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量子コンピューター、できそうである

✔︎ 使える量子ビットの確立 

✔︎ 大規模集積化とエラー訂正の近年のブレイクスルー 

まだ課題は多いが急速に夢物語ではなくなりつつある
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It’s official: Google has achieved
quantum supremacy
By 

23 October 2019

Google’s quantum computer is a record-breaker
HANNAH BENET/Google

It has been a bit of a bumpy start, but a new era of computing seems to be here. Researchers
at Google claim their quantum computer has solved a problem that would take even the very
best conventional machine thousands of years to crack.

The milestone, known as 
, represents a long-sought stride

Physics

Daniel Cossins

000080

quantum supremacy 

!

 /article/mg23130894-000-revealed-
googles-plan-for-quantum-computer-supremacy/

2024/05/01 8:23QuEL, Inc. – Quantum computing control system

Page 1 of 3https://quel-inc.com/ja/home/

量子コンピュータの実用化を加速させることで、人類の課題
解決に貢献する

キュエル株式会社は、量子コンピュータの制御装置・ミドルウェアの専業メーカーとして、高性能な制
御装置・ミドルウェアを提供することで量子コンピュータ技術の進化を加速させ、人類の課題解決に貢
献します。

量子コンピュータ制御装置 「QuEL-1」

QuEL-1は、量子コンピュータの制御装置で、高精度にマイクロ波が送受信できます。従来の制御装置に
比べて、以下の特徴を持ち、量子コンピュータの研究を加速できます。

ユーザービ
リティ

従来、独立したユニットであった各機能を1つのユニットにまとめることで、小型であるとと
もに、ユーザーが装置の校正などに手間を取られることがありません。

スケーラビ
リティ

各機能がまとまったユニットを複数並べ、それらのユニットを同期させることで、容易に量
子ビット数の拡張が可能です。

収入がn倍になりました
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理化学研究所（理研）量子コンピュータ研究センター（RQC）は、2023年3月27日にクラウド利用を開
始した国産超伝導量子コンピュータ初号機の愛称を「叡（えい、英語表記は"A"）」に決定しました。

「叡」は聡明さを表し、量子コンピュータの情報処理における卓越性・先進性を表すとともに、英語名を
アルファベット順の最初の文字である"A"とすることで、当該機がRQCにとっての、また国産量子コンピ
ュータ初号機として日本にとっての、量子コンピュータ実機開発の第一歩であることも表現しています。
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国産量子コンピュータ初号機の愛称「叡（えい）」に決
定
－量子コンピュータ実機開発の第一歩であることを表現－

2024/05/01 8:25国産量子コンピュータ初号機の愛称「叡（えい）」に決定 | 理化学研究所

Page 2 of 5https://www.riken.jp/pr/news/2023/20231005_1/index.html

超伝導量子コンピュータ「叡（えい）」

経緯

RQCでは、国産超伝導量子コンピュータ初号機（64量子ビット）について、より多くの皆様に親しみを
持っていただけるよう愛称を付けることとし、その名称を2023年4月7日より一般公募しました。

これに対し、公募開始から5月31日までの募集期間に、3,781件の応募がありました。寄せられた愛称案
の中から、すでに商標登録されているものを除き研究グループによる選考の上、決定しました。

また名称決定に際して、「叡」のイメージに合うようなロゴマークを今後作成する予定です。

関連リンク

RiKEN
QUANTUM
COMPUTIN

2023年3月24日お知らせ「量子コンピュータを利用できる「量子計算クラウドサービス」開始－
国産超伝導量子コンピュータ初号機の公開－」
2023年4月7日お知らせ「国産量子コンピュータ初号機の愛称募集を開始しました」
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○ 量子的な2準位系 

○ エネルギー差が制御可能 

○ ノイズに著しく弱い 

   逆にいうとセンサーとしては有能 

○ この20年で凡庸へのノイズ耐性が格段に向上 

   変なノイズ (信号) だけ見える状況に 

○ 流行りに便乗するメリット :  

   これから勝手によくなってく

量子ビットとは
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当初の使命:   IBMと量子コンピューター関連のデバイス作る
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circulator e�ciency. We show that due to tunneling of
quasiparticles between di↵erent pairs of superconducting
islands the Josephson-ring circulator in Ref. [19] has four
accessible charge-parity sectors. Given the same working
conditions and parameters, these sectors circulate sig-
nals with di↵erent e�ciencies. Stochastic jumps among
the sectors caused by quasiparticle tunneling events then
may result in unstable operation of the circulator de-
vice. To mitigate these fluctuations, we propose to em-
ploy quasiparticle-trapping techniques [24, 25, 30–33] to
suppress quasiparticle population.

The structure of this paper is as follows. In Sec. II
we present the circuit design of the passive on-chip su-
perconducting circulator along with the SLH formalism
to numerically calculate the scattering matrix elements.
Then in Sec. III we derive the scattering matrix elements
exploiting the adiabatic elimination technique and deter-
mine the conditions for optimal circulation, followed by
numerical optimization in Sec. IV. Section V analyzes
quasiparticle tunneling in the circulator system. The pa-
per is concluded in Sec. VII. Appendixes provide detailed
calculations and additional information for the results in
the main text.

II. CIRCUIT DESIGN AND SLH FORMALISM
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FIG. 1. (a) Schematic circuit design of the passive on-chip
superconducting circulator proposed in Ref. [19]. The de-
vice comprises three superconducting islands which are rep-
resented by the numbers of Cooper pairs n̂j and the super-
conducting phases �̂j (j = 1, 2, 3) on each island. They are
connected by three Josephson junctions with Josephson ener-
gies EJj and junction capacitances CJj . Each island is biased
by an external voltage Vxj via a gate capacitance Cxj and cou-
pled capacitively to a waveguide via a coupling capacitance
Ccj . The whole circulator loop is threaded by a central ex-
ternal flux �x as well. (b) First four excited-state energies !k

(k = 1, 2, 3, 4) of the circulator ring versus the reduced exter-
nal flux �x for a symmetric circuit (i.e., EJj = EJ , CJj = CJ ,
Cxj = Cx, and Ccj = Cc). The eigenenergies are computed

by numerically solving the eigensystem of Ĥring given in Eq.
(4) with EC⌃/EJ = 0.35 and nxj = 1/3.

In this section we present the circuit design of the ring
circulator, its working principle, the SLH formalism to
compute the scattering matrix, and the notations used

throughout the paper. Many details of these can be found
in Ref. [19]. The circulator circuit, depicted in Fig. 1a,
is a superconducting ring segmented into three super-
conducting islands by three Josephson junctions each of
which is described by a Josephson energy EJj and a junc-
tion capacitance CJj (j = 1, 2, 3). The three islands are

represented by the superconducting phases �̂j and their
conjugate charges n̂j ; they are biased by external volt-
ages Vxj with gate capacitances Cxj and coupled to three
external waveguides by coupling capacitances Ccj . The
circulator ring is threaded by an external flux �x. Input
fields bin,j propagate along the waveguides, interact with
the ring, and scatter into output fields bout,j .
To begin, we consider the case of a symmetric

Josephson-junction ring, that is, EJj = EJ and CJj =
CJ , and further assume that Cxj = Cx and Ccj = Cc. We
consider asymmetries later. As derived in Appendix A,
the circulator ring Hamiltonian is

Ĥring =
(2e)2

2
(n̂� nx)C�1(n̂� nx)

�EJ

3X

j=1

cos(�̂j � �̂j+1 � 1
3�x), (1)

where n̂ = {n̂1, n̂2, n̂3}, nx = {nx1 , nx2 , nx3} with nxj =
CxjVxj/(2e) the (dimensionless) charge bias on the is-
land j, �x = 2⇡�x/�0 is the reduced flux bias which
has been shared equally by the three Josephson junc-
tions with �0 = h/(2e) the superconducting quantum
flux, and C is the capacitance matrix. To account for the
fact that the total number of Cooper pairs on the ring is
conserved, we define new coordinates
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where n0 is the conserved total charge number, which is
controlled by the external biases [20]. In the new coordi-
nates, the Hamiltonian Ĥring is

Ĥring = EC⌃
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�
, (4)

where EC⌃ = (2e)2/C⌃ is the charging energy with
C⌃ = 3CJ + Cx + Cc.
In terms of the ring eigenbasis {|ki ; k = 0, 1, 2, . . . },

we have

Ĥring =
X

k>0

!k |ki hk| , (5)

where !k is the eigenenergy1 associated with the excited
state |ki (k > 0), and we have subtracted the ground

1
In this paper, we set ~ = 1.

e.g. 普通のサーキュレータ ジョセフソン接合 (~量子ビット) で作ったサーキュレーター

Mahoney et al. (2017) D. T. Le et al. (2021)

ほどなくして量子ビットがダークマター探しに使えることに気づく
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circulator e�ciency. We show that due to tunneling of
quasiparticles between di↵erent pairs of superconducting
islands the Josephson-ring circulator in Ref. [19] has four
accessible charge-parity sectors. Given the same working
conditions and parameters, these sectors circulate sig-
nals with di↵erent e�ciencies. Stochastic jumps among
the sectors caused by quasiparticle tunneling events then
may result in unstable operation of the circulator de-
vice. To mitigate these fluctuations, we propose to em-
ploy quasiparticle-trapping techniques [24, 25, 30–33] to
suppress quasiparticle population.

The structure of this paper is as follows. In Sec. II
we present the circuit design of the passive on-chip su-
perconducting circulator along with the SLH formalism
to numerically calculate the scattering matrix elements.
Then in Sec. III we derive the scattering matrix elements
exploiting the adiabatic elimination technique and deter-
mine the conditions for optimal circulation, followed by
numerical optimization in Sec. IV. Section V analyzes
quasiparticle tunneling in the circulator system. The pa-
per is concluded in Sec. VII. Appendixes provide detailed
calculations and additional information for the results in
the main text.
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FIG. 1. (a) Schematic circuit design of the passive on-chip
superconducting circulator proposed in Ref. [19]. The de-
vice comprises three superconducting islands which are rep-
resented by the numbers of Cooper pairs n̂j and the super-
conducting phases �̂j (j = 1, 2, 3) on each island. They are
connected by three Josephson junctions with Josephson ener-
gies EJj and junction capacitances CJj . Each island is biased
by an external voltage Vxj via a gate capacitance Cxj and cou-
pled capacitively to a waveguide via a coupling capacitance
Ccj . The whole circulator loop is threaded by a central ex-
ternal flux �x as well. (b) First four excited-state energies !k

(k = 1, 2, 3, 4) of the circulator ring versus the reduced exter-
nal flux �x for a symmetric circuit (i.e., EJj = EJ , CJj = CJ ,
Cxj = Cx, and Ccj = Cc). The eigenenergies are computed

by numerically solving the eigensystem of Ĥring given in Eq.
(4) with EC⌃/EJ = 0.35 and nxj = 1/3.

In this section we present the circuit design of the ring
circulator, its working principle, the SLH formalism to
compute the scattering matrix, and the notations used

throughout the paper. Many details of these can be found
in Ref. [19]. The circulator circuit, depicted in Fig. 1a,
is a superconducting ring segmented into three super-
conducting islands by three Josephson junctions each of
which is described by a Josephson energy EJj and a junc-
tion capacitance CJj (j = 1, 2, 3). The three islands are

represented by the superconducting phases �̂j and their
conjugate charges n̂j ; they are biased by external volt-
ages Vxj with gate capacitances Cxj and coupled to three
external waveguides by coupling capacitances Ccj . The
circulator ring is threaded by an external flux �x. Input
fields bin,j propagate along the waveguides, interact with
the ring, and scatter into output fields bout,j .
To begin, we consider the case of a symmetric
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land j, �x = 2⇡�x/�0 is the reduced flux bias which
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tions with �0 = h/(2e) the superconducting quantum
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新規量子ビットセンサーの開発 

高周波化・強結合化・強磁場耐性化

大規模素粒子実験のための 

高温超伝導体センサーの開発
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FIG. 1. High-Tc superconducting nanowires. a, Schematic of the BSCCO single-photon detector: A relatively thin flake
of BSCCO is covered by a much thicker flake of hBN and transferred onto ultra-flat gold contacts. SNW region is defined by
a helium beam exposure. b, Optical photograph of the BSCCO device. Scale bar is 3 µm. Inset: Example of the SEM image
of the BSCCO SNW produced by the He+ beam exposure (similar but not identical to that from the photograph). The scale
bar is 2 µm. c, Schematic of the LSCO-LCO single-photon detector: High-Tc two-dimensional superconductor is formed at
the interface between the 5 UC of the LCO insulator and the 5 UC of the LSCO metal. 10 nm of chromium-gold was used
for contact leads. d, An SEM image of a typical LSCO-LCO SNW device. The scale bar is 2 µm. e-f, Examples of the R(T )
dependencies for BSCCO (e) and LSCO-LCO (f) flake, film and SNWs. g, Typical I-V curve for the BSCCO SNWs measured
at T = 3.7 K. h, Typical I-V curves of the LSCO-LCO SNWs measured at T = 3.7 K before and after He+ ion exposure.

strated at T ⇡ 10 K.40 Surprisingly, with few excep-
tions,41–43 cuprate superconductors remain largely unex-
plored in this context in spite of their record-high Tc.
The reason lies in the technological challenge to pro-
duce SNW devices out of thin cuprate films — most
of them rapidly degrade upon conventional nanofabrica-
tion processing. Indeed, attempts to realize SNSPD on
YBa2Cu3O7-x (YBCO) SNWs revealed no single-photon
response even at liquid helium temperatures.41,42,44 In
this work, we demonstrate SNSPDs fabricated out of
two high-Tc cuprate superconductors, Bi2Sr2CaCu2O8+�

(BSCCO) and La2-xSrxCuO4 (LSCO).
Design and characterization of the cuprate

SNWs. To fabricate SNWs out of BSCCO, we me-
chanically exfoliated bulk BSCCO crystals to produce
relatively thin flakes. To protect the flakes from the en-
vironment, the exfoliation was performed in the inert at-
mosphere of an argon-filled glovebox. The flakes were
transferred onto pre-patterned ultra-flat gold contacts
and covered with relatively thin slabs of hexagonal boron
nitride (hBN) as illustrated in Fig. 1a. We intentionally
focused on 10-15 nm thick slabs (Fig. 1a), since ultra-
thin BSCCO flakes are prone to faster degradation.45–47

Thicker flakes also facilitate stronger absorption of inci-
dent light while maintaining quasi-2D superconductivity.
Nevertheless, even few-unit-cells flakes are not amenable
to standard nanofabrication processes, since their doping

level changes upon contact with the environment, render-
ing the sample non-superconducting.45,48,49 To circum-
vent this, we used He+ ion beam to define the SNW
patterns by introducing defects into the encapsulated
BSCCO flake, causing the exposed regions to become in-
sulating50–54 (Fig. 1b). In contrast to patterning with
heavier ions (e.g. gallium or xenon), the exposed regions
were not etched under He+ beam irradiation. The inset
of Fig. 1b shows a typical scanning electron microscopy
(SEM) image of a partially-encapsulated BSCCO flake
after the He+ patterning: a meander-like SNW can be
seen due to the enhanced contrast of the exposed regions.
The total length of the BSCCO SNW was 56 µm whereas
its width was of the order of 100 nm.
For successful implementation of the high-temperature

SNSPD technology, it is critical to ensure large-scale pro-
duction of thin high-Tc films and their patterning using
conventional nanofabrication processes. For these rea-
sons, in this work we have also explored thin LSCO-LCO
bilayer films. These heterostructures o↵er several advan-
tages. First, high-quality LSCO-LCO bilayer films can be
grown using atomic-layer-by-layer molecular beam epi-
taxy (ALL-MBE)55,56 (Supplementary Section 1). Sec-
ond, while in such bilayers neither constituent material
is superconducting — LCO is an insulator and LSCO a
non-superconducting metal — the heterostructure shows
high-Tc interface superconductivity confined to a sin-

2次元共振器を使った 
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FIG. 2. Optical and SEM images of the fabricated double-
oblique structure. (a) Optical micrograph of the bilayer resist
pattern before evaporation, with the deposition direction in-
dicated by the red arrows. (b) Optical micrograph of the cor-
responding structure after evaporation and lift-o!. (c) Low-
magnification SEM image of the fabricated junction region.
(d) High-magnification SEM image of the narrowed line seg-
ment.

Fabrication and structural characterization

The devices were fabricated on Si substrates us-
ing a photolithography-only process combined with the
double-oblique evaporation scheme introduced above.
Before resist coating, the substrates were treated with
HF to remove the native oxide. A bilayer resist stack
was then prepared using PMGI SF5 as the underlayer
and THMR iP1800 as the top imaging resist, with tar-
get thicknesses of approximately 200 nm and 1.8 µm,
respectively. The junction patterns were defined by pho-
tolithography with a Heidelberg Instruments MLA150
maskless aligner and developed in SD-1 developer, yield-
ing the bilayer resist profile required for shadow evapo-
ration. After development, residual resist was removed
by oxygen plasma ashing using a Samco RIE-10NR-KF
system operated for 30 s at 50 W with an O2 flow rate
of 100 sccm.

