3 is a microphotograph showing an actually created
example of the quantum gate device according to the first
embodiment, and a partially enlarged view of the same
photograph.
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FIG. 4A is a diagram illustrating the transition of the
energy state in the quantum gate device according to the first
embodiment, the diagram showing a SWAP gate and iSWAP
gate.

FIG. 4B is a diagram illustrating the transition of the
energy state in the quantum gate device according to the first
embodiment, the diagram showing a CZ gate.

FIG. 5 is a graph showing the result of an experiment in
which the energy states of the first and second supercon-
ducting circuits irradiated with an electromagnetic wave of
a predetermined frequency for a predetermined period of
time were measured in the quantum gate device according to
the first embodiment.

FIG. 6 is a schematic configuration diagram showing the
second embodiment of the quantum gate device according to
the present invention.

FIG. 7 is a sequence diagram showing an operation of the
quantum gate device according to the second embodiment.

FIG. 8 is a sequence diagram showing an operation for a
preliminary experiment in the quantum gate device accord-
ing to the second embodiment.

FIG. 9A is a graph showing data acquired in an example
of the preliminary experiment for determining the time
interval T between two shots of residual-interaction-cancel-
ling electromagnetic wave in the quantum gate device
according to the second embodiment, with T fixed at a
specific value.

FIG. 9B is a graph showing an example of the final result
of the preliminary experiment for determining <.

FIG. 10 is a schematic configuration diagram showing
one example of an integrated quantum circuit in which a
plurality of quantum gate devices according to the first
embodiment are integrated.

FIG. 11A is a diagram showing a charge qubit which can
be used as the second superconducting circuit in a quantum
gate device according to a modified example.

FIG. 11B is a diagram showing a flux qubit which can be
used as the second superconducting circuit in a quantum
gate device according to a modified example.

FIG. 11C is a diagram showing a fluxonium which can be
used as the second superconducting circuit in a quantum
gate device according to a modified example.

DESCRIPTION OF EMBODIMENTS

Embodiments of the quantum gate device according to the
present invention are hereinafter described using FIGS. 1
through 11A-C.

(1) Configuration of Quantum Gate Device
According to First Embodiment of Present
Invention

FIG. 1 is a diagram showing a schematic of the configu-
ration of a quantum gate device 10 according to the first
embodiment of the present invention. This quantum gate
device 10 includes a first superconducting circuit 11, second
superconducting circuit 12, connector 13, magnetic field
applier 14, first electromagnetic wave irradiator 151, and
second electromagnetic wave irradiator 152. The first elec-
tromagnetic wave irradiator 151 in the first embodiment
corresponds to the “electromagnetic wave irradiator” in the
present invention. The second electromagnetic wave irra-
diator 152 is provided for testing the operation of the
quantum gate device 10.
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The first conducting circuit 11 includes a first Josephson
device 111, second Josephson device group 112, first capaci-
tor 114, and first line 115.

The first Josephson device 111 is a device in which a
junction having a first thin film 111J made of an insulator is
sandwiched between two superconductors 11151 and 11152
(FIG. 2A). The second Josephson device group 112 includes
n second Josephson devices 1121, 1122, . . ., 112 (where
n is an integer equal to or greater than two) connected in
series by a line 112[, made of a superconductor. Although
FIG. 1 shows an example with n=2, the value of n may be
any integer equal to or greater than three. Each second
Josephson device 112k (where k represents integers ranging
from 1 to n) is a device in which a junction having a second
thin film 112J made of the same kind of insulator as the first
thin film 1117J is sandwiched between two superconductors
11251 and 11282 (FIG. 2B). The thicknesses and areas of
the first and second thin films 111J and 1127 are designed so
that the value of the tunnel resistance in the first Josephson
device 111 becomes greater than n times the value of the
tunnel resistance in each second Josephson device 111%. By
this setting, the Josephson energy of each second Josephson
device 112% is made to be greater than n times the Josephson
energy of the first Josephson device 111.

The first Josephson device 111 and the second Josephson
device group 112 are connected in a ring-like form by the
first line 115, whereby a partial superconducting circuit 113
is formed. Furthermore, the partial superconducting circuit
113 and the first capacitor 114 are connected in parallel by
the first line 115.

