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Why superconducting qubits?
Superconducting Quantum Computer Quantum sensor

- Large electric coupling 
    - atom 
- Long coherence time 
    -  or more 
- non-demolition readout 
- Low noise environment 
    - mK temperature 
    - EM/Magnetic shields

106 ×

O(100) μs

- Very sensitive to 
  weak EM field 
- Easy to do  
  manipulate  
- Drastically decrease  
   uncertainty 
- Low dark count

Superconducting qubit must be suitable as a sensor



3

A qubit in a nutshell 
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ
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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
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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
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aout(t), a†

out(t′)
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input-output relation:
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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:
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! [a, H] − κ
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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
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Physical design (2D Resonator)
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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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FIG. 1. Ultra-coherent multiple superconducting transmon qubit device based on Nb electrodes. (a) False-
colored optical micrograph of a superconducting device, consisting of four transmon qubits (yellow, Q0 – Q3) with individual
readout resonators (green) coupled to a shared Purcell filter (red). (b) False-colored scanning electron microscope images of an
Al/AlOx/Al Josephson junction (blue) shunted by a Nb capacitor (yellow) on a silicon substrate (gray). (c) Equivalent circuit
of the device. (d) Simplified cryogenic wiring. (e),(f) Time traces of the excitation probability of qubit Q0, showing the best
relaxation times and the Ramsey and Hahn-echo dephasing times. (g) Long-term stability of the relaxation times of the four
qubits. The middle panel shows the magnified plot for the gray region of the left panel, where the dots are the results obtained
from the individual time traces, while the solid lines are their smoothed data with a 5-hour time window. The right panel
shows the height-wise normalized histograms.

gest future strategies for fault-tolerant superconducting
quantum computing, including the development of acous-
tically shielded superconducting devices [41], mechanical
shock-resilient sample packaging [42, 43], and a vibration-
free dilution refrigerator [44–46].

II. RESULTS

A. Ultra-coherent transmon qubits

We develop ultra-coherent superconducting transmon
qubits, formed by a single Al/AlOx/Al Josephson junc-
tion shunted by a Nb capacitor, fabricated on a high-
resistivity silicon substrate. Figures 1(a) and (c) show
an optical micrograph of a fabricated multiple supercon-
ducting qubit device and its equivalent circuit model,
respectively, including four frequency-fixed transmon
qubits with resonance frequencies ranging from 4.8 GHz
to 6.2 GHz and anharmonicities of 0.26 GHz on aver-
age. As the metal-substrate interface of the Al film fab-
ricated by a lift-o↵ process can not be as clean as that
of the Nb film directly sputtered on the silicon substrate,
we minimize the area of the Al electrodes and bandage
patches [47] to reduce the energy participation ratio in
the interface [see Fig. 1(b)]. To realize multiplexed dis-
persive readout, all the qubits are individually coupled to
�/4 readout resonators with di↵erent resonance frequen-
cies around 7 GHz, sharing a �/2 Purcell filter [48]. The

filter is connected to a feed line, along which frequency-
multiplexed control and readout signals are sent. The fil-
ter is designed to have a 7-GHz resonance frequency and
a 300-MHz bandwidth, suppressing the qubit radiative
decay rates to a level of O(10 Hz). The state-dependent
dispersive shifts and the readout resonator bandwidths
are designed to be O(1 MHz). Note that the di↵erent dis-
persive shifts of the readout resonators for the first and
second excited states enable us to distinguish the readout
signals corresponding to the first three states (G, E, and
F ) in a single shot. See Table I in Appendix A for the
full characterization of the system parameters.

As schematically shown in Fig. 1(d), the fabricated de-
vice is mounted at the mixing chamber stage (⇠10 mK)
of a dry dilution refrigerator, enclosed in a multilayer
shielding: copper radiation shields and magnetic shields
of aluminum and cryoperm. The transmon qubits are
characterized using a nearly quantum-limited broadband
Josephson traveling wave parametric amplifier [49], al-
lowing us to perform the simultaneous single-shot read-
out of the qubits by frequency-multiplexing [5]. The
readout error probabilities for the G and E states are
characterized to be < 0.001 and < 0.03, which are lim-
ited by separation errors and readout-induced state-flip
errors [61], respectively (see Appendix E2). To suppress
thermal and backward amplifier noises, the input and
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

Kono et.al., 2305.02591v1

O(100) nm2
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
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What environment you need?
Clean room Equipments

- Sputter 
- EB evaporator 
- Chemical draft 
- Photolithography 
- EB lithography 
- Plasma etcher etc…  

ISO Class 5 is fine
(<30 x 5 um dusts/m^3)

Deposition in high vacuum 
  seems very important< 10−8 Pa
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の違
いが
出る
、す
なわ
ち非
線形
性が
ある
。し
かし

E
J
/E

C
≫

1
のと
きに
はδ

n
C
が非

常に
大き
い。
すな
わち
もは
やこ
の領
域で
の固
有状
態は
数状
態で
はう
まく
書け
ない
もの
に

なる
のだ
が、
あえ
てC

oo
p
er
対の
個数
でい
うな
らば

1
個増
えよ
うが
そこ
から
さら
にも
う

1
個増
えよ
うが
、数
状態
の分
布が
少し
シフ
トす
るだ
けで
遷移
エネ
ルギ
ーに
おけ
る違
いが

ほと
んど
ない
よう
な状
況に
なる
、す
なわ
ち非
線形
性が
小さ
くな
るの
であ
る。
今回
考え
た

よう
な超
伝導
回路
で大
きな

E
J
/E

C
を持
つも
のを
トラ
ンズ
モン
（tr

an
sm

on
）と
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。逆

にE
J
/E

C
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さく
なる

と非
線形

性が
大き

くな
るが

、こ
うい

った
超伝

導回
路を

C
oo

p
er

p
ai
r
b
ox
と呼

ぶ。
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共振
器と

トラ
ンズ

モン
の結

合
最後
に、
超伝
導量
子ビ
ット
と共
振器
が図
のよ
うに
キャ
パシ
タを
介し
て接
続さ
れて
いる

よう
な回
路を
考え
よう
。電
圧、
キャ
パシ
タの
電荷
、磁
束そ
の他
のパ
ラメ
ータ
は図
中に
示

して
ある
ので
そち
らを
参照
して
ほし
い。
結合
キャ
パシ
タ（

co
u
p
li
n
g
ca
p
ac
it
or
）C

c
の扱

いが
肝だ
が、
キャ
パシ
タン
スが

C
q
、 C

r
に比
べ小
さい
とし
、超
伝導
量子
ビッ
ト、
共振
器、

結合
キャ

パシ
タの

エネ
ルギ

ーを
足し

上げ
たも

のと
して

H
am

il
to
n
ia
n
を求

めて
みる

こと
にす
る。
結合
キャ
パシ
タに
かか
る電
圧は

V
c
=

V
r
−
V
q
=

Q
r
/C

r
−
Q

q
/C

q
であ
り、
これ
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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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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. 
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•
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•
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•
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•
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•
Excited transmon may de-excite before readout
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FIG. 1. Device geometry for the asymmetric SQUID used in this study. (a) Sketch of the resist stack for “Manhattan Style” junctions.
Developed features are designed to be deeper than their width to allow metal to reach the substrate when evaporated parallel to a given channel,
but block metal in orthogonal channels. Thermal oxidation of layer 1 occurs before rotating the substrate and depositing layer 2. A third layer,
rotated by f = 180� relative to layer 2 (not shown) is required to form the second SQUID junction. A high sensitivity resist (MMA) results in
a undercut of the high resolution top layer (CSAR) to improve liftoff quality. (b) Micrograph of the developed resist stack. (c) Micrograph of
the final SQUID structure. (d) Scanning electron microscope images of the two Josephson junctions forming the 8:1 asymmetric SQUID on
wafer 37.

II. METHODS AND OBSERVATIONS

For this study, both 100 and 150 mm wafers were used.
Junctions were fabricated using the bridge-free “Manhattan
Style” [16, 17] on > 8000 W-cm intrinsic (100) Si using e-
beam lithography, see Fig. 1. Bridgeless junctions have an
advantage over bridged designs, such as Dolan style [18], that
the junction area is independent of resist thickness. Layouts
were generated in python with GDSpy [19], proximity effect
corrected with Beamer from GenISys, and exposed with 100
keV electrons in a Raith Electron Beam Pattern Generator
(EBPG) 5150. The EBPG is housed in an enclosure made by
MCRT within a class 100 cleanroom. The enclosure re-filters
the air to at least class 10 and stabilizes temperatures to ± 0.05
�C over month-scale time frames. A Spicer Consulting SC24
provides active 3-axis magnetic field cancellation from DC-13
kHz, measured at a single point next to the e-beam column.
The environmental stability of the setup, combined with the
Raith EBPG 5150 self-calibration protocol, provides highly
reproducible lithography. Once exposed, samples are devel-
oped and subsequently coated with e-beam evaporated Al in a
Plassys MEB550s with a base pressure of 3⇥10�8 mbar. Af-
ter liftoff, junctions were individually probed to measure their
room temperature resistance from which Ic can be inferred us-
ing the Ambegaokar-Baratoff formula [20]. These values can
be converted into a qubit frequency using an estimate of the
shunt capacitance. Initially, wafers were probed by hand but
later, a Micromanipulator P200L semi-automatic probe sta-
tion was used for the last 11 wafers to gather statistics on a
larger number of junctions. Plots highlighting improvements
made during this study can be found in Fig. 2.

A. Resist/Exposure

The resist bi-layer was spun with a Laurell Technologies
WS-650-23B spin coater. MicroChem MMA-EL13 (copoly-
mer in ethyl lactate) was used as the high sensitivity bot-
tom undercut layer for all wafers. Zeon Corp. ZEP 520A-

7, MicroChem 950k PMMA A4, and AllResist GmbH AR-P
6200.9 (CSAR) were all tested as the high resolution upper
layer. It was found that the small (⇡ 20 mm diameter) vent
hole in the top of the spin coater had to be covered to create
a uniform spin of the MMA, which was unnecessary for the
CSAR and ZEP likely because of the differences in viscos-
ity of anisole and ethyl lactate. We initially had difficulties
spinning defect free CSAR on MMA, behavior which was not
observed with ZEP. This issue was solved after the resist was
degassed by opening the lid and letting it sit for 2 hours allow-
ing the pressure and humidity in the bottle to equilibrate with
ambient conditions. CSAR was ultimately selected as the re-
sist of choice over PMMA because of the flexibility it offered
having (mostly) orthogonal development chemistry to MMA
and over ZEP because of its lower cost. For our developers,
described below, MMA and CSAR had an optimal dose of 180
and 1100 µC/cm2 respectively. We note that partial clearing
of CSAR in MMA developer was observed for doses above
1100 µC/cm2 when immersed for extended times.

