
量子の世界を体験しよう！
量子とは？

電子や光子も情報の単位とすることができます！	

量子力学を使った「ビット」つまり量子ビット

量子は、それ以上細かく分割することのできない物理的なまとまりのことです。	

たとえば、わたしたちの体を作っている原子の中で原子核の周りを「飛び回っている」電子や
光の粒である光子が典型的な例です。

 ファインマンの夢　ー　量子計算機
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 量子超越性      スーパーコンピュータを凌駕？

計算機の中の情報の単位をビットと呼びます

情報の集まり：バイト＝8ビット

0       か 1

4+2+1=7

4+2+1=7
77=“w”

US-ASCIIコード

これは何だ？！

23 22 21 20

0       と 1 の重ね合わせ

シュレディンガーの猫

＋ ＝

「偏光」した光のでんぱん

＋ ＝
4 3 7

上手に構築された量子システム
は他の量子システムをシミュ
レートできるだろう。	

 (R. P. ファインマン, 1982, 1986) 

 ファインマンが量子計算を提案 

506 | Nature | Vol 574 | 24 OCTOBER 2019

Article
developed fast, high-fidelity gates that can be executed simultaneously 
across a two-dimensional qubit array. We calibrated and benchmarked 
the processor at both the component and system level using a powerful 
new tool: cross-entropy benchmarking11. Finally, we used component-
level fidelities to accurately predict the performance of the whole sys-
tem, further showing that quantum information behaves as expected 
when scaling to large systems.

A suitable computational task
To demonstrate quantum supremacy, we compare our quantum proces-
sor against state-of-the-art classical computers in the task of sampling 
the output of a pseudo-random quantum circuit11,13,14. Random circuits 
are a suitable choice for benchmarking because they do not possess 
structure and therefore allow for limited guarantees of computational 
hardness10–12. We design the circuits to entangle a set of quantum bits 
(qubits) by repeated application of single-qubit and two-qubit logi-
cal operations. Sampling the quantum circuit’s output produces a set 
of bitstrings, for example {0000101, 1011100, …}. Owing to quantum 
interference, the probability distribution of the bitstrings resembles 
a speckled intensity pattern produced by light interference in laser 
scatter, such that some bitstrings are much more likely to occur than 
others. Classically computing this probability distribution becomes 
exponentially more difficult as the number of qubits (width) and number 
of gate cycles (depth) grow.

We verify that the quantum processor is working properly using a 
method called cross-entropy benchmarking11,12,14, which compares how 
often each bitstring is observed experimentally with its corresponding 
ideal probability computed via simulation on a classical computer. For 
a given circuit, we collect the measured bitstrings {xi} and compute the 
linear cross-entropy benchmarking fidelity11,13,14 (see also Supplementary 
Information), which is the mean of the simulated probabilities of the 
bitstrings we measured:

F P x= 2 " ( )# − 1 (1)n
i iXEB

where n is the number of qubits, P(xi) is the probability of bitstring xi 
computed for the ideal quantum circuit, and the average is over the 
observed bitstrings. Intuitively, FXEB is correlated with how often we 
sample high-probability bitstrings. When there are no errors in the 
quantum circuit, the distribution of probabilities is exponential (see 
Supplementary Information), and sampling from this distribution will 
produce F = 1XEB . On the other hand, sampling from the uniform  
distribution will give "P(xi)#i = 1/2n and produce F = 0XEB . Values of FXEB 
between 0 and 1 correspond to the probability that no error has occurred 
while running the circuit. The probabilities P(xi) must be obtained from 
classically simulating the quantum circuit, and thus computing FXEB is 
intractable in the regime of quantum supremacy. However, with certain 
circuit simplifications, we can obtain quantitative fidelity estimates of 
a fully operating processor running wide and deep quantum circuits.

Our goal is to achieve a high enough FXEB for a circuit with sufficient 
width and depth such that the classical computing cost is prohibitively 
large. This is a difficult task because our logic gates are imperfect and 
the quantum states we intend to create are sensitive to errors. A single 
bit or phase flip over the course of the algorithm will completely shuffle 
the speckle pattern and result in close to zero fidelity11 (see also Sup-
plementary Information). Therefore, in order to claim quantum suprem-
acy we need a quantum processor that executes the program with 
sufficiently low error rates.