Metal deposition was performed in a Plassys Bestek /
MEB 550S2-HV evaporation system. In all devices, the
deposition tilt angle was fixed at ω = 60→. For the struc-
tural characterization and room-temperature screening
samples, the double-oblique geometry was realized with
an in-plane angular o!set of ε = 15→. In the present
design, the evaporation direction was intentionally cho-
sen to point toward the outer side of the corner forming
the junction crossing, as illustrated in Fig. 2(a). This
configuration modifies the shadowing condition at the
corner and narrows the local linewidth at the junction
region. For the qubit device used in the millikelvin mea-

surements, the same deposition tilt angle ω = 60→ was
used, while the in-plane angular o!set was changed to
ε = 25→. The first and second Al evaporations had nom-
inal thicknesses of 40 nm and 100 nm, respectively. The
AlOx tunnel barrier was formed in situ between the two
depositions by static oxidation in O2 at 0.3 Torr for 300 s
in the Plassys chamber. After the second evaporation,
lift-o! was performed in N-methyl-2-pyrrolidone (NMP).
To confirm that the intended geometrical e!ect is re-

alized in the actual process, we examined the fabricated
structures by optical microscopy and scanning electron
microscopy (SEM), as shown in Fig. 2. Figure 2(a) shows
an optical micrograph of the bilayer resist pattern be-
fore metal deposition, together with the deposition di-
rection used in the experiment. After evaporation and
lift-o!, the corresponding deposited structure is shown
in Fig. 2(b). The deposited feature follows the expected
double-oblique geometry and exhibits narrowed line seg-
ments at the intended junction location.
Further structural confirmation is obtained from the

SEM images in Fig. 2(c,d). The low-magnification SEM
image in Fig. 2(c) shows the overall geometry of the
fabricated junction region, while the magnified image in
Fig. 2(d) resolves the narrowed crossing region in greater
detail. From this image, the linewidths of the two nar-
rowed electrode segments are measured to be approxi-
mately 147 nm and 69.5 nm, respectively. Their inter-
section therefore defines a geometrical junction area of
approximately → 104 nm2, indicating that the present
process can access the size range relevant to conven-
tional qubit junction fabrication. These observations
support the expected e!ect of the double-oblique geom-
etry, namely that the local junction dimensions can be
reduced well below the apparent linewidth defined by the
photolithographic opening.
The fabricated junction structures were characterized

by room-temperature resistance measurements and were
subsequently implemented in transmon devices measured
in a three-dimensional cavity setup.

MEASUREMENT RESULTS

Room-Temperature Characterization

Room-temperature resistance measurements were used
here primarily to examine how the double-oblique geom-
etry defines a feasible process window for junction fab-
rication. In particular, the screening samples fabricated
at ω = 60→ and ε = 15→ were used to evaluate whether
the geometrical reduction of the e!ective junction over-
lap can bring the junction resistance into the target range
for the present transmon design while maintaining us-
able fabrication yield. Such room-temperature normal-
state resistance measurements are commonly used as a
practical screening tool in JJ fabrication, since the resis-

量子コンピュータでDM探索

https://drive.google.com/file/d/1ADfy_At9Dr2WfdcPOKoIJk9IFhRh_1Lv/view
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図 9.5: LC共振器（左）と本章で扱う超伝導量子ビット（右）

というものになる。Q の共役となる正準変数は Φ となることはすぐにわかるので、
HamiltonianHLCは

HLC =
Q2

2C
+

Φ2

2L
(9.2.6)

となることがわかる。第 1項がキャパシタのエネルギー、第 2項がインダクタのエネル
ギーになっていることがわかるだろう。
期待通りQと Φを正準変数とする調和振動子の形にかけたので、これらを演算子と

みなし、交換関係 [Q,Φ] = ih̄を要請することで量子化の手続きが完了する。共振器光
子の生成・消滅演算子を

a =
1

2h̄

√
L

C
Q+

i

2h̄

√
C

L
Φ (9.2.7)

a† =
1

2h̄

√
L

C
Q− i

2h̄

√
C

L
Φ (9.2.8)

とすることで、交換関係は [a, a†] = 1となりHamiltonianは
HLC = h̄ωLC

(
a†a+

1

2

)
(9.2.9)

となる。

9.2.2 超伝導量子ビット
次に、LC共振器のインダクタを Josephson接合で置き換えた図のような回路を考え

よう。Josephson効果において、絶縁体を挟んだ超伝導体間の位相差を θ、Josephson

接合をまたぐ電流と電圧を I、V として
I = I0 sin θ, V =

h̄

2e

dθ

dt
(9.2.10)

が成立する。ここで磁束量子 Φ0 = h/2eを用い、磁束を ΦJ = (θ/2π)Φ0と定義すれば
I(t) = I0 sin

(
2π

ΦJ

Φ0

)
, V =

dΦJ

dt
(9.2.11)
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ℋq ∼ ℏωqa†a +
ℏαq

2
a†a†aa

(1) Proper operating frequency range: A qubit must have a transition
frequency that is significantly higher than the thermal energy of
a typical solid-state system to observe quantum nature. The only
continuous refrigeration method for solid state devices below
0.3 K is to use a dilution refrigerator, whose base temperature is
usually about 10mK (!200MHz). This means that the transi-
tion frequency of a qubit must be at least a few gigahertz. At the
same time, the qubit transition frequency should be sufficiently
lower than the superconducting energy gap of the host supercon-
ductor so as not to excite quasiparticles. For aluminum, which is
the most popular material for superconducting qubit systems,
the energy gap is about 100 GHz.

(2) Large anharmonicity: To be a well-defined two-level system, a
qubit should have anharmonicity α ; ω1-2 ! ωq of at least
!100MHz to perform a reasonably fast gate operation (see
Sec. IX A 1 for the gate time and frequency selectivity). Recently,
it has been found that having a third level in an accessible
frequency range can be beneficial, such as for initialization or
two-qubit gate operation (see Secs. VI D and VI E 1).

(3) Long coherence time: The assigned quantum state should last
for a long time compared with the time for gate operations.

(4) Ease of coupling: For readout and (multi)qubit gate operation,
a reasonably strong coupling between a qubit and another
quantum system, such as a resonator or neighboring qubit,
should be achieved easily.

(5) Ease of control: The quantum state should be brought to a super-
position easily and straightforwardly by an external mean.

(6) Ease of fabrication: A qubit should be easy to fabricate with
standard nanotechnology for good reproducibility.

B. Josephson junction

A superconductor is a macroscopic quantum mechanical
system in the sense that it can be described by a single macroscopic
wavefunction, i.e., the order parameter Ψ. However, this property is
not a sufficient condition for being a qubit; we need a confinement
potential to have discrete energy eigenstates such as electrons in the
Coulomb potential forming an atom. Moreover, to control the two
lowest energy eigenstates selectively, the potential must be anhar-
monic to have distinct energy separation between eigenstates.

The solution for discrete energy eigenstates is to make an elec-
trical circuit. In a superconducting circuit, the quantized energy
level emerges from the quantization of the charge and the magnetic
flux stored in various electrical components just like the position
and the momentum of electrons in a real atom. (Since the charge
and the magnetic flux are collective coordinates that represent the
cooperative motion of large numbers of electrons, the circuit quan-
tization is essentially phenomenological.14)

The solution for the anharmonicity is a Josephson junction
where a pair of superconductors are weakly coupled [Fig. 3(a)]. In
a superconducting circuit, a Josephson junction acts as a nonlinear
inductor, resulting in an anharmonic potential. Since a supercon-
ductor is a macroscopic quantum mechanical system, only two
quantities are required to describe the physics of a Josephson junc-
tion: the number imbalance of electrons N and the relative phase w
between the two superconductors. Here, N corresponds to the dif-
ference in jΨj2 of the two superconductors. The equations of

motion regarding these two quantities, called the Josephson equa-
tions, are given by15

dN(t)
dt

¼ 2EJ
!h

sinw(t) and
dw(t)
dt

¼ ! 2e
!h
V(t), (12)

where EJ is the Josephson energy, which is a measure of the ability
of Cooper pairs to tunnel through the junction; !h is the reduced
Planck constant; e is the magnitude of the charge carried by a
single electron; and V is the voltage difference maintained across
the junction. The popular form of the left equation in Eq. (12) is16

Is(t) ¼ Ic sinw(t), (13)

where Is is a zero-voltage supercurrent flow through the junction
and Ic(¼ 2eEJ=!h) is the maximum current that can flow through
the junction, i.e., the critical current of the junction.

Here, we point out that a DC Superconducting Quantum
Interference Device (DC SQUID), which consists of two Josephson
junctions and a superconducting loop [Fig. 3(b)], can be considered
as a variable Josephson junction whose effective Josephson energy
EJ,eff as a function of the external flux bias Φ is given by

EJ,eff (wext) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
J,1 þ E2

J,2 þ 2EJ,1EJ,2 coswext

q
, (14)

where wext(; 2πΦ=Φ0) is the phase offset due to the external flux
bias. This idea is useful for making tunable superconducting
devices.

FIG. 3. (a) Schematic diagram of a Josephson junction where a pair of super-
conductors are weakly coupled via an oxide tunnel barrier. The phase and the
number difference of the macroscopic wavefunctions Ψ1 and Ψ2 fully determine
the physics of the junction. (b) A DC SQUID can be considered as a variable
Josephson junction tuned by an external magnetic flux Φ. The symbol of a
cross in a square represents a Josephson junction.
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a typical solid-state system to observe quantum nature. The only
continuous refrigeration method for solid state devices below
0.3 K is to use a dilution refrigerator, whose base temperature is
usually about 10mK (!200MHz). This means that the transi-
tion frequency of a qubit must be at least a few gigahertz. At the
same time, the qubit transition frequency should be sufficiently
lower than the superconducting energy gap of the host supercon-
ductor so as not to excite quasiparticles. For aluminum, which is
the most popular material for superconducting qubit systems,
the energy gap is about 100 GHz.

(2) Large anharmonicity: To be a well-defined two-level system, a
qubit should have anharmonicity α ; ω1-2 ! ωq of at least
!100MHz to perform a reasonably fast gate operation (see
Sec. IX A 1 for the gate time and frequency selectivity). Recently,
it has been found that having a third level in an accessible
frequency range can be beneficial, such as for initialization or
two-qubit gate operation (see Secs. VI D and VI E 1).

(3) Long coherence time: The assigned quantum state should last
for a long time compared with the time for gate operations.

(4) Ease of coupling: For readout and (multi)qubit gate operation,
a reasonably strong coupling between a qubit and another
quantum system, such as a resonator or neighboring qubit,
should be achieved easily.

(5) Ease of control: The quantum state should be brought to a super-
position easily and straightforwardly by an external mean.

(6) Ease of fabrication: A qubit should be easy to fabricate with
standard nanotechnology for good reproducibility.

B. Josephson junction

A superconductor is a macroscopic quantum mechanical
system in the sense that it can be described by a single macroscopic
wavefunction, i.e., the order parameter Ψ. However, this property is
not a sufficient condition for being a qubit; we need a confinement
potential to have discrete energy eigenstates such as electrons in the
Coulomb potential forming an atom. Moreover, to control the two
lowest energy eigenstates selectively, the potential must be anhar-
monic to have distinct energy separation between eigenstates.

The solution for discrete energy eigenstates is to make an elec-
trical circuit. In a superconducting circuit, the quantized energy
level emerges from the quantization of the charge and the magnetic
flux stored in various electrical components just like the position
and the momentum of electrons in a real atom. (Since the charge
and the magnetic flux are collective coordinates that represent the
cooperative motion of large numbers of electrons, the circuit quan-
tization is essentially phenomenological.14)

The solution for the anharmonicity is a Josephson junction
where a pair of superconductors are weakly coupled [Fig. 3(a)]. In
a superconducting circuit, a Josephson junction acts as a nonlinear
inductor, resulting in an anharmonic potential. Since a supercon-
ductor is a macroscopic quantum mechanical system, only two
quantities are required to describe the physics of a Josephson junc-
tion: the number imbalance of electrons N and the relative phase w
between the two superconductors. Here, N corresponds to the dif-
ference in jΨj2 of the two superconductors. The equations of

motion regarding these two quantities, called the Josephson equa-
tions, are given by15

dN(t)
dt

¼ 2EJ
!h

sinw(t) and
dw(t)
dt

¼ ! 2e
!h
V(t), (12)

where EJ is the Josephson energy, which is a measure of the ability
of Cooper pairs to tunnel through the junction; !h is the reduced
Planck constant; e is the magnitude of the charge carried by a
single electron; and V is the voltage difference maintained across
the junction. The popular form of the left equation in Eq. (12) is16

Is(t) ¼ Ic sinw(t), (13)

where Is is a zero-voltage supercurrent flow through the junction
and Ic(¼ 2eEJ=!h) is the maximum current that can flow through
the junction, i.e., the critical current of the junction.

Here, we point out that a DC Superconducting Quantum
Interference Device (DC SQUID), which consists of two Josephson
junctions and a superconducting loop [Fig. 3(b)], can be considered
as a variable Josephson junction whose effective Josephson energy
EJ,eff as a function of the external flux bias Φ is given by

EJ,eff (wext) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
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J,2 þ 2EJ,1EJ,2 coswext
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, (14)

where wext(; 2πΦ=Φ0) is the phase offset due to the external flux
bias. This idea is useful for making tunable superconducting
devices.

FIG. 3. (a) Schematic diagram of a Josephson junction where a pair of super-
conductors are weakly coupled via an oxide tunnel barrier. The phase and the
number difference of the macroscopic wavefunctions Ψ1 and Ψ2 fully determine
the physics of the junction. (b) A DC SQUID can be considered as a variable
Josephson junction tuned by an external magnetic flux Φ. The symbol of a
cross in a square represents a Josephson junction.
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○ 高周波では物は全てRLC回路 

○ 超伝導 → R~0 

○ Josephson junction : 非線形インダクタ 

○ 巨大なcapacitance → charge noise耐性 

○ 熱励起阻止するため希釈冷凍機 (10mK)

シリコン基板上に米粒大のアルミ薄膜

0.4mm

JJ 2つの並列ループ = SQUID 

   外部磁場で量子ビットの周波数可変に



実際の姿 シリコン基板上にアルミの薄膜 (~100nm) を蒸着

PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)
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FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ε(t)a† + ε(t)∗a, (10)

with ε(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5

金属パッドの足

2mm

金属パッド
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読み出し 共振器の透過測定      透過波の位相から判定
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超伝導量子ビットの使い方
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A. Blais et al., PRA 69, 062320 (2004)

共振器のマイクロ波透過率
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Qubit drive

39

Drive pulse = RF pulse at the qubit frequency 
  ○ @CRC: Injected using the same input line as the dispersive readout.


  ○ Off-resonent for the cavity but can reach the qubit before the cavity response is completed (~a few 100ns).


Characteristic Rabi oscillation 
  ○ Can be used for the |0>⇄|1> transition pulse if the pulse duration is the half period.

  ○ Becomes the X/Y gate pulse by tuning the phase of the drive pulse.

I [
m

V
]

Drive pulse length [ns]

~population of the |e> state

Readout pulse sent right after the drive pulse is stopped

第 5章 二準位系のダイナミクスと緩和 80

図 5.2: 離調がない場合（左）とある場合 (右) のRabi振動

が成り立つ：
Γ =

µ2ω3
q

3πh̄ε0c3
⇐⇒ µ =

√
3πh̄ε0c3Γ

ω3
q

. (5.1.18)

Γ2 で表される緩和は占有確率の変化を引き起こさないが、Blochベクトル (sx, sy, sz)のうち sxと syを “縮める”効果を持つ (図 5.1)。これは結果として量子ビットが重ね合
わせ状態などに関する位相の情報を失っていくことを意味しており、それゆえに位相緩
和と呼ばれる。自然放出による位相緩和も含めた Γ1 + 2Γ2がトータルの位相緩和レートとなるため、Γ2はとくに純位相緩和レート（pure dephasing rate）と呼ばれること
もある。

5.2 Rabi振動
さて、電磁波による駆動と緩和のもとでの量子ビットのダイナミクスを記述する方

程式が得られたため、実際にどのような振る舞いになるかを見てみよう。といっても
Bloch方程式を解析的に解くのは特殊な場合を除いて簡単ではないため、まず理想的な
場合として離調がなく （∆q = 0）、緩和もない（Γ1 = Γ2 = 0）状況を見てみよう。こ
の時の Bloch方程式は

dsx
dt

= 0,
dsy
dt

= −Ωsz,
dsz
dt

= Ωsy

となり、初めに量子ビットが基底状態にある（sz(t = 0) = −1）という初期条件のもと
で sx = 0、sz = − cos (Ωt)、sy = sin (Ωt)という解が得られる。この解は、はじめ |g〉
にあった Blochベクトルが (Ω, 0, 0)、つまり Bloch球でいうと図 5.2の左側のように x

軸まわりに回転することを意味している。Ωは Rabi周波数（Rabi frequency）と呼ば

ωdrive = ωq ωdrive != ωq
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軽いダークマターは波である

10

軽いDM (~µeV):   超長いde Broie波長 (~100m)  

                              超高い数密度 (~1014個/cm3)  →  古典的な波

Axion Dark photon

where a is the fine structure constant and gg is a model-dependent constant of order 1 [14]. From the above equations
and the limits on fa, the axion coupling to electromagnetism can be inferred as extremely weak. The coupling to
hadronic matter is even weaker still [13]. Further, the lifetime of dark matter axions within the allowable mass range
is found to be vastly greater than the age of the universe (for ma = 1 µeV, t1/2 ⇡ 1054 s) [15].

Two theoretical models bound the axion-photon coupling constant linearly to the mass by defining gg . KSVZ (Kim-
Shifman-Vainshtein-Zakharov) [16, 17] provides the stronger coupling limit,

g
KSVZ
agg ⇡ 0.38

ma

GeV2 , (4)

and DFSZ (Dine-Fischler-Srednicki-Zhitnitskii) [18, 19] yields the weaker limit,

g
DFSZ
agg ⇡ 0.14

ma

GeV2 . (5)

AXION DARK MATTER DETECTORS

Because low-mass axions have extremely low decay rates and exceptionally weak interactions with hadronic matter
and electromagnetism, they were originally thought to be "invisible" to traditional observational technology [20].
However, Sikivie showed that the decay of dark matter axions is accelerated within a static magnetic field through the
inverse Primakoff effect [21, 22].