Proximity effect correction (PEC) in Beamer was first opti-
mized by observing the uniformity (or lack) of residual under-
cut as the MMA provides a sensitive indicator of long range
substrate backscattering compensation. The software’s 3D-
Edge mode of 3D PEC was chosen due to its ability to si-
multaneously proximity effect correct both resist layers which
require different doses and a default point spread function
(PSF): 500 nm PMMA on Si at 100 keV (Z-Position: 0.325)
was used initially. Before the addition of short range correc-
tions to this PSF, we had low yield of sub 100 nm features
with CSAR which we did not observe with ZEP. The short
range corrections that were added to improve yield were: an
effective short range blur FWHM of 50 nm, a short range sep-
aration value of 5 µm, and a mid-range activation threshold
of 2%. A 200 pA beam and 200 µm aperture (calculated spot
size = 2 nm) was used with a 1 nm beam step size to ensure
that designed area variations on the order of a few nm were
reproduced. Backscatter dosing from the probe pads (which
are not written on device wafers) were written 130 µm away
(⇠ 4x the backscattering parameter for 100 keV electrons on

Silicon/Sapphire
]

Si/Sp
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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

第 9章 量子実験系における種々の結合 125

図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ
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図 9.6: LC共振器とトランズモンの結合系
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8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

λ/4

λ/2

λ/2
or
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1. Design: Resonator

Simulation on finite element method are generally used. 
ex: Ansys HFSS, Comsol multiphysics

Detailed design is needed dedicated simulation.

Cylinder Flute Coaxial 2D CPW
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1. Design: Capacitor第 9章 量子実験系における種々の結合 125

図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

Simplest case
d

S
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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

Reality

To know actual capacitance of the circuit, dedicated  
FEM simulation is necessary. 



13

1. Design: Josephson Junction第 9章 量子実験系における種々の結合 125

図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

EJ ∼
ℏπΔsc

4e2R
→  can be designed  

   by AlOx resistance ( )

EJ

R
Mostly the size is the order of 
O(100) ✕ O(100) ✕ O(1) nm

Al

Al
AlOx V

from Ambegaokar-Baratoff formula
PhysRevLett.11.104

at 0K

In reality, controlling  
 is not easy.R

People do try and  
error at their  
environment  

thickness of AlOx
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1. Design: Advanced Designs

第 9章 量子実験系における種々の結合 125

図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

Charge qubit

EJEC

Cooper pair box

EC ≪ EJ

EC ≫ EJ

SQUID

Eeff
J (ϕext) =

Fluxonium

Flux qubit

E2
J1 + E2

J2 + 2EJ1EJ2 cos ϕext

EJ1 EJ2

Transmon

EL

EJ

→ Fixed freq. qubit

→ Tunable freq. qubit 
    Josephson Parametric Amplifier

Transmission line

→ qubit/magnetometers

→ qubits/ study amorphous… → Katayama-san’s study 
    Traveling Wave Parametric Amplifier

EC ∼ EJ
EL ≪ EJ

EC ∼ EJ ∼ EL
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2. Select Substrate
Silicon

Sapphire

Loss tangent: ~ 10^-8 @10 mK

Loss tangent: ~ 10^-4 @ 10 mK

Resistance: 10^11Ωcm

Resistance: >10^4 Ωcm  
                    (Floating Zone)

Price: 1000 JPY / 100 mm wafer

Price: 4000 JPY/ 100 mm wafer
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2. Substrate Cleaning

Piranha solution
H2SO4 + H2O2 
Removing organic substances

Contamination directly  
affects coherence of qubits 

Hydrofluoric Acid (HF)
Remove oxidation layer  
& Hydrogen termination

Make sure to 
use chemical draft 
and proper protections

- Dusts/Organic substances 
during fabrication 

- Dusts/Organic substances 
during packing 

- Native oxide on silicon 
substrate  

Source of impurity

Before HF 
SiOx layer After HF

0123456789();: 

barrier V (FIG. 4a). These minima differ in energy by 
ε, reflecting a different electronic environment in each 
configuration, and the right and left wells are con-
nected via a tunnel coupling Δ. The energy difference 
between the two lowest hybridized levels is given by 
E ε Δ= +2 2 , and the canonical TLS Hamiltonian can 
be expressed in terms of Pauli operators in the posi-
tion basis as εσ Δσ/2 + /2z x . Here R R L Lσ = −z ,  

R L L R| 〉〈 | | 〉〈 |σ = +x , and the two lowest eigenstates 
are given by L RΨ θ θ= cos( /2) ± sin( /2)± , where 
θ Δ ε= tan ( / )−1 . In the limit ≫ε Δ, the model simpli-
fies to two localized states, one in each of the two wells, 
whereas when | |ε ≈ 0 we have a superposition of the right 
and left states. It is possible to approximate the tunnel 
coupling using semiclassical methods, resulting in 

∝Δ e kd−  with ħk mV= 2 / 2  and m the effective mass of 
the TLS. We assume that when operating at millikelvin 
temperatures, activation over the TLS potential barrier is 
negligible and quantum tunnelling is dominant.

We now extend this model to the case when many 
such TLS defects are distributed in an amorphous film.  

Because these imperfections are not like defect states 
in a crystalline material, which may be identical 
from site to site, we assume that the local environ-
ment for each TLS is random, and thus the distribu-
tions of ε and V, and therefore the decay length k, are  
broad and uniform. The probability density of a cer-
tain trap energy asymmetry and decay length is 
P ε k ε k P ε k P Δ E E Δ Δ E( , )d d = d d = ( / )( / − )d d0 0

2 2 , where 
P0 is a constant. This distribution of energy biases and  
well heights gives rise to a constant density of defect 
states when integrating over possible values of Δ, which 
are presumed to scale from a very low value, correspond-
ing to the slowest dynamics in the system, up to the 
energy E. Additionally, the log- uniform distribution of 

∝P E Δ Δ( , ) 1/  is compatible with a spectral density of fluc-
tuations that can produce 1/f noise at low frequencies and 
ohmic dissipation at high frequencies ħ ≫ω k TB  (REF.67). 
Thus, we expect that TLS defects may reduce both T1 and 
TΦ in the presence of both transverse and longitudinal 
coupling to a qubit (FIG. 4b). It is important to note that 
this simple model is just a starting point, and a variety 

z

y
x

|0〉

|1〉

T1

z

y
x

Tϕ

Longitudinal
relaxation

Pure
dephasing

b  Amorphous dielectrics d  1/f noise sources

c  Non-equilibrium excitations e  Decoherence pathways

a  Qubit ring

PhononsQuasiparticles

Substrate (Si)

SiOx

Tunnel junction 
(Al/AlOx/Al)

AlOx

NbOx

Resonator (Nb)

Vortices

Fluctuating
spins

Fluctuating
charges

Transmon 
qubit Readout

resonator
Coupling
resonator

Readout 
bus

Fluctuating
tunnel
barrier

Ionizing
radiation

Fig. 3 | Sources of decoherence. a | Optical image of a qubit ring consisting of eight transmons with Al/AlOx/Al Josephson 
junctions (JJs) and an Nb microwave embedding circuit. Each qubit is coupled to its neighbour via a resonator. An additional 
resonator allows for quantum state readout and multiplexing to a common bus. b | Decoherence can result from surface 
and interfacial defect layers; the schematic identifies specific amorphous layers. c | Non- equilibrium excitations of the 
superconducting films and substrate can arise from ionizing radiation and remnant magnetic fields. In particular, these 
noise sources generate quasiparticles, hot phonons and vortices. d | Microscopic charge and spin defects are believed  
to give rise to 1/f fluctuations that bias the qubit circuit with a varying electric or magnetic field, or cause jitter in the  
JJ inductance if defects are present in the tunnel barrier. e | Fluctuations in the environment can drive qubit transitions  
if the noise is orthogonal to the qubit axis (longitudinal relaxation) or pure dephasing if it is aligned with the qubit axis. 
The characteristic time constants for these processes, following NMR nomenclature, are T1 and Tϕ, respectively. Image  
in the central panel courtesy of J. M. Kreikebaum, Berkeley.
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Typical Cleaning Processes
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3. Thin film deposition

Target Cons: 
- Homogeneity film 
- Larger area deposition

Cons: 
- Directivity 
- Faster deposition

→ Used to make  
    capacitors

→ Used to make  
    JJ
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4. Photolithography

Silicon/Sapphire Silicon/Sapphire

Photoresist

Silicon/Sapphire

UV

Silicon/Sapphire

metal (Nb etc) metal (Nb etc) metal (Nb etc) metal (Nb etc)

exposed

Good example for 
over ~ 30 years old

0. Prepare  
    substrate

1. Spincoating 
    Photoresist

2. Exposure 3. Development

spincoater Photolithography Development

remove exposed 
or unexposed resist

~ 1um resolution 
→ only for larger  
    structures
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5. Etching

1a. Wet etching

ex)  
Al can be dissolved by  
HNO3 + H3PO4 solution

1b. dry etching

Silicon/Sapphire
metal (Nb etc)

Silicon/Sapphire Silicon/Sapphire

Silicon/Sapphire

Two ways

Silicon/Sapphire

Ar+ CF+ Similar to sputtering 
Called RIE (reactive  
ion etching)

O2or

0. After development 1. Etching 2. Ashing
Removing metal  
not masked by resist

Removing resist



20

Where we are
2

(c)

((x4

QubitResonatorFilter

10 μm2 μm400 nm 40 μm

Si Nb

(a)

(b)

1 mm

Al/AlOx/Al

(e)

(g)

DUT

-20
LPF
Ecco
-20

LPF
Ecco

JTWPA

HEMT -32

Cu

Cryoperm

10 mK

(f)

Excitation probability

R
elaxation tim

e,

Excitation probability

(d)

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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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

After Step 1-5, capacitance and resonator (in the case of 2D resonator) 
are fabricated.
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6. Electron Beam(EB) lithography

Electron beam has higher energy than UV　～　Higher resolution 
ex) UV Photolithography ～ 1μm (EUV can go better in semiconductor industry) 
     EB lithography ～ 10 nm

UV lights: ~10^-7 m,   electron: ~10^-10 m,   accelerator:   <  ~10^-17 m
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FIG. 1. Ultra-coherent multiple superconducting transmon qubit device based on Nb electrodes. (a) False-
colored optical micrograph of a superconducting device, consisting of four transmon qubits (yellow, Q0 – Q3) with individual
readout resonators (green) coupled to a shared Purcell filter (red). (b) False-colored scanning electron microscope images of an
Al/AlOx/Al Josephson junction (blue) shunted by a Nb capacitor (yellow) on a silicon substrate (gray). (c) Equivalent circuit
of the device. (d) Simplified cryogenic wiring. (e),(f) Time traces of the excitation probability of qubit Q0, showing the best
relaxation times and the Ramsey and Hahn-echo dephasing times. (g) Long-term stability of the relaxation times of the four
qubits. The middle panel shows the magnified plot for the gray region of the left panel, where the dots are the results obtained
from the individual time traces, while the solid lines are their smoothed data with a 5-hour time window. The right panel
shows the height-wise normalized histograms.

gest future strategies for fault-tolerant superconducting
quantum computing, including the development of acous-
tically shielded superconducting devices [41], mechanical
shock-resilient sample packaging [42, 43], and a vibration-
free dilution refrigerator [44–46].

