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はじめに
今期将来計画委員会のタスク： 
1. 日本の次期基幹実験の議論 
2. 量子技術、AIなどを踏まえた検出器技術の先端化の議論
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→ 先端技術の調査をし、報告書（本資料）として公開
結論：
• これまでと質的に異なる技術による新たな可能性が広がっている 
• 素粒子実験分野でも各種技術の応用が進んでいる

先端技術の応用 → 高度な実験展開＋技術開発
若手・新規参入者にとっても魅力 
→ 分野の活性化

• 今の先端技術によって、10年後にどんな実験が可能になるか？ 
• 素粒子実験は先端技術の恩恵を享受できているか？



調査内容
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• 委員会の議論で挙がった技術トピックについて独自に調査 
• 専門家を招いて勉強会 
• 資料調査 
多くはKEK測定器開発センター（ITDC）などで検討・開発が進行 

→ 今期将来計画委員会では主に 
他分野・インダストリーで発展している技術や新興技術 

　 を扱った

現在の先端技術（の種・芽） → p5-30

実験からのニーズ → p4
• コミュニティへのアンケート 
• 資料調査

海外・国内の動向 → p31
• 資料調査



JAHEPコミュニティのニーズ
4先端技術

【Q3-1a】ニーズの観点 現在、あなたが携わっている実験の感度・精度等を“飛躍的”に向上する技術革新がある
としたら、それはなんですか？実現の目処は不問とします。現在携わっている実験を超えて、将来やりたい実験
のために重要な技術開発についてお答えください。（複数回答可）

【Q3-1b】前問で選んだものは具体的にどのような実験、発展に活かせると思いますか？

→ 記述回答： p51以降を参照

1. 検出器の位置解像度向上
2. 検出器の時間解像度向上

3. 検出器のエネルギー解像度向上
4. 検出器の軽量化

5. 検出器の大面積化・大体積化
6.  検出器の低コスト化、省エネ化

7. 検出器の検出・読み出し繰り返し数向上
8. DAQ・トリガーの高速化・高スループット化

9. DAQ・トリガーのスマート化
10. 極低エネルギー励起のセンシング（量子センサー等）

11. 時計の精密化
12. 振動センサーの感度向上

13. 変位・ひずみセンサーの感度向上
14. 光検出器の高度化

15. 高磁場技術
16. 耐磁場検出器

17. 検出器の放射線耐性向上
18. ワイヤレス通信の高速化

19.  極低バックグラウンド技術
20.  計算機の小型化・省電力化

21.  計算機の高速化
22.  データストレージの高速化

23.  わからない or 考え中
24.  特にない

その他の意見）
- 新物理に感度のある新しい検出器自体の開発。
- 加速器を高度化する潤沢な資金
- 加速器機器の省電力化、大型パルス電磁石の高速化や

安定化につながる磁石、電源、電力技術の向上
- 「現在、あなたが携わっている実験の感度・精度等を“飛躍的”

に向上する技術革新」と「現在携わっている実験を超えて、
将来やりたい実験のために重要な技術開発」と最初と最後で
質問が変わっている。

- 検出器・ソフトウェアを含めた粒子識別効率の向上
- 検出器製作の高品質化
- まだ研究活動を始めていないため分からない。
- 大面積をカバーできる位置分解能が１ｃｍ程度の、安い検出器
- 高感度磁力計その他： 

• 加速器機器の省電力化、大型パルス電磁石の高速化や安定化に
つながる磁石、電源、電力技術の向上 

• 検出器・ソフトウェアを含めた粒子識別効率の向上 
• 検出器製作の高品質化 
• 大面積をカバーできる位置分解能が1cm程度の、安い検出器 
• 高感度磁力計

コミュニティアンケート：必要な技術ブレークスルーは？

既存検出器の先端化が主に求められている 
→ 各所で研究・開発されている 

↕ 
ニーズに直接マッチしないが、委員会では
新興技術のサーベイ・紹介にフォーカス



調べた技術について

他分野・インダストリーで発展している技術 ← 大きく4つのトレンド 
• 量子センサー・量子デバイス … p6 
• 新奇素材 … p7 
• 機械学習 … p8 
• 計算・通信 … p9 

✤ 調査をした技術もこれらのトレンドと関連するものが多い 
✤ ただし、網羅的な調査は不可能 → 委員の判断で選定

5



技術トレンド：量子センサー／デバイス

• 物質の量子状態の変化を検知する装置 
• 超／常伝導遷移、原子の励起、共鳴振動の変化など 

• 過去数年で急速に実用化・商用化が進行 
• 分野横断・融合 ＋ 公的戦略的大型投資 → 速い発展
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2
D. DeMille, J. M. Doyle, A. O. Sushkov, Science 357, 990 (2017)

• 超／常伝導遷移ボロメータ（TES、ナノワイヤなど） 
• スピン検知・操作（ダイアモンドNVセンター） 
• 原子時計 
• イオン・原子・分子干渉計 
• オプトメカニクス 
• 非破壊測定（量子ビット）→量子コンピューティング 
• 低次元マテリアル（量子ドット、グラフェンなど）

キーワード
青字：調査したトピック



技術トレンド：新奇素材

• 大きなドライバー：環境問題 
• 再生可能エネルギー → ソーラーセル、触媒、積層造形 
• 電気自動車、電化（交通、工業、家庭） → 電池、パワー半導体 
• 高効率・省エネルギー化 → 軽量化合物、機能性素材 

• ナノテクノロジーで特殊素材の可能性が広がる 
• シート、ファイバー、ドットなどを混ぜて物性を操作
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• 非シリコン半導体（GaN、ペロブスカイトなど） 
• ナノテクノロジー（グラフェン、ナノファイバー、量子ドットなど） 
• 機能性素材（4Dプリンティング、自己修復、圧電効果など） 
• 表面・薄膜（光触媒など）

キーワード



技術トレンド：機械学習

• 人工知能（AI）の一つのアプローチ。データから確率分布を推定 

• 近年の発展はほぼ全て深層学習＝多層ニューラルネットワーク 

• 大きなモデルを多くの入力で訓練することで性能向上
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大規模学習 
• Foundation models 

=汎用化可能な巨大モデル 
• Transformers 
→ テキスト・画像ベース。科学応用は？

エッジML 
• 低レイテンシ・省電力推定 
• デバイス上オンライン学習

識別モデル ↔ 生成モデル 
• これまでHEPでは主に識別 
• 生成モデルの発展が目覚ましい 

 → HEP用途は？

説明可能AI（XAI）・透明性 
→ 科学応用に重要

関連トピック



技術トレンド：計算・通信

• 回路の集積化は進むが、個々の演算コアの速度は向上せず 
→ メニーコア（並列）化、ヘテロ化 

• 計算リソースのコモディティ化 
• （マルチ）クラウド＋仮想化 

• 通信速度は有線も無線も向上を続けている
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技術トピック調査のサマリー
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原子系量子センサー … p11-16

量子ドット … p17-18

超伝導量子ビット … p19-21

ペロブスカイト半導体 … p22

ピコ秒タイミング測定 … p23-24

量子計算 … p25-26

機械学習 … p27

計算機 … p28-29

集積回路… p30-31強い関連性
※トピックの順番に大きな意味はない

• 次ページ以降：各トピックについて報告 
• ページ中随所に参考文献リンク



トピック1: 原子系量子センサー
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• コントロール可能な量子系で電場、磁場、
重力場／加速度、温度、圧力などをプローブ 

• 定常（エネルギー固有）状態の重ね合わせ
やエンタングルメントを利用

D. DeMille et al. Science 357, 990 (2017)

典型的な動作原理

Sequence of sensing
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Standard quantum limit and beyond

https://csferrie.medium.com/parameter-estimation-the-quantum-way-theory-and-application-of-quantum-estimation-4589b33dccf3

量⼦もつれナシ 量⼦もつれアリ

8

3/4

現実的な
decoherence考慮

Y. Matsuzaki et al.
Phys. Rev. A 84, 012013 (2011)

定常状態の重ね合わせ → 摂動下で時間発展 
→ 位相のずれを測定（Ramsey interferometry）

https://www.science.org/doi/10.1126/science.aal3003


量子系 物質・自由度 測定対象 有感周波数

Atomic vapors
• 室温～高温の中性原子気体 
• 原子スピンの偏極を光学的に操作し、歳差運動などを利用

磁場、回転、時間・
周波数

dc - GHz

Cold atomic clouds
• 低温の中性原子気体 
• スピン偏極の他、ドブロイ波干渉なども観測可能

磁場、加速度、 
時間・周波数

dc - GHz

Trapped ions
• 電場・磁場で捕捉したイオン 
• 内的な励起と、集団的な振動モードを利用可能

時間・周波数、 
回転、電場、磁場、

力
THz / MHz

Rydberg atoms
• 高い励起状態にある原子（n~100） 
• 軌道が大きく、核の束縛が弱い 
 → 高い電場感度、大きい双極子能率

電場 dc - GHz

Atomic clocks
• 環境への感度の低い遷移を利用した時計 
• 直接センサーにはならないが、時間のレファレンスとなる

時間・周波数

Diamond NV center
• ダイアモンド中の窒素による格子欠陥 → スピン系 
• 常温で長くコヒーレンスを保つ 
• レーザーとマイクロ波で操作

磁場、電場、温度、
圧力、回転

dc - GHz

トピック1: 原子系量子センサー
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レビューした技術

Degen et al. Rev. Mod. Phys. 89, 035002 (2017)

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.89.035002
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Atomic vapors（磁場）

3. プローブレーザーのファラデー効果
（偏光面の回転）を観測する

Kominis et al., Nature 422, 596 (2003)

amplitude spectral density

Dang et al., Appl. Phys. Lett. 97, 151110 (2010)

感度 100 aT/√Hz @ 40 Hz 
理論的には <10 aT/√Hz とも

Neutral atoms: Atomic vapors
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PRL 116, 161601 (2016) 
Hg EDM experiment at U. Washington

1. 中性原子気体をポンプレーザーで
スピン偏極させる

2. 磁場によってスピンが歳差運動する

原理

「偏極 → 歳差運動 → ファラデー効果」の原理を
使って、原子気体そのものを調べることも可能 
Hg EDM experiment: 2つの原子気体セルに共通の
定磁場＋反対方向の電場をかけ、歳差周波数の差
を測定

Graner et al., Phys. Rev. Lett. 116, 161601 (2016)

https://www.nature.com/articles/nature01484
https://pubs.aip.org/aip/apl/article/97/15/151110/122424/Ultrahigh-sensitivity-magnetic-field-and
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.161601


Peters et al., Nature 400, 849 (1999)
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Cold atomic clouds - atom interferometers（重力／加速度）
自由落下するCs原子による 
重力加速度測定 
→ すでに感度 Δg/g=3×10-9

大型原子干渉計システムによる 
暗黒物質探索・重力波探知：

4 B. Barrett, P.-A. Gominet, E. Cantin, L. Antoni-Micollier, etc.

(a)

Beam�splitter Beam�splitterMirror

(b)

Fig. 1. – (Colour online) (a) Principle of an atom interferometer. An initial atomic wavepacket is
split into two parts by a coherent beam-splitting process. The wavepackets then propagate freely
along the two different paths for an interrogation time T , during which the two wavepackets
can accumulate different phases. After this time, the wavepackets are coherently mixed and
interference causes the number of atoms at each output port, N1 and N2, to oscillate sinusoidally
with respect to this phase difference, ∆φ. (b) The basic Mach-Zehnder configuration of an atom
interferometer. An atom initially in a quantum state |1⟩ is coherently split into a superposition
of states |1⟩ and |2⟩. A mirror is placed at the center to close the two atomic trajectories.
Interference between the two paths occurs at the second beam-splitter.

processes can be separated either in space or in time. During the interferometer sequence,
the atom resides in two different internal states while following the spatially-separated
paths. In comparison, interferometers using diffraction gratings (which can be comprised
of either light or matter) utilize atoms that have been separated spatially, but reside in
the same internal state. This is the case, for example, with single-state Talbot-Lau
interferometers [21, 24, 34, 33], which have also been demonstrated with heavy molecules
[27].

Light-pulse interferometers work on the principle that, when an atom absorbs or
emits a photon, momentum must be conserved between the atom and the light field.
Consequently, when an atom absorbs (emits) a photon of momentum !k, it will receive
a momentum impulse of !k (−!k). When a resonant traveling wave is used to excite the
atom, the internal state of the atom becomes correlated with its momentum: an atom in
its ground state |1⟩ with momentum p (labeled |1,p⟩) is coupled to an excited state |2⟩
of momentum p+ !k (labeled |2,p+ !k⟩).

The most developed type of light-pulse atom interferometer is that which utilizes two-
photon velocity-selective Raman transitions to manipulate the atom between separate
long-lived ground states. With the Raman method, two laser beams of frequency ω1 and
ω2 are tuned to be nearly resonant with an optical transition. Their frequency difference
ω1 − ω2 is chosen to be resonant with a microwave transition between two hyperfine
ground states. Under appropriate conditions, the atomic population oscillates between
these two states as a function of the interaction time with the lasers, τ . The “Rabi”
frequency associated with this oscillation, Ωeff , is proportional to the product of the two
single-photon Rabi frequencies of the each Raman beam, and inversely proportional to

原理

1. “π/2 pulse”で2つの運動量固有状態の重ね合わせを作る 
2. “π pulse”で運動量固有状態を入れ替える 
3. 二度目の“π/2 pulse”で干渉 
     → 2つの経路で獲得する位相差によって|1>に戻らない

π/2、πなどの用語の由来は 
スピン1/2系 (qubit) の操作 
（ / ↔北極/南極）|1⟩ |2⟩

Image: Gavin W Morley

重力ポテンシャルの
違いによって経路の
ハミルトニアンが異
なる

Barrett et al., 1311.7033

JCAP05(2020)011

in signal can however be mitigated by operating the AI in a resonant mode. As outlined in
details in [6], this can be accomplished by using the pulse sequence ⇡/2� ⇡ � · · ·� ⇡ � ⇡/2
with Q ⇡-pulses instead of the standard, broadband ⇡/2� ⇡ � ⇡/2 pulse sequence.
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Figure 2. Conceptual scheme of AION, illustrated
for two atom interferometers that are arranged ver-
tically and addressed by a single laser source.

