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1
NONLINEAR MICROWAVE FILTER

CROSS-REFERENCE TO RELATED PATENT
APPLICATION

This application claims priority to Japanese Patent Appli-

cation No. 2018-219739, filed Nov. 22, 2018, the content of
which 1s incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a nonlinear microwave

filter.

BACKGROUND OF THE INVENTION

Research and development for a technology related to a
quantum computer are being performed. In the technology
related to the quantum computer, a method for performing a
two-qubit gate operation 1n the quantum computer using a

superconducting qubit 1s known (refer to Patent Documents
1 and 2).

CITATION LIST

Patent Documents

Patent Document 1: U.S. Pat. No. 7,613,765.
Patent Document 2: U.S. Patent Application Publication No.
2016/0380636.

SUMMARY OF THE INVENTION

Technical Problem

In order to control a superconducting qubit (hereinaftter,
simply referred to as a qubait), the qubit 1s coupled to a
waveguide and a microwave pulse 1s 1rradiated from the
waveguide. However, the coupling to the waveguide causes
radiation relaxation of the qubit and shortens the lifetime of
the qubat.

In the related art, a coupling between the qubit and the
waveguide has been reduced 1n order to suppress radiation
relaxation. However, a method for reduced coupling also
reduces an interaction between a control pulse and the qubat,
so that there 1s a drawback 1n that the time required for a gate
operation (gate time) becomes long. Another method 1s to
interpose a Irequency filter, but the control pulse 1s also
weakened by the frequency filter 1n the method to interpose
a Irequency filter, so that the gate time also becomes long.
It 1s concervable to increase a control pulse intensity to
increase a gate velocity. However, when the control pulse
intensity 1s increased and the number of qubits increases, a
thermal load on a refrigerator increases.

An object of the present invention 1s to provide a non-
linear microwave filter 1n which 1t 1s possible to suppress a
long operation time of the qubit and to suppress a short
lifetime of the qubit at the same time.

Solution to Problem

In order to achieve the alorementioned objects, according,
to an aspect of the present invention, a nonlinear microwave
filter 1s provided, including: a qubit that 1s formed on a
circuit substrate on which a target qubit, which 1s a qubait to
be controlled 1n a superconducting quantum circuit, 1s
tormed, and that 1s coupled to a control waveguide to which
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the target qubit 1s coupled, 1n which a distance to a wave-
guide end of the control waveguide 1s within a predeter-
mined range from a half-integer multiple of a resonance
wavelength, the qubit has a resonant frequency the deviation
of which from a resonant frequency of the target qubit 1s
within a predetermined range, and a coupling between the
qubit and the control waveguide 1s stronger by a predeter-
mined value than a coupling between the target qubit and the
control waveguide.

Further, according to the aspect of the present invention,
in the nonlinear microwave filter, the target qubit 1s posi-
tioned at the waveguide end.

Further, according to the aspect of the present invention,
the nonlinear microwave filter 1s the qubit formed on a back
surface of a substrate surface on which the target qubit 1s
formed in substrate surfaces of the circuit substrate.

tects of the Invention

Advantageous E

According to the present invention, it 1s possible to
suppress a long operation time of the qubit and to suppress
a short lifetime of the qubit at the same time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram showing an example of a method for
controlling a target qubit according to an embodiment of the
present 1vention.

FIG. 2 1s a diagram showing an example of a relationship
between the presence/absence of a nonlinear microwave
filter and decay of a target qubit according to the embodi-
ment of the present invention.

FIG. 3 1s a diagram showing an example of the relation-
ship between the presence/absence of the nonlinear micro-
wave filter and Rabi oscillation of the target qubit according
to the embodiment of the present mnvention.

FIG. 4 1s a diagram showing an example of equivalent
circuits of the target qubit and the nonlinear microwave filter
when the target qubit according to the embodiment of the
present invention 1s placed at an end of a semi-infinite
waveguide.

FIG. 5 1s a diagram showing an example of equivalent
circuits of the target qubit and the nonlinear microwave filter
when the target qubit according to the embodiment of the
present mnvention 1s not placed at the end of the semi-infinite
waveguide.

FIG. 6 1s a diagram showing an example of a supercon-
ducting quantum circuit according to the embodiment of the
present 1nvention.

FIG. 7 1s a diagram showing an example of a relationship
between a position where the nonlinear microwave filter
according to the embodiment of the present invention 1s
provided and the decay of the target qubait.

FIG. 8 1s a diagram showing an example of a relationship
between detuning and the decay of the target qubit according
to the embodiment of the present invention.

FIG. 9 15 a diagram showing an example of a relationship
between the detuning and a decay rate according to the
embodiment of the present invention.

FIG. 10 1s a diagram showing an example of a cross-
sectional view of a superconducting quantum circuit accord-
ing a modification example of the embodiment of the present
invention.

FIG. 11 1s a diagram showing an example of the target
qubit and a ground pattern on an upper surface of a circuit
substrate according to the modification example of the
embodiment of the present invention.
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FIG. 12 15 a diagram showing an example of the nonlinear
microwave filter and the ground pattern on a lower surface
of the circuit substrate according to the modification
example of the embodiment of the present invention.

FI1G. 13 1s a diagram showing a first modification example
ol installation locations of the nonlinear microwave filter
and the ground pattern on the lower surface of the circuit
substrate according to the modification example of the
embodiment of the present invention.

FIG. 14 1s a diagram showing a second modification
example of the installation location of the nonlinear micro-
wave filter and the ground pattern on the lower surface of the
circuit substrate according to the modification example of
the embodiment of the present invention.

FIG. 15 1s a diagram showing an example of a method for
controlling a target qubit according to the related art.

DESCRIPTION OF EMBODIMENTS OF THE
INVENTION

Embodiment

Hereinafter, an embodiment of the present invention will
be described 1n detail with reference to the accompanying

drawings.
Control of Qubit

Before explaining a method for controlling a target qubit
Q1 of the present embodiment, a method for controlling a

target qubit according to the related art will be described
with reference to FIG. 15.

