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MICROWAVE PHOTON CONTROL DEVICE,
MICROWAVE PHOTON TRANSMITTER,
MICROWAVE PHOTON RECEIVER,
MICROWAVE PHOTON REPEATER, AND
QUANTUM COMPUTER

TECHNICAL FIELD

The present mnvention relates to a microwave photon
control device, a microwave photon transmitter, a micro-
wave photon receiver, a microwave photon repeater, and a
quantum computer.

BACKGROUND ART

There has been proposed a method of forming a quantum
network by connecting chips on which qubits are imple-
mented, using the propagation of microwave photons (pho-
tons having energy 1n a microwave region with a wavelength
of several centimeters) (e.g., refer to Non Patent Literatures

1 and 2).
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SUMMARY OF INVENTION

Technical Problem

By implementing qubits onto a chip in an integrated
manner, a macroscopic quantum circuit can be formed.
Nevertheless, the number of qubits that can be implemented
on one chip has a limitation. In view of the foregoing, there
has been proposed a method of increasing the total number
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2

of qubits by forming a quantum network by connecting
chips 1 a quantum manner using the propagation ol micro-
wave photons. Hereinafter, microwave photons that carry
quantum information between qubits will be referred to as
“propagation microwave photons™. In this case, for example,
using a superposition state of a propagation microwave
single photon state and a vacuum state, quantum information
1s transmitted. At this time, for realizing a quantum network
with a complicated topology, 1t 1s necessary to control the
propagation direction of propagation microwave photons.
Circulators have been known as an example of a device for
implementing such direction control. Among the circulators,
circulators applicable to quantum networks include a ferrite
circulator and a superconducting circulator. Nevertheless,
such circulators have the following problems.

First of all, because a ferrite circulator uses a magnetic
field, 1t 1s diflicult to 1nstall the ferrite circulator 1n proximity
to a superconducting circuit used for superconducting
qubits. In addition, the ferrite circulator has large propaga-
tion loss and low performance. Furthermore, because the
territe circulator 1s large in physical size, the ferrite circu-
lator has low extensibility. In addition, the ferrite circulators
have a fixed propagation direction and cannot be controlled
to change 1t temporally. The ferrite circulator therefore has
a disadvantage of being hard to be used as a router.

On the other hand, because a superconducting circulator
uses a superconducting circuit, the superconducting circu-
lator 1s highly compatible with superconducting qubits.
Nevertheless, because the superconducting circulator
requires many microwave sources and microwave cables,
the superconducting circulator has such a problem that
adjustment 1s diflicult and extensibility 1s low. Furthermore,
because the superconducting circulator can execute a circu-
lating operation only within a line width of a resonator to be
used, a frequency band 1s narrow.

The present invention has been devised 1n view of such
problems, and the object of the present invention 1s to
provide a technology of controlling the propagation direc-
tion ol propagation microwave photons 1 a quantum net-
work without requiring a circulator.

Solution to Problem

For solving the above-described problems, a microwave
photon control device according to an aspect of the present
invention includes a first qubit and a second qubit that are
connected 1n parallel to a waveguide through which micro-
wave photons propagate, and a direct coupling between the
first qubit and the second qubit. An interval between the first
qubit and the second qubit 1s (Y4+n/2) times as long as a
wavelength of microwave photons (where n 1s an integer
equal to or larger than 0). A quantum entangled state is
formed between the first qubit and the second qubit. The
direct coupling cancels out a coupling via the waveguide
between the first qubit and the second qubit. By a phase of
the quantum entangled state between the first qubit and the
second qubit, and/or couplings between the first qubit and
the second qubit, and the waveguide being controlled, the
microwave photon control device operates while switching
between a first operation mode for emitting microwave
photons 1n one direction of the waveguide, a second opera-
tion mode for absorbing microwave photons that have
propagated from one direction of the waveguide, and a third
operation mode for letting through microwave photons that
have propagated from one direction of the waveguide, to
propagate.
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Another aspect of the present invention 1s a microwave
photon transmitter. The microwave photon transmitter
includes a first qubit and a second qubait that are connected
in parallel to a waveguide through which microwave pho-
tons propagate, and a direct coupling between the first qubit
and the second qubit. An mterval between the first qubit and
the second qubit 1s (V4+n/2) times as long as a wavelength
ol microwave photons (where n 1s an integer equal to or
larger than 0). A quantum entangled state 1s formed between
the first qubit and the second qubit. The direct coupling
cancels out a coupling via the waveguide between the first
qubit and the second qubit. By a phase of the quantum
entangled state between the first qubit and the second qubit,
and/or couplings between the first qubit and the second
qubit, and the waveguide being controlled, the microwave
photon transmitter emits microwave photons in one direc-
tion of the waveguide.

Yet another aspect of the present invention 1s a microwave
photon receiver. The microwave photon receiver includes a
first qubit and a second qubait that are connected in parallel
to a waveguide through which microwave photons propa-
gate, and a direct coupling between the first qubit and the
second qubit. An interval between the first qubit and the
second qubit 1s (V4+n/2) times as long as a wavelength of
microwave photons (where n 1s an iteger equal to or larger
than 0). The direct coupling cancels out a coupling via the
waveguide between the first qubit and the second qubit. By
bringing both the first qubit and the second qubit into a
ground state as an 1mtial state, the microwave photon
receiver absorbs microwave photons that have propagated
from one direction of the wavegude.