Figure 2 illustrates the conceptual
scheme of AION, for two AIs addressed by
a single laser source and arranged verti-
cally. Each AI contains a source of ultra-
cold atoms (1), which are transported to the
centre of the vacuum system and launched
vertically (2) (launch optics are not shown).
The clouds are in free fall for a time Tfall =p
8`/g (3), during which the atom inter-

ferometer sequence is performed using light
from the clock laser that simultaneously ad-
dresses all the atom interferometers. Finally,
the phase accumulated by each atom inter-
ferometer is read out individually by imag-
ing the atom clouds (4). Grey boxes indi-
cate the subsystems responsible for produc-
ing laser light at the clock transition, the
sources of ultracold atoms, and the detection
optics and readout. The path taken by the
atomic clouds is indicated by the dark red
dashed line, and an o↵set has been added
between the upward and downward travel-
ling directions for clarity. The extent of the
vacuum system is shown by the thick black
line, and the surrounding magnetic shield is

shown in grey. Vacuum pumps etc. are omitted for clarity.
For two atom interferometers operating in resonant mode, the phase response of the

detector can be written as ��grad(t0) = �� cos (!t0 + �0), where !t0+�0 is the phase of the
GW at time t0, which denotes the start of the pulse sequence. The amplitude of the detector
response is derived in [6], and is given by:

�� = nkhL
sin(!QT )

cos(!T/2)
sinc

✓
!nL

2c

◆
sin

✓
!T

2
�
!(n� 1)L

2c

◆
, (2.5)

which is peaked at the resonance frequency !r ⌘ ⇡/T and has a bandwidth ⇠ !r/Q. On
resonance the amplitude of the peak phase shift is:

��res = 2QnkhL sinc

✓
!rnL

2c

◆
cos

✓
!r(n� 1)L

2c

◆
, (2.6)

which reduces to ��res ⇡ 2QnkhL in the low-frequency limit !r ⌧
c
nL . Large momentum

transfer operation enhances n-fold the sensitivity of the phase response. By changing the
pulse sequence used to operate the device (changing Q) [6] the interferometer can be switched
from broadband to resonant mode, resulting in a Q-fold enhancement.

We assume in making the AION sensitivity projections for GW signals that the detector
is operated mainly in the resonant mode, while for DM signals we provide projections for
both resonant and broadband modes. In order to generate the sensitivity curve for, e.g., a

– 6 –

• AION (UK), MAGIS (US): 鉛直真空容器中
2箇所に原子干渉計（基線長10m 1km） 
→ 位相差の差が基線長、空間のひずみ、
遷移周波数の変化に依存 

• MIGA/ELGAR (FR, EUR) 
• ZAIGA (CN)

Badurina et al., J. Cosm. Astro, Phys. 
2020, 011 (2020)

低い周波数領域に感度

https://www.nature.com/articles/23655
https://arxiv.org/abs/1311.7033
https://iopscience.iop.org/article/10.1088/1475-7516/2020/05/011/meta
https://iopscience.iop.org/article/10.1088/1475-7516/2020/05/011/meta
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Rydberg atoms（電場）
原理

1. Rydberg atom = 高準位（n~100）に励起された原子 
2. 軌道が大きい（O(100)nm~μm） 
• 核の束縛が弱い → 高い電場感度 
• 電気双極子能率が大きい

単一マイクロ波光子検出

Rydberg atoms

Gleyzes et al., Nature 446, 297 (2007)

The Rydberg-Atom-Cavity Axion Search 3

main magnet

cancellation coil

conversion cavity

detection cavity

atomic beam oven

laser interaction point

metal
or
dielectric
posts

dilution refrigerator

channeltron electron multiplier

Stark electrodes

field
ionization
electrode

34
15

liquid nitrogen

liquid helium

fluorescence
detector

Fig. 1. The layout of CARRACK II.

complicated level splitting and shift due to Zeeman effect to the atoms. The
cavity mode is the cylindrical TM010 mode and the cavity resonant frequency
is tuned over 25 % by the metal and aluminum-oxide posts [10]. The transition
frequency of the Rydberg atom should approximately coincide with the resonant
frequency of the cavity. It is tuned roughly by choosing a state with appropriate
principal quantum number n, and finely by applying an electric field with Stark
electrodes in the detection cavity. The atoms in the s1/2 and p1/2 states are
Stark shifted as −α0E2/2 with a certain constant α0 and the applied electric
field E. We have measured the scaler polarizability α0 of the relevant levels for a
wide range of n (60 to 150) and hence obtained detailed systematic information
on this tuning.

The dilution refrigerator (Oxford Kelvinox 300) is used to cool the cavity
system down to the low enough temperature Tc ∼ 10mK.

暗黒物質アクシオン探索（CARRACK II） 
→ 磁場でアクシオンを光子に変換、Rydberg atomで光子を検出 
USでも同様の計画：RAY collaboration

Yamamoto et al. hep-ph/0101200

感度 300 (nV/m)/√Hz
Facon et al., Nature 535, 262 (2016)

https://www.nature.com/articles/nature05589
https://www.snowmass21.org/docs/files/summaries/CF/SNOWMASS21-CF2_CF0-IF1_IF0-259.pdf
https://arxiv.org/abs/hep-ph/0101200
https://www.nature.com/articles/nature18327
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Diamond NV center（磁場、電場、加速度、etc.）
原理

ダイヤモンド中の窒素原子（N）と隣接格子欠損（V）
に生じる電子対（スピン1）系

• 自己相互作用で基底状態tripletは
ms=0とms=±1に分離 

• さらにms=±1間ギャップは磁場、
電場、スピンスピン相互作用など
に感度を持つ 

• A-E（基底-励起）ギャップは温度
や圧力に感度

• 可視光レーザーで基底tripletを励起tripletに遷移 
• ms=0は即座に637nm蛍光を放って脱励起 
• ms=±1はnon-radiative decayも 
• 蛍光の強度でスピン状態を測定可能 
• 励起・脱励起を繰り返すと基底ms=0に初期化可能

NIST

BonPhire

感度 
磁場 250 aT/√Hz 
加速度 10 (μrad/s)/√Hz

Axion-like particleを介したmonopole-
dipole相互作用は電子に実効的に磁場
として作用 
→ Solid-stateセンサーとしての局所性
＋原子系センサーとしての磁場感度を
利用して検出

Rong et al., Nat. Comm. 9, 739 (2018)

https://www.nature.com/articles/s41467-018-03152-9
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Figure 4.
 

The luminous properties of quantum dots find commercial uses
Thirty years later, quantum dots are now an important part of nanotechnology’s toolbox and are 
found in commercial products. Researchers have primarily utilised quantum dots to create coloured 
light. If quantum dots are illuminated with blue light, they absorb the light and emit a different 
colour. Modifying the size of the particles makes it possible to determine exactly what colour they 
should glow (figure 3).  

The luminous properties of quantum dots are utilised in computer and television screens based on 
QLED technology, where the Q stands for quantum dot. In these screens, blue light is generated using 
the energy-efficient diodes that were recognised with the Nobel Prize in Physics 2014. Quantum dots 
are used to change the colour of some of the blue light, transforming it into red or green. This makes it 
possible to produce the three primary colours of light needed in a television screen.  

Similarly, quantum dots are used in some LED lamps to adjust the cold light of the diodes. The light 
can then become as energising as daylight or as calming as the warm glow from a dimmed bulb. 
The light from quantum dots can also be used in biochemistry and medicine. Biochemists attach 
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How Moungi Bawendi 
produced quantum dots

Bawendi injected substances 
that can form cadmium 
selenide into hot solvent. The 
volume was enough to saturate 
the solvent around the needle.

Small crystals of cadmium selenide 
immediately formed, but because the 
injection cooled the solvent the 
crystals stopped forming.

When Bawendi increased 
the temperature of the 
solvent, the crystals once 
again started to grow. The 
longer this continued, the 
larger the crystals became.
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Chemistry 2023 
“for the discovery and synthesis of quantum dots”

Particles-in-a-box: 準位の離散化

半導体ナノ結晶 
→ バンドギャップがドットの大きさに依存

Dong et al., Front. Mat., 2, 13 (2015)

Plasmachem

主に光学的・電子的な性質にアドバンテージ 
• バンドギャップ（放射光色）の選択性 
• 高い紫外吸収特性＋量子効率 → 明るい蛍光

合成法
• コロイド（標準的）： 
高温の有機溶媒中に常温の 
QD物質を注入。均一な大きさ 
の結晶核が生成され、再加熱 
によってQD粒子が生じる。 
温度と時間によってQDの大きさ 
をコントロールできる。粉として 
得られる。 

• Self-assembly： 
半導体基板上に格子定数が大きく異なる物質 
を堆積させる（GaAs上にInAsなど）と、 
自己組織化が起こる。 

• プラズマ、生化学的、etc.

Nobel Prize 2023

Northwestern University

主な種類 
• PbSe, PbS 
• CdSe, CdS

• Si 
• InP, InAs 
• HgTe

• CsPbX3 
(Perovskite)

https://www.frontiersin.org/articles/10.3389/fmats.2015.00013/full
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シンチレーター応用３例 共通項：高い蛍光効率

InAs QD in GaAs matrix Perovskite QD in plastic Perovskite QD in plastic

• GaAsをシンチレータに利用 
→ 赤外で発光するが、遅い 

• InAs QDの導入で電子捕捉が早
くなり、光量が増える 

• 時間分解能60ps

Dropiewski et al., Phys. Res. A 
954, 161472 (2020)

• プラスチックシンチレータに 
ペロブスカイトQDを導入 
→ Zが大きいので感度が上がる 

• QDの蛍光（緑）を有機分子が
吸収し、再放出（赤） 
→ Reabsorption free ARTICLESNATURE NANOTECHNOLOGY

and Pr3+ cations used in conventional fast scintillator crystals (tens  
of nanoseconds)22.

Synthesis and optical properties
The CsPbBr3 NCs and 1 were synthesized following the protocol 
reported in the Methods section and in ref. 23. The CsPbBr3 NCs 
exhibit narrow band photoluminescence at ~518 nm (full width at 
half maximum = ~25 nm), nearly resonant to the respective absorp-
tion peak at ~514 nm (Fig. 1d). The photoluminescence quantum 
yield, is ΦPL,NC = 75 ± 8%. The optical absorption spectrum of 1 
shows a first vibronic peak at 520 nm followed by progressively 
weaker replicas at higher energy (ΔE = ~150 meV). Crucially, such 
a spectrum exhibits perfect spectral overlap with the emission of 
the NCs, which ensures efficient sensitization of 1 by the NC. The 
Förster energy transfer radius extracted from the spectral analysis 
is 5.8 nm. The photoluminescence spectrum of 1 peaks at 582 nm 
(ΦPL,1 = 60 ± 5%), corresponding to a Stokes shift of ~60 nm from 
the respective absorption edge, originating from the planarization 
of the perylene units in the excited state. This, together with the 
sharp absorption onset, results in a very small overlap between the 
absorption and the luminescence of 1, which is the key for suppress-
ing reabsorption losses.

To evaluate the potential of 1 as a reabsorption-free emitter, we 
performed Monte Carlo ray-tracing simulations of light propagation 
using the device parameters of the real plastic scintillator waveguide 
presented later in this work. As shown in Fig. 1e,f, reabsorption 
causes only a minor intensity drop of the high-energy spectral por-
tion of the luminescence spectrum of 1, resulting in very limited 
reabsorption losses (of only ~15%) for propagation distances, d, 
as long as 15 cm. By contrast, simulations considering an identical 
device but based on CsPbBr3 NCs show a strong drop by reabsorp-
tion in less than one centimetre.

Sensitization process in solution and in polymer 
nanocomposites
We proceeded with the experimental demonstration of efficient 
sensitization by the NCs. With this aim, we monitored the photo-
luminescence spectrum of mixtures of CsPbBr3 NCs and 1 in tolu-
ene using selective optical excitation at 400 nm where the molar 
extinction coefficient of 1 (ε1 = ~6 × 10−3 cm−1 μM−1) is ~5,000-fold 
smaller with respect to the NCs (εNC = ~30 cm−1 μM−1; Fig. 1d). 
In this condition, direct photoexcitation of 1 is negligible and  
the photoluminescence is ascribed to sensitization by the NC. The pho-
toluminescence spectra at increasing concentrations of 1 are reported 
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Fig. 1 | Concept and applications of reabsorption-free, fast and efficient perovskite-based plastic scintillators. a,b, Schematic depiction of a high-Z 
sensitized plastic scintillator (a) and its applications in nuclear detection, diagnostic imaging and high-energy physics (b). PMT, photomultiplier tube; SDD, 
silicon drift detector; PET, positron emission tomography. c, Sketch of a CsPbBr3 NC sensitizing the perylene dyad 1. The energy levels of the two systems 
are also shown, to highlight the resonance between the respective frontier levels, which is important to prevent charge separation between the two species 
leading to slow indirect exciton decay or efficiency losses by exciton splitting. CB, conduction band; VB, valence band. d, Molar extinction coefficient 
(ε, dashed lines) and photoluminescence (PL) spectra (solid lines) of the NCs (green, excitation wavelength λEX=405nm) and 1 (red, λEX=500nm). 
The extinction spectrum of 1 was scaled by a factor of 300 for clarity. e, Photoluminescence spectra of 1 (ΦPL,1=60±5%) emitted from one of the small 
0.5cm×0.7cm edges of a plastic waveguide (0.5cm×0.7cm×15cm; active layer thickness, 300μm; optical density (OD = 1 at 522 nm) obtained via a 
Monte Carlo ray-tracing simulation as a function of increasing optical distance, d, between the excitation spot and the edge. Inset: photoluminescence 
spectra for an identical simulated device based on CsPbBr3 NCs. f, The corresponding spectrally integrated photoluminescence intensity (red dots for 
1) versus d showing near invariance of the emission intensity. The trend for the device based on CsPbBr3 NCs (green triangles) shows a strong drop by 
reabsorption for d<1cm.
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and Pr3+ cations used in conventional fast scintillator crystals (tens  
of nanoseconds)22.