FIG. 15 1s a diagram showing an example of the method
for controlling a target qubit according to the related art. A
semi-1nfinite waveguide WG 1s provided on a circuit sub-
strate. A target qubit Q1 1s controlled by a control microwave
CP propagating through the semi-infinite waveguide WG.
Here, a coupling between the target qubit Q1 and the
semi-1nfinite waveguide WG 1s referred to as a coupling v, .

The coupling v, has two meanings. First, the coupling v,
represents a magnitude of a decay rate of the target qubit Q1.
Second, the coupling v, represents a magnitude of a coupling
between the target qubit Q1 and the control microwave CP.
The equation of motion for quantum coherence of the target
qubit Q1 1s represented by Equation (1).

d |
E<G'1>=—’Jf’1<ﬂ'1>—f(1—Q(Er?;ffl))vz}’l E(1) )

The first term on a right side of Equation (1) 1s a term
representing decay of the target qubit Q1. The second term
on the right side of Equation (1) 1s a term representing the
coupling between the target qubit Q1 and the control micro-
wave CP.

Here, a relationship among the coupling v, of the target
qubit Q1, a qubit lifetime T1, and a gate time Tg will be
described. The gate time Tg 1s the length of time required to
operate the target qubit Q1.

As represented 1n Equation (2), the qubait lifetime T1 1s
inversely proportional to the coupling v,. That 1s, the qubait
lifetime T1 becomes shorter as the coupling v, between the
target qubit Q1 and the semi-infinite waveguide WG
becomes stronger.

1 (2)
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On the other hand, as represented 1n Equation (3), the gate
time Tg 1s inversely proportional to a square root of the
coupling v,.

1 (3)

\,."8}’1 E

Iy ~

Here, an amplitude E 1s an electric field amplitude of the
control microwave CP. According to Equation (3), the gate
time Tg becomes shorter as the coupling v, between the
target qubit Q1 and the semi-infinite waveguide WG
becomes stronger.

According to Equations (2) and (3), the gate time Tg
becomes long when the qubait lifetime T1 1s lengthened. On
the other hand, the qubit lifetime 11 1s shortened when the
gate time Tg 1s shortened. That i1s, extension of the qubait
lifetime T1 and reduction of the gate time Tg are 1n a
trade-ofl relationship.

Next, a method for controlling the target qubit Q1 of the
present embodiment will be described with reference to FIG.
1.

FIG. 1 1s a diagram showing an example of the method for
controlling the target qubit Q1 according to the present
embodiment. Both the target qubit Q1 and a nonlinear
microwave lilter Q2 are coupled to the semi-infinite wave-
guide WGQG. The nonlinear microwave filter Q2 includes a
qubit.

As represented 1 Equation (4), a resonant frequency m,
of the target qubit Q1 and a resonant frequency w2 of the
nonlinear microwave filter Q2 are equal to each other.
Hereinafter, both the resonant frequency o, and the resonant
frequency ., are referred to as a resonant frequency w,.
Further, a wavelength of a microwave corresponding to the
resonant frequency m, 1s represented by a microwave wave-
length A,. The microwave wavelength A 1s given as 2mtv/m,.
Let the velocity v be a microwave propagation velocity 1n
the waveguide, that 1s approximately 0.4 times the light
velocity.

(4)

A difference between the resonant frequency of the target
qubit Q1 and the resonant frequency of the nonlinear micro-
wave filter Q2 may be within a predetermined range. There-
fore, the nonlinear microwave filter Q2 has a resonant
frequency in which a diflference from the resonant frequency
of the target qubit Q1 1s within the predetermined range.

Further, as represented in Equation (5), a coupling v,
between the nonlinear microwave filter Q2 and the semi-
infinite waveguide WG 1s much larger than the coupling v,
between the target qubit Q1 and the semi-infinite waveguide

WG.

Y1<<Y2

W =W, (=Wg)

(3)

Here, a fact that the coupling v, 1s much larger than the
coupling v, indicates that, for example, the coupling v, 1s
approximately 100 to 1,000 times as large as the coupling v, .
That 1s, the nonlinear microwave filter Q2 has the coupling
v, with the semi-1nfinite waveguide WG, which 1s larger than
the coupling between the target qubit Q1 and the semi-
infinite waveguide WG by a predetermined value.

Here, a lower limit of the coupling v, 1s, for example,
approximately 5000 times the coupling v, . An upper limit of
the coupling v, 1s, for example, a value of approximately
10% of the resonant frequency. When the coupling v, has a
value of approximately 10% of the resonant frequency, a
ratio of the coupling v, to the coupling v, 1s 25,000 times.
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Further, as represented in Equation (6), a distance
between the nonlinear microwave filter Q2 and a waveguide
end point 1s a value which 1s not equal to (Y4+n/2) times the
microwave wavelength A, corresponding to the resonant
frequency m,.

(6)

A distance 1, indicates a distance of the nonlinear micro-
wave filter Q2 from an origin of coordinates on the semi-
infinite waveguide WG. Here, a positive direction of an
x-axi1s, which 1s a coordinate axis on the semi-infinite
waveguide WG@G, 1s opposite to a direction in which the

control microwave CP 1s imncident on the semi-infinite wave-
guide WG. A position of an origin of the x-axis 1s set to a
position of an end point of the semi-1nfinite waveguide WG,
so that the boundary condition of electric field 1s set to be
open.

A distance 1, indicates a distance of the target qubit Q1
from the origin of the x-axis. Since the target qubit Q1 1s
disposed at the end point, a value of the distance 1, 1s O.

Since one microwave photon MP emitted from the target
qubit Q1 1s reflected by the nonlinear microwave filter Q2,
the nonlinear microwave filter Q2 functions as a pertect
reflector and forms a resonator together with the waveguide
end point. Under a condition of the above-described Equa-
tion (6), the decay of the target qubit Q1 1s suppressed. When
the nonlinear microwave filter Q2 1s provided, the lifetime
of the target qubit Q1 becomes significantly long, compared
to a case where the nonlinear microwave filter Q2 1s not
provided.