In a static external magnetic field, one photon is "replaced" by a virtual photon, while the other maintains the energy
of the axion, equal to the rest-mass energy (mac

2) plus the nonrelativistic kinetic energy. B in (2) is effectively changed
to the static magnetic field, Bo. Thus, as the magnetic field strength is increased, so does the decay rate of the axion.
Figure 1 shows the Feynman diagrams for the axion-photon interaction for the two scenarios.

Sikivie proposed an axion detection scheme, based on the Primakoff effect, which used a microwave cavity
permeated by a strong magnetic field to resonantly increase the number of photons produced by the decay [22, 23].
The axion-photon conversion is enhanced when the resonant frequency f ⇡ mac

2

h
, where h is Planck’s constant. There

is also a small correction due to the kinetic energy of the axion, but this is tiny ( DE

E
⇡ 10�6) for cold dark matter.

Observing the proper modes at the accurate frequency with significant sensitivity will lead to detection of the axion
decay signal. This experiment design is often referred to as a "Sikivie-type" detector.

From (2), the coupling strength of the axion to the resonant mode is shown to be proportional to
R

d
3
xBo ·Emnp(x),

where Emnp is the peak electric field of the mode. The power produced in the cavity is given by

Pmnp = g
2
agg

ra

ma

B
2
o
VCmnpQL, (6)

where ra is the local energy density of the axion field, V is the volume of the cavity, and QL is the loaded quality factor
of the cavity (assumed to be less than Q of the axion) [23]. The subscript on Pmnp indicates that the power produced is

 

FIGURE 1. Feynman diagram of axion decay into photons. Left) Conversion in vacuum. Right) Inverse Primakoff effect in a
static magnetic field (Bo).
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逆プリマコフ変換

4

wavelike dark matter (波状暗黒物質)

va ∼ 10−3c

O(100 m)

tc ∼ 1 ms

巨大で遅いレーザーパルス

, ,    (暗黒物質間の平均距離)ma = #(1) μeV/c2 ρa ∼ 0.45 GeV/cc λde Broglie = #(100) m ≫ d̄DM

Axion 
(東京ドーム)

アクシオンなどの軽い暗黒物質は、波として振る舞う: wavelike dark matter

WIMPと根本的に違うところ: 
弱い古典場を検出する装置が必要

https://www.chunichi.co.jp/article/303068

地球上に降り注いでいる
降り注いている



Axion探索  現状

○ 基本的にいかに弱い光を検出できるかの勝負 

○ 物理として一番面白いのはマイクロ波 (GHz-THz) 領域 

    奇しくもドンピシャ超伝導量子ビットの守備範囲

C. O'Hare et al.

DM的に一番アツい領域 

               GHz-THz           

強いCP問題を 

解決する領域
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https://cajohare.github.io/AxionLimits/docs/ap.html
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E (X)

Qubit drive pulse

|g⟩

|e⟩
ℏω = mDM

E-field from the DM

= 

p ≃ 0.12 × κ2 cos2 Θ ( ϵ
10−11 )

2

( f
1 GHz ) ( τ

100 μs )
2

( C
0.1 pF ) ( d

100 μm )
2

( ρDM

0.45 GeV/cc )
Excitation rate after τ:

Coherent DM

Transmon

ダークマター由来の光でqubit励起

μ

0.1-10% for ε=10-12~10-11

Chen et al. (2023)

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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FIG. 1. Contours of constant p∗ ≡ pge(τ) on mX vs. ε
plane (10−1, 10−3, 10−5, and 10−7, from the top). Param-
eters of C = 0.1 pF, d = 100 µm, Q = 106, κ = 1 and
ρDM = 0.45 GeV/cm3 are assumed. The gray-shaded region
is excluded by the cosmological and astrophysical constraints
[51] (dark gray) and the existing hidden-photon search ex-
periments [6–10, 12–32] (light gray) based on the summary
in Ref. [52]. The blue-shaded regions indicate the sensitiv-
ity with the 1-year scan over the frequency range for nq = 1
(dark blue) and 100 (light blue) (more details in the main
text) assuming the thermal noise of T = 1 mK. The dashed
lines show the sensitivity with T = 30 mK with the top (bot-
tom) line corresponding to nq = 1 (100) respectively. A flat
readout error of 0.1 % is assumed.

While the depth of the sensitivity is generally
weaker than the haloscope experiments using the cavity-
resonance, the proposed method is advantageous for the
easier frequency tunability. This is important feature
for a fast “shallow search” targeting ε ∼ 10−13 − 10−12,
which is motivated by the fact that most of the cosmo-
logically allowed frequencies have not yet been probed
by direct search experiments. The proposed method
also has no less sensitivity compared with the other
wide-band searches using horn antennas [14] or proposals
utilizing the condensed-matter excitations (e.g., electric
excitations [53–57], phonon [58, 59], magnon [60], and
condensed-matter axion [61–63]).

There are a few considerations left for future studies
that can further extend the sensitivity. (1) Qubit de-
sign optimization maximizing the electric dipole moment,
where more aggressive transmon parameters and complex
circuit design can be sought. (2) Extend the frequency
range beyond that typically explored by superconduct-
ing qubit experiments. 0.2–20 GHz can be achieved with
more dedicated RF setups. (3) The κ enhancement by
the cavity resonance discussed in Appendix can be fur-
ther investigated, particularly in the context of being in-
corporated into the haloscope experiments. The setup
would be similar to the experiment performed by A. Dixit
et al. [10] however our scheme has significant potential
to provide complementary and unique sensitivity at the

high-frequency regime thanks to the insensitivity of the
qubit excitation rate on the cavity volume.
The search scheme can be also directly benefited from

the exponential advancement of the large-scale NISQ
computers led by, e.g., IBM [64] or Google [47]. Since
the requirements and the experimental setup are almost
identical, the improved qubit multiplicity and coherence
in the NISQ machines will scale the typical sensitivity
of this experiment as well. Technically, it might be even
possible to perform the experiment within the existing
NISQ machines in a parasitic manner by executing the
circuits consisting only of readout.
Finally, we point out that the physics cases of the

search can be widely extended beyond the hidden photon
DM, such as the axion DM or other non-DM transient
energy density such as dark radiation.

Acknowledgments: We thank to Atsushi Noguchi and
Shotaro Shirai for discussing and providing the key feed-
back on the experimental setup and the possible dark
count contributions. TM was supported by JSPS KAK-
ENHI Grant Numbers 18K03608 and 22H01215.

Appendix: In this Appendix, we discuss the effects of
cavity-like metallic package surrounding the qubit.
The effect of the qubit packaging on the electric field

requires careful consideration. As it is often a metal-
lic container electrically covering the qubit chip, it effec-
tively becomes a microwave cavity. The effective electric
field #E(eff) projected onto the cavity wall would vanish
at the cavity wall, since the secondary field ( #E(EM)) is
provoked by the electrons in the metal reacting to the
DM-included field #E(X). Importantly, however, since the
phases of #E(EM) and #E(X) have different spatial evolu-
tion, the field cancellation becomes imperfect off the wall.
While #E(X) can be regarded as spatially homogeneous
since the interaction of hidden photon is extremely weak
and the effects of the cavity on the dynamics of hidden
photon can be safely ignored, #E(EM) is dependent on the
position #x = (x, y, z). The field configuration of #E(EM)

inside the cavity is obtained by solving ! #E(EM) = 0 and
#∇ #E(EM) = 0 simultaneously, with the boundary condi-

tion at the cavity wall, [ #E(EM)
‖ + #E(X)

‖ ]wall = 0, where the

subscript “‖” indicates vectors projected onto the cavity
wall.
Consider, e.g., a case where a transmon is placed inside

a cylinder-shaped cavity with its conductor plate perpen-
dicular to the cylinder axis (defined as z-axis). As only
the z-component of the fields are relevant, we find

E(EM)
z (#x) = − J0(mXr)

J0(mXR)
E(X)

z , (A.1)

where r ≡
√
x2 + y2 is the radial distance from the cylin-

der axis, R is the radius of the cylinder, and J0 is the
Bessel function of the first kind. Note that mX is as-
sumed not equal to any of the cavity mode frequencies
here, which ensures J0(mXR) &= 0. Then, for the qubit
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(e) 
Ntry ~ O(104)

○ にするようなノイズは意外とない 

    熱励起: 　      0.01-1% @30mK 

    読み出しエラー: ~0.1%

|g⟩ → |e⟩
p ∼ e−ℏω/kT

0.01%-10%

○ 量子ビットの寿命はそんないらない 

   寿命短い → 読み出し回数でカバー 

   ✔︎ 製作のハードル下がる  

   ✔︎ 光子とより強結合な量子ビット使える

1粒で結構よい感度

100粒にしてもそこまで 

ご利益はない (ε ∝ nq1/4)
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ダークマター由来の光でqubit励起 Chen et al. (2023)

https://link.aps.org/doi/10.1103/PhysRevLett.131.211001
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FIG.1.Ultra-coherentmultiplesuperconductingtransmonqubitdevicebasedonNbelectrodes.(a)False-
coloredopticalmicrographofasuperconductingdevice,consistingoffourtransmonqubits(yellow,Q0–Q3)withindividual
readoutresonators(green)coupledtoasharedPurcellfilter(red).(b)False-coloredscanningelectronmicroscopeimagesofan
Al/AlOx/AlJosephsonjunction(blue)shuntedbyaNbcapacitor(yellow)onasiliconsubstrate(gray).(c)Equivalentcircuit
ofthedevice.(d)Simplifiedcryogenicwiring.(e),(f)TimetracesoftheexcitationprobabilityofqubitQ0,showingthebest
relaxationtimesandtheRamseyandHahn-echodephasingtimes.(g)Long-termstabilityoftherelaxationtimesofthefour
qubits.Themiddlepanelshowsthemagnifiedplotforthegrayregionoftheleftpanel,wherethedotsaretheresultsobtained
fromtheindividualtimetraces,whilethesolidlinesaretheirsmootheddatawitha5-hourtimewindow.Therightpanel
showstheheight-wisenormalizedhistograms.

gestfuturestrategiesforfault-tolerantsuperconducting
quantumcomputing,includingthedevelopmentofacous-
ticallyshieldedsuperconductingdevices[41],mechanical
shock-resilientsamplepackaging[42,43],andavibration-
freedilutionrefrigerator[44–46].

II.RESULTS

A.Ultra-coherenttransmonqubits

Wedevelopultra-coherentsuperconductingtransmon
qubits,formedbyasingleAl/AlOx/AlJosephsonjunc-
tionshuntedbyaNbcapacitor,fabricatedonahigh-
resistivitysiliconsubstrate.Figures1(a)and(c)show
anopticalmicrographofafabricatedmultiplesupercon-
ductingqubitdeviceanditsequivalentcircuitmodel,
respectively,includingfourfrequency-fixedtransmon
qubitswithresonancefrequenciesrangingfrom4.8GHz
to6.2GHzandanharmonicitiesof0.26GHzonaver-
age.Asthemetal-substrateinterfaceoftheAlfilmfab-
ricatedbyalift-o↵processcannotbeascleanasthat
oftheNbfilmdirectlysputteredonthesiliconsubstrate,
weminimizetheareaoftheAlelectrodesandbandage
patches[47]toreducetheenergyparticipationratioin
theinterface[seeFig.1(b)].Torealizemultiplexeddis-
persivereadout,allthequbitsareindividuallycoupledto
�/4readoutresonatorswithdi↵erentresonancefrequen-
ciesaround7GHz,sharinga�/2Purcellfilter[48].The

filterisconnectedtoafeedline,alongwhichfrequency-
multiplexedcontrolandreadoutsignalsaresent.Thefil-
terisdesignedtohavea7-GHzresonancefrequencyand
a300-MHzbandwidth,suppressingthequbitradiative
decayratestoalevelofO(10Hz).Thestate-dependent
dispersiveshiftsandthereadoutresonatorbandwidths
aredesignedtobeO(1MHz).Notethatthedi↵erentdis-
persiveshiftsofthereadoutresonatorsforthefirstand
secondexcitedstatesenableustodistinguishthereadout
signalscorrespondingtothefirstthreestates(G,E,and
F)inasingleshot.SeeTableIinAppendixAforthe
fullcharacterizationofthesystemparameters.

AsschematicallyshowninFig.1(d),thefabricatedde-
viceismountedatthemixingchamberstage(⇠10mK)
ofadrydilutionrefrigerator,enclosedinamultilayer
shielding:copperradiationshieldsandmagneticshields
ofaluminumandcryoperm.Thetransmonqubitsare
characterizedusinganearlyquantum-limitedbroadband
Josephsontravelingwaveparametricamplifier[49],al-
lowingustoperformthesimultaneoussingle-shotread-
outofthequbitsbyfrequency-multiplexing[5].The
readouterrorprobabilitiesfortheGandEstatesare
characterizedtobe<0.001and<0.03,whicharelim-
itedbyseparationerrorsandreadout-inducedstate-flip
errors[61],respectively(seeAppendixE2).Tosuppress
thermalandbackwardamplifiernoises,theinputand
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Study for the dark matter search using excitation of 

superconducting qubits

Karin Watanabe (The University of Tokyo / ICEPP)

Summary
•

Dark photon convert into a coherent E-field, whose freq. 

corresponds to the mass of dark photon.

•
This E-field excites a transmon, only when the E-field freq. is 

the same as the excitation freq. of the transmon. 

Introduction

Method and Sensitivity  

Fabrication 

Readout test 

×	#(10 !)

Initialize ~ 20ns(	 = 	#(100	µs)

Readout ~1μs

Excitation with ,"#(%)

Dark photon
Superconducting qubit: transmon

Dark photon mass-eigenstate

Photon

Dark photon interaction-eigenstate
Kinetic mixing parameter

- '=	 .- '	− 	ϵ1 '

Make transmons by our selves
based on [1]
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Repetitive counting experiment

Transmon

Al Cavity

→One to one correspondence btw. the dark photon mass &

    the transmon excitation freq. with anomalous excitation rate  

Outlook
•

Extend transmon lifetime: 2( 	→ ~100	56

•
know true transmon temp. & improve cooling arrangements 

•
Actually do this search,  ex. 1-year mass scan 

•
Apply this method to axion search

For measurement preparation, 

•
Make transmons by ourselves: 2( ~556

•
Readout test: error rate ~	15% in |0> as |1> 

Main idea is, 

•
Good DM candidate

convert into E-field UNDER B-field

•
Light mass	 ~	# meV

•
Electromagnetic interaction

behave like a coherent wave 

Metal cavity

DarkPhoton

~ GHz

E-field

Transmon
|0>

|1> 

Main idea
•

Excited by coherent E-field

•
Nonlinear LC circuit

CapacitorJosephson

Junction Convert into coherent E-field

freq. corresponding to DM mass

•
Josephson Juncion work as

nonlinear inductance@ temp. < 1.2 K

Freq. of DM-converted E-field

=Excitation freq. of transmon

⇒Transmon excite

Dark count

!

"

Thermal excitation ~	0.1% [*]	 & Readout error ~0.1% [,]

•
Find excitation freq. with 

anomalous excitation rate

•
SQUID enables tuning of 

the excitation freq.

#!" ≅ 0.12	 ×	 + #,-. #/
010 $%% #

1&'1	GHz
5100	µs #

80.1	pF
;100	µm #

=()
0.45	GeV/cm *

!!" : excitation freq. of transmon

": lifetime of transmon

Expected exploration area

Dark gray: excluded by the cosmological 

and astrophysical constraints

Light gray: excluded by the previous 

experiments
1 transmon @ 1 mK

100 transmon @ 1 mK

Detection Criterion

>-./ > max	(3, 5
>0123 )0.1% - 10% excitation 

in the unexplored region

Substrate: Sp, Si
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20 µm
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350 nm
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•
Single shot readout test 

•
Error rate

|0>|1>

•
Judged |0> or |1>

    by phase change of    

    readout pulse 

•
Transmon lifetime, in |1> as |0> 

•
Residual thermal excitation, in |0> as |1> 

•
Excited transmon may de-excite before readout

2( 	~	5	56

|1> as |0>: ~ 20%

|0> as |1>: ~ 15%
値要修正

•
Transmon & cavity was in fridge

•
Temp. of transmon & cavity >> temp. of fridge ~ 10 mK ?