Synthesis and optical properties
The CsPbBr3 NCs and 1 were synthesized following the protocol 
reported in the Methods section and in ref. 23. The CsPbBr3 NCs 
exhibit narrow band photoluminescence at ~518 nm (full width at 
half maximum = ~25 nm), nearly resonant to the respective absorp-
tion peak at ~514 nm (Fig. 1d). The photoluminescence quantum 
yield, is ΦPL,NC = 75 ± 8%. The optical absorption spectrum of 1 
shows a first vibronic peak at 520 nm followed by progressively 
weaker replicas at higher energy (ΔE = ~150 meV). Crucially, such 
a spectrum exhibits perfect spectral overlap with the emission of 
the NCs, which ensures efficient sensitization of 1 by the NC. The 
Förster energy transfer radius extracted from the spectral analysis 
is 5.8 nm. The photoluminescence spectrum of 1 peaks at 582 nm 
(ΦPL,1 = 60 ± 5%), corresponding to a Stokes shift of ~60 nm from 
the respective absorption edge, originating from the planarization 
of the perylene units in the excited state. This, together with the 
sharp absorption onset, results in a very small overlap between the 
absorption and the luminescence of 1, which is the key for suppress-
ing reabsorption losses.

To evaluate the potential of 1 as a reabsorption-free emitter, we 
performed Monte Carlo ray-tracing simulations of light propagation 
using the device parameters of the real plastic scintillator waveguide 
presented later in this work. As shown in Fig. 1e,f, reabsorption 
causes only a minor intensity drop of the high-energy spectral por-
tion of the luminescence spectrum of 1, resulting in very limited 
reabsorption losses (of only ~15%) for propagation distances, d, 
as long as 15 cm. By contrast, simulations considering an identical 
device but based on CsPbBr3 NCs show a strong drop by reabsorp-
tion in less than one centimetre.

Sensitization process in solution and in polymer 
nanocomposites
We proceeded with the experimental demonstration of efficient 
sensitization by the NCs. With this aim, we monitored the photo-
luminescence spectrum of mixtures of CsPbBr3 NCs and 1 in tolu-
ene using selective optical excitation at 400 nm where the molar 
extinction coefficient of 1 (ε1 = ~6 × 10−3 cm−1 μM−1) is ~5,000-fold 
smaller with respect to the NCs (εNC = ~30 cm−1 μM−1; Fig. 1d). 
In this condition, direct photoexcitation of 1 is negligible and  
the photoluminescence is ascribed to sensitization by the NC. The pho-
toluminescence spectra at increasing concentrations of 1 are reported 
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Fig. 1 | Concept and applications of reabsorption-free, fast and efficient perovskite-based plastic scintillators. a,b, Schematic depiction of a high-Z 
sensitized plastic scintillator (a) and its applications in nuclear detection, diagnostic imaging and high-energy physics (b). PMT, photomultiplier tube; SDD, 
silicon drift detector; PET, positron emission tomography. c, Sketch of a CsPbBr3 NC sensitizing the perylene dyad 1. The energy levels of the two systems 
are also shown, to highlight the resonance between the respective frontier levels, which is important to prevent charge separation between the two species 
leading to slow indirect exciton decay or efficiency losses by exciton splitting. CB, conduction band; VB, valence band. d, Molar extinction coefficient 
(ε, dashed lines) and photoluminescence (PL) spectra (solid lines) of the NCs (green, excitation wavelength λEX=405nm) and 1 (red, λEX=500nm). 
The extinction spectrum of 1 was scaled by a factor of 300 for clarity. e, Photoluminescence spectra of 1 (ΦPL,1=60±5%) emitted from one of the small 
0.5cm×0.7cm edges of a plastic waveguide (0.5cm×0.7cm×15cm; active layer thickness, 300μm; optical density (OD = 1 at 522 nm) obtained via a 
Monte Carlo ray-tracing simulation as a function of increasing optical distance, d, between the excitation spot and the edge. Inset: photoluminescence 
spectra for an identical simulated device based on CsPbBr3 NCs. f, The corresponding spectrally integrated photoluminescence intensity (red dots for 
1) versus d showing near invariance of the emission intensity. The trend for the device based on CsPbBr3 NCs (green triangles) shows a strong drop by 
reabsorption for d<1cm.
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forward as it requires that both systems retain their optical prop-
erties when embedded into polymeric composites and that the 
sensitization process takes place in such a medium under excita-
tion by ionizing radiation. To experimentally assess these aspects, 
we fabricated poly(methyl methacrylate) (PMMA) nanocomposites 
embedding the NCs and 1, both individually and blended. We spe-
cifically chose PMMA for its high optical quality, low absorption 
coefficient across the visible spectrum and radiation hardness26. 
For these reasons, PMMA is used for fabricating the plastic optical 
fibres also adopted in dosimetry. To strengthen the interaction with 
the ionizing radiation in view of potential applications, the nano-
composites were produced with 2.0 wt% of the NCs. The amount of 
1 was tuned accordingly to maximize the sensitization efficiency. In 
Fig. 2c,d we report the photoluminescence spectra of two PMMA 
nanocomposites (thickness ~0.4 mm), respectively embedding 
2.0 wt% of NCs or 0.15 wt% of 1 compared to the respective toluene 
solutions. The spectral profiles in the two media are very similar to 
each other, indicating no notable effect by the incorporation into the 
polymer for either emitter. The respective photoluminescence decay 
curves are shown in Fig. 2e,f. Similar dynamics are observed for the 
NCs in toluene and in PMMA, with a minor acceleration of both 
components (τFast = ~23 ns and τSlow = ~180 ns versus τFast = ~30 ns 
and τSlow = ~215 ns) in the nanocomposite accompanied by a  
slight decrease of the emission yield (ΦPL,NC = 65 ± 5%), possibly due 
to the activation of nonradiative losses following the incorpora-
tion into PMMA27. Most importantly, the emission of the NCs in 
the blended nanocomposite ([1] = 0.15 wt%) is much faster than 
for pure NCs in PMMA, indicating that the main decay channel 

for the NCs is nonradiative energy transfer to 1. The photolumi-
nescence kinetics of 1 are single exponential in both toluene and 
PMMA, with a slightly longer lifetime in the plastic matrix (4.0 ns 
versus 2.9 ns) due to the suppression of the rotational degrees of 
freedom of the perylene units around the central bond and of the 
aryl sidechains. Accordingly, ΦPL,1 increases to 78 ± 5% in PMMA. 
The radioluminescence spectra of the NCs and 1 in PMMA are very 
close to the respective photoluminescence (Fig. 2c,d), indicating 
that the interaction with X-rays creates the same excited states as 
optical excitation.

In Fig. 2g we report the radioluminescence spectra of NC–
PMMA nanocomposites containing increasing loads of 1. The 
radioluminescence spectra follow a nearly identical trend to the 
toluene solution under UV excitation, with the radioluminescence 
of the pure NCs progressively decreasing in favour of the emis-
sion of 1. The anti-correlation between the respective integrated  
radioluminescence intensities is highlighted in Fig. 2h, resulting in 
the sensitization efficiency reaching ηS = ~95% for [1] ≥ 0.01 wt%. 
This indicates that sensitization also takes place with negligible 
losses in PMMA under X-ray excitation. We point out that the 
sensitization mechanism could be more complex using ioniz-
ing radiation28 than UV illumination, as discussed in detail in the 
Supplementary Information.

Sensitized nanocomposite scintillators
The efficient high-Z sensitization of 1 by the NCs has a profound 
effect on the radioluminescence properties of the PMMA nanocom-
posites, resulting in a scintillation performance comparable to that 
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exponential decay function is shown as a black line, with lifetimes τ1!=!3.4!ns (87% of the signal) and τ2!=!14.1!ns (13% of the signal).

NATURE NANOTECHNOLOGY | VOL 15 | JUNE 2020 | 462–468 | www.nature.com/naturenanotechnology 465

Gandini et al., Nat. Nanotechnol. 
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• 市販の有機シンチレータとQD
を混ぜる 

• 蛍光・吸収スペクトルが重なら
ないので、自己吸収が起こる 
→ シンチレーション光の
decayが長くなってしまった

QDs have been used in scintillators for radiography31) or in
red-emitting plastic scintillators.32) In this study, we loaded
commercially available perovskite QDs into conventional
plastic scintillators to investigate and analyze their applic-
ability in detecting high-energy X-rays.

2. Experimental methods

Polystyrene and 2-(4-tert-butylphenyl)-5-(4-phenylphenyl)-
1,3,4-oxadiazole (b-PBD) were obtained from Sigma-
Aldrich. Tetrahydrofuran (THF) was purchased from Wako
Chemical Corp. Perovskite QDs (QD-P-450, QD-P-480, and
QD-P-510) were purchased from Quantum Solutions. Table I
summarizes the properties of the QDs based on the datasheet
from the supplier.
QD-loaded plastic scintillators were fabricated using the

following procedure: first, polystyrene (0.45 g) and b-PBD
were dissolved in THF (4.0 g) in a screw vial. The amount of
b-PBD was 0.50 mol% relative to the polystyrene monomer
units. Each type of QD was added to the solution at 5.0 wt%
of the total mass of the scintillators. Subsequently, the screw
vials were allowed to settle at room temperature for one week
until the THF completely evaporated. Finally, the samples
were molded to a size of 3 mm× 3 mm and a thickness of
∼0.70 mm to obtain QD-loaded plastic scintillators. The
fabricated scintillators were opaque, crack-free, and had
colors derived from the QDs. The possible cause of the
opacity of the samples is the aggregation of the perovskite
QDs, which results in a Mie scattering.
The photoluminescence (PL) emission spectra were mea-

sured using an F-7000 spectrofluorometer (Hitachi High-
Tech Corp.) at room temperature. The excitation wavelength

was 250 nm, which corresponds to the UV absorption of
polystyrene. The PL temporal profiles were observed using a
Delta Flex 3000U–TMK2 spectrometer. The excitation
source was a 256 nm pulsed light-emitting diode. An X-ray
generator (XGD 2300-HK, Rigaku Corp.) operated at 40 kV
and 40 mA, and a charge-coupled device-based spectrometer
(SILVER-Nova 50, StellarNet Inc.) were used to record the
X-ray-induced radioluminescence spectra. The scintillation
temporal profiles were obtained using a pulsed X-ray-induced
afterglow characterization system (Hamamatsu Photonics) at
room temperature. The details for these settings are provided
in a previous paper.33) To measure the pulse-height spectra,
the QD-loaded plastic scintillators were attached to a PMT
(R7600U-200, Hamamatsu Photonics) using an optical
grease and then covered with Teflon tape. Then, they were
irradiated with 59.5 keV gamma rays from a 241Am source
(3 MBq). The output signals from the PMT were amplified
using a preamplifier (113, Ortec) and a shaping amplifier
(572A, Ortec). The amplified signals were then fed to a
multichannel analyzer (MCA; MCA8000D, Amptek Inc.).
For comparison, the pulse height spectrum of a 2 mm thick
plastic scintillator, NE-142 (OKEN Corp.), was also mea-
sured to estimate the scintillation light yield.
The high-energy X-ray detection capability was evaluated

using a synchrotron radiation X-ray beam at BL-14A of the
Photon Factory, KEK, Japan. The X-ray energy was
67.4 keV. Details of the measurement procedure are de-
scribed in our previous report.34) Hybrid-mode operation was
used. The spot size of the beam was approximately
1× 1 mm2. The QD-loaded scintillators were attached to a
PMT (Hamamatsu R7600) using optical grease and then
covered with Teflon tape. The pulse-height spectra were
obtained in a similar manner to those under gamma-ray
irradiation. The output signals from the PMT were amplified
with a charge-sensitive amplifier (2005, Canberra Corp.) and
a main amplifier (572A, Ortec). Then, the amplified signals
were fed to an MCA (MCA-8000D, Amptek Inc.). The X-ray
detection efficiencies of the scintillators were estimated by
comparing the counting rate of the QD-loaded plastic
scintillators to that of a 5 mm thick NaI:Tl scintillator, with

Table I. Specifications of QDs.

Composition Appearance
PL quantum
efficiency Average size

QD-P-450 CsPb(Cl/Br)3 Pale yellow >40% 7 nm
QD-P-480 CsPb(Cl/Br)3 Yellow >50% 9 nm
QD-P-510 CsPbBr3 Pale Green >70% 10 nm

Fig. 1. (Color online) Photoluminescence spectra of plastic scintillators loaded with QD-P-450, QD-P-480, and QD-P-510, with excitation at 250 nm. The
insets are photographs of the plastic scintillators loaded with QD-P-450, QD-P-480, and QD-P-510 (from left to right), (a) under visible light and (b) 254 nm
ultraviolet irradiation.
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non-emissive nanoparticles such as HfO2
19) or Bi2O3.

23) If
the perovskite QDs were loaded in a low concentration so
that the self-absorption can be negligible, the QDs would
function as a wavelength shifter, i.e. they would absorb the
emission of b-PBD and subsequently exhibit emit photons at
a wavelength longer than that of b-PBD. The scintillation
light yield would be lower than that of the unloaded one
because the emission quantum efficiency of QDs was less
than unity. Further loading of the QDs would reduce the
scintillation light yield owing to the self-absorption.
Figure 6 shows the pulse-height spectra of the EJ-256

plastic scintillator, which is equivalent to NE-142, and the
QD-loaded scintillators for 67.4 keV synchrotron X-rays. The
spectra are similar to those shown in Fig. 5. The detection
efficiencies were estimated based on the detection counts in
the spectra and were summarized in Table IV. Compared to
the 1.7% detection efficiency of the unloaded plastic scintil-
lator from our previous study,20) the detection efficiency was
successfully enhanced by the loading of the QDs. In
particular, the detection efficiencies of the plastic scintillators
loaded with QD-P-450 and QD-P-480 exceeded that of EJ-
256. However, as shown in the temporal profiles of the
detection signals in Fig. 7, the peaks broaden for the QD-
loaded plastic scintillators relative to EJ-256 at time= 0,
indicating the inferior time resolution of the detectors. This
result is possibly due to the reduced scintillation light yield
and slow scintillation decay in the QD-loaded plastic
scintillators.