In addition, since the nonlinear microwave filter (Q2 acts
as an artificial two-level atom, the nonlinear microwave
filter Q2 can interact with only one microwave photon MP
and 1s quickly saturated by the high-intensity control micro-
wave CP, so that the nonlinear microwave filter Q2 almost
completely transmits the control microwave CP. Since the
nonlinear microwave filter Q2 almost completely transmits
the control microwave CP, the control of the target qubit Q1
by the control microwave CP 1s hardly affected by the
nonlinear microwave filter Q2. That 1s, even when the
nonlinear microwave filter Q2 1s provided, the target qubit
Q1 can be controlled at high speed by the high-intensity
control microwave CP.

In the method for controlling the target qubit Q1 accord-
ing to the related art, 1t has been described that the extension
of the qubit lifetime T1 and the reduction of the gate time Tg
are 1n a trade-ofl relationship. However, 1n the method for
controlling the target qubit Q1 of the present embodiment,
the trade-ofl relationship 1s eliminated.

Since the decay of the target qubit Q1 1s completely
suppressed by the nonlinear microwave filter Q2, the qubit
lifetime T1 does not depend on the strength of the coupling
v,. On the other hand, even when the nonlinear microwave
filter Q2 1s provided, the relationship between the gate time
Tg and the coupling v, satisfies the above-described Equa-
tion (3). That 1s, the gate time Tg can be shortened by
increasing the coupling v,, and the trade-ofl relationship
between the extension of the qubit lifetime T1 and the
reduction of the gate time Tg 1s eliminated.

Parameter values 1n the method for controlling the target
qubit Q1 of the embodiment are as follows.

The value of the resonant frequency m, 1s set so that
Equation (7) 1s satisfied.
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w,/27=10 GHz (7)

A value of the resonant frequency m, 1s set so that
Equation (8) 1s established.

w-/271=10 GHz (8)

In the embodiment, the value of the resonant frequency m,
1s equal to the value of the resonant frequency m,.
The coupling v, 1s set so that Equation (9) 1s established.

v,/2n=50 kHz

The coupling v, 1s set so that Equation (10) 1s established.

v,/ 21=50 MHz (10)

The distance 1, 1s set so that Equation (11) 1s established.

(11)
The distance 1, 1s set so that Equation (12) 1s established.

21:0

- (12

Ao
>

Lifetime of Target Qubait

The lifetime of the target qubit Q1 will be described 1n
detaul.

The states of the target qubit Q1, the nonlinear microwave
filter Q2, and the microwave photon MP shown 1n FIG. 1 are
represented by Equations (13) and (14) using a state vector.

(13)

|1p(0)>=crl' |vac>

(1)) =)o, Hvac) +B(05 Ivac) +Hdre(r )b Vvac) (14)

o,T on a right side of Equation (13) 1s an operator that
represents an operation of creating an excitation in the qubit,
and |vac> indicates a state with no excitation in the system.
That 1s, Equation (13) represents that the target qubit Q1 1s
in an excited state in an i1nitial state, and there 1s no
microwave photon MP in the waveguide. The first term on
a right side of Equation (14) represents a state 1n which the
target qubit Q1 1s excited, the second term represents a state
in which the nonlinear microwave filter Q2 1s excited, and
the third term represents a state in which the microwave
photon MP i1s emitted into the waveguide.

Time evolution of a coeflicient af(t) 1s represented by
Equation (13), and time evolution of a coeflicient p(t) 1s
represented by Equation (16).

d Y (1)
—al) = (~iwn — = JalD) -
—
%laf(r—zzl)— }gyz [Be—bL L)+ S+ — 1)
d . V2 (16)
— B0 = (=iwy = T B0 -
o
2B 2b) -~ el — ) +aft+ b ~ )]

By approximately solving equations (15) and (16) under
the conditions of equations (17) to (19), Equations (20) and
(21) are obtained.

(17)

(W] = Wy = o)

[ =0 (18)
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-continued
= (5 o (19)
alr) = 72 + 4! o~ 172N (20)
Yit+y2 Yity2
Vyiy: 1)

[1 _ E—(’,‘r’l +y5 ) ]

B0y = (=)

Y1 Y2

When a condition that the coupling v, 1s much larger than
the coupling v, (the condition represented by Equation (5))
1s satisfied, fidelity indicating that the target qubit Q1 1s 1n
the excited state 1s represented by Equation (22).

(22)

Fidelity = |of? = (

According to Equation (22), when the coupling v, 1s 1,000
times the coupling v,, the fidelity indicating that the target
qubit Q1 1s 1n the excited state 1s 0.998. That 1s, the decay
of the target qubit Q1 1s almost suppressed under the
condition that the coupling v, 1s much larger than the
coupling v,.

FIG. 2 1s a diagram showing an example of a relationship
between the presence/absence of the nonlinear microwave
filter 2 and the decay of the target qubit Q1 according to the
present embodiment. FIG. 2 shows a time dependence of a
probability |al” that the target qubit Q1 is in the excited state
when the value of the resonant frequency m, 1s 2mx10 GHz
under the condition 1n which the resonant frequency w, and
the resonant frequency m, are equal.

Even when the nonlinear microwave filter Q2 1s not
exactly placed at a position corresponding to a half-integer
multiple of the resonance wavelength, the decay of the target
qubit Q1 1s suppressed. When the nonlinear microwave filter
Q2 1s placed at a position represented by Equation (23), the
decay of the target qubit Q1 1s not suppressed.

1 =n (23)
12 — (z + E)lg

In general, when there 1s a coupling between an atom and
an electromagnetic field, a shift occurs 1n the resonant
frequency. Therefore, strictly speaking, when the target
qubit Q1 1s coupled to the waveguide, the resonant fre-
quency , also causes a frequency shift. Although the
frequency shift 1s represented by Equation (24) when the
resonant frequency ., before the shift 1s used, the shift
amount 1s overwhelmingly small compared to an eflective
frequency range (approximately w,—v, to w,+y,) ol the
nonlinear microwave filter 2. Therefore, this phenomenon
does not aflect an operation of the nonlinear microwave filter

2.