The previously described configuration enables the first
superconducting circuit 11 to function as a resonance circuit.
The resonance frequency of the first superconducting circuit
11 is hereinafter called the “first resonance frequency w1”.
For example, the first resonance frequency wl approxi-
mately has a value of 2mx4 GHz to 2nx8 GHz.

The second superconducting circuit 12 used in the first
embodiment is a transmon. This second superconducting
circuit 12 is a circuit in which one Josephson device 121 and
one second capacitor 124 are connected in a ring-like form
by a second line 125 made of a superconductor. The second
superconducting circuit 12 is a resonance circuit, whose
resonance frequency is hereinafter called the “second reso-
nance frequency”. The second superconducting circuit 12
has two possible forms of resonance, i.e., a resonance
between the ground state g2 and the first excited state e2 as
well as a resonance between the first excited state e2 and the
second excited state f2. The resonance frequency in the
former resonance is denoted by w2, while the resonance
frequency in the latter resonance is denoted by w2-c.2. Each
of these resonance frequencies is hereinafter called the
“second resonance frequency”. For example, the second
resonance frequency w2 approximately has a value of 2xx4
GHz to 2nx8 GHz.

The connector 13, which connects the first and second
superconducting circuits 11 and 12, has a connector capaci-
tor 134 and a third line 135 made of a superconductor.

The magnetic field applier 14 is configured to apply a
static magnetic field to the partial superconducting circuit
113. There is no specific requirement concerning the mag-
nitude of the static magnetic field to be applied as long as it
is weaker than the weakest magnetic field which can break
the superconducting state of the superconductors 11151,
11182, 112S1 and 112S2 included in the first Josephson
device 111 and each second Josephson device 112% as well
as that of the superconductor included in the first line 115,
although the magnitude should preferably be as small as
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possible. For example, the magnetic field should preferably
have a strength a flux equal to or less than the flux quantum
multiplied by 5 that generates, in the partial superconducting
circuit 113, and more preferably, a strength that generates a
flux equal to or less than the flux quantum multiplied by 1
in the partial superconducting circuit 113. For example, a
preferable magnitude of the static magnetic field is approxi-
mately 10 pT.

The first electromagnetic wave irradiator 151 is config-
ured to select an electromagnetic wave which has one of the
two frequencies of lw2-wll and |w2-02-1wll, and to
irradiate the first superconducting circuit 11 with that elec-
tromagnetic wave. Although only a capacitor is shown as the
first electromagnetic wave irradiator 151 in FIG. 1, this
capacitor is connected to a microwave generator (not
shown). The microwave supplied from this microwave gen-
erator is transmitted (applied) to the first superconducting
circuit 11 via the capacitor.

In the first embodiment, the first electromagnetic wave
irradiator 151 additionally has the function of irradiating the
first superconducting circuit 11 with an electromagnetic
wave having the first resonance frequency @1 so as to
evaluate the quantum gate device 10. The second electro-
magnetic wave irradiator 152 has the function of irradiating
the second superconducting circuit 12 with an electromag-
netic wave having the second resonance frequency @2 so as
to evaluate the quantum gate device 10. These functions are
not essential functions in the quantum gate device according
to the present invention.

The quantum gate device 10 according to the first embodi-
ment further includes a first readout cavity 171 connected to
the first supercomputing circuit 11, and a second readout
cavity 172 connected to the second supercomputing circuit
12. Capacitors 161 and 162 are respectively provided
between the first superconducting circuit 11 and the first
readout cavity 171 as well as between the second supercon-
ducting circuit 12 and the second readout cavity 172.

In addition, the quantum gate device 10 has a cooling
system (not shown) for cooling the superconductors
included in the first superconducting circuit 11, second
superconducting circuit 12 and connector 13 to a tempera-
ture equal to or lower than the superconductive transition
temperature.