4. Conclusions

We developed perovskite QD-loaded plastic scintillators with
the aim of enhancing the detection efficiency for X-rays and
gamma rays. In the X-ray-excited radioluminescence spectra,
we observed the emission only from the QDs. In contrast, we
observed emissions from both b-PBD and QDs in the PL
spectra. This difference is attributed to the different geometry
used during the measurements, that is, absorption of the
b-PBD emission by the QDs was significant in the transmis-
sion geometry (radioluminescence). In addition, the
QD emission peaks in the radioluminescence spectra were

located at longer wavelengths than those in the PL spectra
owing to self-absorption. Self-absorption is also the possible
cause of the long PL decay components of the QD emissions.
A similar long component was also observed in the scintilla-
tion decay. The scintillation light yields were lower than
those loaded with non-emissive nanoparticles, which may be
due to the self-absorption of the QD emission. The detection
efficiency of X-rays was successfully enhanced by QD
loading. To fully exploit the excellent emission properties
of the perovskite QDs, the self-absorption of the QD
emission should be avoided to suppress the loss of scintilla-
tion photons.
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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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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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Josephson junction and a sketch of its structure, which consists of two layers of aluminium (gray) that are separated by an aluminium
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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

[
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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図 9.5: LC共振器（左）と本章で扱う超伝導量子ビット（右）

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

HLC =
Q2

2C
+

Φ2

2L
(9.2.6)

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

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

a =
1

2h̄

√
L

C
Q+

i

2h̄

√
C

L
Φ (9.2.7)

a† =
1

2h̄

√
L

C
Q− i

2h̄

√
C

L
Φ (9.2.8)

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

(
a†a+

1

2

)
(9.2.9)

となる。

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

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

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

h̄

2e

dθ

dt
(9.2.10)

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

(
2π

ΦJ

Φ0

)
, V =

dΦJ

dt
(9.2.11)
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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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コヒーレンス時間
• T1 (relaxation time): 

から に脱励起する時定数 
→ 商用量子コンピュータ用量子ビットで ≥400μs 

• T2 (dephasing time): 
Bloch球赤道上の状態が赤道面への射影を失う時定数 
⇔ 密度行列の非対角成分が消滅する時定数 
→ 同じく商用量子ビットで ≥300μs 

量子コンピュータ開発に伴い、コヒーレンス時間の向上
と多ビット化が急速に進展している

|1⟩ |0⟩
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Photon counterとして Dixit et al., Phys. Rev. Lett. 126, 141302 (2021)

量子ビットと共振器のシステム（J-C Hamiltonian） 

 

: 共振器と量子ビットの固有振動数 
: 共振器中の光子の生成消滅演算子 

: 量子ビットのスピン及び昇降演算子

H = ωr (a†a+ 1
2 )+ 1

2 ωqσz + g(a†σ− + aσ+)

ωr, ωq
a, a†

σz, σ±

として 
dispersive regime: 
Δ := ωq − ωr

g/ |Δ | ≪ 1

H ∼ ωra†a+ 1
2 ωqσz+ g2

Δ a†aσz

解釈： 
• 共振器の振動数が量子ビットの状態に依存 
→ 量子ビットの読み出しに利用 

• 量子ビットの振動数が共振器中の光子数に依存 
→ 量子ビットをphoton counterに使える

n̄HP ≤ 10−1. Currently, these searches employ linear ampli-
fication operating near the standard quantum limit (SQL)
[21] to read out the built up signal in the microwave cavity,
where the noise variance is equivalent to fluctuations of an
effective background of n̄SQL ¼ 1. At gigahertz frequencies
and above, the noise inherent to quantum limited linear
amplification overwhelms the signal, making the search
untenable (n̄SQL ≫ n̄axion, n̄HP).
We use single-photon resolving detectors to avoid

quantum noise by measuring only field amplitude, resulting
in insensitivity to the conjugate phase observable. The
noise is then dominated by the Poisson fluctuations of the
background counts and ultimately limited by the shot noise
of the signal itself [22]. Superconducting nanowire single-
photon detectors or photomultipier tubes can readily count
infrared photons; however, these technologies are not well
suited to detect single low energy microwave photons [23].
Here, we develop a detector that is sensitive in the micro-
wave regime and has a low dark count probability com-
mensurate 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 nondemolition
(QND) techniques pioneered in atomic physics [24,25]. To
count photons, we utilize the interaction between a super-
conducting transmon qubit [26,27] and the field in a
microwave cavity, as described by the Jaynes-Cummings
Hamiltonian [28] in the dispersive limit (qubit-cavity
coupling ≪ qubit, cavity detuning): H=ℏ ¼ ωca†aþ
1
2ωqσz þ 2χa†a 1

2 σz. The Hamiltonian can be recast to
elucidate a key feature: a photon-number-dependent fre-
quency shift (2χ) of the qubit transition [Fig. 1(b)],

H=ℏ ¼ ωca†aþ 1

2
ðωq þ 2χa†aÞσz: ð1Þ

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [30]. Errors in the
measurement occur due to qubit decay, dephasing, heating,

cavity decay, and readout infidelity, introducing inefficien-
cies 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 measurement that is limited
by detector errors. The qubit-cavity interaction (2χa†a 1

2 σz)
is composed solely of number operators and commutes
with the bare Hamiltonian of the cavity (ωca†a) and qubit
(12ωqσz). Thus, the cavity state collapses to a Fock state (j0i
or j1i in the n̄ ≪ 1 limit) upon measurement, rather than
being absorbed and destroyed [31–34]. Repeated measure-
ments of the cavity photon number made via this
QND operator enable us to devise a counting protocol,
shown in Fig. 2(a), insensitive to errors in any individual
measurement [35–37]. This provides exponential rejection
of false positives with only a linear cost in measure-
ment time.
In this Letter, we use a device composed of a high quality

factor (Qs ¼ 2.06 × 107) 3D cavity [38,39] used to accu-
mulate and store the signal induced by the dark matter
(storage, ωs ¼ 2π × 6.011 GHz), a superconducting trans-
mon qubit (ωq ¼ 2π × 4.749 GHz), and a 3D cavity
strongly coupled to a transmission line (Qr ¼ 1.5 × 104)
used to quickly read out the state of qubit (readout,
ωr ¼ 2π × 8.052 GHz) [Fig. 1(a)]. We mount the device
to the base stage of a dilution refrigerator at 8 mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity number
parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized either
in jgi or jei, in a superposition state 1=

ffiffiffi
2

p
ðjgi% jeiÞ

with a π=2 pulse. The qubit state precesses at a rate of
j2χj ¼ 2π × 1.13 MHz when there is one photon in the
storage cavity due to the photon-dependent qubit frequency
shift. Waiting for a time tp ¼ π=j2χj results in the qubit
state accumulating a π phase if there is one photon in the
cavity. We project the qubit back onto the z axis, with a
−π=2 pulse completing the mapping of the storage cavity
photon number onto the qubit state. We then determine the
qubit state using its standard dispersive coupling to the
readout resonator. For weak cavity displacements ðn̄ ≪ 1Þ,
this protocol functions as a qubit π pulse conditioned
on the presence of a single cavity photon [30]. 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 (jgi ↔ jei). 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 evolution of the cavity, qubit, and
readout as a hidden Markov process, where the cavity and
qubit states are hidden variables that emit as a readout
signal [see Fig. 2(b)]. The Markov chain is characterized by
the transition matrix (T) [Eq. (2)] that governs how the joint
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FIG. 1. Superconducting transmon qubit dispersively coupled
to highQ storage cavity. (a) Schematic of photon counting device
consisting of storage and readout cavities bridged by a transmon
qubit [29]. The interaction between the dark matter and electro-
magnetic 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 2χ per photon.

PHYSICAL REVIEW LETTERS 126, 141302 (2021)

141302-2

Transmon（量子ビット）が２つの共振器
（ReadoutとStorage）とカップル 
→ Storageの光子数でTransmonの状態を
変え、Readoutの振動数として読み出す

n̄HP ≤ 10−1. Currently, these searches employ linear ampli-
fication operating near the standard quantum limit (SQL)
[21] to read out the built up signal in the microwave cavity,
where the noise variance is equivalent to fluctuations of an
effective background of n̄SQL ¼ 1. At gigahertz frequencies
and above, the noise inherent to quantum limited linear
amplification overwhelms the signal, making the search
untenable (n̄SQL ≫ n̄axion, n̄HP).
We use single-photon resolving detectors to avoid

quantum noise by measuring only field amplitude, resulting
in insensitivity to the conjugate phase observable. The
noise is then dominated by the Poisson fluctuations of the
background counts and ultimately limited by the shot noise
of the signal itself [22]. Superconducting nanowire single-
photon detectors or photomultipier tubes can readily count
infrared photons; however, these technologies are not well
suited to detect single low energy microwave photons [23].
Here, we develop a detector that is sensitive in the micro-
wave regime and has a low dark count probability com-
mensurate 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 nondemolition
(QND) techniques pioneered in atomic physics [24,25]. To
count photons, we utilize the interaction between a super-
conducting transmon qubit [26,27] and the field in a
microwave cavity, as described by the Jaynes-Cummings
Hamiltonian [28] in the dispersive limit (qubit-cavity
coupling ≪ qubit, cavity detuning): H=ℏ ¼ ωca†aþ
1
2ωqσz þ 2χa†a 1

2 σz. The Hamiltonian can be recast to
elucidate a key feature: a photon-number-dependent fre-
quency shift (2χ) of the qubit transition [Fig. 1(b)],

H=ℏ ¼ ωca†aþ 1

2
ðωq þ 2χa†aÞσz: ð1Þ

We use an interferometric Ramsey measurement of the
qubit frequency to infer the cavity state [30]. Errors in the
measurement occur due to qubit decay, dephasing, heating,

cavity decay, and readout infidelity, introducing inefficien-
cies 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 measurement that is limited
by detector errors. The qubit-cavity interaction (2χa†a 1

2 σz)
is composed solely of number operators and commutes
with the bare Hamiltonian of the cavity (ωca†a) and qubit
(12ωqσz). Thus, the cavity state collapses to a Fock state (j0i
or j1i in the n̄ ≪ 1 limit) upon measurement, rather than
being absorbed and destroyed [31–34]. Repeated measure-
ments of the cavity photon number made via this
QND operator enable us to devise a counting protocol,
shown in Fig. 2(a), insensitive to errors in any individual
measurement [35–37]. This provides exponential rejection
of false positives with only a linear cost in measure-
ment time.
In this Letter, we use a device composed of a high quality

factor (Qs ¼ 2.06 × 107) 3D cavity [38,39] used to accu-
mulate and store the signal induced by the dark matter
(storage, ωs ¼ 2π × 6.011 GHz), a superconducting trans-
mon qubit (ωq ¼ 2π × 4.749 GHz), and a 3D cavity
strongly coupled to a transmission line (Qr ¼ 1.5 × 104)
used to quickly read out the state of qubit (readout,
ωr ¼ 2π × 8.052 GHz) [Fig. 1(a)]. We mount the device
to the base stage of a dilution refrigerator at 8 mK.
To count photons, we repeatedly map the cavity pop-

ulation onto the qubit state by performing a cavity number
parity measurement with Ramsey interferometry, as
depicted in Fig. 2(a). We place the qubit, initialized either
in jgi or jei, in a superposition state 1=

ffiffiffi
2

p
ðjgi% jeiÞ

with a π=2 pulse. The qubit state precesses at a rate of
j2χj ¼ 2π × 1.13 MHz when there is one photon in the
storage cavity due to the photon-dependent qubit frequency
shift. Waiting for a time tp ¼ π=j2χj results in the qubit
state accumulating a π phase if there is one photon in the
cavity. We project the qubit back onto the z axis, with a
−π=2 pulse completing the mapping of the storage cavity
photon number onto the qubit state. We then determine the
qubit state using its standard dispersive coupling to the
readout resonator. For weak cavity displacements ðn̄ ≪ 1Þ,
this protocol functions as a qubit π pulse conditioned
on the presence of a single cavity photon [30]. 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 (jgi ↔ jei). 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 evolution of the cavity, qubit, and
readout as a hidden Markov process, where the cavity and
qubit states are hidden variables that emit as a readout
signal [see Fig. 2(b)]. The Markov chain is characterized by
the transition matrix (T) [Eq. (2)] that governs how the joint
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FIG. 1. Superconducting transmon qubit dispersively coupled
to highQ storage cavity. (a) Schematic of photon counting device
consisting of storage and readout cavities bridged by a transmon
qubit [29]. The interaction between the dark matter and electro-
magnetic 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 2χ per photon.

PHYSICAL REVIEW LETTERS 126, 141302 (2021)

141302-2

光子数→量子ビットの状態: Ramsey interferometry 
Bloch球赤道上に置かれた状態の回転の速さが量子ビットの
振動数で決まる 
→ 回転時間の調整で光子数の偶奇↔終状態の / となる|0⟩ |1⟩

Ramsey interferometry in quantum computing? Ramsey
interferometry follows the principles of Machzender
interferometer, which is used for measuring temporal
coherence. Ramsey interference method is considered to
be a reliable technique for probing decoherence for any
values of detuning. In other words, the measurement of
Ramsey fringes is done when the charge qubit exists in a
system where, the energy difference amongst the qubit
states is strongly dependent on detuning (eÞ, implying that
the qubit has a high sensitivity towards any charge noise in
the vicinity. Ramsey interferometry employs two pulses
with a separation time, s, as shown in figure 5b. The pulses
are designed in such a manner that the first square p=2 pulse
transfers the system into a superposition of charge basis
states. This is analogous to the function of fifty-fifty beam
splitter in Machzender interferometer. The system remains
on the equator of Bloch sphere for the duration of time
interval s, which is the time delay between two p=2 pulses
(see figure 5b). The Bloch vector begins to precess freely
about the z-axis for the duration of time interval s, during
which, it acquires the phase between the two charge states.
This is alias to the phase acquisition due to the glass plate
between the two arms of Machzender interferometer. The
second p=2 pulse terminates this free evolution about the z-
axis and brings the coherent superposition states into one of
the basis states.