•
Thermal excitation: 0.1% <30mK, 15% @120 mK  

•
Noise of readout pulse

値要修正

[2]

[1]

値要修正

e −

Print  
JJ structure 
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CSAR

1
2

θ
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Silicon/Sapphire
]

Si/Sp

新田さんスライドより引用

超伝導量子ビットを作る
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   Step-7 : @OIST (沖縄)  

それ以外 : @京都

※ 青柳 : 新技「斜め・斜め蒸着」を発明 (2025) - 論文準備中 

   よりシンプルに安定して作れるようになる可能性あり 
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Before cryogenic test…

9. Microscope 10. Resistance 11. Dicing 12. Packaging

EJ ∼ ℏπΔsc

4e2R

2D 3DSEMOptical

○ 室温抵抗測定で有望なやつを選別 

○ 希釈冷凍機で冷却 

○ 性能指標 : コヒーレンス時間 

    T1~10µs, T2~数µsをコンスタントに達成 

   (最大でT1, T2~100µs) 

   センサー応用には十分なクオリティ
16

超伝導量子ビットを測る



最初の物理成果が出てきている

17

5

図 4: 直接励起法を使った波状ダークマター探索の概要。
ターのクラウドサービスを提供しているが, 使用できる
ビット数, 状態読み出しの精度, コヒーレンス時間など
においてこれらの実機は圧倒的に優れているため, サー
ビスの制約の中に問題をうまく落とし込めればダークマ
ター検出器としても高いポテンシャルを発揮する。実際
図 4(b)で紹介したようなプロトコルは delayと読み出し
を交互に繰り返す極めて単純な量子回路に相当するが,

これは 50行程度のスクリプトで実行することが可能で
ある。図 6は IBM-Quantum の実機（IBM-Kawasaki）
で 115ビットを用いて行った実験の結果である [16]。1

分程度の実行時間で 115周波数を同時に探索可能でき,

手間がほぼかかってない割にまずまずの感度がある一方
で (1) 周波数調整が難しい（特殊な方法を用いない限り
数 10 MHz程度が限界）, (2)量子ビットチップを覆う金
属ノイズシールドによるダークマター信号の遮蔽（標準
的なデザインを考えた場合 1/100以下に抑制される）,

(3) 回路パラメータ (C,d)を公開していない（発見能力
はあっても棄却制限を正確に計算できない）といった回
避困難な課題も多数あり, サービスの枠組みの中で完全
にぶら下がるには限界がある。量子コンピューターのプ
ラットフォームに準拠しつつ, ノイズシールドや制御方
法に関してはダークマター探索用にカスタマイズできる
という状況が最も理想的であるが, 現在その道を模索す
べくフィンランドの超伝導量子コンピューターベンダー
である IQM社と協力して予備的な共同研究を開始して
いる。
ダークマター信号増幅量子回路 量子コンピューターの
実機で適切な探索実験が行えた場合の大きな楽しみの一
つに, 多数のビットからなるエンタングル状態を使った
信号増幅がある [17]。例えば nビット系において,図 7の
ようなプロトコルを考える。最初にCNOTなどの 2ビッ
トゲートを用いて最大もつれ状態 (GHZ状態: |Ψ(t1)〉 =

図 5: DarQ-Directの最初のパイロット実験の結果 [13]。
(a) 量子ビット周波数を掃印して得られた励起率分布。
(b) ダークフォトン・ダークマターに対する既存の制限
（濃灰: CMB からの制限, 淡灰: 共振空洞実験など直
接探索からの制限）と本実験で得られた制限（緑）。網
掛けは測定温度を 30 mKまで下げて量子ビットの寿命
を 100 µsまで伸ばせた場合の 1年間で達成できる棄却
感度。
(|+〉⊗n + |−〉⊗n)/

√
2) を生成し, 5量子ビットの周波数

を揃えた状態で一定時間放置してダークマターによる励
起 (|Ψ(t2)〉 = (einδ|+〉⊗n + e−inδ|−〉⊗n)/

√
2) を経たの

ち, 逆操作を行って各ビットが稼いだ時間発展の和を 1

ビットに押し付けて読み出す (|Ψ(tf )〉 = {cos(nω)|g〉+
i sin(nω)|e〉} ⊗ |+〉⊗(n−1)/

√
2)。各々のビットを個別の

検出器として扱ったときは信号レートは n倍になると
ころ, このようなエンタングル状態を使った集団励起で
は位相の足し合わせになるため信号レートは n2倍にな
る。6これは nが大きくなった場合には強力なゲインで
あり, 広い探索領域を維持しつつ共振空洞実験に匹敵す
る探索感度を与える究極の実験になりうる。エンタン
グル状態としてのコヒーレンス時間は 1/nになるため,

個別の量子ビット励起の場合と同等の励起時間を確保す
るためには, それぞれの量子ビットのコヒーレンス時間

5|±〉 は (|gg〉± |ee〉)/
√
2 で定義される状態である。

6超放射と同じ原理で「nビットのうち誰が励起したかわからない」という不可分性による干渉効果である。

5

図 4: 直接励起法を使った波状ダークマター探索の概要。
ターのクラウドサービスを提供しているが, 使用できる
ビット数, 状態読み出しの精度, コヒーレンス時間など
においてこれらの実機は圧倒的に優れているため, サー
ビスの制約の中に問題をうまく落とし込めればダークマ
ター検出器としても高いポテンシャルを発揮する。実際
図 4(b)で紹介したようなプロトコルは delayと読み出し
を交互に繰り返す極めて単純な量子回路に相当するが,

これは 50行程度のスクリプトで実行することが可能で
ある。図 6は IBM-Quantum の実機（IBM-Kawasaki）
で 115ビットを用いて行った実験の結果である [16]。1

分程度の実行時間で 115周波数を同時に探索可能でき,

手間がほぼかかってない割にまずまずの感度がある一方
で (1) 周波数調整が難しい（特殊な方法を用いない限り
数 10 MHz程度が限界）, (2)量子ビットチップを覆う金
属ノイズシールドによるダークマター信号の遮蔽（標準
的なデザインを考えた場合 1/100以下に抑制される）,

(3) 回路パラメータ (C,d)を公開していない（発見能力
はあっても棄却制限を正確に計算できない）といった回
避困難な課題も多数あり, サービスの枠組みの中で完全
にぶら下がるには限界がある。量子コンピューターのプ
ラットフォームに準拠しつつ, ノイズシールドや制御方
法に関してはダークマター探索用にカスタマイズできる
という状況が最も理想的であるが, 現在その道を模索す
べくフィンランドの超伝導量子コンピューターベンダー
である IQM社と協力して予備的な共同研究を開始して
いる。
ダークマター信号増幅量子回路 量子コンピューターの
実機で適切な探索実験が行えた場合の大きな楽しみの一
つに, 多数のビットからなるエンタングル状態を使った
信号増幅がある [17]。例えば nビット系において,図 7の
ようなプロトコルを考える。最初にCNOTなどの 2ビッ
トゲートを用いて最大もつれ状態 (GHZ状態: |Ψ(t1)〉 =

図 5: DarQ-Directの最初のパイロット実験の結果 [13]。
(a) 量子ビット周波数を掃印して得られた励起率分布。
(b) ダークフォトン・ダークマターに対する既存の制限
（濃灰: CMB からの制限, 淡灰: 共振空洞実験など直
接探索からの制限）と本実験で得られた制限（緑）。網
掛けは測定温度を 30 mKまで下げて量子ビットの寿命
を 100 µsまで伸ばせた場合の 1年間で達成できる棄却
感度。
(|+〉⊗n + |−〉⊗n)/

√
2) を生成し, 5量子ビットの周波数

を揃えた状態で一定時間放置してダークマターによる励
起 (|Ψ(t2)〉 = (einδ|+〉⊗n + e−inδ|−〉⊗n)/

√
2) を経たの

ち, 逆操作を行って各ビットが稼いだ時間発展の和を 1

ビットに押し付けて読み出す (|Ψ(tf )〉 = {cos(nω)|g〉+
i sin(nω)|e〉} ⊗ |+〉⊗(n−1)/

√
2)。各々のビットを個別の

検出器として扱ったときは信号レートは n倍になると
ころ, このようなエンタングル状態を使った集団励起で
は位相の足し合わせになるため信号レートは n2倍にな
る。6これは nが大きくなった場合には強力なゲインで
あり, 広い探索領域を維持しつつ共振空洞実験に匹敵す
る探索感度を与える究極の実験になりうる。エンタン
グル状態としてのコヒーレンス時間は 1/nになるため,

個別の量子ビット励起の場合と同等の励起時間を確保す
るためには, それぞれの量子ビットのコヒーレンス時間

5|±〉 は (|gg〉± |ee〉)/
√
2 で定義される状態である。

6超放射と同じ原理で「nビットのうち誰が励起したかわからない」という不可分性による干渉効果である。

7

実験の状況 DarQ-Lamb実験は,変調機構としてLamb

shiftを用いた共振空洞実験である [21]。DarQ-Direct実
験と同様, 図 2(a)のように共振空洞中に SQUID型量子
ビットを配置したセットアップで, 外に巻いたコイルに
よって量子ビットの周波数を変更する。2024年に初の
デモンストレーション実験を行い, 空洞周波数変化を実
証した [図 8(a)]。またこのセットアップで同時にダー
クフォトン探索実験を行った。空洞周波数をスキャンし
ながら各周波数で共振器内のパワーを測定し, 標準的な
共振空洞実験の手続きを用いて特異な周波数の探索を
行った。パイロット実験で変調幅が限られていた（∼ 10

MHz）こともあり発見には至らなかったが,今まで探索
されたことがないダークフォトンのパラメータ領域に対
して制限を設けた [図 8(b)]。この周波数変化幅は上記の
通り,共振空洞と量子ビットの結合の大きさで決まって
いるため,今後は強結合領域での運用を実現し,飛躍的に
変調幅を広げることを目指している。
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図 8: (a) 量子ビットを用いた共振空洞の周波数調整。
横軸がコイルに流した電流（SQUIDを貫く磁場の大き
さ）, 縦軸は共振空洞の周波数。モデルに沿って動いて
いることがわかる。(b) 本実験で得られたダークフォト
ン・ダークマターに対する制限 [21]。

量子アンプの導入と単一光子検出 現在のDarQ-Lamb

実験の感度はCMBの制限を大幅に超えているものの,本
格的なアクシオン探索にはまだ十分ではない。一つの原因
は,アンプのノイズである。現在は一般的な低ノイズアン
プ (HEMT)を使用しており,ノイズを温度に換算したノ
イズ温度は数ケルビン程度である。超伝導量子コンピュー
ターの読み出しやADMX実験などの最先端のアクシオ
ン探索には通常 JPA(Josephson Parametric Amplifier)

や TWPA(Traveling Wave Parametric Amplifier), い
わゆる量子アンプが利用されている。これらのアンプは
HEMTアンプと違い, 希釈冷凍機の最低温度ステージで
動作可能であり, HEMTの 10分の 1のノイズ量である
標準量子限界 (300 mK@10 GHz)まで改善可能である。
量子アンプは既に市販の製品があり, KEK-QUPに今年
度中に導入し感度を 10倍増強する予定である。さらに,

DarQ-Lamb実験は前述した ac Stark shiftを利用した
単一光子検出と相性が抜群であり, それを導入した場合
は感度はさらに 10倍以上改善する。後述する磁場導入
手法や共振空洞の改善と合わせて, 次世代をリードする
アクシオン探索実験の確立を目指す （図 9）。
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図 9: DarQ-Direct実験（赤）とDarQ-Lamb実験（青）
のアクシオンに対する予想感度。現状の感度（濃い青）
に比べ, 単一光子検出を利用すると 2-3桁程度の感度改
善余地があることがわかる (薄い青)。DarQ-Direct実験
は自由空間における実験ではQCDアクシオンに届かな
いものの, ディッシュアンテナなどの集光機構を導入す
ることにより (e.g. ω=100), QCDアクシオンに届く可
能性がある。

6 量子ビットを作る・測る
6.1 超伝導量子ビットの製作
DarQ実験では, 東大野口研や理研 RQCからの協力
を得て最近はサンプルの提供もいただいているが, 同時
にこのようなトッププロの方々の監修をいただきながら
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図 8: (a) 量子ビットを用いた共振空洞の周波数調整。
横軸がコイルに流した電流（SQUIDを貫く磁場の大き
さ）, 縦軸は共振空洞の周波数。モデルに沿って動いて
いることがわかる。(b) 本実験で得られたダークフォト
ン・ダークマターに対する制限 [21]。

量子アンプの導入と単一光子検出 現在のDarQ-Lamb

実験の感度はCMBの制限を大幅に超えているものの,本
格的なアクシオン探索にはまだ十分ではない。一つの原因
は,アンプのノイズである。現在は一般的な低ノイズアン
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ン探索には通常 JPA(Josephson Parametric Amplifier)
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わゆる量子アンプが利用されている。これらのアンプは
HEMTアンプと違い, 希釈冷凍機の最低温度ステージで
動作可能であり, HEMTの 10分の 1のノイズ量である
標準量子限界 (300 mK@10 GHz)まで改善可能である。
量子アンプは既に市販の製品があり, KEK-QUPに今年
度中に導入し感度を 10倍増強する予定である。さらに,

DarQ-Lamb実験は前述した ac Stark shiftを利用した
単一光子検出と相性が抜群であり, それを導入した場合
は感度はさらに 10倍以上改善する。後述する磁場導入
手法や共振空洞の改善と合わせて, 次世代をリードする
アクシオン探索実験の確立を目指す （図 9）。
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図 9: DarQ-Direct実験（赤）とDarQ-Lamb実験（青）
のアクシオンに対する予想感度。現状の感度（濃い青）
に比べ, 単一光子検出を利用すると 2-3桁程度の感度改
善余地があることがわかる (薄い青)。DarQ-Direct実験
は自由空間における実験ではQCDアクシオンに届かな
いものの, ディッシュアンテナなどの集光機構を導入す
ることにより (e.g. ω=100), QCDアクシオンに届く可
能性がある。

6 量子ビットを作る・測る
6.1 超伝導量子ビットの製作
DarQ実験では, 東大野口研や理研 RQCからの協力
を得て最近はサンプルの提供もいただいているが, 同時
にこのようなトッププロの方々の監修をいただきながら

DarQ-Direct     量子ビットをそのままセンサーにして探索

DarQ-Lamb   量子ビットを共振器の周波数調整器として使った共振器実験

arXiv: 2505.15619
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まだまだこれからだが 

去年IQMと共同研究開始    Forbesに載りました 

Emerald processor (54 bit) 

量子コンピューターをそのまま使う?

😃 Array of high quality qubits 

😃 Regular calibration 

😃 Optimal readout & control

😔 Fixed frequency 

😔 No B-field  (→ dark photon only ) 

😔 Qubit parameter unknown 
     Discovery only, no limits 

https://www.forbes.com/sites/johnkoetsier/2026/03/28/japanese-scientists-using-quantum-computers-to-search-for-dark-matter/


State  
preparation

Delay 
DM evolution Measurement

Tdelay < T1

e.g. nq=3      nq=127 in actual experiment

× 105

Submit a script like this 5min queue, 1min run time

☑ Script-based dark matter search
19
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量子コンピューターをそのまま使う

5Measurement
❖ Used "Emerald" machine to run direct detection protocol (54 physical qubits) 
‣ Delays : [0.1, 2, 4, 6, 8, 10, 12, 15, 20, 25, 30] us 
‣ Shots : 10000 for each delay

Using API to collect qubit properties (frequency) and calibration data (T1, T2, readout error)

ほぼタダの割にそこそこの感度 

○ ただしチップ蓋による信号遮蔽 : ~1/200 

いまやっていること : 

○ 周波数スキャン 

○ 専用蓋の開発？ 

○ 量子干渉による信号増幅の実現

Sichanugrist et al. PRL 133 (2), 021801 
Ito et al. arXiv: [hep-ex] 2311.11632Future extension(2) Multi-bit interference
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FIG. 1: Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•”
and “⊕” connected by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the

evolution with the effect of DM.

for the DM detection can be initialized, measured, and
evolved through standard gates like the Hadamard gate
and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1

q .
We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
computer platforms with sizable nq. The entangled qubit
system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism

of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(

|+⟩⊗nq + |−⟩⊗nq

)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)
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for the DM detection can be initialized, measured, and
evolved through standard gates like the Hadamard gate
and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
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that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1
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longer than that of DM is achievable in future quantum
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system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism
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phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
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)
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With the effect of the DM, the state at t = t2 becomes
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einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
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2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑
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(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
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and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1
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We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
computer platforms with sizable nq. The entangled qubit
system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism

of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(
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)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
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einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq
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The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
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The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2
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2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as
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and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
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(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)
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H UDM

H UDM

H UDM

H UDM

ti t1 t2 tf

FIG. 1: Quantum circuit for the DM detection. The gate with H represents the Hadamard gate, while that with “•”
and “⊕” connected by the line is the CNOT gate (where “•” is the control qubit). The UDM represents the

evolution with the effect of DM.

for the DM detection can be initialized, measured, and
evolved through standard gates like the Hadamard gate
and CNOT gate. (See Appendix A for the gate opera-
tions used in our analysis.)
An example of quantum circuits for detecting the DM

signal is shown in Fig. 1. This is a quantum circuit for
quantum-enhanced parameter estimation [10–12]. Our
circuit consists of only one-dimensional nearest neighbor
interaction between qubits with O(nq) gates. We assume
that t1 − ti ∼ tf − t2 ≪ t2 − t1, so that the effect of DM
is mainly in time interval t1 ≤ t ≤ t2. We also assume
that the coherence time of the qubits is long enough, so
that the coherence time of the system, τ , is determined
by the coherence of the DM and does not scale with n−1

q .
We expect that the coherence time of the qubit system
longer than that of DM is achievable in future quantum
computer platforms with sizable nq. The entangled qubit
system is usually more fragile than the individual nonen-
tangled ones and the coherence time of the entangled
state may be ∼ τq/nq, where τq is the coherence time
of a single qubit [16]. Even in such a case, the following
discussion holds as far as nq ! τq/τDM (with τDM being
the coherence time of the DM).
In order to understand the enhancement mechanism

of the signal, it is instructive to consider the case that
α = 0. For α = 0, the eigenstates of UDM are |+⟩ and
|−⟩, satisfying UDM |±⟩ = e±iδ |±⟩, where

|±⟩ ≡
1√
2
(|g⟩± |e⟩). (9)

Thus, considering the states with nq qubits, |±⟩⊗nq , they

evolve as |±⟩⊗nq → U
⊗nq

DM |±⟩⊗nq = e±inqδ |±⟩⊗nq ; the
phases from nq qubits coherently add up. Our quantum
circuit measures this phase as the relative phase between
|+⟩⊗nq and |−⟩⊗nq by using the superposition of these
states.
With the circuit, the state evolves as follows. First, all

the qubits are prepared in the ground state at t = ti. At
t = t1, the state of sensor qubits is given by

|Ψ(t1)⟩ =
1√
2

(

|+⟩⊗nq + |−⟩⊗nq

)

. (10)

With the effect of the DM, the state at t = t2 becomes

|Ψ(t2)⟩ =
1√
2

(

einqδ |+⟩⊗nq + e−inqδ |−⟩⊗nq

)

. (11)

The quantum operation from t = t2 to tf brings the phase
information to the first qubit:

|Ψ(tf)⟩ =
1√
2

(

einqδ |+⟩+ e−inqδ |−⟩
)

⊗ |+⟩⊗(nq−1)

= [cos(nqδ) |g⟩+ i sin(nqδ) |e⟩]⊗ |+⟩⊗(nq−1) .
(12)

The probability to observe the excitation of the first qubit
is

P (α=0)
g→e = sin2(nqδ) ≃ n2

qδ
2, (13)

where, in the last equality, we have used nqδ ≪ 1. No-
tably, the probability is proportional to n2

q, indicating a
possible enhancement of the signal using the quantum
properties of the qubits.
We can use our circuit even in actual situations where

α is unknown. Concentrating on the case that δ ≪ 1, we
may expand the evolution operator for nq qubits as

U
⊗nq

DM ≃ 1+ iδ

nq
∑

i=1

(Xi cosα+ Yi sinα) +O(δ2), (14)

where the summation is over the operators acting on all
the qubits. For any i, the following relation holds:

Xi |±⟩⊗nq = ± |±⟩⊗nq , (15)

"Decoded" state to be measured

p − n2
q

Multibit entanglement → signal rate ∝ nq2
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FIG. 4. Transmon qubit coherence as a function of Bk,1. The highest 5% of coherence times T1, T
echo
2 , T ⇤

2 for (a) single-JJ
and (b) SQUID transmon at each Bk,1. Dashed lines indicate the mean of the high-coherence data at each field. Microsecond
coherence is maintained up to at least 0.7T, with T1 above 1 µs over the entire measurable range. (c) and (d) Pure echo
dephasing rates �echo

� = 1/T echo
2 � 1/(2T1) versus parallel magnetic field Bk,1. For low magnetic fields (high frequencies) �echo

� is
limited by photon shot noise. In high magnetic fields the transmons approach the low EJ/EC limit and the charge dispersion
f01(ng = 0) � f01(ng = 0.5) increases, eventually limiting the coherence. (e) The pure Ramsey dephasing rate �⇤

� as a
function of the SQUID frequency sensitivity |df01/dB?|. For every in-plane magnetic field Bk,1 we observe a linear dependence
�⇤
� = a |df01/dB?|+ b. The inset shows the slopes a as a function of Bk,1, which suggest that the noise in B? increases linearly

with Bk,1. The observed noise level and trend are independent of the current source connected to the Bk,1 magnet coil (named
Oxford and Keithley in the legend). We believe this noise is caused by mechanical vibrations (see text).

mechanical vibrations are expected to be low-frequency
and the noise can be largely echoed away. A similar sit-
uation is reported in Ref. 42.