FIG. 3 shows an actually created example of the quantum
gate device according to the first embodiment by a micro-
photograph. It should be noted that the magnetic field applier
14 among the components of the quantum gate device 10 is
not shown in FIG. 3; it is located at a position separated from
the partial superconducting circuit 113 in a perpendicular
direction to the sheet of the drawing. In FIG. 3, the upper
section shows the entire quantum gate device 10, along with
the lower section which shows an enlarged view of the
portion surrounded by the broken line in the upper section.
The areas surrounded by the gray lines darker than the pale
gray of the background in FIG. 3 represent the areas where
the surface of the substrate made of silicon is exposed. The
pale gray areas are made of niobium, while the white areas
are made of aluminum. Niobium and aluminum are super-
conductors. Though not visible in this microphotograph,
aluminum oxide, or alumina, is used as the material of the
thin film made of an insulator included in each Josephson
device. It should be noted that the reference signs for the first
and second capacitors 114 and 124 are omitted in FIG. 3; the
first capacitor 114 is formed between the first line 115 and
the ground, while the second capacitor 124 is formed
between the second line 125 and the ground.
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The superconductors and insulator available in the present
invention are not limited to these examples; any appropriate
material can be used.

(2) Operation of Quantum Gate Device According
to First Embodiment

An operation of the quantum gate device 10 according to
the first embodiment is hereinafter described. Initially, the
quantum gate device 10 is cooled to a temperature equal to
or lower than the superconductive transition temperature by
the cooling system, and the static magnetic field is applied
from the magnetic field applier 14 to the partial supercon-
ducting circuit 113.

In the case of the SWAP gate, when the energy state of the
first superconducting circuit 11 is el and that of the second
superconducting circuit 12 is g2 (these states are denoted by
“elg2”), or when the energy state of the first superconduct-
ing circuit 11 is gl and that of the second superconducting
circuit 12 is e2 (“gle2”), an electromagnetic wave having a
difference frequency lw2-wll is transmitted from the first
electromagnetic wave irradiator 151 to the first supercon-
ducting circuit 11. The resonance frequency is thereby
modulated, causing the first and second superconducting
circuits 11 and 12 to interact with each other, so that the
combination of the energy states of the two superconducting
circuits alternates between the two states elg2 and gle2 with
a predetermined period. Therefore, by performing the irra-
diation with the electromagnetic wave having a difference
frequency |lw2-wll for a half-integral multiple of that
period, the device can be changed from one of the two states
gle2 and elg2 to the other. This type of operation corre-
sponds to the SWAP gate.

FIG. 5 shows the result of an experiment in which the
energy states of the first and second superconducting circuits
11 and 12 in the quantum gate device 10 shown in FIG. 3
were measured after the electromagnetic wave having a
difference frequency lw2-mw1l was transmitted from the first
electromagnetic wave irradiator 151 for a predetermined
irradiation period, with the irradiation period gradually
varied. In the experiment, in order to initially create the state
of elg2 or gle2, the first superconducting circuit 11 was
irradiated with an electromagnetic wave having the first
resonance frequency w1 from the first electromagnetic wave
irradiator 151, or the second superconducting circuit 12 was
irradiated with an electromagnetic wave having the second
resonance frequency w2 from the second electromagnetic
wave irradiator 152, and the irradiation with the electromag-
netic wave having a difference frequency lw2-wll was
subsequently performed. In FIG. 5, the circuit is in the
ground state (gl or g2) within the area where the ordinate
value is negative, while the circuit is in the first excited state
(el or e2) within the area where the ordinate value is
positive. The experimental result shows that, when one of
the first and second superconducting circuits 11 and 12 is in
the ground state, the other circuit is in the first excited state.
In other words, the energy state of this quantum gate device
10 changes so that it alternates between the two states elg2
and gle2 during the irradiation with the electromagnetic
wave (FIG. 4A). With T denoting the period of this change
in energy state, the period of time T/2 required for a change
from one state to the other is approximately 16 nanoseconds
according to the experimental result shown in FIG. 5. In
general, conventional quantum gate devices employing
transmons or similar circuits require more than 100 nano-
seconds for a change between two states. By contrast, the
transition between the two states according to the first
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embodiment occurs with a shorter period of time (at higher
speeds) than in the conventional cases. It should be noted
that the depiction in FIGS. 4A and 4B (which will be
described later) assumes that the energy state gle2 is higher
than elg2, although the energy state elg2 can be higher than
gle2 depending on the configuration of the first and second
superconducting circuits 11 and 12.