A fundamental question that arises at this point is, how to
design or choose pulses that can convert the basis states into
a superposition of states or vice-versa? For this, the energy
difference between the ground state and the excited state of
the qubit should be known. Microwave spectroscopy [29] is
commonly used to measure the energy differences between
the states of the qubit and also yields information about the

Larmour frequency or Rabi frequency. Thus, with the
knowledge of qubit frequency, which is the energy differ-
ence between the ground state and excited state (or, the time
required for p rotation), a square pulse with a pulse width of
p=2 can be chosen for the superposition of states. Figure 5a
shows the evolution of Bloch sphere in response to the
Ramsey pulse sequence. By applying negative detuning
with the help of gates, the qubit is initialized in Lij state
(see red double well at the left-hand side of figure 2), at the
beginning of each pulse sequence. The first rx= p=2 pulse,
with the width tp=2, gives a rotation to the Bloch vector and

brings it into the equatorial plane (the x–y plane), where the
Bloch vector freely revolves about the z-axis for the time
period s, with generalized Rabi frequency. The second rx =
p/2 rotation terminates the free rotation (figure 5a), because
the two consecutives rx rotations convert the Rij state to Lij
state in absence of any rz rotation. Meanwhile, in the
interval s, superposition between the basis states occurs,
which results in oscillations in excited state probability,
termed as Ramsey fringes [22,27]. Ramsey fringes can be
seen by removing the slowly varying background from the
above oscillation data and then fitted to a cosine function.
The amplitude of the cosine function is modulated by a
Gaussian decay, obeying the 1=f noise model [19] to obtain
the coherence time.

2.3b Improvement in measuring coherence time by using
charge echo: The 1/f noise (low-frequency charge noise)
is the main reason for the inhomogeneity in the precession
frequency and limits the coherence in the Ramsey
experiment. Since the precession frequency depends on
the noisy detuning parameter, a slightly different final state
is reached after each iteration of the pulse sequence.

Figure 5. (a) Bloch sphere presentation of Ramsey pulse sequences. Rij is the initial state. (b) Voltage pulse profile
related to Ramsey fringes.
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cavity, qubit hidden state s ∈ ½j0gi; j0ei; j1gi; j1ei" evolve,
and the emission matrix (E) [Eq. (3)], which determines the
probability of a readout signal R ∈ [G,E] given a possible
hidden state.
The transition matrix captures the possible qubit and

cavity state changes. Qubit (cavity) relaxation jei → jgi
(j1i → j0i) occurs with a probability P↓

eg ¼ 1 − e−tm=T
q
1

(P10 ¼ 1 − e−tm=T
s
1). The probability of spontaneous heat-

ing jgi → jei (j0i → j1i) of the qubit (cavity) toward its
steady-state population is given by P↑

ge ¼ n̄q½1 − e−tm=T
q
1 "

(P01 ¼ n̄c½1 − 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 sequence has begun. This
makes the detector insensitive to cavity heating events.
Dephasing during the parity measurement occurs with
probability Pϕ ¼ 1 − e−tp=T

q
2, leading to outcomes indis-

tinguishable from qubit heating or decay. The transition
matrix contains all qubit errors: Pge ¼ P↑

ge þ Pϕ and
Peg ¼ P↓

eg þ Pϕ. Pgg; Pee; P00, and P11 correspond to
events where no error occurs, such that probabilities
pairwise sum to unity (e.g., Pgg þ Pge ¼ 1). These prob-
abilities are calculated using independently measured qubit
coherences (Tq

1 ¼ 108% 18 μs, Tq
2 ¼ 61% 4 μs), cavity

lifetime (Ts
1 ¼ 546% 23 μs), qubit spurious excited state

population (n̄q ¼ 5.1% 0.3 × 10−2), the length of the
parity measurement (tp ¼ 380 ns), and the time between
parity measurements (tm ¼ 10 μs) (see Supplemental
Material [9] for descriptions of experimental protocols
used to determine these parameters [40–44]). The repetition
rate of the experiment is constrained primarily by the

readout time (3 μs) and time for the readout resonator to
relax back to the ground state

j0gi j0ei j1gi j1ei

T ¼

2

66664

P00Pgg P00Pge P01Pge P01Pgg

P00Peg P00Pee P01Pee P01Peg

P10Pgg P10Pge P11Pge P11Pgg

P10Peg P10Pee P11Pee P11Peg

3

77775

j0gi
j0ei
j1gi
j1ei

. ð2Þ

The elements of the emission matrix are composed of the
readout fidelities of the ground and excited states of the
qubit (FgG ¼ 95.8% 0.4%, FeE ¼ 95.3% 0.5%). Noise
from the first stage cryogenic HEMT amplifier sets the
readout fidelity

G E

E ¼ 1
2

2

66664

FgG FgE

FeG FeE

FgG FgE

FeG FeE

3

77775

j0gi
j0ei
j1gi
j1ei

: ð3Þ

Given a set of N þ 1 measured readout signals
(R0; R1;…; RN), we reconstruct the initial cavity state
probabilities Pðn0 ¼ 0Þ and Pðn0 ¼ 1Þ by using the back-
ward algorithm [Eq. (4)] [35,36] and summing over all
possible initial qubit states.

Pðn0Þ ¼
X

s0∈½jn0;gi;jn0;ei"

X

s1

( ( (
X

sN

Es0;R0
Ts0;s1Es1;R1

…TsN−1;sNEsN;RN
: ð4Þ

This reconstruction includes terms corresponding to all
the possible processes that could occur. For example, a
readout measurement of G followed by E could occur due to
the correct detection of a photon in the cavity (with
probability P11PggFeE=2). Alternatively, this measurement
could be produced by a qubit heating event (P00PgeFeE=2)
or a readout error (P00PggFgE=2). Figure 2(c) displays the
measured readout signals and reconstructed initial cavity
probabilities of two events. The top panels correspond to
the absence of a cavity photon and the bottom panels
indicate the presence of a photon.
We apply a likelihood ratio test to the reconstructed

cavity state probabilities to determine if the cavity con-
tained zero or one photon fλ ¼ ½Pðn0 ¼ 1Þ"=½Pðn0 ¼ 0Þ"g.
If the likelihood ratio is greater than (less than) a threshold,
λ > λthresh (λ ≤ λthresh), we determine the cavity to contain
one (zero) photon. The probability of a detector error
induced false positive is therefore less than 1=ðλthresh þ 1Þ.
As the threshold for detection increases, so too does the
number of repeated parity measurements needed to confirm
the presence of a photon, exacting a cost to detection
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FIG. 2. Photon counting protocol and hidden Markov model
analysis. (a) Pulse sequence for photon counting includes cavity
initialization and repeated parity measurements, consisting of a π=2
pulse, a wait time of tp, and a −π=2 pulse followed by a qubit
readout. (b) Cavity and qubit states evolve under transition matrix T,
readout measurements are governed by emission matrix E. (c) Left:
sequence of qubit readout signals for two events. Right: recon-
structed initial cavity state probabilities. We observe an exponential
suppression of the detector error-based false positive probability.
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さらに分散読み出しが非破壊測定であることを利用し、
測定を繰り返すことで精度を上げている

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141302
https://link.springer.com/article/10.1007/s12034-021-02621-0
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その他の用途アイディア
Dark photonアンテナ

• 質量μeVスケールのHidden photon dark matterは
O(1-10) GHzで振動する古典場のように振る舞う 

• 光子とのkinetic mixingによって同じ周波数の電磁
波を生じる 

• 量子ビットのω01と共鳴すれば、 遷移を
誘引する 
→ に初期化した量子ビットの一定時間後の測
定で が得られる確率からmixingパラメータと
暗黒物質密度の積を算出できる

|0⟩ ↔ |1⟩

|0⟩
|1⟩

5

FIG. 1. Contours of constant p⇤ ⌘ pge(⌧) on mX vs. ✏

plane (10�1, 10�3, 10�5, and 10�7, from the top). Param-
eters of C = 0.5 pF, d = 100 µm, Q = 106,  = 1 and
⇢DM = 0.45 GeV/cm3 are assumed. The gray-shaded region
is excluded by the cosmological and astrophysical constraints
[38] (dark gray) and the existing hidden-photon search exper-
iments [6–31] (light gray) based on the summary in Ref. [47].
The blue shaded regions indicate the sensitivity with the 1-
year scan over the frequency range for nq = 1 (dark blue)
and 100 (light blue) (more details in the main text) assum-
ing the thermal noise of T = 1 mK. The dashed lines show
the sensitivity with T = 30 mK with the top (bottom) line
corresponding to nq = 1 (100) respectively.

by comparing Nsig and Nbkg. Here, we apply a simple
form of Nsig/

p
Nbkg as the proxy to the significance in

the unit of Gaussian-equivalent standard deviation. The
following criterion is used for the DM detection in the
study:

Nsig > max(3, 5
p

Nbkg), (30)

which requires either 5� where there is substantial
amount of backgrounds, or minimum 3 signal events in a
highly background-free regime.

The qubit frequency scan is considered in the range
of 1  f  10 GHz, corresponding to the DM mass of
4 � 40 µeV. The step width is �! = !/Q. Taking
Q = 106, the number of the scan points is ⇠ 2 ⇥ 106,
and the measurement time for each scan point is taken
to be ⇠ 14 sec which is chosen so as the total time for the
scan fits within one year. The readout time (O(100 ns))
and the interval between the readout (10 µs, based on
Ref [10]) is neglected in the evaluation as they are short
enough compared with the coherence time ⌧ .

Fig. 1 shows the projected sensitivity of our proposed
experiment. The contours of constant p⇤ on mX vs. ✏
plane is also overlaid. The gray-shaded region is ex-
cluded by cosmological and astrophysical constraints [38]
(dark gray) and the existing hidden-photon search exper-
iments in this frequency range [6–31] (light gray). The
upper dark blue (lower light blue) shaded regions indi-
cate the regions fulfilling the discovery criteria defined

in Eq. (30) with nq = 1 (100) assuming T = 1 mK.
The dashed lines show the sensitivity with T = 30 mK
with the top and bottom line corresponding to nq = 1
and 100, respectively. Notice that the discovery reach
is insensitive to the value of Q in this evaluation ignor-
ing the measurement time or interval, since p⇤ / Q

2

while Ntry / Q
�2. The unexplored frequencies in the

1� 10 GHz range can be fully covered by the mass scan
with one year of the measurement time. The sensitivity
of the hidden photon DM search of our proposal is com-
parable to or better than those of other proposals with
condensed-matter excitations (e.g., electric excitations
[48–52], phonon [53, 54], magnon [55], and condensed-
matter axion [56–58]).

Conclusions and discussion: In this letter, we have pro-
posed a new detection scheme for the hidden photon
DM using transmon qubits. Due to the small kinetic
mixing with the ordinary EM photon, an e↵ective ac
electric field is induced that coherently drives a trans-
mon qubit from the ground state toward the first-excited
state when it is resonant. We have calculated the rate of
such excitation (see Eq. (25)), and evaluated the hidden
DM search sensitivity assuming the thermal excitation
(1 � 30 mK) as the sole source of background. Using
a standard SQUID-based transmon, the sensitivity can
reach ✏ ⇠ 10�12

� 10�14 with a ⇠ 14 sec of measurement
for a single frequency, and with a one year to complete
the scan over the 4� 40 µeV (1� 10 GHz) range.
There are a few considerations left for the future stud-

ies that can further boost the sensitivity. (1) Qubit
design optimization maximizing the electric dipole mo-
ment, where more aggressive transmon parameters and
complex circuit design can be sought. (2) Coherent
multi-qubit excitation, in an analogy to Dicke’s super-
radiance [59, 60], can be also explored. While dismissed
in this letter, the interference e↵ect can in principle yield
/ n

2
q enhancement as opposed to / nq in the excita-

tion rate, which is particularly relevant when nq becomes
larger. (3) The packaging e↵ect can be further investi-
gated. So far, we focus on a relatively simple setup: a
cylinder-shaped cavity with the o↵-resonant frequency of
the hidden photon. More detailed understanding on the
dependencies of  may allow the use of a high-Q cavity
package resonating to both the DM and the qubits.
The search scheme can be also directly benefited from

the exponential advancement of the large-scale NISQ
computers led by, e.g., IBM [61] or Google [62]. Since
the requirements and the experimental setup are almost
identical, the improved qubit multiplicity and coherence
in the NISQ machines will scale the typical sensitivity of
this experiment as well. Technically, it might be even
possible to perform the experiment with the existing
NISQ machines in a parasitic manner by using their idle
or calibration time during the operation.
Finally, we point out that the physics cases of the

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

Chen et al., 2212.03884

Single-photon counter

• Phase qubit: JJにバイアス電流 をかけると、
Josephson equation  に従ってジャン
クションの位相差 がwashboard potential（下
図）の元で運動する粒子のように振る舞う 
→ ポテンシャル極小近傍に留まる 

• 光子を吸収すると極小から抜け出し、一気にポテ
ンシャルを駆け下りて常電導状態に遷移する 

• Transition-edge sensorのように単一光子検出に
使え、マイクロ波領域で感度を持つ

Ib

I = I0 sin δ
δ

washboard potential

tunneling

previously thought, enhancing the prospects for using an SIS
junction as a single-photon counter. Looking forward, the counter
performance can be further improved by altering junction
parameters, aiming to an optimisation of a relationship between
the counter sensitivity and its dark count rate.

METHODS
Sample fabrication
The samples studied in this work were fabricated at Chalmers University of
Technology. All layers, except for the SIS junctions themselves, were
formed by the method of lift-off lithography, performed using a laser-
writer, and the subsequent deposition of thin films by an electron beam.
For the fabrication of aluminium tunnel junction, an electronic lithograph
and a shadow evaporation technique at three different angles were used,
which made it possible to deposit tunnel junctions without breaking the
vacuum.

Methodology of single-photon detection
A photon absorption in an SPC is a complex process involving both active
and reactive part of the junction impedance44. If the Josephson plasma
frequency matches the incoming signal frequency, the signal causes the
oscillations in the reactive branches with the highest amplitude. The active
part of the impedance equals to Rqp50, while the parallel resonant RLC
circuit increases the current through the Josephson inductance LJ by a
factor of

Q ¼ Rqp

ffiffiffiffiffi
CJ

LJ

r
: (3)

The photon energy hν is divided between the energy Es stored in the tank
circuit, and the energy Ed dissipated in the resistor Rqp, so that Es+ Ed= hν.