Yet another aspect of the present invention 1s a microwave
photon repeater. The microwave photon repeater includes a
first qubit and a second qubit that are connected in parallel
to a waveguide through which microwave photons propa-
gate, and a direct coupling between the first qubit and the
second qubit. An interval between the first qubit and the
second qubit 1s (V4+n/2) times as long as a wavelength of
microwave photons (where n 1s an integer equal to or larger
than 0). The direct coupling cancels out a coupling via the
waveguide between the first qubit and the second qubit. By
turning ofl relaxation from the first qubit and the second
qubit to the waveguide, the microwave photon repeater lets
through microwave photons that have propagated from one
direction of the waveguide, to propagate.

Yet another embodiment of the present invention 1s a
quantum computer. The quantum computer includes a plu-
rality of the above-described microwave photon control
devices that are arranged at ends of a quantum circuit
module on which a plurality of superconducting qubits are
implemented, and transmit and receive quantum states
between the quantum circuit modules.

In addition, any combination of the above-described
constituent elements, and an aspect obtained by converting
a wording 1n the present invention between an apparatus, a
method, a system, a recording medium, a computer program,
and the like are also eflective as an aspect of the present

invention.

Advantageous Eflects of Invention

According to the present invention, the propagation direc-
tion of propagation microwave photons 1 a quantum net-
work can be controlled without using a circulator.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic diagram 1llustrating an operation of
a circulator according to a comparative example.

10

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 2 1s a schematic diagram of a microwave photon
control device according to a first embodiment.

FIG. 3 1s a schematic diagram illustrating an operation of
the microwave photon control device in FIG. 2 1n a first
operation mode. A phase difference between a first qubit and
a second qubit 1s +m/2.

FIG. 4 1s a schematic diagram illustrating an operation of
the microwave photon control device 1n FIG. 2 1n the first
operation mode. A phase difference between the first qubait
and the second qubit 1s —m/2.

FIG. 5 1s a schematic diagram illustrating an operation of
the microwave photon control device in FIG. 2 1n a second
operation mode.

FIG. 6 1s a schematic diagram illustrating an operation of
the microwave photon control device 1n FIG. 2 1n the second
operation mode.

FIG. 7 1s a schematic diagram illustrating an operation of
the microwave photon control device in FIG. 2 1n a third
operation mode.

FIG. 8 1s a schematic diagram illustrating an operation of
the microwave photon control device in FIG. 2 in the third
operation mode.

FIG. 9 1s a schematic diagram of a microwave photon
control device according to a second embodiment.

FIG. 10 1llustrates a simulation result indicating a differ-
ence 1n photoemission that 1s attributed to the existence or
non-existence of a direct coupling between resonators when
the microwave photon control device 1n FIG. 2 operates in
the first operation mode.

FIG. 11 1s a schematic diagram of a quantum computer
according to a sixth embodiment.

DESCRIPTION OF EMBODIMENTS

Heremaftter, the description will be given on the basis of
preferred embodiments of the present invention with refer-
ence to the drawings. The embodiments are not intended to
limit the present invention and are exemplifications, and not
all features described 1n the embodiments and a combination
thereol are always essential to the present immvention. The
same or equivalent constituent elements, members, and
processes 1llustrated in the drawings are assigned the same
reference numerals, and the redundant description will be
appropriately omitted. In addition, scale sizes and shapes of
members 1llustrated 1n the drawings are set 1n an expedient
manner for simplifying the description, and are not to be
construed 1n a limited manner unless otherwise stated. In
addition, 1n a case where a term such as “first” or “second”
1s used 1n this specification and the appended claims, the
term does not indicate any order or importance degree unless
otherwise stated, and the term 1s used for merely distin-
guishing between a certain configuration and another con-
figuration. In addition, illustration of a part of members
ummportant in describing the embodiments 1s omitted in the
drawings.

Comparative Example: Circulator

Betfore describing a specific embodiment, a comparative
example will be described. FIG. 1 schematically illustrates
an operation ol a circulator according to a comparative
example. In this example, four chips C1, C2, C3, and C4 on
which qubits are implemented are connected using circula-
tors via waveguides G1, G2, G3, and G4, respectively, and
a quantum network 1s formed as a whole. Nevertheless, FIG.
1 illustrates a circulator 10 as one representative circulator
of a plurality of circulators. The circulator 10 includes three
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ports P1, P2, and P3. Qubits implemented on chips existing,
in remote areas are connected to the ports P1 and P3. A qubait
13 mmplemented on a chip existing i a local area 1s
connected to the port P2. The qubit 13 1s confined by a
resonator 12.

If a propagation microwave photon M1 propagating right-
ward through the waveguide enters the port P1 of the
circulator 10, the propagation microwave photon M1
changes the direction to a counterclockwise direction. After
that, the propagation microwave photon exits from the port
P2 of the circulator 10 as a propagation microwave photon
M2, and enters the qubit 13. At this time, the propagation
microwave photon M1 neither exists from the port P3 of the
circulator 10 rightward through the waveguide, nor exists
from the port P1 of the circulator 10 leftward through the
waveguide. In other words, 1n this case, all the propagation
microwave photons M1 that have propagated rightward and
entered the circulator 10 are absorbed by the qubit 13.

If a propagation microwave photon M3 exiting upward
from the qubit 13 enters the port P2 of the circulator 10, the
propagation microwave photon M3 changes the direction to
a counterclockwise direction. After that, the propagation
microwave photon exits rightward through the waveguide
from the port P3 of the circulator 10 as a propagation
microwave photon M4. At this time, the propagation micro-
wave photon M3 neither exits leftward from the port P1 of
the circulator 10, nor be reabsorbed by the qubit 13. In other
words, 1n this case, all the propagation microwave photons
M3 emitted from the qubit 13 exit rightward from the port
P3 of the circulator 10.

