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Self-introduction

１９８７年３月 東京大学理学部物理学科卒業 前半：塚田研究室，後半：清水忠雄研究室

１９８７年４月～１９９２年３月 東京大学物性研究所松岡研究室

Ｍ１：超短パルス，CuCl中ポラリトン，Ｍ２－Ｄ３：パルス光スクイージング（町田さん）

１９９２年４月～１９９３年２月 日本学術振興会 特別研究員(PD)

アンチバンチング（小芦さん） 連続量と離散量

１９９３年～１９９８年 東京大学久我研究室 助手

ＬＥＤによるサブポアソン光の発生，レーザー冷却（重点領域でＢＥＣ，鳥井さん）

１９９８年～現在 学習院大学

連続量の量子暗号， Ｒｂ原子ＢＥＣ，パルス光スクイージング
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Introduction：量子計測とは

・FIRST量子情報処理プロジェクトのサブテーマ

・Terminology

量子計測

Quantum Measurements, Quantum Metrology, Quantum sensing

量子測定 量子標準

・量子計測 = 量子測定×応用（高精度測定）

従来よりも高精度・高感度の実現

スケーリング（少ないリソースによる高精度の実現）

→量子情報技術の有望な応用 例：磁力計



Why magnetometer is important: Numerous and diverse applications

• detection of magnetic field from brain and heart
non-invasive studies of individual cortical modules in the brain

• detection of signals of NMR and MRI
• detection of microparticles
• detection of magnetic anomalies 

SQUID脳磁計（横河電機： MEGvision）

Magnetic fields recorded from a brain in response to an auditory stimulation by a series of short clicks 
(averaged over about 600 presentations). The prominent feature at 100 ms after the stimulus is the 
evoked response in the auditory cortex, most clearly seen as a difference in the magnetic fields 
recorded by different channels. In contrast, ambient field drifts, such as those seen before the stimulus, 
generate similar signals in all channels. (Xia, H., Baranga, A. B., Hoff man, D. & Romalis, M. V. 
Magnetoencephalography with an atomic magnetometer. Appl. Phys. Lett. 89, 211104 (2006).)
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 量子縮退原子

 NV中心

Magnetometer : present status

• Sensitivity of SQUID magneto-
meters is approaching 10-15 T/√ Hz
(with resolution of 1cm), but it is 
limited by 1/f noise at low 
frequencies.

• Kominis et al. demonstrated better 
than 10-15 T/√ Hz using atoms at 
room temperature: 
Nature 422, 596 (2003).

• Cold atoms enables both high 
sensitivity and resolution:
Nature 435, 440(2005); PRL 98,
200801(2007).

• Quantum control of atoms and light 
will enhance the sensitivity.

• High spatial resolution with NV 
center in diamond.

cf. Wildermuth et al., Nature 435, 440 (2005). 



Optical Magnetometer

review article: D. Budker and M. Romalis, Nature Phys. 3, 227 (2007).

pump light

B

probe light



"A subfemtotesla multichannel atomic magnetometer," 
I. K. Kominis, T. W. Kornack, J. C. Allred & M. V. Romalis, Nature, Vol. 422, pp. 596-599 (2003).
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"A subfemtotesla multichannel atomic magnetometer," 
I. K. Kominis, T. W. Kornack, J. C. Allred & M. V. Romalis, Nature, Vol. 422, pp. 596-599 (2003).

１チャンネルの雑音

（磁気シールドの熱雑音）

隣接チャンネルの差から

もとめた固有雑音

0 140 Hz



"High-Resolution Magnetometry with a Spinor Bose-Einstein Condensate," 
M. Vengalattore, J. M. Higbie, S. R. Leslie, J. Guzman, L. E. Sadler, and D. M. Stamper-Kurn, Phys. Rev. Lett., Vol. 98, 200801 (2007).

Direct Nondestructive Imaging of Magnetization in a Spin-1 Bose-Einstein Gas,
J. M. Higbie, L. E. Sadler, S. Inouye, A. P. Chikkatur, S.R. Leslie, K. L. Moore, V. Savalli, and D. M. Stamper-Kurn,
PRL 95, 050401 (2005).