The amplitude IJ of current oscillations induced in a Josephson inductance is
related to Es by

Es ¼
LJI2J
2

: (4)

Since Es/Ed=Q/(2π), we find an expression for IJ by combining (3) and
(4):

IJ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hν

LJ 1þ 2π
Q

" #
vuut : (5)

If the current reaches a value close to the critical current, the probability
of the switching into the resistive state increases significantly.
We analyse the switching statistics under the assumption that several

photons can participate in an SPC switching, but only if they hit the SPC
synchronously and simultaneously. If the photons are absorbed sequen-
tially one after another, the energy of the first photons is dissipated over
the times set by the Q-factor of the resonant circuit of the SPC, which is
about 10 in our case.
Consider the photon flow with the power P0 and the frequency ν,

accepted by the SPC. The average number of photons within a time
interval δt is N= P0 × δt/(hν). Then the probability p[j] to find j photons
during δt is given by Poisson distribution56:

p½j$ ¼ e%N N
j

j!
: (6)

The power P0 can be measured in situ by PAT steps, see below, that links
the experimental probabilities with Eq. (6).
For the counter, the Poissonian statistics of the incoming signal

means that the switching may happen within δt due to the arrival of one
photon, and also of 2, 3, 4 and so on, photons at a given bias current.
The probability of the SPC switching during δt at a given bias current
can be fully described by an array of the detection efficiencies q[j],
where q[0] is the probability of false switching if no photons are
absorbed (dark count), q[1] is the probability to switch if one photon is
absorbed, and so on. For an ideal single-photon detector, the array q[j]
will look like [0, 1, 1, . . . , 1], which means absence of dark counts and
100% probability of switching due to one and consequently more than
one photon.
The expression for the total switching probability pδt during δt in an

experiment, where we do not know the exact number of the absorbed
photons, has the form of a sum over the products of the probability p[j] to

Table 1. Fitting parameters.

I, nA q[0] q[1] q[2] q[3] q[4] q[5]

12 0 0 0 0 0 1

13 0 0 0 0 0.4 1

13.5 0 0 0 0.1 0.6 1

14 10−4 10−4 0.025 0.2 1 1

15 0.0006 0.0006 0.25 1 1 1

16 0.003 0.02 0.4 1 1 1

Fig. 3 The switching probability of the SPC (blue dots with error bars computed as standard errors) versus the normalised power of the
signal for different bias currents I from 16 to 12 nA, corresponding to detection of 1–5 photons, respectively. The fitting red curves are
plotted against the middle x-axis “mean photon number”. The lower x-axis is the power in Watts, obtained from the PAT steps (the
correspondence between the normalised power and the power in Watts is given in Methods). A green dashed line is given to guide eyes,
indicating the beginning of the dark count floors.
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ポイント
• もともと天然ペロブスカイト＝CaTiO3 

• 現在はABX3構造を持つ結晶の総称 
• A, B, Xによって様々な性質を発揮 
• 高効率・安価なペロブスカイト太陽電池の発見（2009） 

• 太陽光スペクトルでの発電に適したバンドギャップ（~1.5eV） 
• GaAs（1.4eV）より遥かに安価 

• 一般に、バンドギャップを調整できる・安価である、加工しやすいなどの点がアドバンテージ

高物質量半導体のX線検出器
• (CH3NH3)PbX3 (X=I, Brなどハロゲン) 

• PbとXのZが大きく、X線の吸収効率が高い 
• 半導体として電荷回収効率が高い 
• 安価、加工しやすい 

→ 高感度・大面積なX線検出器に 
• 医療用に注目されているが、HEPでも応用可能か 

• γ線や荷電粒子の検出への応用検証が進行中

improved crystal growth, surface defect passivation by oxidization,
and device interface engineering to fabricate a hard X-ray detector
that can sense a very low X-ray dose rate with high sensitivity.

Non-stoichiometry precursor to improve the μτ product
A high-quality single crystal is needed to achieve a large µτ product.
Here, the anti-solvent method developed by Bakr and colleagues was
modified to grow high-quality MAPbBr3 single crystals24. We found
that single crystals grown with a lead bromide (PbBr2)/methylamine
bromine (MABr) molar ratio (MR) of 1.0 gradually changed from
clear to opaque with this method. This is caused by the large differ-
ence in solubility between MABr and PbBr2 in N,N-dimethylforma-
mide (DMF), as shown in Supplementary Fig. 1a (PbBr2 has a much
lower solubility than MABr). After most of the DMF solvent is con-
sumed by the anti-solvent, PbBr2 precipitates faster than MABr,
which might cause non-stoichiometric MAPbBr3 or impurities on
the surface (Supplementary Fig. 1b,c)25. To address this issue we
used a molar ratio of 0.8 (so there was always more MABr in the sol-
ution); this resulted in the growth of clear single crystals with
dimensions of 1–6 mm (Fig. 1a). In the following, we refer to crys-
tals grown with PbBr2/MABr molar ratios of 1.0 and 0.8 as
MAPbBr3–MR1.0 and MAPbBr3–MR0.8, respectively. The absolute
transparency (T2/T1) of these single crystals was quantitatively
characterized by a spectrophotometer with an integration sphere,
which accurately measures the transmittance, reflection and scatter-
ing of MAPbBr3 single crystals (Supplementary Fig. 2). The set-up

for this measurement is shown in the inset of Fig. 1b. A high value of
T2/T1 is expected for a clear crystal with less scattering and absorp-
tion from 600 to 800 nm. For the 2-mm-thick MAPbBr3–MR0.8
and MAPbBr3–MR1.0 single crystals, the values of T2/T1 were
∼75% and ∼40%, respectively (Fig. 1b), confirming visual obser-
vations. Powder X-ray diffraction (XRD) confirmed the cubic
crystal structure of the MAPbBr3–MR0.8 single crystals, and ther-
mogravimetric analysis demonstrated an equimolar ratio compo-
sition of PbBr2 and MABr in these single crystals (Supplementary
Fig. 3a,b). A polarized optical microscopy image excluded the
formation of polycrystals, and no holes or bubbles were observed
inside the single crystals (Supplementary Fig. 3c,d). Larger single
crystals have been synthesized with an area of 25 cm2, paving the
way for large-area array detector applications.

The electronic properties of the single crystals were characterized
to determine the influence of the precursor molar ratios. The hole
carrier mobilities of MAPbBr3 single crystals were measured by a
time-of-flight method. A MAPbBr3 single-crystal device with the
device structure Au/MAPbBr3 single crystal/C60/bathocuproine
(BCP)/Ag or Au (Fig. 1c) was fabricated. The hole mobility of the
MAPbBr3–MR0.8 single crystal was found to be ∼217 cm2 V–1 s–1

(Fig. 1e), slightly higher than that of the MAPbBr3–MR1.0 single
crystal (206 cm2 V–1 s–1) (Fig. 1d). A comparable electron mobility
of 190 cm2 V–1 s–1 was measured for the MAPbBr3–MR0.8 single
crystal (Supplementary Fig. 4). The µτ products of the single crystals
were measured by the photoconductivity method, which is generally
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Figure 1 | Optoelectronic properties of MAPbBr3 single crystals. a, Scheme and photograph of MAPbBr3 single crystals with different molar ratios. Single
crystal thickness (photograph), ∼2 mm. Scale bar, 10 mm. b, Absolute transparency of 2-mm-thick single crystals synthesized with different precursor molar
ratios. Inset: geometry of the light propagation process. R, S, T and A represent reflection, scattering, transmission and absorption, respectively. c, Single-
crystal radiation detector structure. The charge generation regions are located close to the surface for visible light excitation and deeper inside the single
crystal for X-ray excitation, respectively. d,e, Normalized transient current curves of MAPbBr3 single-crystal devices with different molar ratios under various
biases. Insets: charge transit time versus the reciprocal of bias (the solid line is a linear fit to the data). f, Photoconductivity of MAPbBr3 single-crystal
devices with different molar ratios and surface treatments. Fitting lines are also shown.
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6.6 × 1011 cm Hz1/2 W–1 (Fig. 3b) is derived from the noise current
(Fig. 3c) and IQE (Fig. 2a)35, which gives a noise-equivalent power
(NEP) of ∼10 pW cm–2. The noise current is independent of the fre-
quency and close to the calculated shot noise limit from the dark
current35. White noise, instead of 1/f noise, dominates the total
noise due to the low bulk trap density of the perovskite single crys-
tals. We verified the NEP by directly measuring the device response
to light intensity varying from 100 nW cm–2 to 28 pW cm–2, using a
combination of a fast Fourier transform (FFT) signal analyser and a
low-noise current preamplifier36. As shown in Fig. 3c, the device
signal is distinguished from noise when the light intensity reduces
to 28 pW cm–2, which is close to the calculated NEP. Due to the
large charge carrier mobility of MAPbBr3 single crystals, the detec-
tor shows a relatively short response time of 216 µs for the device
with a 1-mm-thick single-crystal device under −0.1 V (Fig. 3d)
and 1.1 ms for the 2.6-mm-thick single-crystal device
(Supplementary Fig. 6). The transit times of the charge carriers cal-
culated with the measured mobilities for 1 mm and 2.6 mm devices
are 200 µs and 1.3 ms, respectively, which agree well with the
measured response times.

We exposed our 2-mm-thick MAPbBr3 single-crystal device to
an X-ray source with a continuum X-ray energy up to 50 keV and
peak intensity at 22 keV, for which the radiation dose rate was cali-
brated by a silicon detector. The X-ray source was a commercially
available Amptek Mini-X tube, with a silver target and 4 W
maximum power output. X-rays from the source were collimated
using a brass cylinder with a 2-mm-diameter circular central bore.
Spectra at the sample location were characterized using a cooled
high-resolution Si-PIN detector with an additional tungsten

aperture with a 0.4-mm-diameter hole and a function was deter-
mined to correlate the X-ray generator voltage and current to the
kinetic energy released per unit mass (KERMA) in a sample.
Mass energy attenuation coefficients from a photon cross-section
database37 were used to determine the KERMA in the OTP
samples. The stopping power of OTPs is similar to that of CdTe,
but much stronger than that of silicon due to the enhanced photo-
electric absorption, as shown by the simulation results in Fig. 4a.
The 2-mm-thick MAPbBr3 used in this work attenuated almost
all of the X-rays within the energy range of the X-ray source used.
The very thin gold or silver electrode contributes negligible X-ray
attenuation. The response of the single-crystal devices to X-rays
was demonstrated by turning the incident X-rays on and off, as
shown in Fig. 4b.

The sensitivity and lowest detectable dose rate are the most
important figures of merit to evaluate the performance of an
X-ray detector for medical imaging applications. To evaluate
these, the total X-ray dose was reduced by a tungsten aperture
with a diameter of 0.4 mm to control the X-ray beam size, as well
as by changing the current of the X-ray tube. We applied the
same method as used in light detection for X-ray detection; that
is, the X-ray intensity was modulated by a thick steel chopper and
the current signal of the single-crystal device was measured by a
lock-in amplifier at the same frequency of the chopped X-ray. As
shown in Fig. 4c, the generated current density signal has a linear
relationship with the X-ray dose rate. The dose used here is the
entrance dose in air, and a sensitivity of 80 µC Gy−1air cm

–2 was
derived, which is more than ten times higher than that of the
Cd(Zn)Te single-crystal detector under the same applied electrical
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Figure 4 | X-ray detection performance of the MAPbBr3 single-crystal devices. a, Attenuation efficiency of CdTe, MAPbI3, MAPbBr3, MAPbCl3 and silicon
to 50 keV X-ray photons (in terms of the photoelectric effect) versus thickness. b, MAPbBr3 single-crystal device response to X-rays by turning the X-ray
source on and off. c, X-ray-generated photocurrent at various dose rates, down to the lowest detectable dose rate. A sensitivity of 80 µC Gy−1air cm

–2 is
derived from the slope of the fitting line. d, Normalized response as a function of input X-ray frequency showing that the 3 dB cutoff frequency is 480 Hz.
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filled with liquid MAPbI3 that acts—after its recrystallization—as an 
adhesion promoter for the attachment of the X-ray absorber, which 
consists of a 230-µm-thick MAPbI3 layer; this thickness was chosen 
with respect to the limited applicable bias voltage at the imager. As 
the cathode, a chromium (Cr) layer is deposited on top of MAPbI3. 
The active area of the imager is encapsulated with a barrier foil to 
avoid environmental influences, as shown in Fig. 1b.

This direct-conversion X-ray detector can capture objects with 
a very high resolution of 6 lp mm−1 (Fig. 1c) and shows an unprec-
edented low detection limit of 0.22 nGyair per frame at an applied 
electrical field of 0.03 V µm−1. The resolution capability was tested 
by X-ray imaging a phantom having structures made of three lines 
at different spacings of 5.0, 5.5 and 6.0 lp mm−1. The detection limit 
is calculated taking—for each frame—the average signal of pixels 
from a region of interest (ROI) for a 1-s-long exposure at differ-
ent doses and considering a signal-to-noise ratio (SNR) of >3, as 
shown in Fig. 1d25. The beam quality was generated using an X-ray 
source with an anode bias of 70 peak kilovoltage (kVp), and filter-
ing the resulting radiation with 21 mm aluminium (Al) and addi-
tional attenuation with 1 mm Pb (Supplementary Information 
provides details about the X-ray setup). The signal is presented 
in the least significant bit (LSB), the smallest possible unit of the 
analogue-to-digital converter in the ROIC, which—in the used set-
tings—is equivalent to 48 electrons.