If a propagation microwave photon propagating leftward
through the waveguide enters the port P3 of the circulator
10, the propagation microwave photon continues to proceed
leftward within the circulator 10 (which 1s not 1llustrated for
preventing the drawing from becoming complicated). After
that, the propagation microwave photon exits leftward
through the waveguide from the port P1 of the circulator 10.
At this time, the propagation microwave photon neither be
absorbed by the qubit 13, nor exit rightward from the port P3
of the circulator 10. In other words, 1n this case, all propa-
gation microwave photons that have propagated leftward
and entered the circulator 10 pass through the circulator 10.

As described above, the circulator 10 controls the propa-

gation direction of propagation microwave photons to cir-
culate counterclockwise.

First Embodiment

FIG. 2 schematically illustrates a microwave photon
control device 1 according to the first embodiment. The
microwave photon control device 1 includes a first qubit 20,
a second qubit 22, a first resonator 30, a second resonator 32,
and a direct coupling 40 between the first resonator 30 and
the second resonator 32. The first qubit 20 1s connected to a
waveguide 90 via the first resonator 30. The second qubait 22
1s connected to the waveguide 90 via the second resonator
32. In other words, the first qubit 20 and the second qubit 22
are connected in parallel to the waveguide 90 via the first
resonator 30 and the second resonator 32, respectively. A
coupling between the first qubit 20 and the first resonator 30
1s variable. A coupling between the second qubit 22 and the
second resonator 32 1s variable. In this manner, in the first
embodiment, by making a coupling between each qubit and
a resonator variable, a relaxation rate of each qubit with
respect to the waveguide 90 can be controlled. An interval
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D between the first resonator 30 and the second resonator 32
1s (4+n/2) times as long as a wavelength A of microwave
photons.

In other words, the interval D 1s represented as follows:

(1),

where n 1s an integer equal to or larger than O (the same
applies to the following unless otherwise stated). A specific
upper limit 1s not provided on the value of n. Nevertheless,
the value of n 1s preferably as small as possible because the
influence of delay 1s exerted 1t the value of n becomes too
large. The direct coupling 40 1s formed between the first
resonator 30 and the second resonator 32.

The first qubit 20 and the second qubit 22 are supercon-
ducting qubits formed by superposition of a two-level sys-
tem of a ground state |g> and an excited state |e>. Here, a
state caused when the first qubit 1s 1n the excited state and
the second qubit 1s 1n the ground state 1s denoted by le,g>.
In addition, a state caused when the first qubit 1s 1n the
ground state and the second qubit 1s in the excited state 1s
denoted by |g.e>. Furthermore, a state caused when both the
first qubit and the second qubit are in the ground state is
denoted by |g,g>, and a state caused when both the first qubait
and the second qubit are in the excited state 1s denoted by
le,e>. A quantum entangled state 1s formed between the first
qubit 20 and the second qubit 22.

The quantum entangled state W> 1s represented as fol-
lows:

W>=(1V2) (le,g>+exp(ip) lg.e>) . . . (2), where @
denotes a phase difference of the quantum entangled state
between the first qubit 20 and the second qubit 22. The
quantum entangled state 1s realized by combining the execu-
tion of a C-NOT gate (e.g., refer to Non Patent Literature 3)
operation performed by emitting microwaves to the {first
qubit 20 and the second qubit 22 from an external micro-
wave transmitter 80, for example, and the execution of a
single qubit gate operation performed by emitting micro-
waves resonant with each qubit. Alternatively, the quantum
entangled state can also be formed by causing energy
exchange by bringing either one of the first qubit 20 and the
second qubit 22 mto the excited state, and resonating the
both qubaits. In addition, a phase difference of the quantum
entangled state can be controlled by emitting nonresonant
microwaves and modulating a resonant frequency of either
one of the qubits, for example.

By the direct coupling 40 formed between the first reso-
nator 30 and the second resonator 32, a coupling via the
waveguide 90 between the first qubit 20 and the second qubit
22 can be cancelled out. Heremafter, this point will be
described.

Generally, 11 two qubits are connected in parallel to a
waveguide, a coupling via the waveguide 1s generated
between the both qubits. Especially in a case where the
interval D between both qubits 1s (V4+n/2)*A as 1n the
present embodiment, at the coupling via the waveguide,
energy exchange interaction between both qubits becomes
dominant. By the energy exchange, the quantum entangled
state between both qubits 1s destroyed. If the quantum
entangled state 1s destroyed, the performance of a micro-
wave photon control device declines. It 1s accordingly
demanded to cancel out a coupling via a waveguide between
both qubits.

In the present embodiment, the first qubit 20 and the
second qubit 22 are connected 1n parallel to the wavegude
90 via the first resonator 30 and the second resonator 32,
respectively. In this case, a coupling via the waveguide 90
between the first qubit 20 and the second qubit 22 becomes

D=(Ya+1/2 %\
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a coupling via the waveguide 90 between the first resonator
30 and the second resonator 32. If a relaxation rate of the
first resonator 30 and the second resonator 32 with respect
to the waveguide 90 1s denoted by v, a coupling J via the
waveguide 90 between the first resonator 30 and the second
resonator 32 can be represented as follows:

J=y/2 (3).

Here, a relaxation rate of the first resonator 30 and the
second resonator 32 with respect to the waveguide 90 can be
made temporally constant. Accordingly, by forming the
direct coupling 40 between the first resonator 30 and the
second resonator 32 using a capacitive coupling, for
example, and setting the direct coupling 40 as -J (i.e., a
coupling having the same size as the coupling ] via the
waveguide 90 between the first resonator 30 and the second
resonator 32, and having an opposite sign), the coupling J
via the waveguide 90 between the first resonator 30 and the
second resonator 32 can be cancelled out. At this time, 1t
should be noted that the direct coupling 40 (-J) can also be
made temporally constant because the relaxation rate y of the
first resonator 30 and the second resonator 32 with respect
to the waveguide 90 1s temporally constant.