Em(z:rrlz ] (24)
(g — Wy + Yt S
Ao

When the resonant frequency m, and the resonant fre-
quency m, are equal, 1t can be interpreted that the target qubait
Q1 interacts with the resonator formed by the end point of
the waveguide and the nonlinear microwave filter Q2. In this
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resonator, a position of x=0 1s the open end, and a position
of x=1, 15 a fixed end. The resonant frequency of the
resonator 1s represented by Equation (25).

vl (25)
At

The resonant frequency of the resonator formed by the
nonlinear microwave filter Q2 1s represented by Equation
(25). Theretore, when the distance 1, of the nonlinear micro-
wave filter Q2 satisfies the above-described Equation (6),
the target qubit Q1 interacts non-resonantly with the reso-
nator, so that decay 1s not possible.

Control of Qubait

Control of the target qubit Q1 will be described 1n detail.

The equation of motion of a quantum coherence of the
target qubit Q1 and the equation of motion of a quantum
coherence of the nonlinear microwave filter Q2 are repre-
sented as Equations (26) and (27).

d | (26)
E(fﬂ'ﬁ = (=i —y1 Xo1) —
Vyiya (1- 2(&%})(%) — il - Q(Criﬂrl})\f 2yy Ep(1)
o (27)
E<?2> = (=it —y2 X02) —

Vyiyz (1 =2{cboa) (o) —i(1 = 2032 ) )V 292 Ein(@)

In Equation (26), which 1s the equation of motion of the
quantum coherence of the target qubit Q1, the second term
represents an interaction with the nonlinear microwave filter
(02, and the third term represents an interaction with the
control microwave CP. In Equation (27), which 1s the
equation of motion of the quantum coherence of the non-
linear microwave filter Q2, the second term represents an
interaction with the target qubit Q1 and the third term
represents the interaction with the control microwave CP.

When the target qubit Q1 1s controlled by the control
microwave CP and Equation (28) 1s satisfied, the effect of
the nonlinear microwave filter Q2 can be 1gnored. Here,
IE, | represents the number of photons per unit time, which
are possessed by the control microwave CP.

Y2 <<IEg, I (28)

FIG. 3 1s a diagram showing an example of a relationship
between the presence/absence of the nonlinear microwave
filter Q2 and Rabi oscillation of the target qubit (Q1 accord-
ing to the present embodiment. FIG. 3 shows a response of
the target qubit Q1 when the nonlinear microwave filter (02
1s positioned at a position corresponding to a half the
resonance wavelength, the coupling v, 1s 100 times the
coupling v,, and a Rab1 frequency £21 1s set to 1,000 times
the coupling v,.

In the example shown 1n FIG. 3, the response of the target
qubit Q1 when the nonlinear microwave filter Q2 1s pro-
vided and the response of the target qubit Q1 when the
nonlinear microwave filter Q2 1s not provided substantially
overlap.

As the amplitude of the control microwave CP, that 1s, the
Rabi frequency €21 increases, a diflerence becomes small
between the response of the target qubit Q1 1n the case where
the nonlinear microwave filter Q2 1s provided and the
response of the target qubit Q1 in the case where the
nonlinear microwave filter Q2 1s not provided. That is, the
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larger the amplitude of the control microwave CP, the
smaller the difference. Therefore, as described above, it 1s
confirmed that the effect of the nonlinear microwave filter
Q2 can be 1gnored when Equation (28) 1s satisfied.

In the present embodiment, a description 1s provided of
the case where a boundary condition at the end point of the
semi-infinite waveguide WG 1s the open end with respect to
the electric field. However, the present invention i1s not
limited thereto. The boundary condition at the end point of
the semi-infinite waveguide WG may be a fixed end with
respect to the electric field. Even when the boundary con-
dition at the end point of the semi-infinmite waveguide WG 1s
the fixed end with respect to the electric field, 1t can be
interpreted that the end point of the waveguide and the
nonlinear microwave filter 2 form the resonator. In the
resonator, the position of x=0 1s the fixed end, and the
position of x=1, 1s the fixed end. The resonant frequency of
the resonator 1s represented by Equation (29).

TV

(29)

The resonant frequency m, of the resonator formed by the
nonlinear microwave filter 2 1s represented by Equation
(29). Therefore, when the distance 12 of the nonlinear
microwave filter 2 satisfies Equation (30), the target qubit 1
interacts non-resonantly with the resonator, so that decay 1s
not possible.

r + (g)aﬂ (30)

In the present embodiment, the case where the target qubit
Q1 1s placed at the position where x=0 1n the semi-infinite
waveguide WG, that 1s, the case where the target qubit Q1
1s positioned at the end of the waveguide 1s described.
However, the present invention 1s not limited thereto. The
target qubit Q1 may be provided in an infinite waveguide.

When the target qubit Q1 and the nonlinear microwave
filter Q2 are provided 1n the infimite waveguide, the nonlin-
car microwave filter Q2 creates a fixed-end boundary con-
dition for the electric field. Therefore, when the distance
between the target qubit Q1 and the nonlinear microwave
filter Q2 1s the half-integer multiple of the resonance wave-
length, vacuum fluctuation of the electric field at the position
of the target qubit Q1 1s eliminated, so that the decay of the
target qubit Q1 1s suppressed.

However, 1n order to suppress the decay of the target qubit
1, 1t 1s necessary to set the distance between the nonlinear
microwave lilter Q2 and the target qubit Q1 to be equal to
the half-integer multiple of the resonance wavelength with
high accuracy compared to a case of the semi-infinite
waveguide WG.

Further, when the target qubit Q1 i1s provided in the
infinite waveguide, 1n order to control the decay of the target
qubit Q1, 1t 1s necessary to cause the resonant frequency m,
and the resonant frequency m, to be equal with high accu-
racy, compared to the case of the semi-infinite waveguide
WGa.

Here, an equivalent circuit of the target qubit Q1 and an
equivalent circuit of the nonlinear microwave filter Q2 will
be described with reference to FIG. 4.

FIG. 4 shows an example of the equivalent circuits of the
target qubit Q1 and the nonlinear microwave filter Q2 when
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the target qubit Q1 according to the present embodiment 1s
placed at the end of the semi-infinite waveguide WG (when
the end point of the waveguide 1s the open end with respect
to the electric field)

A nonlinear LC resonator LCR1 1s formed by a capacitor
Cd1 and an inductor derived from a Josephson junction J,.
The nonlinear LC resonator LCR1 corresponds to the target
qubit Q1. A nonlinear LC resonator LCR2 1s formed by a
capacitor Cd2 and an inductor derived from a Josephson
junction J,. The nonlinear LC resonator LCR2 corresponds
to the nonlinear microwave filter Q2.

