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“The electronics people said there
were too many vacuum tubes and it
would never run. The mathematics
people said there were no problems
complex enough that computers were
needed.”



Development of Computation - Moore‘s Law



Development of Computation - Moore‘s Law



Why Quantum Computer?

by S. Aaronson, Scientific America (03/2008).



The Amount of Information in Quantum System

by H. Häffner,  UC Berkeley

• 40 spins ~ 10 Tera Bytes

• 300 spins ~ Total # of atoms in the Universe



Status for the Realization of a Quantum Computer

Moore’s Law in Quantum Computation?
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(a) T. Monz et al., PRL 106, 130506 (2011).

(b) R. Islam, et al., Nature Comm. 2, 377 (2011).

(c) R. Islam, et al., Science 340, 583 (2013).



Introduction of Kihwan Kim
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The limit of Classical Computation

Graduate in Korea

The First post-doc. in Innsbruck with Rainer Blatt

The Second post-doc. in JQI with Chris Monroe

Now at Tsinghua University in China 



The First Practical Quantum Computer?

A quantum computer/simulator up to ~ a few tens of qubits

E. Knill, Nature 463, 441 (2010).

R. Blatt



Scalable Structure of Trapped Ion Quantum Computer

Scaling the Ion Trap Quantum Processor, Science 339, 1164 (2013) 



2012 Noble Prize: Dr. David Wineland

http://www.nist.gov/pml/div688/grp10/index.cfm
물리학과첨단기술 2012년 12월호

http://www.nist.gov/pml/div688/grp10/index.cfm
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Classical and Quantum Computation

Classical Computation

• Initialization

• Operations

•1-bit operations

(NOT)

•2-bit operations

(NAND)

• Bits

• Detections

Results

0 or 1



Classical and Quantum Computation

Classical Computation Quantum Computation

• Initialization • Initialization

• Operations

•1-bit operations

(NOT)

•2-bit operations

(NAND)

• Operations

•1-qubit operations (rotations)

Superposition

•2-qubit operations (CNOT gates)

Entanglements

• Bits • Qubits

• Detections

Results

• Detections of Qubits

Gain of Classical Information 

0 or 1 |y =a |0 + b|1 , 2N Hilbert Space



Quantum Computations
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Circuit Quantum Computations



Circuit Quantum Operations
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Circuit Quantum Operations
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Ion Trap

Electric Field Vectors 

NO!  E = 0

H.G. Dehmelt, Adv. At. Mol. Phys. 3, 5 (1967).

W. Paul, Rev. Mod. Phys. 62, 531 (1990).



Wolfang Paul vs. Hans Dehmelt

University of Bonn, Germany
Nobel Prize in physics (1989)

University of Washington, USA
Nobel Prize in physics (1989)



Paul Trap vs. Penning Trap
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Penning Trap 

– magnetic confinement 

Paul Trap 

– rotating electric field 

confinement 



Linear Ion Trap
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axial confinement - static!

F(z) = (mwz
2/2q) (z2/2)

wz
2=2aqU0/m,  a ~ 1 (geom.)

radial confinement -dynamic!

F(r) = (m/2q) (wr
2 - wz

2/2) (r2)
wr

2 = q2V0
2/(2mWRFb

4r4)

wr < WRF ,     b ~ 1 (geom.)

U0

V0

D. J. Wineland, et al., J. Res. Nat. Inst. Stand. 
Tech. 103, 259 (1998).



Linear Ion Trap @ Tsinghua University

171Yb+

wHF =12,643 GHz

2S1/2

F=0

F=1

wHF

wZ
wZ

wZ =1.4 MHz x B



Collective Normal Modes

(Univ. Innsbruck)

40Ca+

Center of mass mode

Breathing mode

D. F. V. James, Appl. Phys. B 66, 181 (1998).



Qubits – long coherence time

Optical Qubit
ex) 40Ca+

Hyperfine Qubit
ex) 171Yb+

S1/2

P1/2

D3/2

D5/2397nm

411 THz

Qubit on S-D

t ~ 1s
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F=0
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370nm

12.6GHz

88Sr+, 138Ba+ …
9Be+, 25Mg+, 43Ca+, 87Sr+, 137Ba+, 
111Cd+, 113Cd+, 199Hg+ …



Initialization of Qubits

Initialization – optical pumping

2P1/2

171Yb+

F=0
F=1

2S1/2 F=0

F=1



Detection of Qubits

Initialization – optical pumping

Detection – state dependent 

fluorescence
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Detection of Qubits

Initialization – optical pumping

Detection – state dependent 

fluorescence2P1/2 F=0
F=1

171Yb+
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A. H. Myerson, et al., Phys. Rev. Lett. 100, 200502 (2008).

A. H. Burrell, et al,, Phys. Rev. A 81, 040302 (2010).
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Single Qubit Operations

Initialization – optical pumping

Detection – state dependent 

fluorescence

Coherent Operation

– Rabi oscillation 

by Raman Laser, Microwaves
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A single ion system
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A single ion system
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Interaction between Laser and an Ion
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Interaction between Laser and an ion

Transformation to the interaction picture with 
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Interaction between Laser and an ion
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Interaction between Laser and an ion
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parameter Dicke-Lamb:
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Carrier, Red sideband, Blue sideband
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Conclusion

Quantum Computation

• Initialization

• Operations

•1-qubit operations (rotations)

Superposition

•2-qubit operations (CNOT gates)

Entanglements

• Qubits

• Detections of Qubits

Gain of Classical Information 

|y =a |0 + b|1 , 2N Hilbert Space

Optical Pumping

Fluorescent Discrimination

Internal levels of ions


