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21世紀の量子情報科学
根本香絵・国立情報学研究所



テクノロジー in 10−6

5cm50μm



微細構造

どのくらい原子のスケールまで近づいているのでしょうか？



10−6 から原子レベルへ

45ナノメートル

１格子単位



ボーア原子模型

www.jpwikipedia.org
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http://optoele.ele.tottori-u.ac.jp/~abe/hyd/1s-s.png

エネルギースペクトルの
離散化



重ね合わせ
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スピンの状態

確率

離散化したエネルギー状態



量子ノイズ

http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/hosc2.html
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確率分布

ノイズとして見える

量子ノイズ：原理的に取り除けないノイズ

不確定性原理
位置と運動量の両方を正確に測定する
ことはできない

量子的に考えると量子ノイズを制御できる



量子ノイズから量子制御へ

|0⟩
a|0⟩+ b|1⟩

最初の状態

重ね合わせ状態

|1⟩

|0⟩

測定する

操作する



量子状態を操作する
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時間発展



量子測定
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量子測定
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量子測定
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測定によって状態操作ができる
量子計算からみると、量子演算（量子的時間発展）

と量子測定は同じ能力をもつ



量子測定

n へ射影測定
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量子リソグラフィー

Phys.Rev.Lett., 85, 2773 (2000)

量子相関をもった状態
entangled state

量子相関のない状態



なぜ量子系は複雑なのでしょう

ビット数
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量子系の複雑性
Can a quantum system be probabilistically simulated by a 
classical universal computer?   ...the answer is certainly, No!

— Richard P. Feynman (1982)
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イオン・原子

pure quantum state, and are thus favoured in current experiments.
Recently, up to eight trapped ion qubits have been entangled in this
way26. There are also proposals to use radio-frequency magnetic field
gradients27 or ultrafast spin-dependent optical forces28 that do not
require the ions to be localized to within an optical wavelength (the
Lamb–Dicke limit).

The scaling of trapped-ion Coulomb gates becomes difficult when
large numbers of ions participate in the collective motion for several
reasons: laser-cooling becomes inefficient, the ions become more
susceptible to noisy electric fields and decoherence of the motional
modes29, and the densely packed motional spectrum can potentially
degrade quantum gates through mode crosstalk and nonlinearities25.
In one promising approach to circumvent these difficulties, indi-
vidual ions are shuttled between various zones of a complex trap
structure through the application of controlled electrical forces from
the trap electrodes. In this way, entangling gates need only operate
with a small number of ions30.

Another method for scaling ion trap qubits is to couple small
collections of Coulomb-coupled ions through photonic interactions,
offering the advantage of having a communication channel that can
easily traverse large distances. Recently, atomic ions have been
entangled over macroscopic distances in this way31. This type of
protocol is similar to probabilistic linear optics quantum computing
schemes discussed above13, but the addition of stable qubit memories
in the network allows the system to be efficiently scaled to long-
distance communication through quantum repeater circuits32.
Moreover, such a system can be scaled to large numbers of qubits
for distributed probabilistic quantum computing33.

Neutral atoms provide qubits similar to trapped ions. An array of
coldneutral atomsmaybe confined in free space by apatternof crossed
laser beams, forming anoptical lattice34. The lasers are typically applied
far from atomic resonance, and the resulting Stark shifts in the atoms
provide an effective external trapping potential for the atoms.
Appropriate geometries of standing-wave laser beams can result in a
regular pattern of potential wells in one, two or three dimensions, with
the lattice-site spacing scaled by the optical wavelength (Fig. 3c, d).
Perhaps themost intriguing aspect of optical lattices is that the dimen-
sionality, form, depth and position of optical lattices can be precisely
controlled through the geometry, polarization and intensity of the
external laser beams defining the lattice. The central challenges in using

optical lattices for quantum computing are the controlled initializa-
tion, interaction and measurement of the atomic qubits. However,
there has been much progress on all of these fronts in recent years.

Optical lattices are typically loaded with 103–106 identical atoms,
usually with non-uniform packing of lattice sites for thermal atoms.
However, when a Bose condensate is loaded in an optical lattice, the
competition between intrasite tunnelling and the on-site interaction
between multiple atoms can result in a Mott-insulator transition
where approximately the same number of atoms (for example,
one) reside in every lattice site34. The interaction between atomic
qubits in optical lattices can be realized in several ways. Adjacent
atoms can be brought together depending on their internal qubit
levels with appropriate laser forces, and through contact interactions,
entanglement can be formed between the atoms. This approach has
been exploited for the realization of entangling quantum gate opera-
tions between atoms and their neighbours35. Another approach
exploits the observation that when atoms are promoted to Rydberg
states, they possess very large electric dipole moments. The Rydberg
‘dipole blockade’ mechanism prevents more than one atom from
being promoted to a Rydberg state, owing to the induced level shift
of the Rydberg state in nearby atoms. Recently, the Rydberg blockade
was used to entangle two atoms confined in two separate optical
dipole traps36,37, and it should be possible to observe this between
many more atoms in an optical lattice.