VI. CONCLUSION

The present results show that for many applications
in magnetic fields up to 0.4T, the standard Al-AlOx-
Al JJs can be a viable option. In this regime T1 and
T

echo
2 times remained largely una↵ected in our trans-

mons, but accurate in-plane alignment of the magnetic
field is paramount to preserve coherence. We use thin
aluminum films to increase the in-plane critical field and
narrow leads to minimize vortex losses. For higher fields,
coherence times are reduced compared to low-field levels,
but the standard Al/AlOx/Al transmon can be operated
at magnetic fields up to 1T, comparable to semiconduc-
tor nanowire transmons [29], while exhibiting better co-
herence times. For the Bk,1 direction, the frequency de-
pendence of the transmon was found to be reasonably
well described by a simple model, which considers the gap
closing according to the Ginzburg-Landau theory, and a
Fraunhofer-like geometrical contribution. In addition, we
have shown that the operation of a SQUID transmon is
possible in high in-plane fields, although vibrations of
the magnet relative to the sample and noise from mag-
net current sources could become a limiting factor. These

challenges seem solvable with better vibrational damping
of the dilution refrigerator and the use of persistent cur-
rent magnets. However, between 0.4T and 0.5T, regular
SQUID oscillations could not be observed and the cav-
ity frequency was unstable. We speculate this is due to
spurious JJs inherent in the Dolan bridge fabrication.

With thinner films and possibly shifting to a JJ fabri-
cation that minimizes spurious JJs, such as Manhattan
style JJs [43] or JJs that are made with two lithogra-
phy steps [44], it would be possible to make an Al-AlOx-
Al JJ transmon that can work above 1T. If the target
magnetic field is known in advance and the film prop-
erties are largely characterized, one can account for the
reduction in EJ due to suppression of the superconduct-
ing gap. Then, the Al-AlOx-Al JJ advantages of high
quality, decent yield and targeting will remain available
even in experiments that require high magnetic fields. In
future, it would be interesting to look into charge par-
ity dynamics and thermal excitation in the transmon at
higher fields [45]. Strong in-plane magnetic fields present
an additional tuning knob in cQED, which could help un-
derstand the physics of the quasiparticles coupling to the
transmon. We also believe that with slight improvements
in the setup, it would be possible to measure the e↵ect of
magnetic fields on flux noise and shed light on the nature
of the spin ensembles that are believed to cause it [46].

強磁場耐性qubit (中村)

Krause et al. (2022)
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2．研究プロジェクトの概要及び年次計画 
＜概要＞ 以下の 2 つの項⽬に取り組む 
1. マイクロ波センシングに特化した新奇なデザインの超伝導量⼦ビットの開発 

具体的にはガルバニック結合というテクニックを⽤いて、コヒーレンス時間を犠牲にしつつも
量⼦ビットと光⼦の結合定数を 2 桁向上させたセンサーデバイスを創出する。 

超伝導量⼦ビットとは超伝導薄膜を微細加⼯して製作した⾮線形共振器回路である（図 2a）。
通常はこれに線形共振器回路（マイクロ波を貯める装置）を結合させて使⽤するが, この量⼦ビ
ットー線形共振器のキャパシタンス部分を共有することで桁違いの結合を実現するのがガルバ
ニック結合である（図 3）。これ⾃体はすでに実装例があり, 通常より 2 桁⼤きい巨⼤結合も確
認されている [2]が, 「2次元実装」というチップ上に回路を全部書く⽅式で, コンピューター
の集積化には向いているが, センサーとしては有感体積が⼩さすぎて（~10um3）応⽤できない。
そこで本課題では「3次元実装」という, 線形共振器として共振空洞を使⽤した実装⽅法でガル
バニック結合を実現することを世界で初めて挑戦する。この⽅式では空洞が有感体積（~10cm3）
となるため従来の問題が解決される。量⼦ビットの薄膜と共振空洞の壁を直接接触させるとい
う実装となるが, 既に別の⽤途で類似した系が実装されており [3], その論⽂著者である野⼝
篤史⽒（東⼤）を研究協⼒者としてデザインを進めていく。 

 
図 2: (a) 超伝導量⼦ビットの光学および電⼦顕微鏡写真。 (b) 共振空洞に量⼦ビットを⼊れた
サンプル。中央の⻘線部を拡⼤したものが a である。(c) 測定したコヒーレンス時間。100µs以
上というコンピューターでも使⽤できるような⻑いコヒーレンス時間が得られている。 

 

図 3: (左) 通常の量⼦ビット-線形共振器系と, ガルバニック結合系の等価回路。 (右) 共振空
洞と量⼦ビットのガルバニック結合の類似系の実装 [3]。共振空洞の壁と量⼦ビットのキャパ
シタンスパッドを共有する。 
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ハードウェアだけでなく、どういった量子状態をどうやって使うかもopen question 

○  量子ビット+共振器系の非線形状態 (e.g. CAT state) を使った増幅 

○ センシングのための量子回路 (e.g. STAR code - 量子誤り訂正) 

などの理論寄りの研究もDarQでやっている。

ただの量子ビットから新規量子デバイスへ
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E1 ℋ E0 ∼ 8ECEJ

EJ = ω
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Δ: 超伝導ギャップ

高周波化→高質量帯へのリーチ
PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ
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(b)
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(silicon/sapphire)Transmon
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FIG. 3. Dispersive coupling between a transmon and a superconducting resonator. (a) Lumped-element representation of a
Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
oxide tunnel barrier (white). (b) A SEM image of a bridge-free junction. Image credit: Kyle Serniak (Yale University). (c) Lumped-
element representation of a LC circuit capacitively coupled to a single-junction transmon and the associated the potential of each mode
and the dressing of the energy levels due to the dispersive interaction. (d),(e) Two examples of physical realizations of a transmon
device dispersively coupled to a superconducting cavity in either the planar (d) or 3D configuration (e).

provides the drive and measurement tones to the system.
Here, ain(t) and aout(t) represent, respectively, the incom-
ing and outgoing field of the transmission line where it
interacts with our circuit. The fields at different times are
not related, such that

[
aout(t), a†

out(t′)
]

=
[
ain(t), a†

in(t
′)
]

=
δ(t − t′). This implies ain and aout have dimension t−1/2.

A detailed balance of the field results in the following
input-output relation:

aout = ain + √
κca, (8)

where κc is defined as the frequency-independent cou-
pling rate at which the oscillator exchanges energy with
the transmission line, and can be experimentally character-
ized for each setup. Here, we choose the sign convention
following the approach in Ref. [48]. With the incoming
and outgoing fields taken into account, we arrive at the
following differential equation for a(t) in the Heisenberg
picture:

∂ta = − i
! [a, H] − κ

2
a − √

κcain. (9)

This expression is called the quantum Langevin equation
[49]. It includes two new terms: the first one corresponds
to a damping of the field at rate κ/2, with κ = κc + κi,
where κi is the coupling rate between the system and the
uncontrolled environment usually called the internal loss
rate; the second term,

√
κcain, referred to as “drive” or

“pump,” is vital for a to obey the same usual commuta-
tion relation

[
a, a†] = 1 at all times despite the damping

term. As an alternative to the quantum Langevin equation,
the Lindblad master equation can also be used to describe
such dissipative systems [49,50]. However, the quantum

Langevin equation is more suited to describe the traveling
fields that we consider here.

While ain is necessary in order for us to control the state
of the resonator, it also introduces undesired fluctuations
in its field. To mitigate this, we typically operate in the
“stiff-pump” regime, where κc is negligible compared to
the frequency of the resonators, but the expectation value
of

√
κcain can be large compared to κc. This way, we have

ain = āin + a0
in, where a0

in represents the negligible fluctua-
tions of the field and āin its average value. In the stiff-pump
approximation, a drive is modeled with the Hamiltonian

Hd

! = ϵ(t)a† + ϵ(t)∗a, (10)

with ϵ(t) = √
κcāin.

B. Josephson junction
Superconducting resonators alone do not provide a use-

ful medium for encoding quantum information. This is
because the energy levels of a resonator are separated by
an equal spacing of !ω, forbidding us from addressing the
transitions individually. Thus, we must introduce a nonlin-
ear element in order to achieve universal quantum control
of the circuit.

In cQED, the most ubiquitous source of nonlinearity
is a Josephson junction (JJ), favored for its simplicity
and nondissipative nature. This element is made of two
superconducting electrodes separated by an insulating tun-
nel barrier, represented in Fig. 3(a). In practice, JJs are
typically fabricated by overlapping two layers of supercon-
ducting films with an oxide barrier in between. The area of

040202-5

Nb (Tc=9.3K)

Nb

(Tc=1.2K)

強結合 → より弱い光に感度
Capacitanceをさらに大きく あるいはgalvanic結合 JJにNb追加→近接効果でTc 釣り上げる

○ BilayerのTc測定


○ 量子ビットの製作・測定


(中川くん)

【１　研究目的、研究方法など（つづき） 】
研究活動スタート支援 ３

化膜を用いるが、その低い転移温度は高周波化の制約となっている。一方、異なる超伝導体をア
ルミニウムと接合することで、近接効果により有効な転移温度を向上させつつ、ジョセフソン接
合に不可欠な薄い酸化膜の形成を維持することが可能となる。本研究ではこの近接効果を活用し、
20− 30 GHzの共振周波数を持つ量子ビットを開発する。
【研究計画】
• 2025年度 : アルミニウム (Tc = 1.2 K)とニオブ (Tc = 9.2 K)を用いて 20− 30 GHzの共振周
波数を持つ量子ビットを作成し、希釈冷凍機を用いてコヒーレンス時間などを評価する。さら
にニオブよりも転移温度の高い窒化チタンニオブ (Tc = 16 K)や窒化ニオブ (Tc = 17.3 K)を
用いた高周波量子ビットの作成に取り組む。

• 2026年度 : 磁場によって変調可能な SQUID型トランズモンを作成し、変調幅などの評価を行
う。20− 30 GHz の周波数帯を変調可能な SQUID型トランズモンを作成し、アクシオン探索
を行う。

(5) 本研究の目的を達成するための準備状況

2025/3/21 日本物理学会2025年オンライン大会 京都大学 中川徹郎

共振器による量子ビットの読み出し
量子ビットによる共振器の変調
• 11.5 GHzの交流電場をかけながら
共振周波数を測定

•励起状態の量子ビットによる
変調が見える

•量子ビットの寿命測定には
至らなかった
→量子ビットと共振器の結合が
弱すぎた可能性
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図 4: 作成した量子ビット
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図 5: 測定した転移温度
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図 6: 量子ビットの共振周波数

本研究の目的の達成には、まず超伝導量子ビットの作成およ
び測定を行うための極低温環境の実現が必須となる。これまで
京都大学ナノテクノロジーハブ拠点や東京大学武田先端知スー
パークリーンルームなどの共同利用施設を利用して量子ビット
の自作に成功している (図 4)。さらに作成した量子ビットは、
東京大学低温科学研究センターの福山寛特任教授の協力の下、
極低温量子プラットフォームの共同利用希釈冷凍機を用いた安
定した低温環境で測定を行っている。
これまで東京大学低温科学研究センターの物理特性測定装置

(PPMS)や希釈冷凍機を利用してアルミニウムとニオブ金属の
厚みを用いて近接効果による転移温度の変化を検証結果を図 5

に示す。金属の厚みの組み合わせによって転移温度が変化し、
アルミニウム (Tc = 1.2 K)よりも十分に高い転移温度を達成
できていることがわかる。さらに、アルミニウムとニオブの近
接効果を利用した量子ビットをすでに作成しており、希釈冷凍
機を用いた測定から共振周波数が 11.5 GHz の量子ビットの作
成に成功している (図 6)。より高い共振周波数を持つ量子ビッ
トの作成はデザインの最適化やニオブよりも転移温度の高い窒
化チタンニオブや窒化ニオブを用いることによって容易に達成
できることが予想される。
また研究代表者は 2024 年から超伝導量子ビットを用いて

O(1) GeVの暗黒物質の探索を目指すDark matter search us-

ing Qubits (DarQ) 実験に参加しており、アクシオン探索に向
けた解析技術などに習熟している。以上の点から、本研究課題
の遂行に必要な基礎開発などはすでに終えており、O(10) µs

の寿命を持つ高周波量子ビットを開発後には速やかに暗黒物質
探索への移行が可能であることがわかる。
[1] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).

[2] Ciaran O’Hare, Zenodo, 10.5281/zenodo.3932430, jul (2020).

[3] Chen, Shion et al. , Phys. Rev. Lett. 131, 211001 (2023).

[4] Alexander Anferov et al. , arXiv 2411.11170 (2024).

【１　研究目的、研究方法など（つづき） 】
研究活動スタート支援 ３

化膜を用いるが、その低い転移温度は高周波化の制約となっている。一方、異なる超伝導体をア
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FIG. 4. Transmon qubit coherence as a function of Bk,1. The highest 5% of coherence times T1, T
echo
2 , T ⇤

2 for (a) single-JJ
and (b) SQUID transmon at each Bk,1. Dashed lines indicate the mean of the high-coherence data at each field. Microsecond
coherence is maintained up to at least 0.7T, with T1 above 1 µs over the entire measurable range. (c) and (d) Pure echo
dephasing rates �echo

� = 1/T echo
2 � 1/(2T1) versus parallel magnetic field Bk,1. For low magnetic fields (high frequencies) �echo

� is
limited by photon shot noise. In high magnetic fields the transmons approach the low EJ/EC limit and the charge dispersion
f01(ng = 0) � f01(ng = 0.5) increases, eventually limiting the coherence. (e) The pure Ramsey dephasing rate �⇤

� as a
function of the SQUID frequency sensitivity |df01/dB?|. For every in-plane magnetic field Bk,1 we observe a linear dependence
�⇤
� = a |df01/dB?|+ b. The inset shows the slopes a as a function of Bk,1, which suggest that the noise in B? increases linearly

with Bk,1. The observed noise level and trend are independent of the current source connected to the Bk,1 magnet coil (named
Oxford and Keithley in the legend). We believe this noise is caused by mechanical vibrations (see text).

mechanical vibrations are expected to be low-frequency
and the noise can be largely echoed away. A similar sit-
uation is reported in Ref. 42.

VI. CONCLUSION

The present results show that for many applications
in magnetic fields up to 0.4T, the standard Al-AlOx-
Al JJs can be a viable option. In this regime T1 and
T

echo
2 times remained largely una↵ected in our trans-

mons, but accurate in-plane alignment of the magnetic
field is paramount to preserve coherence. We use thin
aluminum films to increase the in-plane critical field and
narrow leads to minimize vortex losses. For higher fields,
coherence times are reduced compared to low-field levels,
but the standard Al/AlOx/Al transmon can be operated
at magnetic fields up to 1T, comparable to semiconduc-
tor nanowire transmons [29], while exhibiting better co-
herence times. For the Bk,1 direction, the frequency de-
pendence of the transmon was found to be reasonably
well described by a simple model, which considers the gap
closing according to the Ginzburg-Landau theory, and a
Fraunhofer-like geometrical contribution. In addition, we
have shown that the operation of a SQUID transmon is
possible in high in-plane fields, although vibrations of
the magnet relative to the sample and noise from mag-
net current sources could become a limiting factor. These

challenges seem solvable with better vibrational damping
of the dilution refrigerator and the use of persistent cur-
rent magnets. However, between 0.4T and 0.5T, regular
SQUID oscillations could not be observed and the cav-
ity frequency was unstable. We speculate this is due to
spurious JJs inherent in the Dolan bridge fabrication.