Atomic BEC with internal degrees of freedom

87Rb

F=1

F=2 -2 -1 0 +1 +2

+1 0 -1

mF low-field seekerhigh-field seeker

F =0 (S =0, I =0)
4He*, 40Ca,

174Yb, 176Yb

87Rb, 23Na, 

7Li, 41K
F =1, 2

85Rb F =2, 3

133Cs F =3, 4

52Cr F =3 (S =3, I =0)

unstable



スピン２ボース・アインシュタイン凝縮体におけるラーモア歳差運動の観測

Atomic spin

BEC

RF Field
(A) (B)

Input probe
k=2π/λ

Scattered 
output

Input phase

B B
Output 
phase

d

磁力計実験方法

RF電磁波を用いてスピンを回す
RF電磁波を用いてスピンを回す

Transmitted
probe



Spinor87Rbのボース凝縮体の生成

B~20mG

r (radial)

z (axial)

g

Top view

Mirror

FORT Beam 
(radial)

coils for 
magnetic trap

λ : 850 nm

potential depth of crossed FORT
U ~ 1.0 µK

beam waist radius
radial   :   90 µm
axial    :   24 µm

5 deg.

FORT 
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|BEC> = 
|F=2,mF=-2>
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プローブ光の離調: ~ 500MHz, プローブ光強度: 1mW

位相差法と連続撮影
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Spatially resolved magnetometer

� 歳差運動を観測

� 磁場勾配のために歳差運動の周

波数が原子の位置に依存

→ 位相のずれ

空間的依存性の解析方法

...

1,2, … 30

BECの連続撮影

場所ごとのコントラストから、その場所の歳差運動

周波数と位相を求める



NV中心を使った磁力計 1

１１１１個個個個のののの電子電子電子電子からからからから10nm離離離離れたれたれたれた場所場所場所場所のののの磁場磁場磁場磁場 ～～～～ 1µµµµT

→→→→ ナノメートルナノメートルナノメートルナノメートルのののの空間分解空間分解空間分解空間分解ととととマイクロテスラマイクロテスラマイクロテスラマイクロテスラのののの感度感度感度感度のののの磁力計磁力計磁力計磁力計のののの重要性重要性重要性重要性

・・・・ 30nmのののの直径直径直径直径ののののダイヤモンドダイヤモンドダイヤモンドダイヤモンドののののナノクリスタルナノクリスタルナノクリスタルナノクリスタルをををを用用用用いていていていて 0.5µµµµT Hz-1/2
をををを実現実現実現実現

・・・・ デコヒーレンスデコヒーレンスデコヒーレンスデコヒーレンス制御制御制御制御とととと量子量子量子量子ビットビットビットビット読読読読みみみみ出出出出しししし技術技術技術技術をををを利用利用利用利用



NV中心を使った磁力計 2



NV中心を使った磁力計 3
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Quantum-enhanced gravitational-wave detector

“Quantum-mechanical noise in an interferometer,” Carlton M. Caves, Phys. Rev. D, 23, 1693 (1981).
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Quantum-enhanced gravitational-wave detector

“Quantum-mechanical noise in an interferometer,” Carlton M. Caves, Phys. Rev. D, 23, 1693 (1981).

m

m

11 ,aa†

22 ,aa †

ｂ：number of bounce
τ：observation time

ℏ：planck’s constant
ω：frequency

ｃ：light velocity

α：laser power

22 ,cc †

ｚ

ｒ:squeezing 
parameter

11 ,cc†

µπωφ 2
2 −+=

c

zb

μ：relative phase

laser

r2sinh|| ≫α
r

rp e
mc

b
z ||)(~)( αωτh∆

||
)

2
(~)(

αω

r

pc

e

b

c
z

−

∆

2

1
22 })(){( rppc zzz ∆+∆=∆
rppc zz )()( whenMinimum ∆=∆

22
2

2
2 )

1
)(

1
)((

2

1
|| opt

re
b

mc α
ωτω

α == −

h

SQLopt z
m

z )()( 2

1

∆≅=∆ τh



“A gravitational wave observatory operating beyond the quantum shot-noise limit," 
The LIGO Scientific Collaboration, Nature Physics, Vol. 7, 962 (2011).



3rd generation gravitational wave detector    http://www.et-gw.eu/

12.7 dB @ 1064 nm
PRL 104, 251102 (2010)

12.3 dB @ 1550 nm
Opt.Express, 19, 25763 (2011)



Quantum magnetometer

“Squeezed spin states,” Masahiro 
Kitagawa and Masahito Ueda, Phys. 
Rev. A 47, 5138–5143 (1993) 

Angular momentum system
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"Sub-Projection-Noise Sensitivity in Broadband Atomic Magnetometry," 
M. Koschorreck, M. Napolitano, B. Dubost, and M. W. Mitchell, Phys. Rev. Lett., Vol. 104, 093602 (2010).