For trapped atoms and ions, coherence times are many orders of
magnitude longer than initialization, multi-qubit control, and mea-
surement times. The critical challenge for the future of trapped atom
quantum computers will be to preserve the high-fidelity control
already demonstrated in small systems while scaling to larger, more
complex architectures.

Nuclear magnetic resonance
Nuclear spins in molecules in liquid solutions make excellent gyro-
scopes; rapid molecular motion actually helps nuclei maintain their
spinorientation forT2 timesofmany seconds, comparable to coherence
times for trapped atoms. In 1996, methods were proposed6,7 for build-
ing small quantum computers using these nuclear spins in conjunction
with 50 years’ worth of existing magnetic resonance technology.

Immersed in a strong magnetic field, nuclear spins can be iden-
tified through their Larmor frequency. In amolecule, nuclear Larmor
frequencies vary from atom to atom owing to shielding effects from
electrons in molecular bonds. Irradiating the nuclei with resonant
radio-frequency pulses allows manipulation of nuclei of a distinct
frequency, giving generic one-qubit gates. Two-qubit interactions
arise from the indirect coupling mediated through molecular elec-
trons.Measurement is achieved by observing the induced current in a
coil surrounding the sample of an ensemble of such qubits.

Liquid-state nuclear magnetic resonance has allowed the manipu-
lation of quantum processors with up to a dozen qubits38, and the
implementation of algorithms39 and QEC protocols. This work was
enabled in large part by the development of quantum-information-
inspired advances in radio-frequency pulse techniques building on
the many years of engineering in magnetic resonance imaging and
related technologies; these techniques continue to improve40.

Initialization is an important challenge for nuclear magnetic reso-
nance quantum computers. The first proposals employed pseudo-
pure-state techniques, which isolate the signal of an initialized pure
state against a high-entropy background. However, the techniques
first suggested were not scalable. Algorithmic cooling techniques8

may help this problem in conjunction with additional nuclear polari-
zation. It was also noticed that for small numbers of qubits, pseudo-
pure-state-based computationmay be shown to lack entanglement41.
Investigations of the consequences of this issue spurred insight into
the origin of the power of quantum computers and led to newmodels
of quantum computation and algorithms9.

One way to address the scalability limitation of pseudo-pure states
is to move to solid-state nuclear magnetic resonance, for which a

a

c d

b

Figure 3 | Trapped atom qubits. a, Multi-level linear ion trap chip; the inset
displays a linear crystal of several 171Yb1 ions fluorescing when resonant
laser light is applied (the ion–ion spacing is 4mm in the figure). Other lasers
can provide qubit-state-dependent forces that can entangle the ions through
their Coulomb interaction. b, Surface ion trap chip with 200 zones
distributed above the central hexagonal racetrack of width 2.5mm
(photograph courtesy of J. Amini and D. J. Wineland). c, Schematic of
optical lattice of cold atoms formed by multi-dimensional optical standing
wave potentials (graphic courtesy of J. V. Porto). d, Image of individual Rb
atoms from a Bose condensate confined in a two-dimensional optical lattice,
with atom–atom spacing of 0.64 mm (photograph courtesy of M. Greiner).
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電子スピンと核スピンの間
の量子制御

結晶内の欠陥が作る電子スピン

窒素原子の核スピン



量子情報技術とは

✤ 様々なレベルでの量子制御により、従来の技術原理では原理的に到達
できない性能を可能にする。

✤ 高精度の測定
✤ 複雑系のシミュレーション
✤ 高性能の計算
✤ 安全な通信…など

東京QKDネットワーク@NICT

量子情報技術：従来の方法では原理的に出来ないことを、
様々なシーンで可能にする

LIGO@US



量子コンピュータの中身？



量子情報科学・技術の発展
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広がる量子情報領域 ：超伝導素子

|↓>

Qubit

Dc-
SQUID

Josephson
junctions

|R> |L>

NV diamond

Flux qubit

[100]

0.5 mm

106ものNVセンターのアンサンブル

２つの巨視的な物理系の間で量子がやりとりできる

これまでは実現出来なかった量子領域へ



量子力学系

Nature Nanotechnology 4, 404 - 405 (2009)
doi:10.1038/nnano.2009.169

Science 24 November 2000: vol. 290 no. 5496, 1532-1535

エネルギーレベルの離散化

新しい物理の出現



量子情報科学・技術の発展

新しい技術が拓く、新しい科学・技術
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