By the relaxation rate of the first qubit 20 and the second
qubit 22 being controlled, the microwave photon control
device 1 operates while switching between a first operation
mode, a second operation mode, and a third operation mode.
As an example of a control method of the relaxation rate of
qubits, there 1s a method of controlling the strength of a
coupling between a qubit and a resonator 1n accordance with
the intensity of microwaves emitted from the external micro-
wave transmitter 80, and controlling an effective relaxation
rate ol the qubit with respect to a waveguide via the
resonator (e.g., refer to Non Patent Literature 1). Hereinai-
ter, this point will be described.

FIGS. 3 and 4 each illustrate an operation of the micro-
wave photon control device 1 1n the first operation mode. In
the first operation mode, the microwave photon control
device 1 emits microwave photons 1n one direction of the
waveguide 90.

FIG. 3 illustrates an operation of the microwave photon
control device 1 that 1s performed when the phase difference
¢ of the quantum entangled state between the first qubit 20
and the second qubit 22 1s +m/2. By setting the phase
difference ¢ of the quantum entangled state to +m/2 or —m/2,
photons can be emitted 1n opposite directions 1n accordance
with the phase difference ¢. In the example illustrated in
FIG. 3, photons emitted from the microwave photon control
device 1 propagate only rightward through the waveguide
90. In other words, photons emitted from the microwave
photon control device 1 neither propagate leftward through
the waveguide 90, nor be reabsorbed by the first qubit 20 and
the second qubit 22.

FIG. 4 illustrates an operation of the microwave photon
control device 1 that 1s performed when the phase difference
¢ between the first qubit 20 and the second qubit 22 1s —t/2.
In the example illustrated 1n FIG. 4, photons emitted from
the microwave photon control device 1 propagate only
leftward through the waveguide 90 in contrast to FIG. 3. In
other words, photons emitted from the microwave photon
control device 1 neither propagate rightward through the
waveguide 90, nor be reabsorbed by the first qubit 20 and the
second qubit 22.

The microwave photon control device 1 emits microwave
photons only 1n one direction of the waveguide 90 in the first
operation mode because an 1nterval between the first qubit
20 and the second qubit 22 15 (Y4+4n/2) times as long as the
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wavelength of microwave photons. With this configuration,
in the example illustrated in FIG. 3, among photons emitted
from the first qubit 20 and the second qubit 22, photons
propagating leftward through the waveguide 90 disappear
due to interference. On the other hand, among photons
emitted from the first qubit 20 and the second qubit 22,
photons to be reabsorbed by the qubits (1.e., photons to be
allected by energy exchange interaction between both qubits
via the waveguide) disappear due to the direct coupling 40.
In this manner, only photons propagating rightward through
the waveguide 90 are fully emitted from the qubits to
propagate.

FIGS. 5 and 6 each illustrate an operation of the micro-
wave photon control device 1 1n the second operation mode.
In the second operation mode, the microwave photon control
device 1 absorbs microwave photons that have propagated
from one direction of the wavegmde 90. In the second
operation mode, the state |g,g> caused when both the first
qubit 20 and the second qubit 22 are 1n the ground state 1s
prepared as an 1itial state. With this configuration, photons
that have entered the microwave photon control device 1 are
absorbed by qubits. The qubits consequently enter the
excited state.

In the example illustrated in FIG. 5, the microwave
photon control device 1 absorbs all the photons that have
propagated leftward through the waveguide 90. In other
words, photons that have entered the microwave photon
control device 1 neither pass through the microwave photon
control device 1 to propagate leftward through the wave-
guide 90, nor be retlected by the microwave photon control
device 1 to propagate rightward through the waveguide 90.
If photons are absorbed, the phase difference @ of the
quantum entangled state between the first qubit 20 and the
second qubit 22 consequently becomes +m/2.

In the example illustrated in FIG. 6, the microwave
photon control device 1 absorbs all the photons that have
propagated rightward through the waveguide 90. In other
words, photons that have entered the microwave photon
control device 1 neither pass through the microwave photon
control device 1 to propagate rightward through the wave-
guide 90, nor be reflected by the microwave photon control
device 1 to propagate leftward through the waveguide 90. If
photons are absorbed, the phase difference ¢ of the quantum
entangled state between the first qubit 20 and the second
qubit 22 consequently becomes —m/2.

The microwave photon control device 1 absorbs all the
photons that have propagated 1n one direction of the wave-
guide 90 in the second operation mode because an interval
between the first qubit 20 and the second qubit 22 1s (V4+n/2)
times as long as the wavelength of microwave photons. With
this configuration, along with the absorption of photons,
photons emitted from the first qubit 20 and the second qubit
22 disappear due to interference, and photons that have
propagated from the waveguide 90 1n one direction are tully
absorbed.

FIGS. 7 and 8 each 1illustrate an operation of the micro-
wave photon control device 1 in the third operation mode. In
the third operation mode, the microwave photon control
device 1 lets through microwave photons that have propa-
gated from one direction of the waveguide 90, to propagate.
In the third operation mode, a coupling between the first
qubit 20 and second resonator 30, and a coupling between
the second qubit 22 and the second resonator 32 are both
turned oil as an 1nitial state. With this configuration, photons
tully pass through the microwave photon control device 1 to
propagate without being retlected or absorbed by the micro-
wave photon control device 1.
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In the example illustrated in FIG. 7, the microwave
photon control device 1 lets through all the photons that have
propagated leftward through the waveguide 90. In other
words, photons that have entered the microwave photon
control device 1 neither be absorbed by the first qubit 20 and
the second qubit 22, nor be retlected by the microwave
photon control device 1 to propagate rightward through the
waveguide 90.