II. RESULTS

A. Ultra-coherent transmon qubits

We develop ultra-coherent superconducting transmon
qubits, formed by a single Al/AlOx/Al Josephson junc-
tion shunted by a Nb capacitor, fabricated on a high-
resistivity silicon substrate. Figures 1(a) and (c) show
an optical micrograph of a fabricated multiple supercon-
ducting qubit device and its equivalent circuit model,
respectively, including four frequency-fixed transmon
qubits with resonance frequencies ranging from 4.8 GHz
to 6.2 GHz and anharmonicities of 0.26 GHz on aver-
age. As the metal-substrate interface of the Al film fab-
ricated by a lift-o↵ process can not be as clean as that
of the Nb film directly sputtered on the silicon substrate,
we minimize the area of the Al electrodes and bandage
patches [47] to reduce the energy participation ratio in
the interface [see Fig. 1(b)]. To realize multiplexed dis-
persive readout, all the qubits are individually coupled to
�/4 readout resonators with di↵erent resonance frequen-
cies around 7 GHz, sharing a �/2 Purcell filter [48]. The

filter is connected to a feed line, along which frequency-
multiplexed control and readout signals are sent. The fil-
ter is designed to have a 7-GHz resonance frequency and
a 300-MHz bandwidth, suppressing the qubit radiative
decay rates to a level of O(10 Hz). The state-dependent
dispersive shifts and the readout resonator bandwidths
are designed to be O(1 MHz). Note that the di↵erent dis-
persive shifts of the readout resonators for the first and
second excited states enable us to distinguish the readout
signals corresponding to the first three states (G, E, and
F ) in a single shot. See Table I in Appendix A for the
full characterization of the system parameters.

As schematically shown in Fig. 1(d), the fabricated de-
vice is mounted at the mixing chamber stage (⇠10 mK)
of a dry dilution refrigerator, enclosed in a multilayer
shielding: copper radiation shields and magnetic shields
of aluminum and cryoperm. The transmon qubits are
characterized using a nearly quantum-limited broadband
Josephson traveling wave parametric amplifier [49], al-
lowing us to perform the simultaneous single-shot read-
out of the qubits by frequency-multiplexing [5]. The
readout error probabilities for the G and E states are
characterized to be < 0.001 and < 0.03, which are lim-
ited by separation errors and readout-induced state-flip
errors [61], respectively (see Appendix E2). To suppress
thermal and backward amplifier noises, the input and

Processes are the same 
as photolithography
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7. Shadow evaporation
“Manhattan” 2

MMA

CSAR

1

1

2

2θ

ϕ 10 µm(a) (b) (c) (d)

10 µm 0.2 µm

0.2 µm

FIG. 1. Device geometry for the asymmetric SQUID used in this study. (a) Sketch of the resist stack for “Manhattan Style” junctions.
Developed features are designed to be deeper than their width to allow metal to reach the substrate when evaporated parallel to a given channel,
but block metal in orthogonal channels. Thermal oxidation of layer 1 occurs before rotating the substrate and depositing layer 2. A third layer,
rotated by f = 180� relative to layer 2 (not shown) is required to form the second SQUID junction. A high sensitivity resist (MMA) results in
a undercut of the high resolution top layer (CSAR) to improve liftoff quality. (b) Micrograph of the developed resist stack. (c) Micrograph of
the final SQUID structure. (d) Scanning electron microscope images of the two Josephson junctions forming the 8:1 asymmetric SQUID on
wafer 37.

II. METHODS AND OBSERVATIONS

For this study, both 100 and 150 mm wafers were used.
Junctions were fabricated using the bridge-free “Manhattan
Style” [16, 17] on > 8000 W-cm intrinsic (100) Si using e-
beam lithography, see Fig. 1. Bridgeless junctions have an
advantage over bridged designs, such as Dolan style [18], that
the junction area is independent of resist thickness. Layouts
were generated in python with GDSpy [19], proximity effect
corrected with Beamer from GenISys, and exposed with 100
keV electrons in a Raith Electron Beam Pattern Generator
(EBPG) 5150. The EBPG is housed in an enclosure made by
MCRT within a class 100 cleanroom. The enclosure re-filters
the air to at least class 10 and stabilizes temperatures to ± 0.05
�C over month-scale time frames. A Spicer Consulting SC24
provides active 3-axis magnetic field cancellation from DC-13
kHz, measured at a single point next to the e-beam column.
The environmental stability of the setup, combined with the
Raith EBPG 5150 self-calibration protocol, provides highly
reproducible lithography. Once exposed, samples are devel-
oped and subsequently coated with e-beam evaporated Al in a
Plassys MEB550s with a base pressure of 3⇥10�8 mbar. Af-
ter liftoff, junctions were individually probed to measure their
room temperature resistance from which Ic can be inferred us-
ing the Ambegaokar-Baratoff formula [20]. These values can
be converted into a qubit frequency using an estimate of the
shunt capacitance. Initially, wafers were probed by hand but
later, a Micromanipulator P200L semi-automatic probe sta-
tion was used for the last 11 wafers to gather statistics on a
larger number of junctions. Plots highlighting improvements
made during this study can be found in Fig. 2.

A. Resist/Exposure

The resist bi-layer was spun with a Laurell Technologies
WS-650-23B spin coater. MicroChem MMA-EL13 (copoly-
mer in ethyl lactate) was used as the high sensitivity bot-
tom undercut layer for all wafers. Zeon Corp. ZEP 520A-

7, MicroChem 950k PMMA A4, and AllResist GmbH AR-P
6200.9 (CSAR) were all tested as the high resolution upper
layer. It was found that the small (⇡ 20 mm diameter) vent
hole in the top of the spin coater had to be covered to create
a uniform spin of the MMA, which was unnecessary for the
CSAR and ZEP likely because of the differences in viscos-
ity of anisole and ethyl lactate. We initially had difficulties
spinning defect free CSAR on MMA, behavior which was not
observed with ZEP. This issue was solved after the resist was
degassed by opening the lid and letting it sit for 2 hours allow-
ing the pressure and humidity in the bottle to equilibrate with
ambient conditions. CSAR was ultimately selected as the re-
sist of choice over PMMA because of the flexibility it offered
having (mostly) orthogonal development chemistry to MMA
and over ZEP because of its lower cost. For our developers,
described below, MMA and CSAR had an optimal dose of 180
and 1100 µC/cm2 respectively. We note that partial clearing
of CSAR in MMA developer was observed for doses above
1100 µC/cm2 when immersed for extended times.

Proximity effect correction (PEC) in Beamer was first opti-
mized by observing the uniformity (or lack) of residual under-
cut as the MMA provides a sensitive indicator of long range
substrate backscattering compensation. The software’s 3D-
Edge mode of 3D PEC was chosen due to its ability to si-
multaneously proximity effect correct both resist layers which
require different doses and a default point spread function
(PSF): 500 nm PMMA on Si at 100 keV (Z-Position: 0.325)
was used initially. Before the addition of short range correc-
tions to this PSF, we had low yield of sub 100 nm features
with CSAR which we did not observe with ZEP. The short
range corrections that were added to improve yield were: an
effective short range blur FWHM of 50 nm, a short range sep-
aration value of 5 µm, and a mid-range activation threshold
of 2%. A 200 pA beam and 200 µm aperture (calculated spot
size = 2 nm) was used with a 1 nm beam step size to ensure
that designed area variations on the order of a few nm were
reproduced. Backscatter dosing from the probe pads (which
are not written on device wafers) were written 130 µm away
(⇠ 4x the backscattering parameter for 100 keV electrons on
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7. Shadow evaporation
Plassys system is a standard for  
academic use.
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EPFL
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7. Shadow evaporation

Before deposition After deposition
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8. Lift-of

Silicon/Sapphire

Aluminium 

A process to remove unnecessary Aluminium film.   
NMP (N-methylpyrrolidone) is used to dissolve  
resist layer.

Silicon/Sapphire

NMP

Silicon/Sapphire

dissolved 
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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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FIG. 1. Ultra-coherent multiple superconducting transmon qubit device based on Nb electrodes. (a) False-
colored optical micrograph of a superconducting device, consisting of four transmon qubits (yellow, Q0 – Q3) with individual
readout resonators (green) coupled to a shared Purcell filter (red). (b) False-colored scanning electron microscope images of an
Al/AlOx/Al Josephson junction (blue) shunted by a Nb capacitor (yellow) on a silicon substrate (gray). (c) Equivalent circuit
of the device. (d) Simplified cryogenic wiring. (e),(f) Time traces of the excitation probability of qubit Q0, showing the best
relaxation times and the Ramsey and Hahn-echo dephasing times. (g) Long-term stability of the relaxation times of the four
qubits. The middle panel shows the magnified plot for the gray region of the left panel, where the dots are the results obtained
from the individual time traces, while the solid lines are their smoothed data with a 5-hour time window. The right panel
shows the height-wise normalized histograms.

gest future strategies for fault-tolerant superconducting
quantum computing, including the development of acous-
tically shielded superconducting devices [41], mechanical
shock-resilient sample packaging [42, 43], and a vibration-
free dilution refrigerator [44–46].

II. RESULTS

A. Ultra-coherent transmon qubits

We develop ultra-coherent superconducting transmon
qubits, formed by a single Al/AlOx/Al Josephson junc-
tion shunted by a Nb capacitor, fabricated on a high-
resistivity silicon substrate. Figures 1(a) and (c) show
an optical micrograph of a fabricated multiple supercon-
ducting qubit device and its equivalent circuit model,
respectively, including four frequency-fixed transmon
qubits with resonance frequencies ranging from 4.8 GHz
to 6.2 GHz and anharmonicities of 0.26 GHz on aver-
age. As the metal-substrate interface of the Al film fab-
ricated by a lift-o↵ process can not be as clean as that
of the Nb film directly sputtered on the silicon substrate,
we minimize the area of the Al electrodes and bandage
patches [47] to reduce the energy participation ratio in
the interface [see Fig. 1(b)]. To realize multiplexed dis-
persive readout, all the qubits are individually coupled to
�/4 readout resonators with di↵erent resonance frequen-
cies around 7 GHz, sharing a �/2 Purcell filter [48]. The

filter is connected to a feed line, along which frequency-
multiplexed control and readout signals are sent. The fil-
ter is designed to have a 7-GHz resonance frequency and
a 300-MHz bandwidth, suppressing the qubit radiative
decay rates to a level of O(10 Hz). The state-dependent
dispersive shifts and the readout resonator bandwidths
are designed to be O(1 MHz). Note that the di↵erent dis-
persive shifts of the readout resonators for the first and
second excited states enable us to distinguish the readout
signals corresponding to the first three states (G, E, and
F ) in a single shot. See Table I in Appendix A for the
full characterization of the system parameters.