The Josephson junction J, and the Josephson junction 1,
may each be replaced with a superconducting quantum
interference device (SQUID) for adjustment of the resonant
frequency.

A lead wire R1 and a lead wire R2 correspond to the
semi-infinite waveguide WG through which the control
microwave CP propagates. A capacitor Cd4 corresponds to
an electrical capacitance formed between the nonlinear
microwave filter Q2 and the semi-infinite waveguide WG. A
capacitor Cd3 corresponds to an electrical capacitance
formed between the target qubit Q1 and the semi-infinite
waveguide WG. A length of the lead wire R1 corresponds to
the distance 1, between the end point of the semi-infinite
waveguide WG and the nonlinear microwave filter Q2, and
1s a halt-integer multiple of the microwave wavelength A,
corresponding to the resonant frequency m, as represented 1n
Equation (19), which 1s an optimum condition.

A ground GE corresponds to a ground electrode of the
superconducting quantum circuit QC on which the target
qubit Q1 1s formed.

Next, with reference to FIG. 5, an equivalent circuit when
the target qubit Q1 1s not placed at the end of the waveguide
(when the end point of the waveguide 1s the fixed end with
respect to the electric field) will be described.

FIG. 5 1s a diagram showing another example of the
equivalent circuits of the target qubit Q1 and the nonlinear
microwave filter Q2 when the target qubit Q1 according to
the present embodiment 1s not placed at the end of the
semi-infinite waveguide WGQG.

A lead wire R3 corresponds to the semi-infinite wave-
guide WG. The nonlinear LC resonator LCR1 and the lead
wire R3 are connected 1n parallel with respect to the lead
wire R1 in response to the fact that the target qubit Q1 1s not
placed at the end of the waveguide. An end of the lead wire
R3 1s connected to the ground GE.

The nonlinear microwave filter Q2 functions as the fixed
end and forms the resonator, together with the fixed end of
the waveguide end point. Based on a condition that the
resonant frequency of the resonator does not match the
resonant frequency of the target qubit Q1, a sum of the
length of the lead wire R1 and the length of the lead wire R
needs to satisty Equation (30). An optimum value 1s repre-
sented by Equation (31).

(31)

FIG. 6 1s a diagram showing an example of the super-
conducting quantum circuit QC according to the present
embodiment. The superconducting quantum circuit QC
includes a target qubit 1, a nonlinear microwave filter 2, a
control line 3, and a circuit substrate 6. The target qubit 1
corresponds to the target qubit Q1 of FIG. 1. The nonlinear
microwave filter 2 corresponds to the nonlinear microwave
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filter Q2 of FIG. 1. The control line 3 corresponds to the
semi-1nfinite waveguide WG of FIG. 1.

The circuit substrate 6 1s, for example, a dielectric sub-
strate such as silicon. In the circuit substrate 6, a wiring
pattern and a ground pattern of circuit elements are formed
by a superconducting film on a substrate surface of the
dielectric substrate such as silicon. When a material of the
circuit substrate 6 1s silicon, the circuit substrate 6 1s
provided at a temperature lower than a predetermined tem-
perature, and the silicon 1s a dielectric.

The wiring pattern includes the target qubit 1, the non-
linear microwave filter 2, and the control line 3.

The target qubit 1 1s a qubit formed on the substrate
surface of the circuit substrate 6. In the embodiment, the
qubit 1s a superconducting qubit. The target qubit 1 1s
positioned at an end of the control line 3. The target qubit 1
1s controlled by the control microwave CP via the control
line 3 and 1s used for quantum information processing. The
control line 3 1s an example of the waveguide. A boundary
condition of the electric field at the waveguide end of the
control line 3 1s an open end boundary condition.

The nonlinear microwave filter 2 1s a qubit formed on the
substrate surface of the circuit substrate 6. The nonlinear
microwave filter 2 1s coupled to the control line 3. That 1s,
the nonlinear microwave filter 2 1s a qubit which 1s formed
on the circuit substrate 6, on which the target qubit 1 that 1s
a qubit controlled 1n the superconducting quantum circuit
QC 1s formed, and which 1s coupled to the waveguide to
which the target qubit 1 1s coupled.

The nonlinear microwave filter 2 1s placed at a position
where a distance from the target qubit 1 1s a half-integer
multiple of the microwave wavelength A, corresponding to
the resonant frequency w, of the target qubit 1. In the
superconducting quantum circuit QC, as an example, the
nonlinear microwave {filter 2 1s placed at a distance corre-
sponding to one half of the microwave wavelength A,
corresponding to the resonant frequency m,.

As described above, the nonlinear microwave filter 2
transmits a high-intensity electromagnetic field such as the
control microwave CP, and reflects a low-intensity electro-
magnetic field such as a microwave photon emitted from the
target qubait 1.

The nonlinear microwave filter 2 may be placed at a
position where the distance from the target qubit 1 1s within
a predetermined range from the half-integer multiple of the
microwave wavelength A, corresponding to the resonant
frequency m, of the target qubit 1. Here, in the present
embodiment, the target qubit 1 1s placed at the end of the
waveguide. Therefore, a distance between the nonlinear
microwave filter 2 and the waveguide end i1s within a
predetermined range from the half-integer multiple of the
microwave wavelength A,, which i1s the resonance wave-
length.

Here, with reference to FI1G. 7, a detailed example of the
predetermined range will be described when the distance
between the nonlinear microwave filter 2 and the waveguide
end of the waveguide 1s within the predetermined range
from the half-integer multiple of the microwave wavelength
Ao, which 1s the resonance wavelength.