The dose per frame was varied between 0.33 and 20.61 nGyair, 
and the SNR was determined from the resulting height (H) of the 

pulses and variance of the background noise (h) according to the 
following equation: SNR = 2H/h ≥ 3 (ref. 25). The SNR is inversely 
proportional to the dose (Fig. 1d, inset) and can be linearly fit-
ted, which leads to a dose of 0.22 nGyair per frame at SNR = 3. This 
is due to the impressive stability of the mean value of the ROI in 
the range of 0–2 LSB in the observed period. Electrical stability is 
reached after 90 min of biasing of the imager at an electrical field of 
0.03 V µm−1, which is the time required to achieve an almost ionic 
equilibrium state (Supplementary Fig. 1a). With a frame rate of 
28.6 frames per second, the detection limit is 6.3 nGyair s−1, which 
is 20% lower compared with the best reported detection limit of 
perovskites: Wei and co-workers made a 1-mm-thick single crystal 
of methylammonium lead tribromide (MAPbBr3) alloyed with Cl, 
achieving the lowest detectable dose rate of 7.6 nGyair s−1 for a pho-
ton energy of 8 keV (ref. 26). Previously reported limits for MAPbI3 
are even higher: 19.1 µGyair s−1 for single-crystal MAPbI3 (ref. 19). 
With A-site cation variation, Huang et al. could reduce the detec-
tion limit to 16.9 nGyair s−1 (ref. 20).

Two-step manufacturing process
The manufacturing process of our perovskite X-ray detector con-
sists of two phases: the first focuses on the production of the X-ray 
absorber layer. We chose a mechanical soft-sintering process, which 
is described in detail in ref. 18. The used microcrystalline MAPbI3 
powder is commercially available, where the grain size varies 
between 0.1 and 100.0 µm, whereas 85% of the measured sizes are 
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Fig. 1 | Perovskite X-ray imaging detector. a, Exploded view of the different elements of the X-ray imager. b, Photograph of the final detector with 
chip-on-glass gate driver integrated circuits (bottom part) and chip-on-flex ROIC (right side); the MAPbI3 (MAPI) layer attached on the backplane is 
encapsulated by a laminated metallic foil (centre); and flex bonds connect the array with the reading and driving printed circuit boards. The glass substrate 
size is 102!×!124!mm2. c, X-ray image of a resolution phantom up to 6!lp!mm–1 structures. d, X-ray response as a function of dose. Inset: SNR for different 
pulses with a detection limit of 0.22!nGyair!per frame. Each frame is 35!ms.
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“Timing revolution”:
コライダー用検出器での「第四次元」活用の本格化
δt = 100 ps (cδt = 3 cm) 
• トラッカーでパイルアップ識別 
同一バンチ交差中バーテックスの時間広がりを利用 

δt = 10 ps (cδt = 3 mm)  
• カロリメータで荷電粒子と中性粒子の分離 
• ToFで π / K / p の分離（up to 5-10 GeV/c） 
δt = 1 ps (cδt = 0.3 mm) 
• b / c ジェット中の中性粒子識別

4 Chapter 1. Overview of the MIP Timing Detector Project

Figure 1.2: Simulated and reconstructed vertices in a bunch crossing with 200 pileup inter-
actions assuming a MIP timing detector with ⇠30 ps time resolution covering the barrel and
endcaps. The horizontal axis is the z position along the beam line, where the “0” is the center
of the IR. The vertical axis is the time with “0” being the point in time when the beams com-
pletely overlap in z. The simulated vertices are the red dots. The vertical yellow lines indicate
3D-reconstructed (i.e. no use of timing information) vertices, with instances of vertex merging
visible throughout the display. The black crosses and the blue open circles represent tracks
and vertices reconstructed using a method that includes the time information and is therefore
referred to as “4D”. Many of the vertices that appear to be merged in the spatial dimension are
clearly separated when time information is available.

reduces the number of tracks from pileup vertices that are incorrectly associated with the hard-
interaction vertex. This reduction is quantified in Fig. 1.3. The left plot shows the mean number
of tracks incorrectly associated to the primary vertex as a function of the line density of the col-
lision vertices. For a line density of 1.9 collisions per mm, which is the peak density for the
case of 200 pileup collisions, the mean number of incorrectly associated tracks reaches over 20
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Figure 1.3: Left: Number of pileup tracks incorrectly associated with the hard interaction ver-
tex as a function of the collision line density for different time resolutions. Right: Distribution
of the number of incorrectly associated tracks with the use of a 3 s (where s = 35 ps) selection
on timing information and without use of timing information. The vertical axis is the frac-
tion of primary vertices which have the number of pileup tracks shown on the horizontal axis
associated to them.

特にδt = 10 psは他分野でも重要（光センサー） 
• 車載LiDAR 
• ToF-PET

CMS Collaboration, CMS-TDR-020 (2019)

5D Calorimetry
• Performance of particle flow 

reconstruction depends on the ability 
to associate showers to particles
o Challenging when showers overlap in 

space
• Precision timing information can help 

resolve close-by particles, exploiting 
the full space-time structure of 
showers, improving the jet energy 
resolution
o separate delayed shower 

components from neutron induced 
processes 

o resolve track-cluster associations 
following shower development 
cell-to-cell (PFA pattern recognition)
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Different approaches: 
• “Volume” (cell-level) timing 
• Dedicated timing cells
• Timing layers within the calorimeter

Precision timing for collider-experiment-based calorimetry [Chekanov, et. al.]

ve
rte

x 
tim

e 
(n

s)

vertex z (cm)

Schwartzman, LCWS 2023

“5D calorimetry”

FIG. 14: The time distribution of beam
background hits in the SiD Vertex Detector Endcap

matrix element methods to support the event inter-
pretation. The ultimate goal of such an approach
would be to predict the Feynman diagram based on
the set of raw detector inputs. While this goal is
quite likely out of reach for the start of the ILC, re-
search in this sector can inform the detector design
in the future and will improve the understanding of
detector sensitivity to a variety of physics models.

IX. POTENTIAL NEW SUBSYSTEMS

The most obvious addition to SiD is taking ad-
vantage of the recent improvements in fast-timing
detectors.

A. Timing layers

As noted above the introduction of timing lay-
ers into the HCAL could allow beneficial identifica-
tion of slow shower components from prompt com-
ponents. This would provide an extra dimension
to resolving track-cluster associations, and following
shower development from layer to layer (by associat-
ing equal-time items) in the PFA. Timing resolution
at the nanosecond level should be su�cient for this
application. In Figure 14 the timing distribution of
the beam background hits is shown, cleary showing
the collision and then with a clear separation the
backgrounds hits from a backsplach from the for-
ward instrumentation.

A timing layer as part of the tracking system or
between tracker and ECAL could serve as a power-
ful Time-of-Flight system (TOF), where the physics
reach needs to be further studied. It is already clear,
that SiD would need to target a timing resolution in
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FIG. 15: Mass resolution for a TOF system with
HL-LHC level performance of 35 ps time resolution

in SiD
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FIG. 16: Mass resolution for a TOF system with a
performance of 10 ps in SiD

order of 10 ps which is roughly a factor three to five
better than the resolution target by the timing layers
of ATLAS [46] and CMS [47]. A first performance
study of a TOF layer located between the tracker
and ECAL is shown in Figures 15 and Figure 16.

B. Particle ID

Currently there is no dedicated Particle ID (PID)
detector foreseen for SiD and a compelling physics
case for a PID system besides timing-layer based so-
lutions like a Time-of-Flight system would need to
be demonstrated. Referring to Figures 15 and Fig-
ure 16 shows clearly that even with an excellent TOF
system, a dedicated PID system is required, if there
is a physics need for ⇡/K separation with particle
momenta greater than a few GeV/c.
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Breidenbach et al., 
2110.09965

高時間分解能センサー（荷電粒子）
検出技術 δt実証値

シリコン ≳10 ps

シンチ（LYSO, plastic） 
＋シリコン光検出器

≳10 ps

ガス検出器 (Micromegas) <100 ps

マイクロ波チェレンコフ <1 ps 
(sim. only)

Chekhanov et al. Snowmass 21

https://cds.cern.ch/record/2667167?ln=en
https://indico.slac.stanford.edu/event/7467/contributions/5849/
https://arxiv.org/abs/2110.09965
https://arxiv.org/abs/2110.09965
https://arxiv.org/abs/2203.07286
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電荷増幅シリコンセンサー

シリコンセンサーのタイミング測定： 
• 荷電粒子が欠乏層中で電子・ホール対を生成（連続分布） 
• 電荷は一定速度で電極へ移動 → 時間広がりを持った電流信号 
• 信号のピーク／立ち上がりなどで粒子の通過時刻を決定 

時間分解能 σt = σs ⊕ σn

原理

電荷量のランダウゆらぎ＋電場の不均一性 
電荷の移動時間の>1乗でスケール 
→ 薄く広いセンサーがよい

アンプのノイズ 
S/N比に反比例 
→ 電荷量が多いとよい

Low-gain avalanche diode (LGAD)
• 薄い欠乏層とカソードの間に強電場領域 
→ 電子雪崩の発生、電荷が比例増幅 

• ゲインはO(10)程度 
• Avalanche photodiode (APD) とほぼ同原理 

• ただしAPDは欠乏層厚い＆ゲイン高い

ほぼ同原理

Single-photon avalanche diode (SPAD)
• ガイガーモード（Vbias > Vbreakdown）APD 
→ 比例増幅ではないので単一光子検出向け 

• δt = O(10) psの光検出器

LGAD模式図

Currás et al., NIMA 1031, 166530 (2022)

Silicon photomultiplier (SiPM)
アレイ化してフォトンカウンターに

https://www.sciencedirect.com/science/article/pii/S0168900222001371


トピック6: 量子計算
25

概要
広義：量子系を特定の状態に初期化し、操作を施して得られる状態を計算に利用 
→ 量子回路型、測定型、アニーリングなど多くの方式が存在 
→ 超伝導共振回路、イオントラップ、中性原子、光学系、ダイアモンドNVCなどで実装 
主流は量子回路型。超伝導共振回路量子ビットの開発に多くの資源が集中

• ゲートの実行時間が短い（O(10) ns） 
• コヒーレンス時間（O(100) μs）はイオントラップなどより短い 
→ エラー訂正が実現すると、速いことが大きなアドバンテージに

• 量子ビット（＝2準位系） 個の系＝量子 次元系 
• → の操作（ゲート）を使って、 次元の変数空間を利用 
• → 特定の演算が（古典）計算機より「指数関数的に」早くなる

n 2n

Poly(n) 2n

例：離散フーリエ変換  

演算回数＝古典 、量子

{cj}N−1
j=0 → dk = ∑N−1

j=0 e2πijk/Ncj

O(N log N ) O((log N )2)

| initial⟩

初期化

∑k ψk |k⟩

量子回路 
（プログラム）

確率 で

を得る

|ψj |
2

| j⟩

測定

×多数回繰り返し

計算原理
jのヒストグラムから
計算結果を読み取る
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キーワード・展望
物理研究で何に使えるか？ 
i.e. 量子超越（対応する古典計算より指数関数的に早くなる）のあるアプリケーションは？ 
既知のアプリケーション： 
• 素因数分解 ← フーリエ変換の応用 
• 量子系のダイナミクスシミュレーション 
• 勾配降下によらない最適化（主にアニーリングマシン） 
有用可能性（未証明）： 
• 機械学習（データ点の超多次元空間への埋め込み → 相関の検知）

量子系の状態を量子ビットの状態にマップし、
ハミルトニアンをゲートで表現する

エラーと展望
ゲート操作や読み出しが可能＝必然的に外部からノイズあり 
⇒ エラーをリアルタイムで訂正しながら量子回路を実行する必要 

現在：Noisy, intermediate-scale quantum (NISQ) systems → エラー訂正未実装 

エラー訂正の実現には 
• 多数の高品質量子ビット 
• 高速読み出し 
• 高速フィードバック 
など多数のマイルストーンがある

各社・研究所がそれぞれの技術で2020年代中のエラー訂正実現を目標に 
開発を進める 
• 超伝導 → 量子ビットのコヒーレンス・エラー率がネック 
• イオントラップ・中性原子 → スピードがネック 
小規模なエラー訂正は実証済み
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原理
確率分布  から無作為に抽出されたサンプル  をもとに、  の近似  を得る 
• 分布推定：  そのもの 
• 未知データの識別：  
• 疑似データの生成：  からのサンプリング 

 はパラメトライズされた関数（モデル）。サンプルデータにフィットする（訓練）。

p(x) xi ∈ ℝd p(x) p̃(x)
p(x)

p(x1)/p(x2)
p(x)

p̃(x)

Modern Machine Learning

Data Modern 

Machine Learning

Modern Machine Learning will enable us to extract much more physics from 
data than ever before

New physics searches

Fast simulation

Triggering

Instrumentation

Theory
…

Apologies in advance if I can’t cover everything in this talk!!

6

Measurement

過去10年の最も大きなブレイクスルー 
→ HEPでも大いに注目・利用拡大

CompF3: Machine Learning
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ニューラルネットワークなど
バックプロパゲーション＋勾配降下法など

Snowmass 2021

JAHEPコミュニティアンケート（2023年3月）の結果
現在の実験で、MLで改善できそうな局面は？ 
• 大気や気象変化などの影響の抑制 
• 飛跡・イベントetc再構成 
• 系統誤差の見積もり 
• 統合解析（global fit） 
• 実験の異常検知、制御、安定化 
• 実験装置のデザイン、最適パラメータ探索 
• 自動翻訳、資料作成 
導入への障壁は？ 
• （教師）データが準備できない 
• 新たなプロジェクトに着手する余裕（人手）がない 
• ブラックボックス化・誤差の不明確さへの懸念

https://indico.fnal.gov/event/22303/timetable/?view=standard
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HEPの現状・展望
• 現行の計算機利用法をHL-LHCなど次世代実験の
データ量に外挿 → 計算資源不足と予測 

• CPU計算性能＆ディスク容量単価は下げ止まり 
• 機械学習の利用が広がり、さらに逼迫する可能性

業界のトレンド
• 回路集積度は向上、1コアあたりの速度は横ばい 
→ メニーコア化、コプロセッサ利用拡大

異種計算機の活用

資源共有化

各研究機関にx86_64 CPUサーバーとディスクストレージ
従来のHEP計算機システムモデル

(on premise)

クラウド利用の検討

HPC（スパコン）

Horowitz et al., Rupp et al.