As schematically shown in Fig. 1(d), the fabricated de-
vice is mounted at the mixing chamber stage (⇠10 mK)
of a dry dilution refrigerator, enclosed in a multilayer
shielding: copper radiation shields and magnetic shields
of aluminum and cryoperm. The transmon qubits are
characterized using a nearly quantum-limited broadband
Josephson traveling wave parametric amplifier [49], al-
lowing us to perform the simultaneous single-shot read-
out of the qubits by frequency-multiplexing [5]. The
readout error probabilities for the G and E states are
characterized to be < 0.001 and < 0.03, which are lim-
ited by separation errors and readout-induced state-flip
errors [61], respectively (see Appendix E2). To suppress
thermal and backward amplifier noises, the input and
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ
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Before cryogenic test…

9. Microscope 10. Resistance 11. Dicing 12. Packaging
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ℏπΔsc
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9. Microscope
Failure example 

Obvious failure ones goes  
to trash bin

good example 

scratch

explosion

Picked up 
clean ones
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9. SEM

SEM(scanning electron microscope) 
Cons: Reveal junction structure 
Pros: “SEM barn” -> can’t use for real sample
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10. Resistance Measurement
Remember EJ ∼

ℏπΔsc

4e2R
Only effective test 
at room temperature
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11. Resistance Measurement

- 4 wire measurement for precise reading  
- current will be around uA (higher current burns JJ) 
- Grounded by metal plate below wafer

- Minimum contact to avoid making 
  scratch 
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11. Dicing
Diamond cutter Automatic dicer

Looks trivial but technically difficult process 

Stealth dicer

- Damage inside wafer by laser 
- Expensive but clean cutting 

blade dicer

- Cutting physically by blade 
- Smilier but more unclean 
    dust and cleaning water
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12. Wire bonding Connecting qubit to  
macroscopic coax cables

SMP connector  
(Connected with coax cable)

Qubits  
on silicon

PCB

sample holder

Wire bonding
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12. 3D-cavity packaging
Cavity made  
by milling machine

Cu for decent cavity 
Al, Nb for high quality ones 

Loading qubit  
on cavity
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Ready to measurement!
Introduced basic process to make a superconducting qubit

Next lecture shows how to measure these qubits
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Backup
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超伝導量子ビットの基礎

PRACTICAL GUIDE FOR BUILDING SUPERCONDUCTING... PRX QUANTUM 2, 040202 (2021)

Al

AlOx

Al

500 nm

(c)

χ χ

(d)

(e)

(a)

(b)
Substrate 
(silicon/sapphire)Transmon

~cm

~cm

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
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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
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LC共振器の量子化
手始めに、おなじみのLC共振回路を量子化してみる。第 9章 量子実験系における種々の結合 123

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)

共振周波数 1/2π LC

キャパシタの電荷 と共振回路を貫く磁束 は 
　　 ,   
また 

　　  

なので 

　　 , 

Q Φ

Q = CV Φ = LI

I =
dQ
dt

, V =
dΦ
dt

d2Q
dt

= −
Q

LC
d2Φ
dt

= −
Φ
LC

Φ

V, I

Q
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LC共振器の量子化
ラグランジアンとハミルトニアンはそれぞれ 

,  ℒ =
Q2

2C
−

L
2 ( dQ

dt )
2

ℋLC =
Q2

2C
+

Φ2

2L

第 9章 量子実験系における種々の結合 123

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

√
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C
Q+

i

2h̄

√
C

L
Φ (9.2.7)

a† =
1

2h̄

√
L
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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)

a =
1

2ℏ
L
C

Q +
i

2ℏ
C
L

Φ a† =
1

2ℏ
L
C

Q −
i

2ℏ
C
L

Φ

共振器内の光子の生成・消滅演算子を 

とすると交換関係は 、[a, a†] = 1 ℋLC = ℏωLC (a†a +
1
2 )

|1⟩
|0⟩

|2⟩
|3⟩

基底状態付近のエネルギー

注) のエネルギーは不確定性関係 
　　より0でない 

       

　　

|0⟩

ΔQ ⋅ ΔΦ >
1
2

ただしこれでは と の操作が極めて難しい 
エネルギーギャップ( )が等間隔のため 
エネルギーギャップを変えるために、LかCに非線形性を導入。

|0⟩ |1⟩

ℏωLC

ℏωLC

ℏωLC

ℏωLC



40

ジョセフソン接合
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

- 超伝導-絶縁体-超伝導のサンドイッチを作る 
- 冷やすと超伝導体が1つの巨大な物質波を形成 
（ボースアインシュタイン凝縮） 

- 隣接した超伝導体はそれぞれ異なった位相を持つ 
→位相差を吸収するために電流が流れる。

Al:  TC = 1.2 K

 I = I0 sin θ

V =
ℏ
2e

∂θ
∂t

定量的にジョセフソン関係:

θ
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非線形LC共振器の量子化第 9章 量子実験系における種々の結合 123

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)

を使って、磁束を と定義すると 

,  -> , . 

より、 

 

　　　　　　　　　　→　

Φ0 = h/2e ΦJ = (θ/2π)Φ0

I = I0 sin θ V =
ℏ
2e

∂θ
∂t

I = I0 sin (2π
ΦJ

Φ0 ) V =
dΦJ

dt

Q = CV

dQ
dt

= C
dV
dt

= − I0 sin (2π
ΦJ

Φ0 )
C

d2ΦJ

dt2
= − I0 sin (2π

ΦJ

Φ0 )
Lagrange方程式
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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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a† =
1
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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)

Lagrangianは 

 

    

ℒq =
C
2 ( dΦJ

dt )
2

+
I0Φ0

2π
cos (2π

ΦJ

Φ0 )
=

Q2

2c
+

I0Φ0

2π
cos (2π

ΦJ

Φ0 )

ℋq = 4ECn2
C + EJ cos θ

ここで  (Josephson Energy),  

　　　  (Charge Energy),  

　　　  (Cooper対の個数) 
を導入すると、（Legendre変換より）

EJ = I0Φ0/2π

EC = e2/2C

nC = Q/2e

ハミルトニアンがかけた
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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)

,      nC = ( EJ

8EC )
1
4 a + a†

2
θ = ( 8EC

EJ )
1
4 a − a†

i 2

 

     

ℋq = ( 8ECEJ − EC)a†a −
EC

2
a†a†aa

= ℏωqa†a +
ℏαq

2
a†a†aa

|1⟩

|0⟩

|2⟩

ℏωLC

ℏωLC

|3⟩

+4ℏαq

+2ℏαq

ℏωLC +6ℏαq

ジョセフソン接合によって、扱いやすい2準位系ができた。 
これをトランズモンという。

生成消滅演算子は

として 

を使っている

EJ /EC ≫ 1

cos θ ≃ 1 − θ2/2! + θ4/4!
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トランズモンとLC共振器の結合
トランズモンの電荷等を直接読みだそうとすると壊れやすいので、 
分散シフト読み出しを通常おこなう。
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図 9.6: LC共振器とトランズモンの結合系

というHamiltonianを得る。ここで量子ビットの周波数は h̄ωq =
√
8ECEJ−ECであり、非調和性を表すαq = −EC/h̄を導入した。典型的なパラメータとしては、ωq ≃ 10 GHz、

EJ/EC ≥ 50、αq ∼ −200 MHzほどである。
一見すると JosephsonエネルギーEJ が電荷エネルギーEC よりも大きいという仮定は、Josephson接合が非線形インダクタとして働くということから非線形性が大きいこと

を意味するようにも思えるが、実は θの係数にもEJ/ECの因子があるように、非線形性が小さくなることを意味することが分かる。これはnCの真空ゆらぎ δnC = (EJ/8EC)
1/4

を考えるとより直観的になる。EJ/EC が小さいときには δnC は小さく、Cooper対が 0

個から 1個になるか 1個から 2個になるかでCooper対間の相互作用による遷移エネル
ギーの違いが出る、すなわち非線形性がある。しかしEJ/EC ≫ 1のときには δnCが非常に大きい。すなわちもはやこの領域での固有状態は数状態ではうまく書けないものに
なるのだが、あえてCooper対の個数でいうならば 1個増えようがそこからさらにもう
1個増えようが、数状態の分布が少しシフトするだけで遷移エネルギーにおける違いが
ほとんどないような状況になる、すなわち非線形性が小さくなるのである。今回考えた
ような超伝導回路で大きなEJ/EC を持つものをトランズモン（transmon）と呼ぶ。逆
に EJ/EC が小さくなると非線形性が大きくなるが、こういった超伝導回路を Cooper

pair boxと呼ぶ。

9.2.3 共振器とトランズモンの結合
最後に、超伝導量子ビットと共振器が図のようにキャパシタを介して接続されている

ような回路を考えよう。電圧、キャパシタの電荷、磁束その他のパラメータは図中に示
してあるのでそちらを参照してほしい。結合キャパシタ（coupling capacitor）Ccの扱いが肝だが、キャパシタンスがCq、Crに比べ小さいとし、超伝導量子ビット、共振器、結合キャパシタのエネルギーを足し上げたものとして Hamiltonianを求めてみること
にする。結合キャパシタにかかる電圧は Vc = Vr − Vq = Qr/Cr −Qq/Cqであり、これ

|1⟩
|0⟩
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測定系
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極低温（mK）の必要性
1. ジョセフソン接合を超伝導温度まで下げたい 

アルミの転移温度 ~ 1.2 K 

2. 分散読み出しはqubitの状態を変えないように 
低いエネルギーを当てる。 
熱ノイズが温度に比例 

 P = kbbT

通常の実験は~10 mKでおこなっている
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冷やす方法
到達温度 手法

77K 液体窒素

4.2 K 液体ヘリウム4

1 K 液体ヘリウム4の減圧排気

0.3 K 液体ヘリウム3の減圧排気

5 mK 希釈冷凍機

1μK 断熱消磁

1億円?

千円?

数十万?
100万円?
1000万円?

1000万円?

希釈冷凍機
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希釈冷凍機
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where T is the temperature of the MC in K and ṅ3 is the amount of 3He transferred from the concentrated to the 
dilute phase per unit time, in mol/s (referred to as the circulation rate). The cooling power can be increased by 
warming the still, since this leads to a greater saturated vapour pressure of 3He above the still, and hence a greater 
circulation rate. The still temperature is usually controlled using an electrical heater mounted to the still itself, 
however it is also affected by the heat load from the circulating helium, leading to the situation where elevated 
heat loads (and therefore temperatures) lead to more 3He in the gas phase.

For T ĺ 0, the concentrated phase at the top of the mixing chamber consists entirely of pure 3He and the dilute 
phase has 6.6% 3He25. As the temperature is increased, the 3He concentration in the concentrated phase decreases, 
and in the dilute phase increases, until the boundary of the phase separated region is reached (at 870 mK for an 
average overall concentration of 67.5%, lower for other concentrations).