FIG. 7 1s a diagram showing an example of the relation-
ship between the position of the nonlinear microwave filter
2 according to the present embodiment and the decay of the
target qubit Q1. Graphs shown 1n FIG. 7 show time depen-
dences of a probability lcul” that the target qubit Q1 is in the
excited state, for a case where the position of the nonlinear
microwave filter 2 1s 0.5 times of the microwave wavelength
Ao, which 1s half-integer multiple of the microwave wave-
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length A, and of the microwave wavelength A, for the cases
where the position 1s 0.4 times, 0.35 times, 0.3 times, 0.6
times, 0.65 times, or 0.7 times of the microwave wave-
lengths A, corresponding to the positions deviated from the
half-integer multiple of the microwave wavelength A,. Here,
shapes ol graphs are the same 1n cases of a position
corresponding to 0.4 times the microwave wavelength A,
and the position corresponding to 0.6 times, 1n cases of the
position corresponding to 0.35 times and the position cor-
responding to 0.65 times, and in cases of the position
corresponding to 0.3 times and the position corresponding to
0.7 times, respectively. FIG. 7 also shows a graph showing
a result when the nonlinear microwave filter 2 1s not pro-
vided for comparison.

As 1 the graph shown 1n FIG. 7, even when the position
ol the nonlinear microwave filter 2 deviates from the hali-
integer multiple of the microwave wavelength A, the prob-
ability |al2 that the target qubit Q1 1s 1n the excited state 1s
maintained to be equal to or larger than 0.996 even though
time elapses, 11 the position of the nonlinear microwave filter
2 15 0.4 times (or 0.6 times) or 0.35 times (or 0.65 times) of
the microwave wavelength 4.

Therefore, 1n order to suppress the decay of the target
qubit Q1 in the case where the distance between the non-
linear microwave filter 2 and the waveguide end 1s within the
predetermined range from the half-integer multiple of the
microwave wavelength A,, which 1s the resonance wave-
length, the predetermined range can be exemplified as a
range of 0.35 to 0.65 times the microwave wavelength A,.

Further, as described above, the difference between the
resonant frequency of the target qubit Q1 and the resonant
frequency of the nonlinear microwave filter Q2 may be
within the predetermined range. Here, with reference to
FIGS. 8 and 9, the predetermined range will be described 1n
the case where the diflerence between the resonant fre-
quency of the target qubit Q1 and the resonant frequency of
the nonlinear microwave filter Q2 1s within the predeter-
mined range. In the description below, the difference
between the resonant frequency of the target qubit Q1 and
the resonant frequency of the nonlinear microwave filter Q2
1s referred to as detuning.

FIG. 8 1s a diagram showing an example of a relationship
between the detuning and the decay of the target qubit Q1
according to the present embodiment. Graphs 1 FIG. 8
represent the time evolution of the probability lctl* that the
target qubit Q1 1s in the excited state for the detunings of O
MHz, 10 MHz, and 50 MHz. FIG. 8 also shows a graph
showing a result when the nonlinear microwave filter 2 1s not
provided for comparison.

According to FIG. 8, 1n the cases where the detuning 1s
other than 0 MHz, the graphs of the time evolution of the
probability |al” that the target qubit Q1 is in the excited state
have negative slopes. That 1s, when the resonant frequency
of the nonlinear microwave filter Q2 deviates from the
resonant frequency of the target qubit Q1, the target qubit Q1
has a finite decay rate.

Here, FIG. 9 shows a relationship between the detuning
and the decay rate. FIG. 9 1s a diagram showing an example
of the relationship between the detuning and the decay rate
according to the present embodiment. The graph shown 1n
FIG. 9 shows the decay rate with respect to the detuning. In
the graph shown in FIG. 9, the decay rate 1s shown after
being normalized by a value (twice the coupling y,, which
1s derived from Equation (20)) of the decay rate when the
nonlinear microwave filter 2 1s not provided.

From the graph shown in FIG. 9, for example, when the
detuning 1s approximately the same (30 MHz) as the value




US 12,212,295 B2

13

of the coupling v, it can be seen that the decay rate of the
target qubit 1 1s suppressed to approximately half the decay
rate 1n the case where the nonlinear microwave filter 2 1s not
provided. From FIG. 9, as a range in which the decay rate
1s close to 0, for example, approximately 10% (5 MHz) of
the value of the coupling v, between the nonlinear micro-
wave filter Q2 and the semi-infinite waveguide WG can be
exemplified.

Modification Example of Installation Location of Nonlinear
Microwave Filter

In the present embodiment, the case where the nonlinear
microwave filter 2 1s formed on the substrate surface of the
circuit substrate 6 has been described. However, as a modi-
fication example, a case will be described where a nonlinear
microwave filter 2a 1s formed on a back surface of a
substrate surface, on which a target qubit 1a 1s formed, 1n the
substrate surface of a circuit substrate 6a.

A superconducting quantum circuit QCa according to the
modification example of the embodiment will be described
with reference to FIGS. 10 to 13.

FIG. 10 1s a diagram showing an example of a cross-
sectional view of the superconducting quantum circuit QCa
according to the modification example of the present
embodiment. The superconducting quantum circuit QCa
includes the target qubit 1q, the nonlinear microwave filter
2a, the circuit substrate 6a, an upper ground electrode 7a, a
lower ground electrode 8a, an upper bump 9a, a lower bump
12a, a substrate top surface ground electrode 13, a substrate
bottom surface ground electrode 14, and a control signal line
16a. The circuit substrate 6a 1s sandwiched between the
upper ground electrode 7a and the lower ground electrode
8a.

A side provided with the upper ground electrode 7a 1s
referred to as an upper side when viewed from the circuit
substrate 6a, and a side provided with the lower ground
clectrode 8a 1s referred to as a lower side when viewed from
the circuit substrate 6aq.

The target qubit 1a 1s formed on an upper surface S1,
which 1s a substrate surface on the upper side of the circuit
substrate 6a. The target qubit 1a 1s surrounded by a substrate
top surface ground electrode 13a on the upper surface S1.
The substrate top surface ground electrode 13a 1s a part of
the ground pattern formed on the upper surface S1. A
substrate top surtface ground electrode 13a-1 and a substrate
top surface ground electrode 13a-2 show a cross section of
the substrate top surface ground electrode 13a.

The target qubit 1a includes a disk 10a and a ring 11a
surrounding the disk 10a. Rings 11a-1 and 11a-2 show a
cross section of the ring 11a. The disk 10q and the ring 11a
are connected by a Josephson junction 15a.