With thinner films and possibly shifting to a JJ fabri-
cation that minimizes spurious JJs, such as Manhattan
style JJs [43] or JJs that are made with two lithogra-
phy steps [44], it would be possible to make an Al-AlOx-
Al JJ transmon that can work above 1T. If the target
magnetic field is known in advance and the film prop-
erties are largely characterized, one can account for the
reduction in EJ due to suppression of the superconduct-
ing gap. Then, the Al-AlOx-Al JJ advantages of high
quality, decent yield and targeting will remain available
even in experiments that require high magnetic fields. In
future, it would be interesting to look into charge par-
ity dynamics and thermal excitation in the transmon at
higher fields [45]. Strong in-plane magnetic fields present
an additional tuning knob in cQED, which could help un-
derstand the physics of the quasiparticles coupling to the
transmon. We also believe that with slight improvements
in the setup, it would be possible to measure the e↵ect of
magnetic fields on flux noise and shed light on the nature
of the spin ensembles that are believed to cause it [46].

Krause et al.

一般的に磁場と超伝導は相性が悪い。Qubitでもしかり。 

  ○ 渦糸が発生してqubitとinductiveに結合 → decoherence

  ○ 面直は論外。よりbulkっぽい面内方向でも30mTくらいが限界だと言われてた。


3軸コイルで厳密にアライメントして完全な面内磁場にしたら1Tくらいまで耐えたという噂も 

  ○ アクシオン探索で必要なのは面内方向の磁場なので本当だったらかなり嬉しい 
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https://arxiv.org/abs/2111.01115


2次元共振器を使った高周波重力波探索 (中村)

22

普通の天体からでは出ない高周波 (>kHz) の重力波 

   ○ 原始ブラックホールの合体, axion超放射 

   ○ 誰も探したことがない - 宇宙ではこれはかなりのチャンス 

重力波 → CPW共振器の伸び縮み → 共振周波数の周期変動 

   ○ 透過波の位相が振動するのを捉える 

   ○ 10cm離れた複数共振器→偏光・到来方向も一応特定可能

研究背景：高周波重力波探索
• 104Hz~106Hzの領域は
未探索な部分が多い

• 新物理からの予言
• 原始ブラックホール合体

(burst)
• 背景重力波

(stochastic background)
• Axion superradiance 

(continuous)

2026/4/14 量子mtg 研究発表 中村公亮 6
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Nancy Aggarwal et al.,
Challenges and Opportunities of Gravitational Wave Searches above 10 kHz,
arXiv:2501.11723 (2025)

104 106
2次元超伝導導波路共振器(CPW resonator)
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……

スケールアップ
• 本数スケールアップ

• Bus line n本
• Bus line 1本あたりCPW resonator m本
• ウエハ p枚
• 信号が全共振器で相関、ノイズが非相関なら

• 時間スケールアップ
• T秒の積算時間

2026/4/14 量子mtg 研究発表 中村公亮 18

……m本
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基本的なセットアップはすでにある @5号館 

   ✔︎ 冷凍機 

   ✔︎ 共振器 

次は : 

   ○ 読み出し回路 (信号位相の高速測定) 

   ○ 擬似信号の読み出しテスト 

年内の初観測を目指す

2026/4/14 量子mtg 研究発表 中村公亮 27

測定 測定1:洗浄工程によるQloadedの違い

• 共振の鋭さを表すQloadedは洗浄状況で差が生じている
2025/9/19 日本物理学会秋季大会   京都大学 中村公亮 10

サンプル

A(アッシング後、NMP＋アセトンで洗浄)

A‘(アッシング後、NMP＋アセトンで
超音波洗浄)

A‘’（A‘にレジスト塗布し
その後NMP+アセトンで洗浄）

Q
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Q値の測定
• 超伝導量子ビット製作プロセスを再現した
2次元共振器(resonator)を作成

• Q値測定により汚染を定量的に評価
• Q値:共振器の共振の鋭さを示す値

Ql𝑜𝑎𝑑𝑒𝑑 =
𝑓
Δ𝑓

𝑓:共鳴周波数 Δ𝑓:共鳴周波数での線幅

2025/9/19 日本物理学会秋季大会   京都大学 中村公亮 18
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2次元共振器を使った高周波重力波探索 (中村)
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M1のネタ

○ 物理 (ダークマター/重力波) でテーマを1つ選ぶ 

   光をどう貯めるか × 光を量子ビットでどうやって読むかで色んな方式 

○ それに活かせる新規センサー・センシングの方法を開発 

   サンプル製作・低温実験・測定・理論のどこに興味があるかで応相談

青柳？

中村？

修士終了でも博士進学でもOK  　　　詳細はここを参照

https://docs.google.com/document/d/1tJMhAW0WjbERRnC1XAvCHjQI2y4zXUVaGyPHv6V16e0/edit?tab=t.v94uqhn4pymw


もっとよく知りたい人は

お手軽なスライド 

○ "量子で素粒子" @Higgs Factory summer school 2025 

○ KMI school 2024 (新田: fabまとめ) 

○ KMI school 2024 (ちん: 測定まとめ) 

レビュー論文・解説記事 

○ "超伝導量子ビット研究の進展と応用" 中村泰信  

○ "超伝導回路を用いた量子計算機の研究を理解するための基礎知識" 山本剛 

○ "Practical Guide for Building Superconducting Quantum Devices" Y. Y. Gao et al. (2021) 

教科書 

○ "量子技術序論" ⻑田有登, 山崎歴舟, 野口篤史 

○ "The Physics of the Dark Photon: A Primer" M. Fabbrichesi et al.  

○ "Quantum Computation and Quantum Information" A. M. Nielsen & I. Chuang

25

https://agenda.linearcollider.org/event/10705/timetable/?view=standard#13-quantum-for-particle-physic
https://indico.kmi.nagoya-u.ac.jp/event/7/sessions/7/attachments/41/57/KMI2024_nitta.pdf
https://indico.kmi.nagoya-u.ac.jp/event/7/sessions/7/attachments/41/62/KMIschool2024_schen.pdf
https://www.jstage.jst.go.jp/article/oubutsu/90/4/90_209/_article/-char/ja/
https://www.jstage.jst.go.jp/article/butsuri/75/10/75_610/_article/-char/ja/
https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.2.040202
https://www.sqei.c.u-tokyo.ac.jp/qed/QEd_textbook.pdf
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwiCv9uT_KD_AhVV4WEKHTwuALQQFnoECA4QAQ&url=https://link.springer.com/book/10.1007/978-3-030-62519-1&usg=AOvVaw0GA9UlhYjPAWRhHOG7U2Cl
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○ まとめgoogle doc: 参考文献とか 

○ Slack: #quantum 

5月からクリーンルームの装置講習などを始めるので、 

興味ある方は陳 (308) まで。
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Cryostat Dilution refrigerator:  
Coldest available large-volume fridge (~10mK)

Heat sources ("big-3"): 

 ○ Conduction (via pipes/cables)  → make them long, low conducting materials 

 ○ Convection (via gases in the fridge)  → high vacuum  

 ○ Radiation (from outside)  →  metal shielding 
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FIG. 2. Schematic of ADMX detector components. The mi-
crowave cavity can be seen at the center, with tuning rods.
The central cylindrical structure containing cavity and elec-
tronics that is inserted into the magnet bore is called “the in-
sert”. Various temperature stages are indicated on the right
hand side. The quantum amplifier package is thermalized to
the microwave cavity

a Cryomech PT60 pulse tube cooler that cools the top
of the insert to 50 K. Below that, a liquid 4He reservoir
maintains the bucking coil and second stage High Elec-
tron Mobility Transistor (HEMT) amplifiers near 4 K.
Two pumped 4He refrigerators are used, one is thermally
tied to the motion control system and the thermal shields
surrounding the cavity and counters the thermal load of
moving tuning rods. The other pre-cools the 3He/4He
mixture used in the dilution refrigerator before it en-
ters the still. The dilution refrigerator mixing chamber
is thermally anchored to both the first stage cryogenic
electronics and the microwave cavity.

A. Magnets

ADMX operated the superconducting magnet at 6.8
and 7.6 T respectively for Runs 1A and 1B. The mag-
net requires approximately 2, 000 L of liquid helium per
month for continuous cooling during data taking opera-
tions (supplied by a closed loop Linde liquifier system).
The applied magnetic field is along the axis of the cav-

ity. The bucking magnet reduces the magnetic field at
the site of the electronics package to below 0.1 mT. Two
Hall probes are located on each end of the bucking coil to
monitor the field at the electronics site during data ac-
quisition to ensure it is within tolerable limits. The Hall
probes are both model HGCT-3020 InAs Hall Generators
from Lakeshore.

B. Cavity

The ADMX cavity is a copper-plated stainless steel
(136 L) right-circular cylindrical cavity approximately 1
m in length and 0.4 m in diameter. Two 0.05 m diam-
eter copper tuning rods run through the length of the
cavity and are translated from the walls to near the cen-
ter using aluminum oxide rotary armatures. This allows
the fundamental TM010-like mode that couples to the
detector to be varied from 580 MHz to 890 MHz. Both
the stainless steel cavity and the copper tuning rods are
plated with OFHC copper to a minimum thickness of
0.08 mm and then annealed for 8 hours at 400�C in vac-
uum. The annealing process increases the grain-size of
the copper crystals leading to longer electron scattering
path lengths as the copper is cooled into the anomalous
skin depth regime and thus producing high Q-factors for
the detector [19]. The cavity system and the magnetic
field profile of the main magnet can be seen in Figs. 3
and 4.
The quality factor of the cavity modes are frequency

dependent and are measured periodically via a transmis-
sion measurement made through the weakly coupled port
to the output port. The presence of the tuning rod lowers
the quality factor of an empty cavity. A quality factor be-
tween 40, 000 and 80, 000 was typically achieved in Runs
1A and 1B. The form-factor for the cavity is calculated
from simulation. The mode structure of the simulation
is compared to that measured from the cavity to ensure
accuracy. The resulting E-field is convolved with a model
of the B-field produced by the magnet. The form-factor
of the TM010 varies with frequency and rod position with
an average value of 0.4.

C. Mechanical/motion control system

Two copper-plated tuning rods swept out the 0.09 m
radius circular trajectories shown in Fig 5. They are ro-
tated from the walls of the cavity (✓ = 0), where they
minimally impact the electromagnetic boundary condi-
tions of the resonator, to the center where the TM010

frequency is at its highest (✓ = 180). The armatures
that protrude through the end caps and o↵set the rods
are made of alumina. This prevents the rods from acting
as antennae and thus radiating power out of the system.
Mechanical motion is translated to the rods via room
temperature stepper motors mounted on the top plate of
the insert. Acting through vacuum feed-throughs, these

<< Cooling power: 100-1000µW

e.g. ADMX

Takes 2-10 days to reach the lowest temperature
28

He3 soaks into He4  

→ evaporation heat⛄
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is surely Hawking radiation. It is revealed that entanglement entropy is characterized by squeezing parameters 
related to Hawking temperatures, which depend on the velocity of the soliton.

�������
�����Ǥ� !e black hole laser originally requires the superluminal dispersion with a positive curvature in the 
dispersion curve of the  system12–14. Here we use a model in which a black hole laser is feasible even in subluminal 
dispersion with well-designed dispersion  curves17. To create the dispersion relation required for black hole lasers 
in subluminal dispersion, we employ dispersive engineering utilizing metamaterials made of sub-wavelength 
inclusions that provide tremendous degrees of freedom for manipulating with high precision the electromag-
netic parameters of materials and modes. In fact, metamaterials create a medium in which the permittivity 
and permeability are simultaneously negative, which does not exist in nature, and enables the unique property 
that the phase velocity and group velocity of electromagnetic waves are opposite to each other. In addition, the 
Josephson e"ect provides the Kerr  nonlinearity18, 19 essential for black hole lasers, which determines the group 
velocity, required to select the propagation modes in the system.

Suppose that a Josephson metamaterial transmission line consists of a number of LC blocks each comprised 
of composite right/le#-handed components together with a Josephson element in the shunt branch as illustrated 
in Fig. 1. Starting from the application of Kirchho" ’s law to this system together with the Josephson relation, the 
current conservation at the nth node is expressed as

where In is the current through the nth node comprising of the current through the right-handed (rh) inductor 
with inductance Lrh and the le#-handed (lh) capacitor with capacitance Clh at the nth cell, i.e., In = ILrh ,n + IClh ,n,

where Ic , ! , e, and θn are the Josephson critical current, Dirac’s constant, an elementary charge, and the phase 
di"erence in the nth junction, respectively. !e currents on the right-hand side of Eq. (1) are the Josephson cur-
rent IJ ,n , the displacement current ICrh ,n %owing through the nth Josephson junction with capacitance Crh , and 
the current ILlh ,n through the le#-handed inductor with inductance Llh . Combining these relations, we obtain 
the following circuit equation,

where we use sin θn ! θn − θ3n/6 and LJ = !/(2eIc).
Now let us derive the dispersion relation of this transmission line by ignoring the nonlinear terms of the 

Josephson e"ect. We substitute a plane-wave solution θn ∼ exp[i(kna − ωt)] with the wavenumber k, the fre-
quency ω , and unit cell length a for Eq. (4) and obtain the dispersion relation

where ωrh = 1/
√
CrhLrh and γ = Clh/Crh . In the regime of γω2 ! ω2

rh , this reduces to

(1)In − In−1 = −IJ ,n − ICrh ,n − ILlh ,n,

(2)ILrh ,n = −
!

2e

1

Lrh
(θn+1 − θn),

(3)IClh ,n = −
!

2e
Clh

d2

dt2
(θn+1 − θn),

(4)Crh
d2θn
dt2

+
1

Llh
θn +

1

LJ

(

θn −
θ3n
3!

)

−
(

1

Lrh
+ Clh

d2

dt2

)

(θn+1 + θn−1 − 2θn) = 0,

(5)sin2
ka

2
=

1

4

{

ω2

ω2
rh

− Lrh

(

1

Llh
+

1

LJ

)}(

1 − γ
ω2

ω2
rh

)−1

,

Figure 1.  Schematic representation of the composite right/le#-handed nonlinear transmission line. Each 
unit cell consists of the series branch elements and the shunt branch elements. In the series branch, a linear 
inductive element of inductance Lrh is arranged in parallel with a linear capacitance Clh . !ese constitute the 
linear dispersive element of the line. While in the shunt branch, a linear inductive element of inductance Llh is 
also arranged in parallel with a linear capacitor of capacitance Crh as well as the Josephson element (represented 
by × ) which is responsible for the nonlinearity of the system. !e dotted vertical lines mark the unit cell of the 
lattice with the length a.

ホーキング放射:  

  一般相対論の量子的な考察から予想される放射。 

  弱すぎて観測不能 (~nK)。どうやって理論を検証する？？ 

量子シミュレーション:  

  似たようなHamiltonianを実現する系を作って測定 

  測定結果 = 元の系における計算結果 

ジョセフソン接合: 非線形 (光波混合起きる) 

   ブラックホールのような歪んだ軽量が入った 

   系を形式的に再現できることが知られている 

実測/計算できないものを回路の測定から知る 

   Hawking輻射, Horizonの内側 etc. 

   非自明な理論のinternal consistencyの検証

試作したジョセフソン接合型導線
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number of repetitions determined by the desired statisti-
cal uncertainty. For experimental platforms with a duty
cycle in the Hz range (e.g. trapped ions) this procedure
would be prohibitively long; in contrast, superconducting
circuits can reach repetition rates up to ⇠ 100 kHz, such
that the full process matrix can be measured in approxi-
mately 1 hour. This gives superconducting platform the
unique ability to not only quantify the process fidelity of
the implemented scrambling unitary but also to measure
precisely how it scrambles.

We implement the scrambling unitary using two se-
quential controlled-SUM gates based on the cross-Kerr
gate described in the previous section. In Fig. 3c, we
depict the results of quantum process tomography on
our implementation. Through this tomography, we find
that the fidelity of the scrambling operation on our hard-
ware is 0.875, with two dominant error mechanisms: (i)
dephasing and (ii) amplitude-damping during the cross-
Kerr evolution.

Quantum process tomography also allows us to directly
visualize the entire action of the unitary via its e↵ect on
local operators; i.e., we can directly visualize (Fig. 3)
the relations (13)-(16). In particular, in Fig. 3c we can
verify explicitly that Us transforms all single-qutrit oper-
ators into fully two-qutrit operators – the definition of a
maximally scrambling unitary. We can also verify that it
does so as a Cli↵ord unitary, i.e. all Pauli operators are
transformed into di↵erent Pauli operators. For compar-
ison, we also illustrate the quantum process maps, both
theoretical and experimental, of a single-qutrit unitary
that does not delocalize any information (Fig. 3a), as
well as a controlled-SUM gate, which is entangling but
not fully scrambling (Fig. 3b). In the former, we ver-
ify that no single-qutrit operators are delocalized, while
in the latter we observe that all single-qutrit operators
are delocalized except for Z

(†) ⌦ I and I ⌦ X
(†), which

commute with the controlled-SUM gate.