The result of these two effects is that higher temperatures alter the ratio of 3He–4He in the MC. Since the 
overall mixture concentration is fixed, this variation in concentrations necessarily leads to the relative quantities 
of each phase varying. In this case, where the overall concentration is 32% (less than the tricritical concentration 
of 67.5%), the quantity of dilute phase will increase due to the 3He concentration increasing with temperature, i.e. 
the phase boundary will move upwards on warming the MC. At temperatures above the miscibility gap, phase 
separation will be lost and the dilution process will no longer be in operation.

Figure 3.  Changing 3He concentration with temperature in the mixing chamber of the DR. Panels (a–c) show 
neutron images of the mixing chamber of the DR at the three temperatures indicated in (d), which is a plot of 
the quantity Σmtm against mixing chamber temperature. Note how Σmtm increases with temperature, indicating 
further attenuation of the neutron beam and hence greater 3He concentration in the dilute phase; and the phase 
boundary moves upwards, as expected because of the resulting redistribution of the mixture. The standard 
deviation of each data point in (d) is shown by the vertical error bars. Panel (e) shows the quantity Σmtm 
throughout the entire dilution refrigerator circuit for a mixing chamber temperature of 60 mK and indicates the 
measurement position for the graph in (d) with the black square at the lower-right of the mixing chamber.

Figure 4.  Mixing chamber of the DR during a single-shot operation. Panel (a) shows the initial position of the 
phase boundary before starting to remove the 3He from circulation, panel (b) shows the condition when the 3He 
concentration has dropped to 11%, and panel (c) is with almost all the 3He removed. A video of the single-shot 
process is in Supplementary Video S2. In all three panels, an annotation of the mixing chamber temperature (T), 
the 3He concentration (c) and the time since beginning the single shot (HH:MM:SS) is given.
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more open experimental space, the use of a single vacuum space for the whole DR, use of multiple DR units in 
one system, and the evolution of computer control systems.

Beyond this, the technical development of DRs has evolved into two basic directions. The most intensive 
engineering efforts were dedicated to increasing cooling power, simultaneously with maintaining the lowest base 
temperatures. High power DRs can be found in applications such as: sub-millikelvin nuclear demagnetisation 
 experiments9, cooling of superconducting-qubit quantum  processors12–14 and fundamental physics experiments 
that require ultra-low temperatures for highly sensitive bolometers like the cryogenic underground observatory 
for rare events (CUORE)15, or extremely low noise displacement sensors used in the MiniGRAIL resonant mass 
antenna for detection of gravitational  waves16,17.

Another direction of DR development concentrated on minimising the time required to cool samples from 
room temperature to the base temperature of the DR. This approach allows quick characterisation of large 
numbers of samples as is often required in the areas of low temperature magnetism, superconductivity and qubit 
testing. Such DRs are also widely used for neutron scattering and muon spectroscopy sample  environments18, and 
many of the DRs available at neutron and muon facilities are based on the Grenoble design that incorporates sin-
tered silver heat  exchangers19,20. Today a variety of ‘quick’ DRs are offered by a number of commercial companies.

Here we describe the application of neutron imaging techniques to an operational dilution refrigerator, which 
allows direct observation of the dilution process in 3He/4He mixtures, and provides an opportunity to directly 
measure important parameters of the liquid helium mixture. We studied the DR in different operational regimes, 
where the well-known behaviours were strikingly revealed by neutron imaging. We also simulate a common 
failure mode of DRs, where there is insufficient 3He in the mixture. The preliminary images from this experi-
ment show the potential power of the technique in the design and understanding of advanced, or unusual, DRs.

������������������
The measurements were performed on the IMAT instrument at the ISIS neutron and muon source, which pro-
vides neutron radiography and tomography, and energy-resolved neutron  imaging21. Neutrons are well suited 
for transmission through the metal components of the sample environment, such as a cryostat or DR, but at 
the same time are very sensitive to the 3He isotope that allows us to follow the diffusion of 3He in a 3He/4He 
mixture. Basic specifications of the instrument together with settings used in our experiment can be found in 
the “Methods” section.

In our experiment we used a  KelvinoxJT® DR produced by Oxford Instruments Nanoscience, designed 
for delivering an ultra-low temperature sample environment for neutron scattering experiments in the range 
30 mK–2 K. Neutron and optical images of the same empty DR unit are presented in Fig. 1. The neutron image 
has been taken with the DR insert loaded into the cryostat, and therefore includes the thermal shield and vacuum 
cans, however these are almost transparent for the neutron beam. Major components of the DR unit, such as the 
mixing chamber (MC), two discrete heat exchangers, continuous heat exchanger and interconnecting tubing, are 

Figure 1.  The dilution refrigerator used for this study. (a) The dilution insert as viewed under visible light, and 
(b) shows it, to the same scale, under neutron imaging using the IMAT instrument. (c) The base of the mixing 
chamber used for this investigation. This features a displacer block with a 1 mm gap to allow imaging of the 
helium mixture without the excessive absorption associated with neutrons passing through mixture over the full 
22 mm-diameter mixing chamber. The incident neutron beam is perpendicular to the plane containing the slit, 
and parallel to the straight edge of the displacer block, as shown by the large black arrow.

中性子線写真で実写した動作途中の 
希釈冷凍機

Scientific Reports 
volume 
 12, Article number: 1130 (2022) 

実際に混ざって 
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熱の制御
主に3つ 
- conductive heat (伝導) 
- convecting heat (対流) 
- radiative heat (放射)
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more open experimental space, the use of a single vacuum space for the whole DR, use of multiple DR units in 
one system, and the evolution of computer control systems.

Beyond this, the technical development of DRs has evolved into two basic directions. The most intensive 
engineering efforts were dedicated to increasing cooling power, simultaneously with maintaining the lowest base 
temperatures. High power DRs can be found in applications such as: sub-millikelvin nuclear demagnetisation 
 experiments9, cooling of superconducting-qubit quantum  processors12–14 and fundamental physics experiments 
that require ultra-low temperatures for highly sensitive bolometers like the cryogenic underground observatory 
for rare events (CUORE)15, or extremely low noise displacement sensors used in the MiniGRAIL resonant mass 
antenna for detection of gravitational  waves16,17.

Another direction of DR development concentrated on minimising the time required to cool samples from 
room temperature to the base temperature of the DR. This approach allows quick characterisation of large 
numbers of samples as is often required in the areas of low temperature magnetism, superconductivity and qubit 
testing. Such DRs are also widely used for neutron scattering and muon spectroscopy sample  environments18, and 
many of the DRs available at neutron and muon facilities are based on the Grenoble design that incorporates sin-
tered silver heat  exchangers19,20. Today a variety of ‘quick’ DRs are offered by a number of commercial companies.

Here we describe the application of neutron imaging techniques to an operational dilution refrigerator, which 
allows direct observation of the dilution process in 3He/4He mixtures, and provides an opportunity to directly 
measure important parameters of the liquid helium mixture. We studied the DR in different operational regimes, 
where the well-known behaviours were strikingly revealed by neutron imaging. We also simulate a common 
failure mode of DRs, where there is insufficient 3He in the mixture. The preliminary images from this experi-
ment show the potential power of the technique in the design and understanding of advanced, or unusual, DRs.
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The measurements were performed on the IMAT instrument at the ISIS neutron and muon source, which pro-
vides neutron radiography and tomography, and energy-resolved neutron  imaging21. Neutrons are well suited 
for transmission through the metal components of the sample environment, such as a cryostat or DR, but at 
the same time are very sensitive to the 3He isotope that allows us to follow the diffusion of 3He in a 3He/4He 
mixture. Basic specifications of the instrument together with settings used in our experiment can be found in 
the “Methods” section.

In our experiment we used a  KelvinoxJT® DR produced by Oxford Instruments Nanoscience, designed 
for delivering an ultra-low temperature sample environment for neutron scattering experiments in the range 
30 mK–2 K. Neutron and optical images of the same empty DR unit are presented in Fig. 1. The neutron image 
has been taken with the DR insert loaded into the cryostat, and therefore includes the thermal shield and vacuum 
cans, however these are almost transparent for the neutron beam. Major components of the DR unit, such as the 
mixing chamber (MC), two discrete heat exchangers, continuous heat exchanger and interconnecting tubing, are 

Figure 1.  The dilution refrigerator used for this study. (a) The dilution insert as viewed under visible light, and 
(b) shows it, to the same scale, under neutron imaging using the IMAT instrument. (c) The base of the mixing 
chamber used for this investigation. This features a displacer block with a 1 mm gap to allow imaging of the 
helium mixture without the excessive absorption associated with neutrons passing through mixture over the full 
22 mm-diameter mixing chamber. The incident neutron beam is perpendicular to the plane containing the slit, 
and parallel to the straight edge of the displacer block, as shown by the large black arrow.
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Conductive Heat

2.2 Heat conduction through solids

The conduction heat flow q· cond through a small element of a solid bar, tube, or any other cryo-
stat member is given by

where A is its cross-sectional area, dT/dx is the temperature gradient along the element, and
!(T) is the temperature-dependent thermal conductivity of the material. (In this book, we
have represented thermal conductivity by the symbol !, but the symbol k is also common.) If
we have the typical situation where the cryostat part has a uniform cross-sectional area, then we
can integrate Eq. (2.1) to obtain the relatively simple expression:

where L is the length of the element, A its cross-sectional area, and T1 and T2 are the tempera-
tures at the ends of the element. As shown on the right side of Eq. (2.2), a mean thermal con-
ductivity is sometimes also defined for specific temperature intervals:!

q· cond ! !(T) A dT/dx, (2.1)
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(2.3)
q̇cond!A"L!T2

T1

!(T)dT!A"L"!T2

4 K
!(T)dT #!T1

4 K
!(T)dT#.

Most of the handbook values of thermal conductivity (Fig. 2.1) or the integrals
(Appendix A2.1) do not vary much among different samples of the same material, except for

! $ $T#1!T2

T1

!(T)dT,  Mean thermal conductivity

where the interval is given by $T $ T2#T1.
Values of the thermal conductivity !(T) are shown in Fig. 2.1 for some common technical

materials used in cryostat construction. There is quite a range, over six orders of magnitude,
depending on the material. It is easy to see why materials such as stainless steel, with its
relatively low thermal conductivity, are commonly used for the structural components of a
cryostat to keep the influx of heat low.