Here, FIG. 11 shows an upper surface Sla of the circuit
substrate 6a. FI1G. 11 1s a diagram showing an example of the
target qubit 1a and the ground pattern on the upper surface
S1a of the circuit substrate 6a according to the modification
example of the present embodiment.

The nonlinear microwave filter 2a of FIG. 10 1s formed at
a position of a lower surface S2a corresponding to a position
of the target qubit 1a formed on the upper surface S1a of the
circuit substrate 6a. The lower surface S2a 1s a substrate
surface on the lower side of the circuit substrate 6a. That 1s,
the nonlinear microwave filter 2 1s a qubit formed on a back
surface of the upper surface S1a on which the target qubit 1a
1s formed 1n the upper surtace S1a of the circuit substrate 6a.
The position corresponds to n=0 1n FIG. 4.

The nonlinear microwave filter 2a i1s surrounded by a
substrate bottom surface ground electrode 14a of FIG. 12 on
the lower surface S2a. The substrate bottom surface ground
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clectrode 14a 1s a part of the ground pattern formed on the
lower surface S2a. A substrate bottom surface ground elec-
trode 14a-1 and a substrate bottom surface ground electrode
14a-2 1 FIG. 10 show a cross section of the substrate
bottom surface ground electrode 14a.

The nonlinear microwave filter 2a¢ includes a central
portion 20q and a ring 21a surrounding the central portion
20a. A ring 21a-1 and a ning 21a-2 show a cross section of
the ring 21a. The ring 21a and a substrate bottom surface
ground electrode 14a are connected by a Josephson junction
23a.

Here, F1G. 12 shows the lower surface S2a of the circuit
substrate 6a. FIG. 12 1s a diagram showing an example of
the nonlinear microwave filter 2a and the ground pattern on
the lower surface S2a of the circuit substrate 6a according
to the modification example of the present embodiment.

The control signal line 16a penetrates the lower ground
clectrode 8a tfrom the lower side and comes nto contact with
the central portion 20a of the nonlinear microwave filter 2a.
The control signal line 16a supplies the target qubit 1a with
the control microwave CP that controls the target qubit 1a.
The control signal line 16a 1s, for example, a spring pin
containing a spring iside. The control signal line 16a comes
into contact with the central portion 20a due to an elastic
force of the spring contained inside.

The upper bump 9a 1s provided between the upper ground
clectrode 7a and the substrate top surface ground electrode
13a. An upper bump 9a-1 and an upper bump 9q-2 are
examples of the upper bump 9a. A lower bump 12a is
provided between the lower ground electrode 8a and the
substrate bottom surface ground electrode 14a. A lower
bump 12a-1 and a lower bump 12a-2 are examples of the
lower bump 12a.

The upper bump 9a and the lower bump 12a are formed,
for example, by a superconductor having a ductility higher
than that of the substrate top surface ground electrode 13a
and the substrate bottom surface ground electrode 14a.

In the superconducting quantum circuit QCa, 1t 1s possible
to remove an unnecessary gap between the upper ground
clectrode 7a and the ground pattern on the upper surface Sla
of the circuit substrate 6a or an unnecessary gap between the
lower ground electrode 8a and the ground pattern on the
lower surface S2a of the circuit substrate 6a. Therefore, it 1s
possible to suppress crosstalk between both the control
signals propagating through the adjacent control signal line
16a or read signals. Here, the read signal propagates through
a read signal line (not shown). In the superconducting
quantum circuit QCa, the read signal line 1s provided to
penetrate through the lower ground electrode 8a from the
lower side, similarly to the control signal line 16a.

Here, an equivalent circuit corresponding to the super-
conducting quantum circuit QCa of FIG. 10 will be
described with reference to FIG. 4 again.

The capacitor Cd3 corresponds to an electrical capaci-
tance formed between the target qubit 1a and the control
signal line 16a. The capacitor Cd4 corresponds to electrical
capacitance formed between the nonlinear microwave filter
2a and the control signal line 16a.

Next, a modification example of the ground pattern of the
lower surface S2a 1n the superconducting quantum circuit
QCa will be described with reference to FIGS. 13 and 14.

FIG. 13 1s a diagram showing a first modification example
of 1nstallation locations of the nonlinear microwave filter 254
and the ground pattern on the lower surface S2b of the
circuit substrate 65 according to the modification example of
the embodiment. The nonlinear microwave filter 256 1s
formed on the lower surface S256 of the circuit substrate 654.
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The nonlinear microwave filter 26 includes a disk 205 and
a ring 215 surrounding the disk 205. The ring 215 and a
substrate bottom surface ground electrode 145 are connected
by a Josephson junction 235b.

The disk 2056 1s a part of the nonlinear microwave filter 25
and, at the same time, 1s a part of a control line 245. The disk
205 1s an end portion of the control line 24b. A disk 255 1s
an end portion, which 1s opposite to the disk 205, of end
portions of the control line 245.

The disk 2556 1s formed at a position of the lower surface
S2b corresponding to a position of the target qubit 16 formed
on the upper surface S15 of the circuit substrate 6b. Here, a
distance between the disk 205 and the disk 2556 1s equal to
the half-integer multiple of the resonance wavelength.

A control microwave CP15 1s incident from the disk 205,
propagates through the control line 245, and then exits from
the disk 25b to the target qubit 15 formed on the upper
surtace S1b of the circuit substrate 6b.

FIG. 14 1s a diagram showing a second modification
example of the installation location of a nonlinear micro-
wave lilter 2¢ and the ground pattern on the lower surface
S2c¢ of the circuit substrate 6¢ according to the modification
example of the embodiment. The nonlinear microwave filter
2c¢ 1s formed on the lower surface S2¢ of the circuit substrate
6c. The nonlinear microwave filter 2¢ includes a disk 2056
and a rectangle 21¢ formed along the control line 24¢. The
rectangle 21c and a substrate bottom surface ground elec-
trode 14¢ are connected by a Josephson junction 23c.