B. Verifying scrambling through quantum
teleportation

While process tomography provides an elegant and ex-
haustive way to “image” scrambling performed by our
two-qutrit unitary, such an approach is infeasible for ver-
ifying scrambling in larger systems, as the number of re-
quired measurements scales exponentially with system
size. As an example of a protocol which can circumvent
this di�culty, and thus could be used on larger quan-
tum processors, we turn to a teleportation protocol that
quantifies the scrambling behavior of a unitary by us-
ing scrambling to enable the teleportation of quantum
states [24–26]. Compared to tomography, a downside of
the teleportation protocol is that it is limited as an essen-
tially ‘one-parameter’ diagnostic of scrambling: it quan-
tifies the average amount that operators on a given qutrit
are transformed to have support on an additional qutrit.
It does so via an average of OTOCs associated with the

Early Radiation 

Wormhole

Black Hole

Early Radiation 

Black Hole
Hawking
photon

Hawking
photon

ScramblingQutrits

Figure 4. Quantum teleportation circuit — Five-qutrit
teleportation protocol used to test for scrambling by the two-
qutrit unitary Us, and its interpretation in the context of
black hole physics. a, We begin with the first qutrit in a
quantum state | i, and prepare the remaining qutrits into
two EPR pairs. The first qutrit Q1 is ‘scrambled’ with half of
the first EPR pair by the unitary U , while the conjugate U⇤

is applied to Q3 and Q4. An EPR measurement on a pair of
qutrits (Q2 and Q3) exiting each of U , U⇤ serves to teleport
the initial quantum state to Q5 if and only if U is scrambling.
b, In the context of the Hayden-Preskill thought experiment,
Q1 corresponds to Alice’s diary, which subsequently falls into
a black hole (Q2) that is maximally entangled with its past
Hawking radiation (Q3), held by an outside observer Bob. In
the gravitational picture, this shared entanglement functions
similarly to a geometric wormhole between the black hole and
its early radiation. The black hole dynamics are modelled as
a scrambling unitary U , followed by emission of a Hawking
photon (Q2). Finally, Bob applies U⇤ and measures in the
EPR basis to recover Alice’s diary.

unitary over local operators; in this context, maximal
scrambling by Us is captured by the fact that the av-
erage OTOC decays to its minimum allowed value (1/9
for a two-qutrit system) [25]. Crucially, the protocol is
constructed in such a way that faithful teleportation of a
quantum state | i requires quantum information scram-
bling to occur, as well as the absence of experimental
errors. The teleportation fidelity can then in turn be
used to upper-bound the OTOC, even in the face of such
errors.

As shown in Fig. 4, the verification protocol requires
both the scrambling unitary, Us, and its time-reversal,
U

⇤
s
, to be performed in parallel on separate pairs of

qutrits. The qutrit pairs undergoing these two time-
evolutions are initially highly correlated: two qutrits out

Blok et al. (2021)

量子ビットを使ったデジタルシミュレーションは 

Google et al.が2022年に発表

Katayama (2021)

アナログ系の実験はまだやられていない

https://www.nature.com/articles/s41586-019-0970-4
https://www.google.com/search?client=safari&rls=en&q=Quantum%E2%80%90circuit+black+hole+lasers&ie=UTF-8&oe=UTF-8
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最内層にもう1枚入れたい 

できれば死ぬほど細かいやつ (5µm角)

内部検出器→粒子の位置測定 

2次崩壊点の測定精度: b, tau, SUSYなどに重要

もう1桁よくしたい！
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目標 

○ 数nsで立ち上がるSNSPDを複数pixelで作って1本のbus lineで読み出す 

○ ゆくゆくは1000チャンネルくらいを25nsおきに読み出せるようにする。 

○ 究極的な目標しては2040年くらいにATLASのビームパイプに巻く

SNSPD: 超伝導ナノワイヤー検出器 

○ 粒子が中でエネルギー落とすとクーパー対破壊 

   ワイヤーの導通が常伝導化→信号 

○ ワイヤー間隔 ~ 位置分解能 (原理的には~1µm?) 

○ 高周波で読み出し多重化も容易 

コライダーの実験環境は厳しいが 

○ 高放射線ダメージ → 薄膜だから大丈夫？ 

○ 熱 → 高温超伝導体 (すでに実装例はある) 

○ 高レート (25nsおき) → SNSPD: O(100ps) 分解能 

○ 強磁場耐性? - これは一番ネックになりそう

時間分解能<100ps

www.nature.com/scientificreports/
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(see Fig. 6b). This functional dependence is expected of SNSPDs whose speed is limited by their kinetic 
inductances =LK

m
ne

l
wt2

53, where m is the electron mass, n the charge carrier density, e the elementary 
charge of the electron, and l, w, and t the length, width and thickness of the superconducting nanowire, 
respectively. Therefore, the decay time of our detectors remains well within a 20 ns window. The meas-
ured decay times and timing jitters are slightly larger than those of comparable NbN-on-Si SNSPDs, but 
still smaller than those of most externally operated units like PMTs and SPADs1,14,54,55. We attribute the 
difference to the fact that in our case NbN is deposited onto amorphous substrates, rather than crystal-
line material as in the case of silicon. We expect that the quality of our SNSPDs can be further improved 
by refining the fabrication steps, resulting in higher critical current values which in turn will produce 
higher output pulses and hence reduce timing jitter.

Discussion
The waveguide integrated single photon detectors demonstrated here show attractive performance char-
acteristics in terms of on-chip detection efficiency, low dark count rate and low timing jitter. Particularly 
interesting is the fact that narrow nanowires with design widths below 100 nm show a clear plateau 
behavior towards high bias currents. This enables our detectors to be operated well below the critical 
current which, in turn, provides a favorable combination of low dark count rates and high detection 
efficiency. This synergy is expressed in low noise-equivalent power values obtained at a bias point as 
low as 61% of IC. While reducing the dark count rate by lowing the SNSPD’s bias current has little or no 
effect on the achievable detection efficiency, we found that at lower bias currents the timing jitter tends 
to increase. Therefore, a small trade-off between timing accuracy and low-noise performance exists. This 
trade-off has to be taken into account when selecting a detector geometry for a particular application.

Waveguide integrated detector devices therefore feature all three detector characteristics that are 
required for advanced applications in a single device1,2,12. In addition, the nanowire detectors provide 

Figure 5. a) Histogram data obtained during the jitter measurement of various nanowire widths (empty 
circles) and corresponding Gaussian fit (solid line). The double-arrows indicate the timing jitter, i.e. the full 
width at half maximum (FWHM) obtained from the fits. b) Timing jitter as a function of nanowire width 
showing decreasing timing jitter with growing nanowire width.

https://arxiv.org/abs/2208.05674
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高周波回路素子は結構デカい 

10万qubitの量子コンピューター作るみたいな話になってくるとかなりきつい 

→ チップに埋め込んで小型化  

     (どうせ冷えるので) Josephson接合が使える→強い非線形効果

3cmくらい
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circulator e�ciency. We show that due to tunneling of
quasiparticles between di↵erent pairs of superconducting
islands the Josephson-ring circulator in Ref. [19] has four
accessible charge-parity sectors. Given the same working
conditions and parameters, these sectors circulate sig-
nals with di↵erent e�ciencies. Stochastic jumps among
the sectors caused by quasiparticle tunneling events then
may result in unstable operation of the circulator de-
vice. To mitigate these fluctuations, we propose to em-
ploy quasiparticle-trapping techniques [24, 25, 30–33] to
suppress quasiparticle population.

The structure of this paper is as follows. In Sec. II
we present the circuit design of the passive on-chip su-
perconducting circulator along with the SLH formalism
to numerically calculate the scattering matrix elements.
Then in Sec. III we derive the scattering matrix elements
exploiting the adiabatic elimination technique and deter-
mine the conditions for optimal circulation, followed by
numerical optimization in Sec. IV. Section V analyzes
quasiparticle tunneling in the circulator system. The pa-
per is concluded in Sec. VII. Appendixes provide detailed
calculations and additional information for the results in
the main text.

II. CIRCUIT DESIGN AND SLH FORMALISM
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FIG. 1. (a) Schematic circuit design of the passive on-chip
superconducting circulator proposed in Ref. [19]. The de-
vice comprises three superconducting islands which are rep-
resented by the numbers of Cooper pairs n̂j and the super-
conducting phases �̂j (j = 1, 2, 3) on each island. They are
connected by three Josephson junctions with Josephson ener-
gies EJj and junction capacitances CJj . Each island is biased
by an external voltage Vxj via a gate capacitance Cxj and cou-
pled capacitively to a waveguide via a coupling capacitance
Ccj . The whole circulator loop is threaded by a central ex-
ternal flux �x as well. (b) First four excited-state energies !k

(k = 1, 2, 3, 4) of the circulator ring versus the reduced exter-
nal flux �x for a symmetric circuit (i.e., EJj = EJ , CJj = CJ ,
Cxj = Cx, and Ccj = Cc). The eigenenergies are computed

by numerically solving the eigensystem of Ĥring given in Eq.
(4) with EC⌃/EJ = 0.35 and nxj = 1/3.

In this section we present the circuit design of the ring
circulator, its working principle, the SLH formalism to
compute the scattering matrix, and the notations used

throughout the paper. Many details of these can be found
in Ref. [19]. The circulator circuit, depicted in Fig. 1a,
is a superconducting ring segmented into three super-
conducting islands by three Josephson junctions each of
which is described by a Josephson energy EJj and a junc-
tion capacitance CJj (j = 1, 2, 3). The three islands are

represented by the superconducting phases �̂j and their
conjugate charges n̂j ; they are biased by external volt-
ages Vxj with gate capacitances Cxj and coupled to three
external waveguides by coupling capacitances Ccj . The
circulator ring is threaded by an external flux �x. Input
fields bin,j propagate along the waveguides, interact with
the ring, and scatter into output fields bout,j .
To begin, we consider the case of a symmetric

Josephson-junction ring, that is, EJj = EJ and CJj =
CJ , and further assume that Cxj = Cx and Ccj = Cc. We
consider asymmetries later. As derived in Appendix A,
the circulator ring Hamiltonian is

Ĥring =
(2e)2

2
(n̂� nx)C�1(n̂� nx)

�EJ

3X

j=1

cos(�̂j � �̂j+1 � 1
3�x), (1)

where n̂ = {n̂1, n̂2, n̂3}, nx = {nx1 , nx2 , nx3} with nxj =
CxjVxj/(2e) the (dimensionless) charge bias on the is-
land j, �x = 2⇡�x/�0 is the reduced flux bias which
has been shared equally by the three Josephson junc-
tions with �0 = h/(2e) the superconducting quantum
flux, and C is the capacitance matrix. To account for the
fact that the total number of Cooper pairs on the ring is
conserved, we define new coordinates

n̂
0
1 = n̂1, n̂

0
2 = �n̂2, n̂

0
3 = n̂1 + n̂2 + n̂3 = n0, (2)

�̂
0
1 = �̂1 � �̂3, �̂

0
2 = �̂3 � �̂2, �̂

0
3 = �̂3, (3)

where n0 is the conserved total charge number, which is
controlled by the external biases [20]. In the new coordi-
nates, the Hamiltonian Ĥring is

Ĥring = EC⌃

�
(n̂0

1 � 1
2 (n0 + nx1 � nx3))

2

+(n̂0
2 +

1
2 (n0 + nx2 � nx3))

2 � n̂
0
1n̂

0
2

�

�EJ

�
cos(�̂0

1 � 1
3�x) + cos(�̂0

2 � 1
3�x)

+ cos(�̂0
1 + �̂

0
2 +

1
3�x)

�
, (4)

where EC⌃ = (2e)2/C⌃ is the charging energy with
C⌃ = 3CJ + Cx + Cc.
In terms of the ring eigenbasis {|ki ; k = 0, 1, 2, . . . },

we have

Ĥring =
X

k>0

!k |ki hk| , (5)

where !k is the eigenenergy1 associated with the excited
state |ki (k > 0), and we have subtracted the ground

1
In this paper, we set ~ = 1.

e.g. 普通のサーキュレータ ジョセフソン接合で作ったサーキュレーター

一つのチップ + intput/output line 2本だけで全部済ませるデザインが究極的な野望

Mahoney et al. (2017) D. T. Le et al. (2021)

https://journals.aps.org/prx/abstract/10.1103/PhysRevX.7.011007
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.043211
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図 9.5: LC共振器（左）と本章で扱う超伝導量子ビット（右）

というものになる。Q の共役となる正準変数は Φ となることはすぐにわかるので、
HamiltonianHLCは

HLC =
Q2

2C
+

Φ2

2L
(9.2.6)

となることがわかる。第 1項がキャパシタのエネルギー、第 2項がインダクタのエネル
ギーになっていることがわかるだろう。
期待通りQと Φを正準変数とする調和振動子の形にかけたので、これらを演算子と

みなし、交換関係 [Q,Φ] = ih̄を要請することで量子化の手続きが完了する。共振器光
子の生成・消滅演算子を
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となる。

9.2.2 超伝導量子ビット
次に、LC共振器のインダクタを Josephson接合で置き換えた図のような回路を考え

よう。Josephson効果において、絶縁体を挟んだ超伝導体間の位相差を θ、Josephson

接合をまたぐ電流と電圧を I、V として
I = I0 sin θ, V =

h̄

2e

dθ

dt
(9.2.10)

が成立する。ここで磁束量子 Φ0 = h/2eを用い、磁束を ΦJ = (θ/2π)Φ0と定義すれば
I(t) = I0 sin

(
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)
, V =

dΦJ
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harmonic oscillator (QHO) (cos ŵ ! 1" ŵ2=2),

Ĥq ! 4ECN̂2 þ 1
2
EJŵ2, (17)

where Next is ignored because the energy levels are insensitive to
Next. By comparing Eq. (17) with a standard spring-block harmonic
oscillator with the spring constant k and the mass m, we obtain
ωq !

ffiffiffiffiffiffiffiffiffiffiffiffi
8EJEC

p
=!h from ω0 ¼

ffiffiffiffiffiffiffiffiffi
k=m

p
, where ω0 is the resonance fre-

quency of the spring-block oscillator. Since we are considering the
regime where ŵ is localized, C corresponds to m, and L"1

J corre-

sponds to k, where LJ[; (Φ0=2π)
2=EJ] is the effective inductance of

the junction. Moreover, in this large EJ=EC regime, the anharmo-
nicity will decrease with an increase in EJ=EC because the
Hamiltonian [Eq. (16)] becomes closer to that of a quantum har-
monic oscillator [Eq. (17)] in this direction.

More systematic plots regarding the two observations, (i) the
flattening of the energy band and (ii) the suppression of the

anharmonicity in the large EJ=EC limit, are given in Figs. 5(g)
and 5(h), respectively. Note that the difference between the transi-
tion frequencies at Next ¼ 0 and 0.5, denoted by Δωq, decreases
exponentially as shown in the inset of Fig. 5(g). This indicates that
the energy levels are completely flat if EJ=EC * 50.

The anharmonicity at Next ¼ 0 and 0.5 also collapses into
a single curve because of the flattening of the energy band
[Fig. 5(h)]. The crucial observation is that, although α is also
approaching zero, its slope is algebraic rather than exponential.
This suggests that we can use the circuit in the large EJ=EC limit
as a charge-insensitive qubit, which is called a transmon (see
Sec. IV B for the implementation of a transmon).20

3. Loop-based qubit

A loop-based qubit is not as simple as an island-based qubit
because we have to consider all terms in Eq. (15). We start with the
effect of EL. Since EL is a function of w, it is convenient to take
the phase basis, and consequently, to treat EJ and EL terms as the

FIG. 5. (a)–(c) Energy levels of an island-based qubit with three different EJ=EC ratios. (d) and (e) Wavefunctions of the ground state gj i and the excited state ej i in the
number and phase bases. (f ) If the displacement in the phase basis is reasonably small, which is the case when EJ=EC % 1, we can approximate the cosine potential U
(solid line) as a weakly nonlinear harmonic potential (dashed line). (g) Transition frequency between gj i and ej i, ωq, as a function of EJ=EC ratio at Next ¼ 0 (dashed
line) and 0.5 (solid line). The inset shows the EJ=EC dependence of Δωq[; ωq(Next ¼ 0)" ωq(0:5)]. (h) Anharmonicity α(; ωe-f " ωq, where ωe-f is the transition fre-
quency between ej i and the higher excitation level fj i) as a function of EJ=EC ratio.
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("Cooper pair box")

Next=0

C. Elementary circuits

1. Generic Hamiltonian

We can categorize elementary circuits of superconducting
qubits into two groups, an island and a loop (Fig. 4). In the early
literature, these two kinds of qubits were called a charge qubit and
a flux qubit, respectively, on the basis of the spread of the wave-
functions in the number (charge) and phase (flux) bases [typical
wavefunctions of a charge qubit are shown in Fig. 5(d)].17

However, such a classification is valid only for a certain parameter
range; it does not work well for sophisticated qubits whose wave-
functions often show exotic distributions in both the number and
the phase bases. Therefore, we simply categorize circuits of super-
conducting qubits based on the geometry. Then, we will show how
the qubit properties change as we tune the circuit parameters. The
knowledge acquired in this way can also be used for analyzing
more complex qubits.

We introduce a Hamiltonian for a parallel circuit composed of
a capacitor with the capacitance C including the intrinsic capaci-
tance of a junction, an inductor with the inductance L, and a
Josephson junction, as a generic model of a superconducting
qubit [Fig. 4(c)]. This particular circuit is easily quantized by
treating N and w as the operators N̂ and ŵ. (The standard intro-
duction to superconducting circuit quantization is Ref. 18.) Here,
the number operator N̂ is conjugate to the phase operator ŵ:
N̂ ¼ "i@=@ŵ. (They satisfy the relation eiŵN̂e"iŵ ¼ N̂ " 1. The
popular form of this relation is [ŵ, N̂] ¼ i. However, this form is
not mathematically rigorous because the phase operator is not
Hermitian. It holds approximately only if N̂ and ŵ are the relative
number and phase operators between two superconductors, and

this number imbalance of electrons is much less than the number
of electrons in each superconductor. For details, see Refs. 15
and 19.) The resulting circuit Hamiltonian Ĥq is given by

Ĥq ¼ 4EC(N̂ " Next)
2 þ 1

2
ELŵ2 " EJcos(ŵ" wext), (15)

where EC(; e2=2C) is the capacitive energy, which is the energy
cost to charge a capacitor with a single electron (the factor of
4 comes from the Cooper pairing), and EL[; (Φ0=2π)

2=L] is the
inductive energy, which is the energy cost to “charge” an inductor
with a single flux quantum Φ0. The EJ term, which represents the
energy stored in the junction, was obtained by integrating the elec-
trical work

Ð
IsVdt with Eqs. (12) and (13). Last, Next is the charge

offset due to the external voltage bias and wext(; 2πΦ=Φ0) is the
phase offset due to the external flux bias Φ. Inserting this phase
offset in the Josephson junction term is based on the assumption
that a magnetic flux penetrates into the loop through the junction,
not through the inductor.