Because of the strong temperature dependence of !(T), cryostat design can be simplified
with general tabulations of the thermal conductivity integral ∫ !(T) dT in Eq. (2.2).
Appendix A2.1 lists thermal-conductivity integrals [with reference to 4 K, ∫4 K

T2 !(T) dT] for a
number of common technical cryostat materials. From these tabulated values we can deter-
mine the heat flow through a solid member of uniform cross-sectional area A and length L
between two arbitrary temperatures T1 and T2 by taking differences between the 4 K integrals.
That is, from Eq. (2.2),

(2.2)q̇cond!A"L!T2

T1

!(T)dT ! (A"L)!$T,

high-purity metals. The conductivity of pure metals at low temperatures varies all over the map,
depending on their defect content, as illustrated by the various copper materials in Fig. 2.1. An
easy way, however, to approximately determine the low-temperature thermal conductivity
of a high-purity metal is to measure the low-temperature electrical resistivity ! of the
material (which is much easier to measure than ") and then calculate " from the
Wiedemann–Franz–Lorenz law:

where LN is the Lorenz number, 2.44 ! 10"8 V2/K2. (This is described in more detail in
Sec. 6.4.2.) Equation (2.4) also shows why the thermal conductivity of high-purity metals in
Fig. 2.1 has a peak, since the increase in electrical resistivity at high temperatures suppresses
electronic heat conduction in this regime.

" ! LNT/!, (2.4)
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Fig. 2.1 Thermal conductivity of some common solids as a function of temperature (compiled from data in
Radebaugh et al. 2001, Johnson 1960, White and Meeson 2002, and Cryo. Mat. Prop. Prog. 2001). Tabulated
data for these and additional materials are given in Appendix A6.7.
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Convecting Heat

2.3.1 NORMAL PRESSURE (HYDRODYNAMIC CASE)

The gas heat conduction q· gas between two plates of surface area A, separation d, and tempera-
ture difference !T can be estimated in the hydrodynamic case by a simple one-dimensional
heat-transfer relation (similar to that for conduction through solids):
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Fig.2.3 Thermal conductivity of cryogenic gases and liquids as a function of temperature [gas data are measured
at atmospheric pressure (~100 kPa) in the hydrodynamic regime, where ! is essentially independent of pres-
sure]. Data are from Johnson (1960) and Goodall (1970); liquid neon data are from Loechtermann (1963).
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(2.6)q̇
gas" !A!T #d,  (independent of pressure; l $$ cryostat dimensions)

where is the mean value of the temperature-dependent thermal conductivity of the
gas between the two boundary temperatures. Equation (2.6) represents a lower limit on
the heat conduction because we have neglected convection currents, which can significantly
increase the rate of heat conduction. (Ways to reduce convection include limiting the plate
separation to a small gap and filling the space with glass wool, cotton, or paper wipes.)

The thermal conductivity defined by Eq. (2.6) can be used to represent heat conduction
through cryogenic liquids, as well as cryogenic gases. Figure 2.3 shows the thermal conductiv-
ity of both cryogenic gases and liquids as a function of temperature. Note that the thermal
conductivity of a liquid is about 3–15 times higher than that of its gaseous phase.

The gas data in Fig. 2.3 show that the magnitude of ! usually increases with temperature,
and that gases with a heavier molecular weight have a lower value of !. In general, the thermal
conductivity of a gas is simply proportional to its specific heat:

!

! " c CV, (independent of pressure for l $$ d) (2.7)

where CV is the constant-volume specific heat per gram of gas and c is a proportionality
constant that has a value between 1.5 and 2.5 for most common cryogenic gases (helium,
hydrogen, nitrogen, and oxygen).

2.3.1 NORMAL PRESSURE (HYDRODYNAMIC CASE)

The gas heat conduction q· gas between two plates of surface area A, separation d, and tempera-
ture difference !T can be estimated in the hydrodynamic case by a simple one-dimensional
heat-transfer relation (similar to that for conduction through solids):
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Fig.2.3 Thermal conductivity of cryogenic gases and liquids as a function of temperature [gas data are measured
at atmospheric pressure (~100 kPa) in the hydrodynamic regime, where ! is essentially independent of pres-
sure]. Data are from Johnson (1960) and Goodall (1970); liquid neon data are from Loechtermann (1963).
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where is the mean value of the temperature-dependent thermal conductivity of the
gas between the two boundary temperatures. Equation (2.6) represents a lower limit on
the heat conduction because we have neglected convection currents, which can significantly
increase the rate of heat conduction. (Ways to reduce convection include limiting the plate
separation to a small gap and filling the space with glass wool, cotton, or paper wipes.)

The thermal conductivity defined by Eq. (2.6) can be used to represent heat conduction
through cryogenic liquids, as well as cryogenic gases. Figure 2.3 shows the thermal conductiv-
ity of both cryogenic gases and liquids as a function of temperature. Note that the thermal
conductivity of a liquid is about 3–15 times higher than that of its gaseous phase.

The gas data in Fig. 2.3 show that the magnitude of ! usually increases with temperature,
and that gases with a heavier molecular weight have a lower value of !. In general, the thermal
conductivity of a gas is simply proportional to its specific heat:

!

! " c CV, (independent of pressure for l $$ d) (2.7)

where CV is the constant-volume specific heat per gram of gas and c is a proportionality
constant that has a value between 1.5 and 2.5 for most common cryogenic gases (helium,
hydrogen, nitrogen, and oxygen).

流体的振る舞いのとき (高圧)

分子的振る舞いのとき (低圧)

2.3.2 LOW PRESSURE (FREE-MOLECULE CASE)

At low gas pressures, on the other hand, the heat conduction between two concentric cylindri-
cal or spherical surfaces with a temperature difference !T is independent of the separation
between the two surfaces; it is given by Knudsen (1910, 1930) and Kennard (1938).

where k is a constant with values 2.1, 4.4, and 1.2 for helium, hydrogen, and air, respectively
(White and Meeson 2002),and P is the pressure of the gas in the space between the two surfaces,
expressed in pascals and measured with a pressure gauge at room temperature. (For more
details on this point, see the discussion in Corruccini 1959 and in White and Meeson 2002.)
Ai is the area of the inner cylindrical surface in square meters, and !T is expressed in kelvins.

The dimensionless number a0 in Eq. (2.8) is related to the accommodation coefficients a1

and a2 of the inner and outer surfaces by the relation: a0 " a1 a2/[a2# (A1/A2) (1 – a2) a1],where
A1 and A2 are the areas of the inner and outer surfaces, respectively. The accommodation coef-
ficient accounts for a molecule leaving a surface with an energy different from the surface tem-
perature. Perfect accommodation is represented by a coefficient with a maximum value of 1.

Depending on the surface material, surface condition, type of gas, and temperature, accom-
modation coefficients have been reported ranging from about 0.3 to 1.0 at cryogenic tem-
peratures. (For more information, see the cryogenic-engineering texts recommended at the end
of this chapter.) For estimation purposes, however, assuming an accommodation coefficient of
a1≈a2≈0.5 is reasonable for most of the gases usually encountered in cryogenic design.The value
of a0 to use in Eq. (2.8) then becomes (after simplifying) a0 " 0.5/[1# (A1/A2) 0.5].

For the other common geometry of two parallel plates, we can use Eq. (2.8) with A1 " A2,
which leads to a0 " 0.33.

2.4 Radiative heat transfer

In a cryostat, the radiative transfer of heat into the test section can be significant because of the
great difference in temperature between various parts of the cryostat. So it is important to place
radiation shields (typically made of metal or aluminum-coated Mylar™) between the hot and
cold surfaces to intercept the heat flow. Radiative heat transfer strongly depends on the surfaces’
emissivity $ (related to the reflectivity Rf by $! 1–Rf). The emissivity can vary from a value near
unity for heavily oxidized surfaces, to low values approaching zero for polished metallic surfaces.

The radiative heat flow from a surface is given by the Stefan–Boltzmann equation,
q· rad " !$AT 4, where $ is the emissivity of the surface at temperature T, A is the area of the
surface, and ! is the Stefan–Boltzmann constant [5.67 % 10&8 W/(m2K4)]. The net heat
exchange between two surfaces is given by

q· gas " k a0 P Ai !T, [watts] (linear with pressure, l ' surface separation) (2.8)
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Radiative Heat
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(White and Meeson 2002),and P is the pressure of the gas in the space between the two surfaces,
expressed in pascals and measured with a pressure gauge at room temperature. (For more
details on this point, see the discussion in Corruccini 1959 and in White and Meeson 2002.)
Ai is the area of the inner cylindrical surface in square meters, and !T is expressed in kelvins.

The dimensionless number a0 in Eq. (2.8) is related to the accommodation coefficients a1

and a2 of the inner and outer surfaces by the relation: a0 " a1 a2/[a2# (A1/A2) (1 – a2) a1],where
A1 and A2 are the areas of the inner and outer surfaces, respectively. The accommodation coef-
ficient accounts for a molecule leaving a surface with an energy different from the surface tem-
perature. Perfect accommodation is represented by a coefficient with a maximum value of 1.

Depending on the surface material, surface condition, type of gas, and temperature, accom-
modation coefficients have been reported ranging from about 0.3 to 1.0 at cryogenic tem-
peratures. (For more information, see the cryogenic-engineering texts recommended at the end
of this chapter.) For estimation purposes, however, assuming an accommodation coefficient of
a1≈a2≈0.5 is reasonable for most of the gases usually encountered in cryogenic design.The value
of a0 to use in Eq. (2.8) then becomes (after simplifying) a0 " 0.5/[1# (A1/A2) 0.5].

For the other common geometry of two parallel plates, we can use Eq. (2.8) with A1 " A2,
which leads to a0 " 0.33.

2.4 Radiative heat transfer

In a cryostat, the radiative transfer of heat into the test section can be significant because of the
great difference in temperature between various parts of the cryostat. So it is important to place
radiation shields (typically made of metal or aluminum-coated Mylar™) between the hot and
cold surfaces to intercept the heat flow. Radiative heat transfer strongly depends on the surfaces’
emissivity $ (related to the reflectivity Rf by $! 1–Rf). The emissivity can vary from a value near
unity for heavily oxidized surfaces, to low values approaching zero for polished metallic surfaces.

The radiative heat flow from a surface is given by the Stefan–Boltzmann equation,
q· rad " !$AT 4, where $ is the emissivity of the surface at temperature T, A is the area of the
surface, and ! is the Stefan–Boltzmann constant [5.67 % 10&8 W/(m2K4)]. The net heat
exchange between two surfaces is given by

q· gas " k a0 P Ai !T, [watts] (linear with pressure, l ' surface separation) (2.8)
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516 Appendix: Data Handbook

Heat conductance across solid interfaces pressed together with 44 N force (100 lbf)

Interface materials 4.2 K 77 K y a

Gold/gold 2 ! 10"1 W/Kb 1.3b

Copper/copper 1 ! 10"2 W/Kc 3 ! 10"1 W/Kc 1.3b

Steel/steel 5 ! 10"3 W/Kc 3 ! 10"1 W/Kc

Sapphire/sapphire 7 ! 10"4 W/Kb 3b

a Values of y are for calculating the heat conductance at temperatures below 4.2 K by using Eq. (2.14) in Sec. 2.6.
b R. Berman and C. F. Mate (1958), Nature 182, 1661.
c R. Berman (1956), J. Appl. Phys. 27, 318.