ARMアーキテクチャ

GPUなどコプロセッサ

例 ESCAPE (EU) NII RDC (JP) mdx (JP)

複数の実験／分野／機関で共通の計算機インフラを利用 
• 利用効率の改善、運用コストの削減 
• 実験データの共有や長期保存 → オープンサイエンス

https://github.com/karlrupp/microprocessor-trend-data
https://projectescape.eu
http://www.apple.com
https://mdx.jp
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異種計算資源
ARM

• IntelなどのCPUと異なる命令セットアーキテクチャ 
• 低コスト、省電力

KEK
High Energy Accelerator Research Organization

計算機ワークショップ 2023 ＠東大
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n 消費電力固定 (50W) で計算速度を比較
➜ M2 Pro は Core i9よりも5倍も高速

n パフォーマンス固定 (EPS=2.5k) で消費電力を比較
➜ M2 Pro は Core i9 の約26%の電力で済む

M2 Pro

Core i9

Xeon

GPU
• 単純な計算を多数並列に実行する 
→ 配列の全要素に同じ演算を施す場合などに有効 

• 深層学習以外の応用も広がっている 
• トラッキング、シミュレーションなど

S. Okada, 計算機ワークショップ2023

Madgraph5_aMC@NLO on GPUs and vector CPUs: experience with the first alpha release S. Hageboeck – CHEP, Norfolk, VA, 08 May 2023 6

Madgraph5_aMC@NLO (MG5aMC)
• One of the workhorses for event generation in ATLAS and CMS!

• MG5aMC production version is in Fortran
–Outer shell: Madevent (random sampling, integration and event generation + I/O, multi-jet merging...)
–Matrix Element (ME) core

• MG5aMC generates ME code for each physics process
• MEs may take >95% of the CPU time for complex processes (e.g. gg®t ̅tggg )
• High potential for acceleration on CPUs / GPUs

https://doi.org/10.1007/JHEP07(2014)079Madgraph5_aMC@NLO on GPUs and vector CPUs: experience with the first alpha release S. Hageboeck – CHEP, Norfolk, VA, 08 May 2023 8

MG5aMC: old and new architecture designs

1. STANDALONE
(TOY APPLICATIONS)

MULTI-EVENT API

2. NEW MADEVENT
(GOAL: LHC PROD)
MULTI-EVENT API

OLD MADEVENT
(CURRENT: LHC PROD)

SINGLE-EVENT API

First we developed 
the new ME engines 

in standalone applications

(Amdahl...)

SCALAR:
NEW 

BOTTLENECK?

PARALLEL:
MUCH FASTER!

MATRIX ELEMENT: 
CPU BOTTLENECK 
IN OLD MADEVENT

MATRIX ELEMENTS

CUDA/C++ or PFs:
cuRAND

CUDA/C++ or PFs:
RAMBO

CUDA/C++ or PFs:
MEKERNELS

MOMENTA

FORTRAN:
RANMAR

FORTRAN:
MADEVENT

CUDA/C++ or PFs:
MEKERNELS

MOMENTA

MATRIX ELEMENTS

Then we modified the existing 
all-Fortran MadEvent 

into a multi-event framework 
and we injected the new MEs into it

C. Rougier, CTD 2022

S. Hageboeck, CHEP 2023

クラウド
• 使いたいときに使いたい分だけ使える 
• 運用コストが省ける 
• 実際のコスト見積もり・計算は複雑

6

Elastic processing on Google Cloud

Globally running vCPUs on 30 April 2022

O(105) vCPUs
O(104) Pods
O(103) Nodes
1 managed K8S cluster
<1 Engineer

100k

(Supercomputer in Slovenia)

Event generation → Simulation → Pile up → Derivation

Execution of Monte Carlo simulation chains:

F. Megino, CHEP 2023

HPC
• 多数の計算ノード（サーバー）を繋げて構成 
→ 小規模の計算を多数こなすこともできる 

• 各国で大規模投資 → 科学研究利用が促されている 
• LHC実験などでも実際に利用が拡大

Fundamental Science on EuroHPC

16

A. Filipcic, 計算機ワークショップ2023

https://indico.cern.ch/event/1219891/contributions/5210512/
https://indico.cern.ch/event/1103637/contributions/4821831/
https://indico.jlab.org/event/459/contributions/11829/
https://indico.jlab.org/event/459/contributions/11636/
https://indico.cern.ch/event/1219891/contributions/5210526/
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テクノロジースケーリング 8テクノロジースケーリング

高エネ将来委員会 「集積回路技術のトレンド」

1/k
k: scaling factor  

高機能化するには素子数を増やせばよい→小さなサイズで回路を作る
集積回路の性能向上と製造コストの低減を同時に達成できていた

Parameters Scaling ratio
Channel length 1/k
Channel width 1/k
Gate thickness 1/k

Voltage 1/k
Current 1/k

Gate cap 1/k
Gate delay 1/k
Gate power 1/k2

Device area 1/k2

Wiring delay 1

スケーリング則・ムーアの法則

• 回路をより小さくすることで性能向上、消費電力削減、製造コスト低減を同時に達成できていた 
• ムーアの法則＝面積あたりのトランジスタ数（集積度）が2年ごとに約2倍 
→ かつてはkに対する法則。しかし線幅が原子サイズに達し、単純な微細化は続かなくなった 

• 構造の工夫、材料変更などで集積化自体は今後も続く

9ムーアの法則
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The end of 
Moore’s law.

1990年以降は
k=1.4/2years

1990頃までは
k=4/3years

ムーアの法則と呼ばれるスケーリング則にのっとり微細化を行ってきた。
しかしながら原子サイズに到達し、単純な微細化は終わりを迎えた。

Planer CMOS

FinFET

GAA, Forksheet, CFET,,,,,

コスト、消費電力のスケーリングは
効かなくなっている

高エネ将来委員会 「集積回路技術のトレンド」

10微細化の今後

高エネ将来委員会 「集積回路技術のトレンド」

出典： MNC2021 発表資料 東京エレクトロン 永原氏

構造の工夫、材料変更などにより微細化を延命しており、2030年以降も集積度の向上は続くと言われている。

10微細化の今後

高エネ将来委員会 「集積回路技術のトレンド」

出典： MNC2021 発表資料 東京エレクトロン 永原氏

構造の工夫、材料変更などにより微細化を延命しており、2030年以降も集積度の向上は続くと言われている。

チップレット 
• 集積度向上 → 面積あたり発生しうる製造上の問題増 
→ 歩留まり悪化 

• チップを機能で分割し、機能ごとに適切な集積度で製造し、
集積化する＝「チップレット」 

• 例：AMDのCPU歩留まり monolithic 4% → chipset 21%
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その他回路技術のトレンド
データ転送 17データ転送速度のトレンド

高エネ将来委員会 「集積回路技術のトレンド」 出典： ISSCC2022 Press kit

17データ転送速度のトレンド

高エネ将来委員会 「集積回路技術のトレンド」 出典： ISSCC2022 Press kit

データ転送（有線・無線）速度も指数スケーリング 
• プロトコル（エンコーディング＋エラー訂正）の改善 
• 高度なプロトコルを両端でリアルタイム処理する演算能力の改善 

有線の伝送距離が長い場合は光通信 
光↔電気コンバージョンの伝送速度や消費電力が課題 
→ シリコンフォトニクス（基板上に導波路やマルチプレクサ） 

無線でも1Tbit/s級の伝送速度達成に向けた研究が進行
27Flashメモリのトレンド

高エネ将来委員会 「集積回路技術のトレンド」
Flash memoryの容量密度のトレンド@ISSCC2001～2022

出典： ISSCC2022 Press kit

微細化、メモリ素子の多値化に加え、積層化により密度の向上を続けている

17データ転送速度のトレンド

高エネ将来委員会 「集積回路技術のトレンド」 出典： ISSCC2022 Press kit

Flashメモリ メモリ密度も指数スケーリング 
• 微細化、積層化、素子多値化 

DRAMメモリ帯域も

29DRAMメモリ帯域

高エネ将来委員会 「集積回路技術のトレンド」 出典： ISSCC2022 Press kit



ECFA detector R&D roadmap
32

ECFA
European Committee
for Future Accelerators

THE 2021 ECFA DETECTOR 
RESEARCH AND DEVELOPMENT ROADMAP

The European Committee for Future Accelerators
Detector R&D Roadmap Process Group

• European Strategy of Particle Physicsにしたがって、ECFAの下で検出器の
R&Dのロードマップが策定されている 

• ガス／液体／半導体製検出器、光検出器、量子センサー、カロリメータ
などカテゴリーにわけて既存＆新興技術をサーベイ 

• 現在はImplementation phase → トピックごとにDetector R&D Collaboration 
• 日本からも「半導体」「量子＆新興技術」「カロリメータ」分野で参加 

• ドキュメントのChapter 5（Quantum &emerging technologies）を委員会で
スタディした 

• 原子時計 
• スピン系センサー 
• 超伝導センサー 
• キャビティ 
• オプトメカニクス 
• 原子系センサー 
• 低次元物性

108 CHAPTER 5. QUANTUM AND EMERGING TECHNOLOGIES DETECTORS

Must happen or main physics goals cannot be met Important to meet several physics goals Desirable to enhance physics reach R&D needs being met

Quantum materials
Metamaterials, 0/1/2D-materials
Atom nterfer  i ometry
Atoms/molecules/ions
Optomechanical sensors
Superconducting sensors
Spin-based sensors
Kinetic detectors
Clocks and clock networks

< 2025 2025-2030 2030-2035 >2035
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Figure 5.1: Schematic timeline of categories of experiments employing detectors from
the quantum sensing and emerging technology areas discussed in Section 5.3. A wide
range of related topics are grouped under a common heading (e.g. tests of fundamental
interactions also includes measurement of neutrino properties). The colour coding is
linked not to the intensity of the required e↵ort but to the potential impact on the
intended physics programme and experiments. Must happen or main physics goals
cannot be met (red, largest dot); Important or required to meet several physics goals
(orange, large dot); Desirable to enhance physics reach (yellow, medium dot); R&D
needs being met (green, small dot); Not applicable or fundamentally new approaches
needed (blank).

tween the large energy scale, f , whose inverse sets the overall size of the feeble cou-
plings of the axion to the Standard Model (SM) and the particle mass ma ' 6meV
(109GeV/f' 1.5THz) [Ch5-4]. Axion-like-particles (ALPs), a generalisation of the QCD
axion, have interactions again parametrically set by 1/f , but now the ALP mass is a
free parameter. The theoretical attractiveness of the QCD axion and ALPs is enhanced
both by their natural, symmetry-protected light mass, and their ubiquitous presence in
realistic completions of the SM and gravity, especially string theory [Ch5-5], [Ch5-6].
The details of their couplings and the relation between 1/f and their mass provides
information on extremely high energy scales, potentially including Planck-scale physics.
Importantly, both provide attractive DM candidates with natural early-universe produc-
tion mechanisms [Ch5-7], [Ch5-8], [Ch5-9], [Ch5-10].

Massive spin-1 “dark photons” (ultra-light dark Z
0), A

0µ, are another attractive
DM candidate with motivated production mechanisms [Ch5-11], [Ch5-12], [Ch5-13],
as well as couplings to the SM, particularly kinetic mixing ✏Fµ⌫F

0µ⌫ with the pho-
ton [Ch5-14], [Ch5-15], [Ch5-16], [Ch5-17]. Here ✏ ⌧ 1 is sensitive to physics even at
the highest energy scales. Similarly to axions, vector bosons, either broken (massive) or

委員会でレビューしたトピックと
オーバーラップも多い

ECFA 2021

https://indico.cern.ch/event/957057/
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測定器開発センター
コミュニティやKEK内所施設とともに共同研究を推進する測定器開発の国際拠点 

イノベーションの芽と人材の育成

• 次世代プロジェクトを支える基幹技術開発 
←出口応用は各プロジェクトで実施 
๏ 各プロジェクトのサポートも継続 

• コミュニティと共に開発を推進する測定器開発
プラットフォームを複数定義し，ボトムアップ
研究 
๏ 数と種類は機動的に更新 
๏ 研究者の交流を促進するインターフェース 

• センター自身の開発テーマ 
๏ 極低温冷凍機，強磁場・低物質量超伝導磁石 
๏ モノリシックピクセルセンサー

• テストビームラインなど
KEKならではのインフラ
活用による大学共同利用
機能の強化 
• 測定器開発の効率向上 
→ 開発速度の向上， 
　 開発コストの削減

大学共同利用部門 次世代技術開発部門
コミュニティ

低温 
サブグループ

メカニクス
サブグループ

エレクトロニクス
サブグループ

メカニクス技術

低温技術

コンピューティング技術

測定器開発 
プラットフォーム

センサー技術

半導体センサー

ガス＆アクティブ媒質

光センサ＋シンチ

エレクトロニクス技術
センサfrontend

センサ高機能化

計測システム構築

SPADI alliance

素核研内連携

KEK内所施設連携

大学との連携

産学連携

コライダー 
エレクトロニクス 
フォーラム

テストビームライン 
サブグループ

K. Hanagaki シン・測定器開発センターキックオフミーティング

今回取り上げた技術の多くはKEK測定器開発センター（ITDC）でも扱っている

https://kds.kek.jp/event/47470/contributions/245684/


まとめ・今後の展開

• 量子技術・新奇素材・機械学習・計算などのトレンドに結びついて
様々な革新的技術が生まれている 

• それらを素粒子実験に取り入れる動きも確実にある 
• ただし、新興技術は概して量産（大型実験）応用されていない 
→ 小規模実験でノウハウを蓄積すれば将来的に量産化も可能か 

• HEPでの独創的な応用・技術発展を若手にアピールすべき 

• 日本のHEPコミュニティがより広く新興技術に慣れ親しむには？ 
• この資料でまとめたような内容を気軽に話し合える場を設ける 
（例：大学・研究機関毎、実験毎、コミュニティー内・外など） 

• 「新技術を組み合わせて新実験（の夢）を考案するハッカソン」の企画
などを積極的に開催する

34



付録：技術レビュー担当者一覧 
（敬称略・所属は2023年11月現在）
• 原子系量子センサー：三部勉（KEK） 

• 量子ドット：南條創（大阪大学） 

• 超電導量子ビット：新田龍海（東京大学） 

• ペロブスカイト半導体：山中隆志（九州大学） 

• タイミング測定：末原大幹（東京大学） 

• 量子計算：飯山悠太郎（東京大学） 

• 機械学習：中浜優（KEK） 

• 計算機：齊藤真彦（東京大学） 

• 集積回路：宮原正也（KEK）
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