In the example illustrated in FIG. 8, the microwave
photon control device 1 lets through all the photons that have
propagated rightward through the waveguide 90. In other
words, photons that have entered the microwave photon
control device 1 neither be absorbed by the first qubit 20 and
the second qubit 22, nor be retlected by the microwave

photon control device 1 to propagate leftward through the
waveguide 90.

The microwave photon control device 1 lets through all
the photons that have propagated 1n one direction through
the waveguide 90, to propagate in the third operation mode
because an interval between the first resonator 30 and the
second resonator 32 1s (V4+n/2) times as long as the wave-
length of microwave photons. With this configuration, along
with the propagation of photons, photons reflected by the
first resonator 30 and the second resonator 32 disappear due
to interference, and photons that have propagated from the
waveguide 90 1n one direction are fully passed through.

According to the present embodiment, the propagation
direction of propagation microwave photons 1n a quantum
network can be controlled without using a circulator. In
particular, because the direct coupling 40 can be made
temporally constant, the direct coupling 40 can be easily
realized without requiring particular temporal control. Fur-
thermore, because the microwave photon control device 1
can be used while switching between the first, second, and
third operation modes, the microwave photon control device
1 1s preferable as a router.

Second Embodiment

FIG. 9 schematically illustrates a microwave photon
control device 2 according to the second embodiment. The
microwave photon control device 2 includes a first qubait 20,
a second qubit 22, and a direct coupling 42 between the first
qubit 20 and the second qubit 22. The first qubit 20 and the
second qubit 22 are directly connected in parallel to a
waveguide 90. Similarly to the first embodiment, an interval
D between the first qubit 20 and the second qubit 22 1is
(Va+n/2) times as long as a wavelength A of microwave
photons. As 1llustrated 1n the drawing, the direct coupling 42
1s directly formed between the first qubit 20 and the second
qubit 22. Other configurations and operations of the micro-
wave photon control device 2 are similar to those of the
microwave photon control device 1.

Unlike the microwave photon control device 1, in the
microwave photon control device 2, the first qubit 20 and the
second qubit 22 are directly connected to the waveguide 90
not via resonators. In this case, a relaxation rate v of the first
qubit 20 and the second qubit 22 with respect to the
waveguide 90 temporally changes. In other words, the
relaxation rate v 1s represented as follows:

(4).

At this time, the control of the relaxation rate can be
executed by using inductance modulation of SQUID (a
superconducting quantum interference device), for example
(e.g., refer to Non Patent Literature 4).

Y=Y(?)
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Also 1n the present embodiment, a coupling via the
waveguide 90 1s generated between the first qubit 20 and the
second qubit 22. Because the interval D between the both
qubits 15 (Va+n/2)*A, at the coupling via the waveguide,
energy exchange between both qubits becomes dominant,
and the quantum entangled state between both qubits 1s
thereby destroyed. It 1s therefore demanded to cancel out a
coupling via a waveguide between both qubits.

Here, a coupling I via the waveguide 90 between the first
qubit 20 and the second qubit 22 1s temporally changing J(t),
and can be represented as follows:

TH=y(0)/2 (5).

In other words, by forming the direct coupling 42 between
the first qubit 20 and the second qubit 22, and temporally
changing the direct coupling 42 to become -J(t) (1.e., a
coupling having the same size as the coupling J via the
waveguide 90 between the first resonator 30 and the second
resonator 32, and having an opposite sign), the coupling J
via the waveguide 90 between the first qubit 20 and the
second qubit 22 can be cancelled out.

As a method of temporally controlling a direct coupling,
inductance modulation of the SQUID can be used (e.g., refer
to Non Patent Literature 5). Alternatively, by providing a
resonator for the direct coupling 42, and temporally chang-
ing the frequency of the resonator, the direct coupling 42 can
also be temporally controlled. Furthermore, the direct cou-
pling 42 may be formed using a capacitive coupling, and the
direct coupling 42 may be directly temporally controlled.

According to the present embodiment, the propagation
direction of propagation microwave photons 1n a quantum
network can be controlled without using a circulator as well.
As compared with the first embodiment, the number of
components can be reduced because resonators are not
required while it 1s necessary to temporally control the direct
coupling 42.

The microwave photon control devices according to the
first and second embodiments may further include a cou-
pling controller and a quantum entangled state generator.
The coupling controller controls a coupling between the first
qubit and the waveguide, and a coupling between the second
qubit 22 and the waveguide. The quantum entangled state
generator generates a quantum entangled state between the
first qubit and the second qubit. In this manner, by the
microwave photon control device including the coupling
controller and the quantum entangled state generator there-
inside, a design freedom degree can be increased.

Third Embodiment

A microwave photon transmitter according to the third
embodiment includes a first qubit and a second qubit that are
connected 1n parallel to a waveguide through which micro-
wave photons propagate, and a direct coupling between the
first qubit and the second qubit. An interval between the first
qubit and the second qubit 1s (Ya+n/2) times as long as the
wavelength of microwave photons. A quantum entangled
state 1s formed between the first qubit and the second qubit.
The above-described direct coupling cancels out a coupling
via the waveguide between the first qubit and the second
qubit, and by a relaxation rate of the first qubit and the
second qubit, and the phase of the quantum entangled state
being controlled, microwave photons are emitted in one
direction of the waveguide. In other words, the present
embodiment forms a microwave photon transmitter by
extracting the first operation mode from the microwave
photon control device of the second embodiment.
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According to the present embodiment, a microwave pho-
ton transmitter that emits microwave photons only in one
direction of a waveguide can be provided.