A2.3 HEAT CONDUCTANCE ACROSS SOLID INTERFACES PRESSED TOGETHER WITH 445 N
FORCE (45 kgf OR 100 lbf ) (SEC. 2.6)

Heat conductance at a force level F other than 445 N can be determined by multiplying these data by the
ratio F / 445 N. In addition to these data, see Fig. 2.7 for heat conductance values covering a wide range
of temperatures (0.1–300 K) for pressed contacts of gold/gold, indium/copper, copper/copper, and
stainless/stainless. Data are also given in Fig. 2.7 for solder, grease, and varnish joints.

A2.2 EMISSIVITY OF TECHNICAL MATERIALS AT A WAVELENGTH OF ABOUT 
10 #m (ROOM TEMPERATURE) (SEC. 2.4)

Material Emissivity

Polished Highly Common
oxidized condition

Metallic
Ag 0.01
Cu 0.02 0.6
Au 0.02
Al 0.03 0.3
Brass 0.03 0.6
Soft-solder 0.03
Nb, crystalline, bulk 0.04
Lead 0.05
Ta 0.06
Ni 0.06
Cr 0.07
Stainless steel 0.07
Ti 0.09
Tin (gray), single crystal 0.6

Nonmetallic
IMI 7031 varnish 0.9
Phenolic lacquer 0.9
Plastic tape 0.9
Glass 0.9

Sources:
American Institute of Physics Handbook (1972), 3rd edition, Chapter 6, McGraw-Hill, New York.
M. M. Fulk, M. M. Reynolds, and O. E. Park (1955), Proc. 1954 Cryogenic Eng. Conf., Nat. Bur. Stands. (US) Report No. 3517, p.

151. US Government Printing Office, Washington, DC.
W. H. McAdams (1954), Heat Transmission, 3rd edition, McGraw-Hill, New York.
W. T. Ziegler and H. Cheung (1957), Proc. 1956 Cryogenic Engineering Conference, National Bureau of Standards, p. 100. US

Government Printing Office, Washington, DC.
Emissivities of additional materials at room temperature are available in the technical reference section of The Temperature

Handbook (2002), p. Z-171. Omega Engineering Inc., Stamford, CT (http://www.omega.com/).
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測定系

617解説　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

©2020 日本物理学会

ミキサの RFポートに入力して，LOポートには同じ
10 GHzの連続光を入力すれば，IFポートには 100 MHzに
ダウンコンバートされた信号が出力される（ヘテロダイン
検波）．この信号をデジタイザで取り込み，位相や振幅を
抽出することで量子ビットの状態が分かるという仕組みで
ある．図12（b）には，デジタイザで取得した実際の波形デー
タの例を示した．量子ビットの状態が 0, 1のそれぞれの場
合について，10本ずつの波形を重ね書きしており，その
一つ一つから位相と振幅が抽出される．量子ビットの状態
に応じて，位相が反転していることが分かる．
量子ビットが複数ある場合，量子ビットごとに図 12の

ようなセットアップを組む場合もあるが，より効率的なの
は周波数多重化を用いる方法 38）である．そこでは，任意
波形発生器によって複数の周波数（例えば 100 MHzと
50 MHz）を重畳した信号を用いる．それにより読出し用
マイクロ波パルスは複数の周波数成分をもつ．図 12の読
出しマイクロ波の通り道に，対応した共振周波数（9.9 GHz
と 9.95 GHz）をもつ複数の共振器（およびそれにそれぞれ
の共振器に結合した量子ビット）を置くことで，ヘテロダ
イン検波した信号には，周波数ごとに異なる量子ビットの
読出し結果が含まれることになる．このような周波数多重
化の方法を用いれば，一つの読出しラインで複数の量子
ビットを読み出すことができるので，集積化の観点から有
利と言える．技術的には，用いた読み出し用共振器の共振
周波数全帯域をカバーするような広帯域の JPAが必要とな
る．そのために近年ではインピーダンス整合型 JPA 39）や進
行波型 JPA 40）といった新しい JPAが開発されている．

7.　おわりに
ゲート型の超伝導量子ビット回路について，動作原理，

設計と作製，操作と読出し等を実験屋の視点で解説した．
この分野の実験がどのような流れで進められているのか，
少しでもイメージをもっていただければ幸いである．他に
も 2量子ビットゲート，コヒーレンス，量子アニーリング，
少数ビット応用，誤り訂正など話題は尽きないが，ここで
は参考文献として他の総説論文を挙げるに留める．41‒44）

本解説記事は，初学者や分野外の方への導入が目的であ
るが，現在の研究の最前線ではGoogleの量子超越の実証
論文 2）に代表されるように，～10量子ビットの回路が扱
われている．そこではチップ上の量子ビットのみならず，
制御・読出しエレクトロニクスや冷凍機中のケーブルや増
幅器といったマイクロ波コンポーネントの集積化が大きな
課題となっている．そのような課題はかなり工学色が強い
もので，低温という特殊性はあるにせよ，実は量子ビット
物理の分野の外に既に近い解があったりするものかもしれ
ない．新しい計算機を作ろうという研究であるので，もち
ろんアルゴリズムや計算機アーキテクチャなどの理論研究
もますます重要になってくる．本解説記事を読んで，様々
な分野の方が超伝導量子計算機の研究に興味をもち，参入
してくれることを期待して稿を閉じたい．
本稿を執筆するにあたり，中川久司氏（産総研），柳澤

孝氏（産総研），小栗章先生（大阪市立大）には有益な議論
をさせていただきましたことを感謝いたします．また猪股
邦宏氏（産総研）にはチップの写真を，橋本義仁氏（日本
電気）には電磁界計算の図を提供していただきましたこと
を感謝いたします．日本電気株式会社システムプラット
フォーム研究所量子システムTGの皆様には，原稿に関し
て貴重なコメントをいただきましたことを感謝いたします．
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図 12　（a）量子ビットの読出し系のセットアップ．（b）デジタイザの取得
波形の例．量子ビットの状態が 0，1のそれぞれの場合について，10本ずつ
の波形を重ね書きしている．横軸 100 ns辺りがパルスの立ち上がり．
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物理への応用例

3

scalar axion field and ga�� is the model-dependent axion-
two photon coupling constant. The two primary models
for axion-to-photon coupling are known as KSVZ (Kim-
Shifman-Vainshtein-Zakaharov) [14] [15] and DFSZ
(Dine-Fischler-Srednicki-Zhitnisky) [16]. KSVZ couples
only to hadrons, whereas DFSZ couples to both hadrons
and leptons. These have values �0.97 and 0.36 respec-
tively. DFSZ couplings are about a factor of 3 weaker
than KSVZ couplings, so require greater experimental
e↵ort to detect. Therefore, reaching the DFSZ sensitiv-
ity has been a long sought after goal of axion experi-
ments. The application of inhomogeneous magnetic field
provides a new channel for axions to decay into a pho-
ton, whose frequency is given by, f = E/h where E corre-

sponds to the total energy of the axion with contributions
primarily from the rest mass energy and a small kinetic
energy term and “h” is the Plack’s constant. This is
known as the Inverse Primako↵ E↵ect. The conversion
is expressed by a Feynmann diagram in (Fig. 1).

In 1983, Pierre Sikivie introduced the axion haloscope,
which uses a large density of virtual photons from a
strong static magnetic field to allow the galactic axions
to convert into real photons inside a microwave cavity.
When the axion’s frequency matches the resonance fre-
quency of the microwave cavity, the conversion rate is
enhanced to detectable levels. The power deposited in
the cavity due to this conversion is given by,

Pa!� = (1.9⇥10�22W)

✓
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FIG. 1. Feynman diagram of the inverse Primako↵ e↵ect. An
axion a converts into a photon � by interacting with a virtual
photon �

0
in a static magnetic field B through fermionic loop.

The coupling constant is denoted by ga�� .

Here, V is the volume of the cavity, B is the magnetic
field, Cnlm is the form factor of the cavity, ⇢a is the local
dark matter density, fa is the frequency of the photon
and Q is the loaded quality factor of the cavity. The form
factor is defined as the integral of the overlap between the
electric field of the cavity transverse magnetic mode and
the external magnetic field generated by the magnet [17].
For any given mode in an empty cylindrical cavity, the
TM010 mode has the highest form factor and the cavity
radial dimension corresponds to approximately one-half
of the photon wavelength. In practice, the geometry of
the cavity is more complicated because of the presence
of tuning rods, so simulation is necessary to understand
the form factor.

From Eq. 5, it is clear that experimentalists have sev-
eral handles which can be used to optimize the power
extracted by the receiver. Cavity volume, magnetic field
and quality factor can all be maximized, whereas the re-

maining parameters (g� , ⇢a) are fixed by nature. The
signal-to-noise ratio (SNR) is defined by the Dicke ra-
diometer equation [18]:

S

N
=

Paxion

kBTsys

r
t

b
. (6)

Here S is the signal, N is the noise, Paxion is the power
that would be deposited in the cavity in the event of
an axion signal, kB is the Boltzmann constant, Tsys is
the system noise temperature, t is the integration time,
and b is the measurement frequency bandwidth. The
total system noise temperature Tsys is composed of cav-
ity blackbody noise and amplifier noise, which should be
minimized to achieve the highest possible SNR.

III. THE DETECTOR

ADMX is located at the Center for Experimental Nu-
clear Physics and Astrophysics (CENPA) at the Univer-
sity of Washington, Seattle. The ADMX detector con-
sists of several components collectively referred to as “the
insert” shown in Fig. 2. The insert is lowered into the
bore of a superconducting solenoid magnet, which is op-
erated typically at just under 8 T, for data-taking op-
erations. The cylindrical insert (0.59 m diameter, 3 m
height) contains the microwave cavity, motion control
system for the antenna and cavity tuning rods, cryogenic
and quantum electronics, a dilution refrigerator, a liquid
4He reservoir, a bucking magnet and the Sidecar cav-
ity and electronics. The insert is designed such that the
field sensitive quantum amplifiers, switches and circula-
tors are housed in a field free region, with a volume 0.22
m height by 0.15 m diameter, provided by a bucking coil.
The cavity is inserted concentrically in the magnet bore
to maximize the form factor. The insert also involves
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FIG. 1. Superconducting transmon qubit dispersively

coupled to high Q storage cavity. a, Schematic of pho-
ton counting device consisting of storage and readout cavities
bridged by a transmon qubit [28]. The interaction between
the dark matter and electromagnetic field results in a photon
being deposited in the storage cavity. b, Qubit spectroscopy
reveals that the storage cavity population is imprinted as a
shift of the qubit transition frequency. The photon number
dependent shift is 2� per photon.

photons [22]. Here, we develop a detector that is sensitive
in the microwave regime and has a low dark count proba-
bility commensurate with the small signal rates expected
in a dark matter experiment.