In the quantum gate device 10 according to the first
embodiment, when the phase of the electromagnetic wave
transmitted to the first superconducting circuit 11 and/or the
second superconducting circuit 12 is changed by 90 degrees,
the ground state and the first excited state are exchanged
between the first and second superconducting circuits 11 and
12, and additionally, the phase is inverted in one of the first
and second superconducting circuits 11 and 12. That is to
say, the device can be operated as an iISWAP gate which
changes the state from gle2 to ielg2, or from elg2 to igle2.

The quantum gate device 10 according to the first embodi-
ment can also be operated as a CZ gate. In the case of the
CZ gate, an electromagnetic wave having a difference fre-
quency lw2-02-wll is transmitted from the first supercon-
ducting circuit 11 to the first electromagnetic wave irradiator
151 under the condition that the combination of the energy
states of the two superconducting circuits is ele2. This
makes the device alternately take the two states ele2 and
gl/2 (FIG. 4B), where 2 means that the second supercon-
ducting circuit 12 is in the second excited state. When the
state is changed from ele2 to glf2 by this operation and then
directly returned from glf2 to ele2, a phase is gained and the
state changes to —ele2. This type of operation corresponds
to the CZ gate.

Thus, three types of operations of the quantum gate, i.e.,
the SWAP gate, iISWAP gate and CZ gate, can be performed
by the quantum gate device 10 according to the first embodi-
ment.

An experiment for confirming the correctness of the gate
operation in the quantum gate device 10 shown in FIG. 3
was performed by a method called a random benchmark test,
with the device operated as each of the SWAP, iSWAP and
CZ gates. The results demonstrated that the operation of the
quantum gate was correctly performed with a probability of
99.3% for the SWAP gate, 99.2% for the iISWAP gate and
99.1% for the CZ gate. That is to say, the error occurrence
rate in these types of quantum gate operation is reduced to
less than 1%. When the quantum gate device 10 with the
error occurrence rate thus reduced is implemented in a
quantum computer, the device can be satisfactorily operated
with the help of an error correction mechanism. Further-
more, the reduction in the amount of processing for the
correction improves the performance of the quantum com-
puter.

It should be noted that, in the previous descriptions of the
quantum gate device 10 according to the first embodiment,
the residual interaction which occurs between the electrons
possessed by the first superconducting circuit 11 and those
possessed by the second superconducting circuit 12 after the
operation as the SWAP gate, iSWAP gate or CZ gate has
been disregarded on the assumption that this interaction is
adequately weak.

(3) Quantum Gate Device According to Second
Embodiment of Present Invention

FIG. 6 is a diagram showing a schematic of the configu-
ration of a quantum gate device 20 according to the second
embodiment of the present invention. The configuration of
this quantum gate device 20 is identical to the quantum gate
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device 10 according to the first embodiment except that the
first electromagnetic wave irradiator (electromagnetic wave
irradiator) 151 is replaced by a residual-interaction-cancel-
ling electromagnetic wave irradiator 251 doubling as the
first electromagnetic wave irradiator (electromagnetic wave
irradiator) which will be described later, and that an irra-
diation coordinator 21 is added. Accordingly, the compo-
nents except for the residual-interaction-cancelling electro-
magnetic wave irradiator 251 doubling as the first
electromagnetic wave irradiator and the irradiation coordi-
nator 21 are identical in configuration to those of the
quantum gate device 10 according to the first embodiment,
and therefore, will not be described in detail.

The residual-interaction-cancelling electromagnetic wave
irradiator 251 doubling as the first electromagnetic wave
irradiator includes a microwave generator 2511 and a
capacitor 2512. The microwave generator 2511 generates an
electromagnetic wave (microwave) having one of the three
frequencies of lw2-wll, lw2-02-wll and ®l. In the
residual-interaction-cancelling electromagnetic wave irra-
diator 251 doubling as the first electromagnetic wave irra-
diator, the electromagnetic wave generated by the micro-
wave generator 2511 is transmitted (applied) to the first
superconducting circuit 11 through the capacitor 2512.
Among the three aforementioned frequencies, |w2-wl1l and
lw2-a2-w2! are used when the residual-interaction-cancel-
ling electromagnetic wave irradiator 251 doubling as the
first electromagnetic wave irradiator is made to function as
the electromagnetic wave irradiator described earlier, while
w1 is used when the residual-interaction-cancelling electro-
magnetic wave irradiator 251 doubling as the first electro-
magnetic wave irradiator is made to function as the residual-
interaction-cancelling electromagnetic wave irradiator
described earlier.