The microwave photon transmitter may further include a
first resonator and a second resonator. At this time, the first
qubit and the second qubit are connected to the waveguide
via the first resonator and the second resonator, respectively.
The direct coupling 1s formed between the first resonator and
the second resonator. The direct coupling 1s temporally
constant. The control of couplings between the first qubait
and the second qubit, and the waveguide 1s control of a
coupling between the first qubit and the first resonator, and
a coupling between the second qubit and the second reso-
nator.

Fourth Embodiment

A microwave photon receiver according to the fourth
embodiment includes a first qubit and a second qubit that are
connected 1n parallel to a waveguide through which micro-
wave photons propagate, and a direct coupling between the
first qubit and the second qubit. An interval between the first
qubit and the second qubit 1s (Ya+n/2) times as long as the
wavelength of microwave photons. A quantum entangled
state 1s formed between the first qubit and the second qubit.
The above-described direct coupling cancels out a coupling
via the waveguide between the first qubit and the second
qubit, and by a relaxation rate of the first qubit and the
second qubit, and the phase of the quantum entangled state
being controlled, microwave photons that have propagated
from one direction of the waveguide are absorbed. In other
words, the present embodiment forms a microwave photon
receiver by extracting the second operation mode from the
microwave photon control device of the second embodi-
ment.

According to the present embodiment, a microwave pho-
ton receiver that absorbs all photons that have propagated in
one direction through a waveguide can be provided.

The microwave photon recerver may further include a first
resonator and a second resonator. At this time, the first qubit
and the second qubit are connected to the waveguide via the
first resonator and the second resonator, respectively. The
direct coupling 1s formed between the first resonator and the
second resonator. The direct coupling 1s temporally constant.

Fifth Embodiment

A microwave photon repeater according to the fifth
embodiment includes a first qubit and a second qubit that are
connected 1n parallel to a waveguide through which micro-
wave photons propagate, and a direct coupling between the
first qubit and the second qubit. An interval between the first
qubit and the second qubit 1s (Ya+n/2) times as long as the
wavelength of microwave photons. A quantum entangled
state 1s formed between the first qubit and the second qubit.
The above-described direct coupling cancels out a coupling
via the waveguide between the first qubit and the second
qubit, and by a relaxation rate of the first qubit and the
second qubit, and the phase of the quantum entangled state
being controlled, photons that have propagated in one direc-
tion through the waveguide are all passed through to propa-
gate. In other words, the present embodiment forms a
microwave photon repeater by extracting the third operation
mode from the microwave photon control device of the
second embodiment.
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According to the present embodiment, photons that have
propagated 1n one direction through the waveguide can be
relayed without destroying the quantum entangled state of
the photons.

The microwave photon repeater may further include a first
resonator and a second resonator. At this time, the first qubit
and the second qubit are connected to the waveguide via the
first resonator and the second resonator, respectively. The
direct coupling 1s formed between the first resonator and the
second resonator. The direct coupling 1s temporally constant.

In the first embodiment, the control of a relaxation rate of
the first qubit and the second qubit, and a phase of the
quantum entangled state 1s performed using microwaves
transmitted from the external microwave transmitter. In
addition, in the second embodiment, the control of the
relaxation rate 1s performed using inductance modulation of
the SQUID. Nevertheless, the control 1s not limited to these
types of control, and these types of control may be per-
formed using any preferred method.

In the above-described embodiment, qubits are supercon-
ducting qubaits. Nevertheless, qubits are not limited to these,
and qubits may be any preferred qubits such as cooled 10n
qubits, for example.

In the above-described embodiment, the description has
been given of an example of using a propagation single
micro photon as a propagation microwave photon. Never-
theless, the propagation microwave photon 1s not limited to
this, and the propagation microwave photon may be a
superposition state of a vacuum state and a single micro-
wave photon state, or a superposition state of a time mul-
timode of a single microwave photon.

Next, a difference 1n photoemission between a case where
a direct coupling exists between resonators, and a case
where a direct coupling does not exist, in a case where a
microwave photon control device operates 1n the first opera-
tion mode 1s checked by simulation. FIG. 10 illustrates a
simulation result indicating a difference in photoemission
that 1s attributed to the existence or non-existence of the
direct coupling 40 between resonators when the microwave
photon control device 1 in FIG. 2 operates in the first
operation mode. At this time, the microwave photon control
device 1 1s adjusted 1n phase 1n such a manner as to emit
photons rightward through the waveguide 90.

An upper part of FIG. 10 illustrates time changes of qubait
populations of the first qubit 20 and the second qubit 22. A
lower part of FIG. 10 illustrates time changes of fluxes of
photons emitted from the first qubit 20 and the second qubit
22. In the upper part, the time change of the qubit 20 1s
indicated by Q1, and the time change of the qubit 22 1is
indicated by Q2. In addition, a time change caused 1n a case
where the direct coupling 40 exists 1s indicated by a solid
line, and a time change caused in a case where the direct
coupling 40 does not exist 1s indicated by a dotted line. More
specifically, 1n the upper part,

(Q1(c.ON) indicates the time change of the qubit 20 that
1s caused when the direct coupling 40 exists,

(Q2(c.ON) 1ndicates the time change of the qubit 22 that
1s caused when the direct coupling 40 exists,

Q1(c.OFF) 1ndicates the time change of the qubit 20 that
1s caused when the direct coupling 40 does not exist, and

Q2(c.OFF) 1ndicates the time change of the qubit 22 that
1s caused when the direct coupling 40 does not exist. In the
lower part, a subscript “L.”” denotes a photon emitted left-
ward, and a subscript “R” denotes a photon emitted right-
ward. More specifically, in the lower part,

PRideal(t) denotes the time change of a flux emitted
rightward under an 1deal condition,
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PL(t) (c.ON) denotes the time change of a flux emitted
leftward when the direct coupling 40 exists,

PR(t) (c.ON) denotes the time change of a flux emitted
rightward when the direct coupling 40 exists,

PL(t) (c.OFF) denotes the time change of a tlux emitted
leftward when the direct coupling 40 does not exist, and

PR(t) (c.OFF) denotes the time change of a flux emitted
rightward when the direct coupling 40 does not exist. A flux
emitted leftward under an ideal condition (flux correspond-
ing to PLideal(t)) 1s at O over the entire time slot, which 1s
not 1llustrated 1n the lower part.