Laser cooled Rb atoms, 106, 25µK, dipole trap
20 times QND measurement w/o dipole trap

“Spin Squeezing of a Cold Atomic Ensemble with the Nuclear Spin of One-Half”,
T. Takano, M. Fuyama, R. Namiki, and Y. Takahashi, Phys. Rev. Lett. 102, 033601 (2009).



"Squeezed-Light Optical Magnetometry," Florian Wolfgramm, Alessandro Cerè, Federica A. Beduini, Ana 

Predojević, Marco Koschorreck, and Morgan W. Mitchell , Phys. Rev. Lett., Vol. 105, 053601 (2010).

Hot Rb atoms, 794.7 nm, D1 line

-3.2 dB, 3.2 x 10-8 T/√√√√Hz



"Atom-chip-based generation of entanglement for quantum metrology," 
Max F. Riedel1, Pascal Böhi, Yun Li, Theodor W. Hänsch, Alice Sinatra & Philipp Treutlein, Nature, 464, 1170 (2010).



"Spin-nematic squeezed vacuum in a quantum gas," 
C. D. Hamley, C. S. Gerving, T. M. Hoang, E. M. Bookjans and M. S. Chapman, Nature Physics, 8, 305 (2012).

Spin-1 system →→→→ SU(3) →→→→ 32-1=8 components

iŜ

ijijjiij SSSSQ δ)3/4(ˆˆˆˆˆ −+=
Quadrupole tensor is symmetric and traceless.

iNNQSN yzx 20,,0]ˆ,ˆ[0,,0 −= NQS yzx ≥∆∆

iNNQSN xzy 20,,0]ˆ,ˆ[0,,0 −= NQS xzy ≥∆∆



"Spin-nematic squeezed vacuum in a quantum gas," 
C. D. Hamley, C. S. Gerving, T. M. Hoang, E. M. Bookjans and M. S. Chapman, Nature Physics, 8, 305 (2012).
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標準量子限界∝1/N1/2Standard quantum limit
∝1/N1/2

Heisenberg Limit 
∝1/N

Super Heisenberg
limit ∝1/N3/2

Nature 471, 487 (2011)

4.6

# of resources

量子計測：スケーリング
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Example of SQL scaling : polarization rotation

全光子数をNとすると(φ<<1のとき)

垂直偏光 N
⊥

=Nsin2(45+φ)≈N(1+2φ)/2

水平偏光 N// =Ncos2(45+φ)≈N(1-2φ)/2

強度差をNdとすると

Nd=N
⊥

-N//=2Nφ

ΔNd=N1/2
であるので

∴Δφ=ΔNd /(2N)
=1/(2N1/2)

→標準量子限界のscaling
45°

φ

垂直偏光

水平偏光

N
ｄ



"Advances in quantum metrology," 
Vittorio Giovannetti, Seth Lloyd and Lorenzo Maccone, Nature Photonics, 5, 222 (2011).

Quantum Cramér–Rao bound

Quantum estimation problem of recovering the value of a continuous parameter x
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"Real-World Quantum Sensors: Evaluating Resources for Precision Measurement," 
Nicholas Thomas-Peter, Brian J. Smith, Animesh Datta, Lijian Zhang, Uwe Dorner, and Ian A. 
Walmsley, Phys. Rev. Lett. 107, 113603 (2011)



"Magnetic Field Sensing Beyond the Standard Quantum Limit Using 10-Spin NOON States," 
Jonathan A. Jones, Steven D. Karlen, Joseph Fitzsimons, Arzhang Ardavan, Simon C. Benjamin, G. 
Andrew D. Briggs, John J. L. Morton, Science, 324, 1166 (2009).

TMP: trimethyl phosphite
The B spins cannot be distinguished.



"Interaction-based quantum metrology showing scaling beyond the Heisenberg limit," 
M. Napolitano, M. Koschorreck, B. Dubost, N. Behbood, R. J. Sewell & M. W. Mitchel, Nature 471, 486 (2011).

nonlinear
Faraday rotation 
probe pulses
Interaction 
between probes



Summary

• Quantum Measurements, Quantum Metrology, Quantum sensing

Important and promising application of QIP technologies

• Quantum enhanced measurements in a real world

GW detector, magnetometer, etc.

• Scaling

SQL, HL, Super HL (and, exponential) scaling

• Enhancement by entangled qubits