The irradiation coordinator 21 is configured to control the
timing of the electromagnetic-wave irradiation by the
residual-interaction-cancelling electromagnetic wave irra-
diator 251 doubling as the first electromagnetic wave irra-
diator. According to the operation of the irradiation coordi-
nator 21, the residual-interaction-cancelling electromagnetic
wave irradiator 251 doubling as the first electromagnetic
wave irradiator produces an electromagnetic wave having a
frequency of Iw2-wll or Iw2—-a2-wll when it functions as
the electromagnetic wave irradiator, or produces a residual-
interaction-cancelling electromagnetic wave having a fre-
quency of w1 two times at a predetermined interval of time
when it functions as the residual-interaction-cancelling elec-
tromagnetic wave irradiator. As an example of the residual-
interaction-cancelling electromagnetic wave, a pulsed elec-
tromagnetic wave having a pulse width corresponding to the
period of time for inverting the phase of the qubit in the first
superconducting circuit 11 (z pulse or 180-degree pulse) can
be used.

An operation of the quantum gate device 20 according to
the second embodiment is hereinafter described using FIG.
7. FIG. 7 shows operations which occur at each point in time
in the first and second superconducting circuits 11 and 12
with the passage of time from left to right. The quantum gate
device 20 performs an operation for cutting off the residual
interaction after the operation of the quantum gate, as will be
hereinafter described.

The operation of the quantum gate in the quantum gate
device 20 is identical to the operation in the quantum gate
device 10 according to the first embodiment regardless of
whether it is operated as a SWAP gate, iSWAP gate or CZ
gate. That is to say, the quantum gate device 20 is cooled to
a temperature equal to or lower than the superconductive
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transition temperature by the cooling system, and a static
magnetic field is applied from the magnetic field applier 14
to the partial superconducting circuit 113. Subsequently, an
electromagnetic wave having a predetermined difference
frequency is transmitted from the residual-interaction-can-
celling electromagnetic wave irradiator 251 doubling as the
first electromagnetic wave irradiator to the first supercon-
ducting circuit 11. The difference frequency is |w2-w1l for
the SWAP gate and iSWAP gate, and lw2-02-m1l for the
CZ gate. Consequently, the operation of the quantum gate
(reference sign “31” in FIG. 7) occurs in the first and second
superconducting circuits 11 and 12, as in the first embodi-
ment.

After a first predetermined period of time t, has passed
since the operation of the quantum gate, a first residual-
interaction-cancelling electromagnetic wave 32 having a
frequency of w1 is transmitted from the residual-interaction-
cancelling electromagnetic wave irradiator 251 doubling as
the first electromagnetic wave irradiator to the first super-
conducting circuit 11, whereby the phase of the qubit in the
first superconducting circuit 11 is inverted, and the residual
interaction with the second superconducting circuit 12 is
broken. Subsequently, after a second predetermined period
of time T has passed since the transmission of the first
residual-interaction-cancelling electromagnetic wave 32, a
second residual-interaction-cancelling  electromagnetic
wave 33 having a frequency of w1 is transmitted to the first
superconducting circuit 11, whereby the phase of the qubit
in the first superconducting circuit 11 is returned to its
original state. By the operations described to this point, the
residual interaction can be broken after the operation of the
quantum gate has been performed.

There is no specific requirement concerning the length of
the first predetermined period of time t,. There is also no
specific requirement concerning the length of the second
predetermined period of time T, although it is preferable to
determine it by performing a preliminary experiment, as will
be hereinafter described.