Qubit based photon counter

In order to construct a single photon counter, we
employ quantum non-demolition (QND) techniques pi-
oneered in atomic physics [23, 24]. To count photons, we
utilize the interaction between a superconducting trans-
mon qubit [25, 26] and the field in a microwave cavity,
as described by the Jaynes-Cummings Hamiltonian [27]
in the dispersive limit (qubit-cavity coupling ⌧ qubit,
cavity detuning): H/h̄ = !ca†a + 1

2
!q�z + 2�a†a 1

2
�z.

The Hamiltonian can be recast to elucidate a key fea-
ture: a photon number dependent frequency shift (2�)
of the qubit transition (Fig. 1(b)).

H/h̄ = !ca
†a+

1

2
(!q + 2�a†a)�z (1)

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [29]. Errors in
the measurement occur due to qubit decay, dephasing,
heating, cavity decay, and readout infidelity, introduc-
ing ine�ciencies or worse, false positive detections. For
contemporary transmon qubits, these errors occur with
much greater probability (1-10%) than the appearance
of a dark matter induced photon, resulting in a measure-
ment that is limited by detector errors. The qubit-cavity
interaction (2�a†a 1

2
�z) is composed solely of number op-

erators and commutes with the bare Hamiltonian of the
cavity (!ca†a) and qubit ( 1

2
!q�z). Thus, the cavity state

collapses to a Fock state (|0i or |1i in the n̄ ⌧ 1 limit)
upon measurement, rather than being absorbed and de-
stroyed [30–33]. Repeated measurements of the cavity
photon number made via this QND operator enable us
to devise a counting protocol, shown in Fig. 2(a), insen-
sitive to errors in any individual measurement [34–36].

This provides exponential rejection of false positives with
only a linear cost in measurement time.
In this work, we use a device composed of a high qual-

ity factor (Qs = 2.06 ⇥ 107) 3D cavity [37, 38] used to
accumulate and store the signal induced by the dark mat-
ter (storage, !s = 2⇡ ⇥ 6.011GHz), a superconducting
transmon qubit (!q = 2⇡ ⇥ 4.749GHz), and a 3D cavity
strongly coupled to a transmission line (Qr = 1.5⇥ 104)
used to quickly read out the state of qubit (readout,
!r = 2⇡ ⇥ 8.052GHz) (Fig. 1(a)). We mount the de-
vice to the base stage of a dilution refrigerator at 8mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity num-
ber parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized ei-
ther in |gi or |ei, in a superposition state 1p

2
(|gi ± |ei)

with a ⇡/2 pulse. The qubit state precesses at a rate of
|2�| = 2⇡ ⇥ 1.13MHz when there is one photon in the
storage cavity due to the photon dependent qubit fre-
quency shift. Waiting for a time tp = ⇡/|2�| results in
the qubit state accumulating a ⇡ phase if there is one
photon in the cavity. We project the qubit back onto the
z-axis with a �⇡/2 pulse completing the mapping of the
storage cavity photon number onto the qubit state. We
then determine the qubit state using its standard disper-
sive coupling to the readout resonator. For weak cavity
displacements (n̄ ⌧ 1), this protocol functions as a qubit
⇡ pulse conditioned on the presence of a single cavity
photon [29]. If there are zero photons in the cavity, the
qubit remains in its initial state. If there is one photon
in the cavity, the qubit state is flipped (|gi $ |ei). More
generally, this protocol is sensitive to any cavity state
with odd photon number population.

Hidden Markov model analysis

In order to account for all possible error mechanisms
during the measurement protocol, we model the evolu-
tion of the cavity, qubit, and readout as a hidden Markov
process where the cavity and qubit states are hidden vari-
ables that emit as a readout signal (see Fig. 2(b)). The
Markov chain is characterized by the transition matrix
(T) (Eqn. 2) that governs how the joint cavity, qubit
hidden state s 2 [|0gi , |0ei , |1gi , |1ei] evolve, and the
emission matrix (E) (Eqn. 3) which determines the prob-
ability of a readout signal R 2 [G,E ] given a possible hid-
den state.
The transition matrix captures the possible qubit (cav-

ity) state changes. Qubit (cavity) relaxation |ei ! |gi
(|1i ! |0i) occurs with a probability P #

eg = 1 � e�tm/T q
1

(P10 = 1 � e�tm/T s
1 ). The probability of spontaneous

heating |gi ! |ei (|0i ! |1i) of the qubit (cavity) to-
wards its steady state population is given by P "

ge =

n̄q[1 � e�tm/T q
1 ] (P01 = n̄c[1 � e�tm/T s

1 ]). n̄c is set to
zero in the model in order to penalize events in which a
photon appears in the cavity after the measurement se-
quence has begun. This makes the detector insensitive

2
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Fig. 1. a) Photograph of a section of the chip, taken from the backside of the wafer where the lens array will be mounted, showing the MKIDs seen
through the sapphire substrate. Also visible is the TiN mesh layer, with the holes to allow the antenna beams to couple e�ciently to the lenses.
Note that all meandering resonators have a slightly di↵erent length to allow them to be read out at di↵erent frequencies. b) Zoom-in on a single
MKID detector, photographed from the front side of the chip. We see the NbTiN layer and the lithographic bridges used to balance the feedline
ground planes. c) Photograph of the chip-lens array assembly in its holder, with the lens array clearly visible. In operation we place a polariser and
set of bandpass filters on the circular aperture and mount the assembly inside the light-tight box of the cryostat, which is cooled to 120 mK. As a
result we can only illuminate a fraction of the pixels of the array. d) A zoom-in of panel b) showing the antenna at the shorted end of the MKID
resonator. e) Schematic diagram of the cross section of the assembled detector array with lens array, chip and the positions of the MKIDs and the
TiN mesh stray-light absorbing layer. f) The transmission of the feedline around a single MKID measured from contact 1 to 2 in panel b). The
MKID traces a resonance dip which changes upon radiation absorption: the blue line is the equilibrium case, and the red curve corresponds to the
MKID absorbing radiation. The two dots indicate the change in response of the forward scattering parameter (S21) when reading out the device
with a readout tone at F0.

becomes broader and shallower. We read out this response using
a single readout tone close to F0 for each resonator. The length
and width of the narrow NbTiN-Al line are designed to give
>95% radiation absorption and negligible radiation loss within
the limits of the contact lithography used in the device fabrica-
tion. Additionally, the length is minimised to reduce the device
TLS noise (Gao et al. 2008a). We use aluminium for the radia-
tion absorption due to its superior intrinsic sensitivity as demon-
strated by de Visser et al. (2014).

E�cient radiation coupling to the MKID antennas is
achieved by using a large monolithic lens array of elliptical
Si lenses mounted on the chip backside and aligned so that
each MKID antenna is located at the focus of an individual
lens (Filipovic et al. 1993). The lens array is made commer-
cially using laser ablation of high-resistivity Si (⇢ > 5 k⌦ cm)
and equipped with a �/4 anti-reflection coating made from
parylene-C (Ji et al. 2000). The lens-antenna design is optimised
for detection in a 170-GHz band centered around 850 GHz.
All MKIDs in the array are coupled to a single feedline as in-
dicated in Figs. 1a,b. The feedline is a CPW with a central
linewidth= 20 µm and a gap = 10 µm equipped with bond-
pads at either end for connecting the chip to the readout cir-
cuit. To prevent excess inter-pixel crosstalk we need to connect
the two ground planes of the feedline (Yates et al. 2014), which

is achieved by placing two aluminium bridges in between each
pair of MKIDs, isolated from the central line by a polyimide
stub. The polyimide stub is created by spin-coating, baking and
a photolithographic step to define the stub locations. A three-
hour 250� C cure under nitrogen atmosphere is done to make the
polyimide stubs chemically resistant to further processing steps.

The spatial encoding of the MKID resonant frequencies on
the array is based on the scheme presented in Yates et al. (2014):
F0 = Fc +M ⇥ dF, with dF = 1.6649 MHz, Fc = 5 GHz and
M a 2D matrix constructed from a spiral 1D array with inter-
leaving indices and an index gap in its centre as shown by the
insert in Fig. 1a. The result is that nearest-frequency MKIDs are
separated by one extra detector, but never more. This separation
is enough to mitigate EM cross coupling (Yates et al. 2014), but
is kept small to be less sensitive to thickness variations of the
NbTiN film (Thoen et al. 2017).

A key parameter in the design is the bandwidth of each res-
onator, which is defined by the coupling structure and denoted
as the coupling Q factor Qc. We design the resonators to have
Qc = 1 ⇥ 105, which is a compromise between high dynamic
range (requiring a lower Q factor) and a low probability of
overlapping resonance features, resulting in a better pixel yield,
which requires a high Q factor. The rule of thumb, obtained using
statistical simulations of the resonator resonant frequency scatter
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to ν ε= h PNEP 2 /D , where h is Planck’s constant, ν is the radiation 
frequency (1.5 THz) and ε is the optical efficiency to be obtained 
from the fit. (Here, we have omitted the photon bunching term, 

which is negligible for the very low optical powers of this experi-
ment.) The plotted P is the power from the blackbody described in 
the Methods, including the reduction due to the non-ideal absorber 
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Fig. 2 | Measurement schematics, experimental setup and device. a, Schematic representation of a mesh absorber QCD with lumped element resonator. 
The SCB island is formed between the tunnel junction and the gate capacitor. The tunnel junction is connected to the mesh absorber, which in turn is 
connected to the ground plane. The SCB presents a variable capacitance in parallel with an inductor–capacitor (LC) resonator.  The resonator is coupled to 
ground via a large stray capacitance Cs and to a feedline via a coupling capacitor Cc.  The feedline brings a radio frequency (RF) signal generated at room 
temperature to the device chip at 15 mK. The RF signal picks up a phase change that depends on the SCB state, is amplified by a cryogenic amplifier, down-
converted by a mixer at room temperature generating a voltage proportional to the phase shift. This voltage is amplified by the post-mixer amplifier and 
digitized by a digital to analogue (D/A) converter. b, Optical microscope picture of a device, showing the feedline, inductor and interdigitated capacitor, 
all fabricated in niobium, and the aluminium mesh absorber. c, Scanning electron microscope picture of the mesh absorber consisting of 50-nm-wide 
aluminium lines on a 5-µ m-pitch"grid. d, Detail of the SCB showing the aluminium island (horizontal line) in close proximity to the lowest finger of the 
interdigitated capacitor and tunnel junction (overlap between the island and vertical line connecting to the mesh absorber below). e, Optical setup 
schematic showing the temperature-tunable blackbody, aperture and filters that define the spectral band.
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こつ?
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重大な弱点: 量子デバイスは有効体積が小さすぎる

μm

例: SQUIDは超高感度磁場センサーだが 
　  そのループに入る磁束にしか感度がない。

だいたいの素粒子実験は有効体積が物を言う

→ マクロなスケールの応答を反映させる必要がある

(もちろん小さくても良い実験もある)



共振器はマクロな世界とミクロな世界を
つなぐ
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超伝導量子ビット

ジョセフ 
ソン接合

共振器

既にcmスケール 
倍有効体積を増やせている104