A disk 20c¢ 1s part of the nonlinear microwave filter 2¢ and,
at the same time, 1s a part of the control line 24¢. The disk
20c¢ 1s an end portion of the control line 24¢. A disk 25¢ 1s
an end portion, which 1s opposite to the disk 20¢, of end
portions of the control line 24c.

The disk 25¢ 1s formed at a position of the lower surface
S2c¢ corresponding to a position of the target qubit 1¢ formed
on the upper surface S1c of the circuit substrate 6¢. Here, the
distance between the disk 20¢ and the disk 25¢ 1s equal to the
half-integer multiple of the resonance wavelength.

The control microwave CPlc 1s incident from the disk
20¢, propagates through the control line 24¢, and then exits
from the disk 25¢ to the target qubit 1¢ formed on the upper
surface Slc of the circuit substrate 6c.

Summary

As described above, a nonlinear microwave filter 2
according to the present embodiment includes: a qubit that
1s formed on a circuit substrate 6 on which a target qubait 1,
which 1s a qubit controlled 1 a superconducting quantum
circuit QC, 1s formed, and that 1s coupled to a control
waveguide (in the example, control line 3) to which the
target qubit 1 1s coupled, in which a distance to a waveguide
end of the control waveguide (in the example, control line 3)
1s within a predetermined range from the haltf-integer mul-
tiple of a resonance wavelength, the qubit has a resonant
frequency 1n which a difference from a resonant frequency
of the target qubit 1 1s within a predetermined range, and a
coupling between the qubit and the control waveguide (in
the example, control line 3) 1s stronger by a predetermined
value than a coupling between the target qubit 1 and the
control waveguide (in the example, the control line 3).

With this configuration, the nonlinear microwave filter 2
according to the present embodiment transmits a high-
intensity microwave such as the control microwave CP, and
reflects a low-intensity microwave, such as spontaneous
emission light, from the target qubit 1, so that it 1s possible
to suppress a long operation time of the qubit and to suppress
a short lifetime of the qubit at the same time. That 1s, in the
nonlinear microwave filter 2 according to the present
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embodiment, it 1s possible to eliminate the trade-ofl rela-
tionship between the extension of the qubit lifetime T1 and
the reduction of the gate time Tg, and 1t 1s possible to
perform control of the target qubit 1 1n a short time and to
extend the lifetime at the same time.

Further, 1n the nonlinear microwave filter 2 according to
the present embodiment, the target qubit 1 1s positioned at
the end of the control waveguide (1n the example, the control
ine 3).

With this configuration, the nonlinear microwave filter 2
according to the present embodiment does not require high
accuracy related to control of the position of the nonlinear
microwave filter 2 as compared with the case where the
target qubit 1 and the nonlinear microwave filter 2 are
coupled to the infinite waveguide, so that 1t 1s possible to
increase the degree of freedom 1n circuit design.

Further, the nonlinear microwave filters 2a, 254, and 2c¢
according to the modification example of the present
embodiment are qubits formed on the back surface (in the
example, the lower surfaces S2a, S2b, S2¢) of the substrate
surfaces (1n the example, the upper surfaces Sla, S1b, Slc)
on which the target qubits 1a, 15, and 1¢ are formed 1n the
substrate surfaces of the circuit substrates 6a, 65, and 6c.

With the configuration, 1n the nonlinear microwave filters
2a, 2b, and 2¢ according to the modification example of the
present embodiment, it 1s possible to secure a uniform
density of the wiring pattern regardless of the number of
target qubits 1a, 15, and 1c on the substrate surfaces of the
circuit substrates 6a, 65, and 6c, so that it 1s possible to
suppress the density of the wiring pattern from being
increased on the substrate surfaces of the circuit substrates
6a, 6b, and 6¢ while performing control of the target qubit
1 1n a short time and to extend the lifetime at the same time.

Although some embodiments are described in detail with
reference to the drawings, a specific configuration 1s not
limited to the above description, and various design changes
and the like are possible within the scope of the mvention
without departing from the gist of the invention.

REFERENCE SIGNS LIST

QC: Superconducting quantum circuit
1: Target qubit

2: Nonlinear microwave filter

3: Control line

6: Circuit substrate

What 1s claimed 1s:

1. A nonlinear microwave {ilter, comprising;:

a qubit that 1s formed on a circuit substrate on which a
target qubit, which 1s a qubit to be controlled by a
microwave 1n a superconducting quantum circuit 1s
formed, and that 1s coupled to a control waveguide to
which the target qubit 1s coupled, wherein

a distance from the qubit to a waveguide end of the
control waveguide 1s within a range of 0.35+n/2 to
0.65+n/2 times a resonance wavelength of the target
qubit wherein n 1s an 1nteger,

the qubit has a resonant frequency the deviation of which
from the resonant frequency of the target qubit 1s within
a predetermined range, and

a coupling between the qubit and the control wavegude
1s stronger by a predetermined value than a coupling
between the target qubit and the control waveguide.

2. The nonlinear microwave filter according to claim 1,

wherein

the target qubit 1s positioned at the waveguide end.
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3. The nonlinear microwave filter according to claim 1,

wherein

the nonlinear microwave filter 1s the qubit formed on a
back surface of a substrate surface on which the target
qubit 1s formed in substrate surfaces of the circuit 5
substrate.

4. A nonlinear microwave {ilter, comprising:

a qubit that 1s formed on a circuit substrate on which a
target qubit, which 1s a qubit to be controlled by a
microwave 1n a superconducting quantum circuit and 10
has a resonant frequency equal to frequency of the
microwave, 1s formed, and that 1s coupled to a control
waveguide to which the target qubait 1s coupled, wherein

a distance from the qubit to a waveguide end of the
control waveguide 1s within a range of 0.35+n/2 to 15
0.65+n/2 times a resonance wavelength of the target
qubit wherein n 1s an integer,

a resonant Ifrequency of the qubit 1s equal to the resonant
frequency of the target qubit, and

a coupling between the qubit and the control waveguide 20
1s stronger by a predetermined value than a coupling
between the target qubit and the control waveguide.

5. The nonlinear microwave filter according to claim 4,

wherein

a coupling between the qubit and the control waveguide 25
1s 100 to 1000 times stronger than the coupling between
the target qubit and the control waveguide.
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