An example of the preliminary experiment for determin-
ing the second predetermined period of time T is hereinafter
described using FIGS. 8 and 9. In the preliminary experi-
ment according to this example, an electromagnetic wave 34
(see FIG. 8) which has a frequency of w2 and is tuned to
change the phase of the qubit in the second superconducting
circuit 12 by 90 degrees is transmitted from the second
electromagnetic wave irradiator 152 to the second super-
conducting circuit 12. As this electromagnetic wave 34, a
pulsed electromagnetic wave which is generally called a
“m/2 pulse” or “90-degree pulse” and has conventionally
been used for a spin echo method in a magnetic resonance
measurement can be used. After the transmission of the
electromagnetic wave 34, the operation 31 of the quantum
gate is performed. There is no requirement concerning the
length of time between the transmission of the electromag-
netic wave 34 and the operation 31 of the quantum gate.
Subsequently, after the first predetermined period of time t,
(in the present case, this period is assumed to be “t/2”") has
passed since the operation 31 of the quantum gate, the first
residual-interaction-cancelling electromagnetic wave 32 is
transmitted. However, no second residual-interaction-can-
celling electromagnetic wave 33 is subsequently transmit-
ted. Instead, after the period of time T+t/2 has passed since
the transmission of the first residual-interaction-cancelling
electromagnetic wave 32, an electromagnetic wave (e.g., w2
pulse) 35 which has a frequency of w2 and tuned to change
the phase of the qubit in the second superconducting circuit
12 is transmitted from the second electromagnetic wave
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irradiator 152 to the second superconducting circuit 12.
After the transmission of the electromagnetic wave 35, a
measurement 36 of the output signal of the capacitor 162 is
performed. The measurement described thus far is herein-
after called the “first preliminary experiment”. The first
preliminary experiment is performed for various values of t
and T.

Along with the first preliminary experiment, a second
preliminary experiment is performed. In the second prelimi-
nary experiment, initially, an electromagnetic wave (e.g.,
pulse) 37 which inverts the phase of the qubit in the first
superconducting circuit 11 is transmitted from the residual-
interaction-cancelling electromagnetic wave irradiator 251
doubling as the first electromagnetic wave irradiator to the
first superconducting circuit 11 (as indicated by the broken
line in FIG. 8). Subsequently, the operations from the
transmission of the electromagnetic wave 34 to the mea-
surement 36 of the output signal of the capacitor 162 are
performed in a similar manner to the first preliminary
experiment. There is no requirement concerning the length
of time between the transmission of the electromagnetic
wave 37 and that of the electromagnetic wave 34. The
second preliminary experiment is performed for various
values oft and .

FIG. 9A shows the results of the first and second prelimi-
nary experiments performed for various values of t, with ©
fixed at a specific value. The gate operation was performed
for 34 nanoseconds in these preliminary experiments. The
set of data with the annotation “without irradiation with
electromagnetic wave 37” in FIG. 9A are data obtained
through the first preliminary experiment, while the set of
data with the annotation “with irradiation with electromag-
netic wave 37” are data obtained through the second pre-
liminary experiment. In both sets of data, the output value
shows a sinusoidal change with the changing value of t.
However, a phase difference 0, occurs between the two sets
of data.

By determining this phase difference 6, for each of the
various values of T, a function expressing 0, with T as the
variable can be obtained, as shown in FIG. 9B. FIG. 9B
shows two negatively sloped solid lines, of which the left
one is the function of 6 in the case where the operation of
a SWAP gate was performed, while the right one corre-
sponds to the function of 8, in the case where the operation
of a CZ gate was performed. The negatively sloped broken
line in FIG. 9B is the function of 0, with no operation of the
quantum gate. For these three functions, the values of 0,
with the SWAP-gate operation and those with no quantum-
gate operation are indicated on the left-side vertical axis,
while the values of 6; with the CZ-gate operation are
indicated on the right-side vertical axis. Each value of T at
which 8,=0 or 180 degrees (t) in these functions is the
optimum value T, of T.