As 1llustrated 1n the upper part, when the direct coupling
40 exists, populations of both the first qubit 20 and the
second qubit 22 change to 0% after photoemission from
50% obtained betfore photoemission. In other words, 1t can
be seen that, when the direct coupling 40 exists, photons are
tully emitted rightward through the waveguide 90. In con-
trast to this, when the direct coupling 40 does not exist, even
alter photoemission, several percentages of photons remain
in the first qubit 20, and about 20% photons remain in the
second qubit 22. In other words, it can be seen that, when the
direct coupling 40 does not exist, photons are not fully
emitted rghtward through the waveguide 90, and 20% or
more photons are emitted leftward.

As 1llustrated 1n the lower part, the wave shape of the time
change of a flux of a photon emitted from a qubit has skirts
spreading forward and rearward from a peak corresponding
to tkeflI=0. Under the 1deal condition, only fluxes PRideal(t)
emitted rightward exist over the entire time slot (about
tkefl=—10 to 10) 1n which photons are emitted. At this time,
the maximum value of the PRideal(t) 1s PRideal(0)=~0.25. In
contrast to this, a simulation result obtained when the direct
coupling 40 exists almost completely matches the result
obtained under the 1deal condition, over the entire time slot
(1.e., PR(t) (c.ON)=~PRideal(t), PL(t) (c.ON)=0). From this,
it can be seen that, 1n a case where the direct coupling 40
exists, such an ideal result that photons are emitted only 1n
one direction (rightward) 1s obtained. In contrast to this, the
wave shape of a simulation result obtained when the direct
coupling 40 does not exist has skirts spreading forward and

rearward from a peak corresponding to tkefl=0, for both of

the flux PR(t) (c.OFF) (1.e., the flux of the photon emitted
rightward) and the flux PL(t) (c.OFF) (i.e., the flux of the
photon emitted leftward). At this time, the maximum values
of the fluxes PR(t) (c.OFF) and PL(t) (c.OFF) are PR(0)
(c.OFF)=0.16 and PL(0) (c.OFF)=~0.04, respectively. In
other words, at tkefI=0, almost 80% photons are emitted
rightward and almost 20% photons are emitted leftward.
From this, 1t can be seen that, i1n a case where the direct
coupling 40 does not exist, about 20% photons are emitted
in the opposite direction to the orniginal direction.

From the above simulation result, 1t can be seen that, by
the direct coupling 40 existing between the first resonator 30
and the second resonator 32, a coupling via the waveguide
90 1s cancelled out, and photoemission in almost i1deal one
direction 1s realized.

Sixth Embodiment

FIG. 11 schematically illustrates a quantum computer 3
according to the sixth embodiment. The quantum computer
3 includes a plurality of microwave photon control devices
11 described above that are arranged at ends of a quantum
circuit module 60 on which a plurality of superconducting
qubits 50 are implemented, and transmit and receive quan-
tum states between the quantum circuit modules 60.
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The writing of the quantum state into superconducting
qubits and readout of the quantum state from superconduct-
ing qubits are performed by emitting microwaves to super-
conducting qubits. Thus, about two to four cables are
required for each qubit. Furthermore, because the quantum
computer 3 1s operated under extremely-low temperature, a
circuit on which superconducting qubits are implemented
needs to be stored into a freezing machine. Accordingly, 1t
1s physically diflicult to implement a large number of qubits
onto one substrate. In other words, 1t 1s not easy to realize a
large-scale quantum computer using one substrate. In view
of this, 1t 1s considered to realize a quantum computer using
a network formed by dividing superconducting qubits
required for realizing a quantum computer, for each module
of about several tens of bits, forming quantum circuit
modules including substrates on which the superconducting
qubits are implemented, and then connecting these quantum
circuit modules 1 a quantum manner. At this time, 1f a
circulator or the like 1s used for quantum connection
between quantum circuit modules, the problem of upsizing
of the device arises. In view of the foregoing, 1n the present
embodiment, quantum circuit modules are connected in a
quantum manner by implementing a plurality of microwave
control devices (pairs of superconducting qubits) described
above, at the ends of quantum circuit modules. With this
configuration, 1t becomes possible to easily transmit a quan-
tum state generated 1n a quantum circuit module, to another
quantum circuit module as a microwave photon, and receive
a quantum state in turn. In this manner, according to the
present embodiment, a quantum computer can be effectively
formed.

The present invention has been described above based on
the embodiments. These embodiments are examples, and the
one skilled 1n the art understands that various modifications
can be made on combinations of constituent elements and
processing processes ol these, and such modifications are
included in the scope of the present invention.

INDUSTRIAL APPLICABILITY

The present invention can be used 1n a microwave photon
control device, a microwave photon transmitter, a micro-
wave photon recerver, and a microwave photon repeater.