Building a high-fidelity processor
We designed a quantum processor named ‘Sycamore’ which consists 
of a two-dimensional array of 54 transmon qubits, where each qubit is 
tunably coupled to four nearest neighbours, in a rectangular lattice. The 

connectivity was chosen to be forward-compatible with error correc-
tion using the surface code26. A key systems engineering advance of this 
device is achieving high-fidelity single- and two-qubit operations, not 
just in isolation but also while performing a realistic computation with 
simultaneous gate operations on many qubits. We discuss the highlights 
below; see also the Supplementary Information.

In a superconducting circuit, conduction electrons condense into a 
macroscopic quantum state, such that currents and voltages behave 
quantum mechanically2,30. Our processor uses transmon qubits6, which 
can be thought of as nonlinear superconducting resonators at 5–7 GHz. 
The qubit is encoded as the two lowest quantum eigenstates of the 
resonant circuit. Each transmon has two controls: a microwave drive 
to excite the qubit, and a magnetic flux control to tune the frequency. 
Each qubit is connected to a linear resonator used to read out the qubit 
state5. As shown in Fig. 1, each qubit is also connected to its neighbouring 
qubits using a new adjustable coupler31,32. Our coupler design allows us 
to quickly tune the qubit–qubit coupling from completely off to 40 MHz. 
One qubit did not function properly, so the device uses 53 qubits and 
86 couplers.

The processor is fabricated using aluminium for metallization and 
Josephson junctions, and indium for bump-bonds between two silicon 
wafers. The chip is wire-bonded to a superconducting circuit board 
and cooled to below 20 mK in a dilution refrigerator to reduce ambient 
thermal energy to well below the qubit energy. The processor is con-
nected through filters and attenuators to room-temperature electronics, 

Qubit Adjustable coupler
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Fig. 1 | The Sycamore processor. a, Layout of processor, showing a rectangular 
array of 54 qubits (grey), each connected to its four nearest neighbours with 
couplers (blue). The inoperable qubit is outlined. b, Photograph of the  
Sycamore chip.

グーグルの発表（2019年10月23日）	
        F. Arute, et al., Nature 574, 505 (2019).

超伝導を使った回路 

ショアが量子計算機の可能性を理
論的に初めて明らかにしました

 (P. ショア, 1994) 

重ね合わせの例：（次のポスターを見てね！）

ビットの集まりは文字を表せる

それらを使って計算ができます
量子ビットの
集まりで計算
ができる！

量子計算

極低温(-270°C) 

日本も、理研の量子コンピュータのクラウド利
用の発表（2023年3月27日）、大阪大学(2023年
12月20日）

このポスター発表は、ムーンショット目標6「2050 年までに、経済・産業・
安全保障を飛躍的に発展させる誤り耐性型汎用量子コンピ ュータを実現」 の

支援を受けています。JST’s Moonshot R&D (No. JPMJMS2061)

1ギガバイト＝十億バイト（109バイト）

2025年は国際量子科学技術年に制定されております。これは1925年にハイゼンベルクが行列力学と呼ばれる量子力学の定式化を完成させた論文 [W. Heisenberg: 
Z. Phys. 33(1925) 879-893.] が出版されてから100年ということを記念して国連総会で決議されました [United Nations, A/RES/78/287.]。



 光は「偏光」という性質をもつ横波です  二つの波の干渉

 直交する二つの偏光板間にもう一枚挿入すると?

 ヤングの干渉実験

 難しい問題が解ける可能性

量子情報技術を体験しよう！ 筑波大学科学技術週間 キッズ・ユニバーシティ 2025.4.20

重ね合わせ 
量子もつれ

量子干渉 
どうやって計算するの？

横偏波だけを
通す偏光板

縦偏波（青）
は透過しない

縦偏波だけを
通す偏光板

横偏波（赤）
は透過しない

二つの偏光板
を重ねると？

偏光板を斜め
に重ねると？

θ

透過率はP = cos2 θ

A

B

「重ね合わせ」という原理で理解できます 
二つの量子の重ね合わせも＝量子もつれ

強め合う

打ち消し合う

実験してみよう 
（濃淡の間隔
は？）

重ね合わせの原理により2N 個の異なった入力値を実現し、これに
対して計算が同時に行われるので、（うまくいけば）ほぼ一回の
計算で答えがでます。

かけ算：11 × 41 × 73 × 101 × 137 × 271 × 3541  
　　　　　× 9091 × 27961 × 1676321 × 5964848081  

でも量子計算なら高速で解く事ができます（直感的イメージ）

簡単
困難

素因数分解が難しい事によりネットでの買い物等の安全が保証されています
どちらかな？

実験してみよう 
（回転させると
どう変わる？）

山と山が
揃っている

山と谷が
揃っている

周期的な
網目

虹色も干渉の
結果です