A random benchmark test for the quantum gate device 20
according to the second embodiment was performed, which
demonstrated that the operation of the quantum gate was
correctly performed with a probability of 97.3+£0.1% for the
SWAP gate, 97.2+0.1% for the iSWAP gate and 96.4+0.1%
for the CZ gate. These values are lower (the error occurrence
rates are higher) than in the first embodiment, which is most
likely due to the fact that a certain amount of time is required
for the operation of transmitting the residual-interaction-
cancelling electromagnetic wave two times after the opera-
tion of the quantum gate.
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(4) Example of Integrated Quantum Circuit in
which Quantum Gate Devices According to Present
Invention are Integrated

FIG. 10 shows an example of the integrated quantum
circuit in which a plurality of quantum gate devices 10
according to the first embodiment are integrated. This inte-
grated quantum circuit 50 consists of a plurality of quantum
gate devices 10 connected in a two-dimensional form (ma-
trix form), in which each pair of quantum gate devices 10
neighboring each other are connected via a capacitor 51.
Although the quantum gate devices 10 according to the first
embodiment are used in the present example, a plurality of
quantum gate devices 20 according to the second embodi-
ment can also be integrated to construct an integrated
quantum circuit.

(5) Modified Examples

The present invention is not limited to the previously
described embodiments. For example, although the second
superconducting circuit 12 which is a transmon is used in the
quantum gate devices 10 and 20 according to the first and
second embodiments, the second superconducting circuit 12
may be replaced by any of the second superconducting
circuits 12A, 12B and 12C shown in FIGS. 11A-11C. The
second superconducting circuit 12A shown in FIG. 11Ais a
so-called charge qubit, in which a Josephson device 121A
and a capacitor 124 A are connected in series by a second line
125A made of a superconductor. The second superconduct-
ing circuit 12B shown in FIG. 11B is a so-called flux qubit,
in which a plurality of (in the example of FIG. 11B, three)
Josephson devices 121B are connected in series, with each
Josephson device 121B having a capacitor 124B connected
in parallel. The components of the second superconducting
circuit 12B are connected by a second line 125B made of a
superconductor. The second superconducting circuit 12C
shown in FIG. 11C is a so-called fluxonium, in which a
Josephson device 121C, capacitor 124C and coil 126C are
connected in parallel by a second line 125C made of a
superconductor.

In the quantum gate device 20 according to the second
embodiment, in place of the residual-interaction-cancelling
electromagnetic wave irradiator 251 doubling as the first
electromagnetic wave irradiator, a first electromagnetic
wave irradiator (e.g., the same one as the first electromag-
netic wave irradiator 151 used in the quantum gate device 10
according to the first embodiment) and a residual-interac-
tion-cancelling electromagnetic wave irradiator may be
separately provided.

The electromagnetic wave irradiator (the first electromag-
netic wave irradiator 151) and/or the residual-interaction-
cancelling electromagnetic wave irradiator (the residual-
interaction-cancelling electromagnetic wave irradiator 251
doubling as the first electromagnetic wave irradiator, or a
residual-interaction-cancelling electromagnetic wave irra-
diator that does not double as the first electromagnetic wave
irradiator) may be configured to irradiate only the first
superconducting circuit with the electromagnetic wave, or to
irradiate the second superconducting circuit with the elec-
tromagnetic wave in addition to the first superconducting
circuit.

Furthermore, the configurations according to the embodi-
ments and modified examples described so far can be
combined. A plurality of quantum gate devices in which the
configurations according to those embodiments and modi-
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fied examples are combined may be integrated to construct
an integrated quantum circuit.

REFERENCE SIGNS LIST

10, 20 . . . Quantum Gate Device

11 . . . First Superconducting Circuit

111 . . . First Josephson Device

1117 . . . First Thin Film

112 . . . Second Josephson Device Group

1121, 1122 . . . Second Josephson Device

1127 . . . Second Thin Film

1121 . . . Line

113 . . . Partial Superconducting Circuit

114 . . . First Capacitor

115 . . . First Line

12, 12A, 12B, 12C . . . Second Superconducting Circuit
121, 121A, 121B, 121C . . . Josephson Device
124 . . . Second Capacitor

124A, 124B, 124C, 161, 162, 21 . . . Capacitor
125, 125A, 125B, 125C . . . Second Line

126C . . . Coil
13 . . . Connector
134 . . . Connector Capacitor

135 . . . Third Line

14 . . . Magnetic Field Applier

151 . . . First Electromagnetic Wave Irradiator (Electro-
magnetic Wave Irradiator)