REFERENCE SIGNS LIST

1 microwave photon control device, 2 microwave photon
control device, 3 quantum computer, 11 microwave photon
control device, 20 first qubit, 22 second qubit, 30 first
resonator, 32 second resonator, 40 direct coupling, 50 super-
conducting qubait, 60 quantum circuit module, 80 microwave
transmitter, 90 waveguide

The mmvention claimed 1s:

1. A microwave photon control device comprising:

a first qubit and a second qubit that are connected in
parallel to a waveguide through which microwave
photons propagate, and a direct coupling between the
first qubit and the second qubit,

wherein an interval between the first qubit and the second
qubit 1s Y4+n/2 times as long as a wavelength of
microwave photons where n 1s an iteger equal to or
larger than O,

wherein a quantum entangled state 1s formed between the
first qubit and the second qubiut,

wherein the direct coupling cancels out a coupling via the
waveguide between the first qubit and the second qubit,
and
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wherein, by a phase of the quantum entangled state
between the first qubit and the second qubit, and/or
couplings between the first qubit and the second qubit,
and the waveguide being controlled,

the microwave photon control device operates while
switching between

a first operation mode for emitting microwave photons in
one direction of the waveguide,

a second operation mode for absorbing microwave pho-
tons that have propagated from one direction of the
waveguide, and

a third operation mode for letting through microwave
photons that have propagated from one direction of the
waveguide, to propagate.

2. The microwave photon control device according to

claim 1, further comprising:

a first resonator and a second resonator,

wherein the first qubit and the second qubit are connected
to the waveguide via the first resonator and the second
resonator, respectively,

wherein the direct coupling 1s formed between the first

resonator and the second resonator,
wherein the direct coupling 1s temporally constant, and
wherein control of couplings between the first qubit and

the second qubait, and the wavegwde 1s

control of a coupling between the first qubit and the first
resonator, and a coupling between the second qubit and
the second resonator.

3. The microwave photon control device according to

claim 1, further comprising:

a coupling controller and a quantum entangled state
generator,

wherein the coupling controller controls a coupling
between the first qubit and the waveguide, and a
coupling between the second qubit and the waveguide,
and

wherein the quantum entangled state generator generates
a quantum entangled state between the first qubit and
the second qubiat.

4. The microwave photon control device according to
claim 1, wherein control of a relaxation rate of the first qubait
and the second qubait, and a phase of the quantum entangled
state 1s performed using recerved microwaves.

5. The microwave photon control device according to
claam 1, wherein the first qubit and the second qubit are
superconducting qubits.

6. A quantum computer comprising:

a plurality of microwave photon control devices accord-
ing to claim 1 that are arranged at ends of a quantum
circuit module on which a plurality of superconducting
qubits 1s 1implemented,

wherein the microwave photon control devices transmit
and receive quantum states between the quantum cir-
cuit modules.

7. A microwave photon transmitter comprising:

a first qubit and a second qubit that are connected in
parallel to a waveguide through which microwave
photons propagate, and a direct coupling between the
first qubit and the second qubit,

wherein an interval between the first qubit and the second
qubit 1s Y4+n/2 times as long as a wavelength of
microwave photons where n 1s an integer equal to or

larger than O,
wherein a quantum entangled state 1s formed between the
first qubit and the second qubit,
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wherein the direct coupling cancels out a coupling via the
waveguide between the first qubit and the second qubit,
and

wherein, by a phase of the quantum entangled state
between the first qubit and the second qubit, and/or
couplings between the first qubit and the second qubit,
and the waveguide being controlled, the microwave
photon transmitter emits microwave photons in one
direction of the waveguide.

8. The microwave photon transmitter according to claim

7, Turther comprising:

a first resonator and a second resonator,

wherein the first qubit and the second qubit are connected
to the waveguide via the first resonator and the second
resonator, respectively,

wherein the direct coupling 1s formed between the first

resonator and the second resonator,

wherein the direct coupling 1s temporally constant, and
wherein control of couplings between the first qubit and
the second qubit, and the waveguide 1s

control of a coupling between the first qubit and the first
resonator, and a coupling between the second qubit and
the second resonator.

9. A microwave photon receiver comprising;:

a first qubit and a second qubit that are connected 1n
parallel to a waveguide through which microwave
photons propagate, and a direct coupling between the
first qubit and the second qubit,

wherein an 1nterval between the first qubit and the second
qubit 1s Y4+n/2 times as long as a wavelength of
microwave photons (where n 1s an integer equal to or
larger than O,

wherein the direct coupling cancels out a coupling via the
waveguide between the first qubit and the second qubit,
and

wherein, by bringing both the first qubit and the second
qubit 1nto a ground state as an 1nitial state, the micro-
wave photon recerver absorbs microwave photons that
have propagated from one direction of the waveguide.

10. The microwave photon receiver according to claim 9,

further comprising:

a first resonator and a second resonator,

wherein the first qubit and the second qubit are connected
to the waveguide via the first resonator and the second
resonator, respectively,

wherein the direct coupling 1s formed between the first
resonator and the second resonator, and

wherein the direct coupling 1s temporally constant.

11. A microwave photon repeater comprising:

a first qubit and a second qubit that are connected in
parallel to a waveguide through which microwave
photons propagate, and a direct coupling between the
first qubit and the second qubint,

wherein an 1nterval between the first qubit and the second
qubit 1s Y4+n/2 times as long as a wavelength of
microwave photons (where n 1s an nteger equal to or
larger than O,

wherein the direct coupling cancels out a coupling via the
waveguide between the first qubit and the second qubit,
and

wherein, by turming off relaxation from the first qubit and
the second qubit to the waveguide, the microwave
photon repeater lets through microwave photons that
have propagated from one direction of the waveguide,
to propagate.

12. The microwave photon repeater according to claim 11,

further comprising:
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a first resonator and a second resonator,
wherein the first qubit and the second qubit are connected

to the waveguide via the first resonator and the second

resonator, respectively,
wherein the direct coupling 1s formed between the first 5

resonator and the second resonator, and
wherein the direct coupling 1s temporally constant.
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