Equation (15) suggests that characteristics of a superconduct-
ing qubit can be engineered by three circuit parameters, EJ, EC, and
EL. In Secs. III C 2 and III C 3, we explore how these circuit param-
eters determine the basic properties of a qubit.

2. Island-based qubit

The Hamiltonian of an island-based qubit is Eq. (15) in the
EL ! 0 and wext ! 0 limits,

Ĥq ¼ 4EC(N̂ " Next)
2 " EJ cos ŵ: (16)

Therefore, the properties of an island-based qubit are mainly deter-
mined by the ratio EJ=EC.

In the small EJ=EC limit, the EC term is dominant in Eq. (15);
as a result, the wavefunctions are localized in the number basis as
shown in Fig. 5(d), suggesting that the number basis will be more
convenient to describe the physics in this regime. In Fig. 5(a), the
gray lines indicate the EC term associated with N ¼ 0j i and +1j i.
At Next ¼ 0:5, N ¼ 0j i and 1j i are energetically degenerated. Here,
the EJ term hybridizes these two states via coherent charge tunnel-
ing [Fig. 4(a)], resulting in an anticrossing whose size is approxi-
mately EJ. At zero bias, a similar, but significantly smaller,
hybridization occurs between N ¼ "1j i and 1j i. This results in the
first excitation level at $ 4EC.

As EJ=EC increases, the contribution from the anticrossing
dominates [Fig. 5(b)]; eventually, in the large EJ=EC limit, the
energy levels become flat, i.e., insensitive to Next [Fig. 5(c)]. In this
regime, the wavefunctions are localized in the phase basis as shown
in Fig. 5(e); hence, it is reasonable to treat the EJ term in Eq. (15)
as the periodic potential and the EC term as the kinetic term. In
addition, since the kinetic term is much less than the potential
term (EJ=EC % 1), the displacement in the phase basis during the
evolution of the qubit state is small. Thus, as depicted in Fig. 5(f ),
we can approximate the periodic potential (solid line) as a weakly
nonlinear harmonic potential (dashed line). Then, the qubit fre-
quency can be obtained by approximating Eq. (16) as a quantum

FIG. 4. (a) and (b) Elementary circuits of a superconducting qubit. The dashed
boundary line indicates the charge island. In a certain parameter range, their
operations as qubits can be understood as the coherent tunneling of charge or
flux (see Secs. III C 2 and III C 3). (c) Parallel circuit composed of an inductor
with L, a capacitor with C, and a Josephson junction with the critical current Ic
as a generic model of a superconducting qubit.

Journal of
Applied Physics TUTORIAL scitation.org/journal/jap

J. Appl. Phys. 129, 041102 (2021); doi: 10.1063/5.0029735 129, 041102-6

Published under license by AIP Publishing.

外部電荷バイアス 

(charge noiseも含む)
capacitance pad 
にいるクーパー対の数

電気ノイズ耐性を確保するため  でやることが多い ("トランズモン")。 

大きなcapacitance padを作ることに相当。
EJ > > EC



JJの並列ループ = Superconducting QUantum Interference Device (SQUID)
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SQUIDループを貫く磁束でEJが調節できる → 量子ビットの周波数が変えられる 

”人工原子”

(1) Proper operating frequency range: A qubit must have a transition
frequency that is significantly higher than the thermal energy of
a typical solid-state system to observe quantum nature. The only
continuous refrigeration method for solid state devices below
0.3 K is to use a dilution refrigerator, whose base temperature is
usually about 10mK (!200MHz). This means that the transi-
tion frequency of a qubit must be at least a few gigahertz. At the
same time, the qubit transition frequency should be sufficiently
lower than the superconducting energy gap of the host supercon-
ductor so as not to excite quasiparticles. For aluminum, which is
the most popular material for superconducting qubit systems,
the energy gap is about 100 GHz.

(2) Large anharmonicity: To be a well-defined two-level system, a
qubit should have anharmonicity α ; ω1-2 ! ωq of at least
!100MHz to perform a reasonably fast gate operation (see
Sec. IX A 1 for the gate time and frequency selectivity). Recently,
it has been found that having a third level in an accessible
frequency range can be beneficial, such as for initialization or
two-qubit gate operation (see Secs. VI D and VI E 1).

(3) Long coherence time: The assigned quantum state should last
for a long time compared with the time for gate operations.

(4) Ease of coupling: For readout and (multi)qubit gate operation,
a reasonably strong coupling between a qubit and another
quantum system, such as a resonator or neighboring qubit,
should be achieved easily.

(5) Ease of control: The quantum state should be brought to a super-
position easily and straightforwardly by an external mean.

(6) Ease of fabrication: A qubit should be easy to fabricate with
standard nanotechnology for good reproducibility.

B. Josephson junction

A superconductor is a macroscopic quantum mechanical
system in the sense that it can be described by a single macroscopic
wavefunction, i.e., the order parameter Ψ. However, this property is
not a sufficient condition for being a qubit; we need a confinement
potential to have discrete energy eigenstates such as electrons in the
Coulomb potential forming an atom. Moreover, to control the two
lowest energy eigenstates selectively, the potential must be anhar-
monic to have distinct energy separation between eigenstates.

The solution for discrete energy eigenstates is to make an elec-
trical circuit. In a superconducting circuit, the quantized energy
level emerges from the quantization of the charge and the magnetic
flux stored in various electrical components just like the position
and the momentum of electrons in a real atom. (Since the charge
and the magnetic flux are collective coordinates that represent the
cooperative motion of large numbers of electrons, the circuit quan-
tization is essentially phenomenological.14)

The solution for the anharmonicity is a Josephson junction
where a pair of superconductors are weakly coupled [Fig. 3(a)]. In
a superconducting circuit, a Josephson junction acts as a nonlinear
inductor, resulting in an anharmonic potential. Since a supercon-
ductor is a macroscopic quantum mechanical system, only two
quantities are required to describe the physics of a Josephson junc-
tion: the number imbalance of electrons N and the relative phase w
between the two superconductors. Here, N corresponds to the dif-
ference in jΨj2 of the two superconductors. The equations of

motion regarding these two quantities, called the Josephson equa-
tions, are given by15

dN(t)
dt

¼ 2EJ
!h

sinw(t) and
dw(t)
dt

¼ ! 2e
!h
V(t), (12)

where EJ is the Josephson energy, which is a measure of the ability
of Cooper pairs to tunnel through the junction; !h is the reduced
Planck constant; e is the magnitude of the charge carried by a
single electron; and V is the voltage difference maintained across
the junction. The popular form of the left equation in Eq. (12) is16

Is(t) ¼ Ic sinw(t), (13)

where Is is a zero-voltage supercurrent flow through the junction
and Ic(¼ 2eEJ=!h) is the maximum current that can flow through
the junction, i.e., the critical current of the junction.

Here, we point out that a DC Superconducting Quantum
Interference Device (DC SQUID), which consists of two Josephson
junctions and a superconducting loop [Fig. 3(b)], can be considered
as a variable Josephson junction whose effective Josephson energy
EJ,eff as a function of the external flux bias Φ is given by

EJ,eff (wext) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
J,1 þ E2

J,2 þ 2EJ,1EJ,2 coswext

q
, (14)

where wext(; 2πΦ=Φ0) is the phase offset due to the external flux
bias. This idea is useful for making tunable superconducting
devices.

FIG. 3. (a) Schematic diagram of a Josephson junction where a pair of super-
conductors are weakly coupled via an oxide tunnel barrier. The phase and the
number difference of the macroscopic wavefunctions Ψ1 and Ψ2 fully determine
the physics of the junction. (b) A DC SQUID can be considered as a variable
Josephson junction tuned by an external magnetic flux Φ. The symbol of a
cross in a square represents a Josephson junction.
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frequency that is significantly higher than the thermal energy of
a typical solid-state system to observe quantum nature. The only
continuous refrigeration method for solid state devices below
0.3 K is to use a dilution refrigerator, whose base temperature is
usually about 10mK (!200MHz). This means that the transi-
tion frequency of a qubit must be at least a few gigahertz. At the
same time, the qubit transition frequency should be sufficiently
lower than the superconducting energy gap of the host supercon-
ductor so as not to excite quasiparticles. For aluminum, which is
the most popular material for superconducting qubit systems,
the energy gap is about 100 GHz.

(2) Large anharmonicity: To be a well-defined two-level system, a
qubit should have anharmonicity α ; ω1-2 ! ωq of at least
!100MHz to perform a reasonably fast gate operation (see
Sec. IX A 1 for the gate time and frequency selectivity). Recently,
it has been found that having a third level in an accessible
frequency range can be beneficial, such as for initialization or
two-qubit gate operation (see Secs. VI D and VI E 1).

(3) Long coherence time: The assigned quantum state should last
for a long time compared with the time for gate operations.

(4) Ease of coupling: For readout and (multi)qubit gate operation,
a reasonably strong coupling between a qubit and another
quantum system, such as a resonator or neighboring qubit,
should be achieved easily.

(5) Ease of control: The quantum state should be brought to a super-
position easily and straightforwardly by an external mean.

(6) Ease of fabrication: A qubit should be easy to fabricate with
standard nanotechnology for good reproducibility.

B. Josephson junction

A superconductor is a macroscopic quantum mechanical
system in the sense that it can be described by a single macroscopic
wavefunction, i.e., the order parameter Ψ. However, this property is
not a sufficient condition for being a qubit; we need a confinement
potential to have discrete energy eigenstates such as electrons in the
Coulomb potential forming an atom. Moreover, to control the two
lowest energy eigenstates selectively, the potential must be anhar-
monic to have distinct energy separation between eigenstates.

The solution for discrete energy eigenstates is to make an elec-
trical circuit. In a superconducting circuit, the quantized energy
level emerges from the quantization of the charge and the magnetic
flux stored in various electrical components just like the position
and the momentum of electrons in a real atom. (Since the charge
and the magnetic flux are collective coordinates that represent the
cooperative motion of large numbers of electrons, the circuit quan-
tization is essentially phenomenological.14)

The solution for the anharmonicity is a Josephson junction
where a pair of superconductors are weakly coupled [Fig. 3(a)]. In
a superconducting circuit, a Josephson junction acts as a nonlinear
inductor, resulting in an anharmonic potential. Since a supercon-
ductor is a macroscopic quantum mechanical system, only two
quantities are required to describe the physics of a Josephson junc-
tion: the number imbalance of electrons N and the relative phase w
between the two superconductors. Here, N corresponds to the dif-
ference in jΨj2 of the two superconductors. The equations of

motion regarding these two quantities, called the Josephson equa-
tions, are given by15

dN(t)
dt

¼ 2EJ
!h

sinw(t) and
dw(t)
dt

¼ ! 2e
!h
V(t), (12)

where EJ is the Josephson energy, which is a measure of the ability
of Cooper pairs to tunnel through the junction; !h is the reduced
Planck constant; e is the magnitude of the charge carried by a
single electron; and V is the voltage difference maintained across
the junction. The popular form of the left equation in Eq. (12) is16

Is(t) ¼ Ic sinw(t), (13)

where Is is a zero-voltage supercurrent flow through the junction
and Ic(¼ 2eEJ=!h) is the maximum current that can flow through
the junction, i.e., the critical current of the junction.

Here, we point out that a DC Superconducting Quantum
Interference Device (DC SQUID), which consists of two Josephson
junctions and a superconducting loop [Fig. 3(b)], can be considered
as a variable Josephson junction whose effective Josephson energy
EJ,eff as a function of the external flux bias Φ is given by

EJ,eff (wext) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
J,1 þ E2

J,2 þ 2EJ,1EJ,2 coswext

q
, (14)

where wext(; 2πΦ=Φ0) is the phase offset due to the external flux
bias. This idea is useful for making tunable superconducting
devices.

FIG. 3. (a) Schematic diagram of a Josephson junction where a pair of super-
conductors are weakly coupled via an oxide tunnel barrier. The phase and the
number difference of the macroscopic wavefunctions Ψ1 and Ψ2 fully determine
the physics of the junction. (b) A DC SQUID can be considered as a variable
Josephson junction tuned by an external magnetic flux Φ. The symbol of a
cross in a square represents a Josephson junction.
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ext

SQUIDにすると変調ができる



基板 基板
レジスト

基板 基板

パターンを彫る (リソグラフィー)

35

○ 基板はシリコンかサファイヤの単結晶。小さい誘導損失。 

○ レジスト (表面を保護する有機物の層) を塗る。 

○ レーザーか電子線ビームを露光。 

○ 感光したところは現像液で洗い流せる。

レーザー (パターン大きさ>1µm)  

or 電子ビーム (<1µm)

※ポジのレジストのとき。ネガだと感光してないとこが現像で落ちる。



蒸着

蒸発させた金属のガスに晒す → 薄膜できる 

   電子線蒸着だと指向性を持った蒸着が可能 

最後に化学的にレジストを除去してパターンのみ残る

基板

蒸発

蒸着材料
電子ビーム

基板

金属薄膜

e.g. リフトオフで 

      上の金属ごと除去

36



Josephson junctionの形成 Al-AlOx-Alの場合

蒸着材料 (Al)
電子ビーム

基板

Al

基板

Al
AlOx

蒸着材料 (Al)
電子ビーム

基板

Al

Al
AlOx

高真空 高真空酸素導入 

Al薄膜を酸化

O2

37



斜め蒸着

一斉に蒸着するとパターン全体がJJになってしまう。 

大きすぎるとショートしやすいので<1µm2くらいの面積に収めたい。 

→ 電子ビームを用いて指向性蒸着を複数回やる

1発目
2発目

交差してるとこ 

だけがJJとなる

e.g. Manhattan法

38

レジストの壁が影とならない 

場所のみ蒸着される



Dolan: 
200nmx600nm

Manhattan: 
200nmx200nm

10 ȝm 10 ȝm

Junction fabrication

2 ȝm 2 ȝm

6

SEM images(top: JJ, bottom: SQUID)
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FIG. 8. A typical microwave signal processing chain for a flux-tunable transmon coupled to a readout resonator. The input
lines (green and purple) to the sample are usually wired with 20-dB cryogenic attenuators at both the 4-K and 20-mK stage. This level
of attenuation, together with the intrinsic insertion loss incurred along the coaxial cables, ensures that the thermal photons reaching the
device are kept below 10−3. Commercial low-pass filters (LPFs) and custom-made Eccosorb filters [144,145] are also introduced to
suppress high-frequency noise. The output signal passes through a single Eccosorb filter, located inside the Cryoperm, and a low-loss
filter. This typically incurs a < 2 dB insertion loss on the signal, which then travels through two cryogenic circulators that provide
-20-dB isolation with an additional 0.3-dB loss. The signal is routed by the two circulators to a quantum-limited amplifier, which is
usually tuned to operate at 20 dB gain. Here, we omit the pump line to the quantum amplifier. The amplified microwave signals then
pass through one or two isolators to the 4-K stage where they are further amplified by a wideband HEMT amplifier before exiting the
fridge to the room-temperature signal-processing elements. At room temperature, the drive signals to the transmon and resonator are
generated by mixing a LO tone from a microwave signal source with DAC outputs from a quantum controller. These signals are then
amplified and filtered before traveling to the qubit drive line (green) and the resonator drive line (purple), respectively. The returning
signal from the resonator (red) is demodulated by mixing with the same input carrier tone and then sent to the ADC channels on the
controller. The flux control is performed via a flux drive line (brown) with a current source.

adding cryogenic filters at the 20-mK plate of the DR.
Low-pass filters that can provide more than 40-dB sup-
pression of frequencies above 10 or 12 GHz are now com-
mercially available. Another widely adopted element is
the Eccosorb filter, which employs a castable silicone rub-
ber material capable of effectively absorbing microwave
signals (20 GHz and above) to protect the device from
high-frequency radiation.

The output lines are responsible for carrying the result-
ing signals from the device from base temperature back
to room temperature for analysis. These signals, typically
only on the single-photon level, can be easily degraded by
noise or dissipation. Hence, they must be handled carefully
to ensure clean, stable, and effective collection of quantum
information from the device.

First, it is crucial to adequately suppress the ther-
mal noise propagating from the higher temperature stages
while allowing the signal to propagate without significant
attenuation. To balance these two requirements, directional
components such as circulators and isolators are employed
on the output lines, instead of attenuators. These nonre-
ciprocal elements provide a low-loss path for the precious
quantum signal extracted from the device to travel to room
temperature while effectively reducing the thermal noise
flowing in the opposite direction.

Furthermore, we also need to enhance the weak out-
going signal through a well-designed chain of amplifiers
such that it can be distinguished from noise as it propa-
gates back to room temperature. In other words, the role
of each amplifier along the outgoing signal path is to make
the signal stand out against the noise added by the sub-
sequent amplifier as well as the thermal photons from the
higher-temperature stages.

When designing amplification configurations, it is
important to note that amplification always comes at the
cost of elevated noise temperature. This causes a degrada-
tion of the SNR despite the overall increase of the signal
power. The noise temperature, TN , provides a measure of
the noise added by the amplifier. For an amplifier with a
power gain of G, we can relate the amplified signal, PS

out,
and noise, PN

out to the input powers PS,N
in , by

PS
out = GPS

in, (46)

PN
out = G(Tin + TN )kBB, (47)

where B is the bandwidth of the noise going into the
amplifier, Tin and TN the effective temperatures associ-
ated with the input signal and the noise of the amplifier,
respectively. Here, the effects of quantum fluctuations are
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RF input

RF output
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RF測定系

低温アンプ@4K (HEMT)

量子アンプ@10mK 

(まだない)
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