152 . . . Second Electromagnetic Wave Irradiator

171 . . . First Readout Cavity

172 . . . Second Readout Cavity

21 . . . Irradiation Coordinator

251 . . . Residual-Interaction-Cancelling Flectromagnetic
Wave Irradiator Doubling as First Electromagnetic
Wave Irradiator (Electromagnetic Wave Irradiator)

2511 . . . Microwave Generator

2512 . . . Capacitor in Residual-Interaction-Cancelling

Electromagnetic Wave Irradiator Doubling as First

Electromagnetic Wave Irradiator

31 ... Operation of Quantum Gate

32 . .. First Residual-Interaction-Cancelling Electromag-
netic Wave

33 . . . Second Residual-Interaction-Cancelling Electro-
magnetic Wave

34, 35, 37 . . . Electromagnetic Wave in Preliminary
Experiment

36 . . . Measurement of Output Signal

50 . . . Integrated Quantum Circuit

51 . .. Capacitor

The invention claimed is:

1. A quantum gate device, comprising:

a) a first superconducting circuit configured to resonate at
a first resonance frequency, the first superconducting
circuit including:

a-1) a first Josephson device which is a single Joseph-
son device;

a-2) a second Josephson device group in which n
Josephson devices are connected in series by a line
made of a superconductor, where each of the n
Josephson devices has a Josephson energy greater
than n times a Josephson energy of the first Joseph-
son device;

a-3) a first capacitor; and

a-4) a first line made of a superconductor and config-
ured to form a partial superconducting circuit by
connecting the first Josephson device and the second
Josephson device group in a ring-like form, as well
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as to connect the partial superconducting circuit and
the first capacitor in parallel;

b) a second superconducting circuit configured to resonate
at a second resonance frequency, including at least one
Josephson device, a second capacitor, and a second line
made of a superconductor;

¢) a connector configured to connect the first supercon-
ducting circuit and the second superconducting circuit,
including a connector capacitor as well as a third line
made of a superconductor and connected to each of two
poles of the connector capacitor;

d) a magnetic field applier configured to apply a static
magnetic field to the partial superconducting circuit;
and

e) an electromagnetic wave irradiator configured to irra-
diate the first superconducting circuit with an electro-
magnetic wave having a difference frequency which is
equal to a difference between the first resonance fre-
quency and the second resonance frequency.

2. The quantum gate device according to claim 1, wherein
the second superconducting circuit is a transmon including
one Josephson device and one second capacitor connected
by the second line in a ring-like form.

3. An integrated quantum circuit, comprising a plurality of
quantum gate devices according to claim 2.

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

the first Josephson device is a device in which a junction
having a first thin film made of an insulator is sand-
wiched between two superconductors;

each of the Josephson devices constituting the second
Josephson device group is a device in which a junction
having a second thin film made of the same insulator as
the first thin film is sandwiched between two super-
conductors; and

a value of a tunnel resistance in the first Josephson device
is greater than n times a value of a tunnel resistance in
each of the Josephson devices constituting the second
Josephson device group.

5. An integrated quantum circuit, comprising a plurality of

quantum gate devices according to claim 4.

6. The quantum gate device according to claim 1, further
comprising:

a residual-interaction-cancelling electromagnetic wave
irradiator configured to irradiate the first superconduct-
ing circuit with a residual-interaction-cancelling elec-
tromagnetic wave which is an electromagnetic wave
which inverts a phase of a qubit; and

an irradiation coordinator configured to coordinate a
timing of irradiation by the electromagnetic wave irra-
diator and the residual-interaction-cancelling electro-
magnetic wave irradiator so that an irradiation with the
electromagnetic wave by the electromagnetic wave
irradiator is performed, and subsequently, an irradiation
with the residual-interaction-cancelling electromag-
netic wave by the residual-interaction-cancelling elec-
tromagnetic wave irradiator is performed two times
with a predetermined interval of time.

7. The quantum gate device according to claim 6, wherein
the residual-interaction-cancelling electromagnetic wave
irradiator is a same device as the electromagnetic wave
irradiator.

8. An integrated quantum circuit, comprising a plurality of
quantum gate devices according to claim 7.

9. An integrated quantum circuit, comprising a plurality of
quantum gate devices according to claim 6.
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10. An integrated quantum circuit, comprising a plurality
of quantum gate devices according to claim 1.
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