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Quantum technology: 4 pillars

US National Quantum Initiative: >$1.275 Billions in 5 years
European Quantum Flagship: >€1 Billion in 10 years

Quantum projects started at 2019 in Korea
NRF national quantum computing project: $xxx M in next years

NRF 2022년 800억이상투자



In Korea: Samsung, SK Telecom, KT, IDQuantique, …

Investment from private sectors

삼성종기원에서초전도큐비트연구중



양자컴퓨팅하드웨어

Josephson junction을이용한초전도회로

이온트랩
Image credit: Daniel Esteve

Image credit: Rainer Blatt

Rydberg interaction/optical lattice를이용한중성원자

Nat. Commun. 7, 13317 (2016)
KAIST 안재욱교수님그룹 Phys. Rev. Lett. 122, 133201 (2019)

고려대조동현교수님그룹



Three small pieces of physics

1. Qubit

2. Entanglement

3. Cavity



1. Quantum bit (qubit)

Stationary 
Neutral atoms, trapped ions, superconducting qubits, 
quantum dots, nitrogen-vacancy (NV) centers …

Flying 
Photons (mostly with polarizations)

|0>

Bloch sphere

|1>
Laser or microwave

pulse

Superposition of 0 and 1

computing

sensing & networking

communication



Single-qubit gates



2. Entanglement

correlation without wire

measurement

0 1



Two- and multi-qubit gates

CNOT gate Controlled Z gate

SWAP gate Toffoli gate



CNOT gate

|00>  |00>
|01>  |01>
|10>  |11>
|11>  |10>

Control qubit

Target qubit



CNOT gate

Control qubit

Target qubit

H

• Hadamard/T gate와 CNOT gate 만있으면모든양자연산가능
• 양자 CNOT gate는결국 entangling gate
• High-fidelity entanglement를만드는것이양자컴퓨팅의핵심: 가장중요하며가장
어려움



3. Cavity (=resonator)

• Atom-photon interaction at the 
single photon level

• High-photon collection 
efficiency (near 100%)

With high-NA lenses: ~20%

• Optical domain: cavity quantum 
electrodynamics (QED)

• Microwave domain: circuit QED
superconducting qubits

Haroche & Raimond, Exploring the Quantum, Oxford Univ. Press (2006)

Finesse= 1,000,000

M. Lee et al., Nat. Commun. 5, 3441 (2014)
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Finesse= 1,000,000

M. Lee et al., Nat. Commun. 5, 3441 (2014)

Serge Haroche
Nobel Prize in Physics 2012



Jaynes-Cummings Hamiltonian

g: atom-photon coupling rate
g: atomic decay rate
k: cavity decay rate 

Atom-cavity system / superconducting qubit-LC resonator system 모두완벽하게기술함

H



초전도큐비트



Dilution refrigerator

초전도큐비트



초전도큐비트



10~20 mK

RF connections, circulators, cooling lines…

초전도큐비트



초전도큐비트



Superconducting-qubit-based quantum computer

Resonators

Quantum computer hardware = Connected atom-cavity systems



초전도기반양자컴퓨터현황

미국구글양자컴퓨터칩
`Sycamore(시카모어)’
53개큐비트
2019년 10,000년 200초

중국양자컴퓨터칩
`주중츠’
66개큐비트
슈퍼컴퓨터보다 1천만배빠르게계산
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이온트랩



Trapped ions: in principle

Linear Paul Trap

• xy directions : RF (20-30 MHz) & GND
• z direction: DC
 Create 3D potential energy

RF

GND

GND

1.0 mm

GND

DC DC

6.0 mm

x

y

z

y

x

z

x

Image credit: Rainer Blatt 



Trapped ions: in practice

W. Paul        H. Dehmelt D. Wineland

Nobel Prize in Physics 1989             2012



Trapped ions: in practice

Image credit: Rainer Blatt 

High Optical Access 2.0.x



전세계이온트랩그룹







Trapped ions: characteristics
Single-ion storage time 
days to weeks

Quantum memory coherence time
Optical qubit (~400 THz): 30 ms
Hyperfine qubit (~few GHz): 10 minutes
Wang et al., Nat. Photonics (2017)

Single-qubit gate fidelity
99.9999%
Harty et al., Phys. Rev. Lett. (2014)

Two-qubit gate fidelity 
99.9%
Ballance et al., Phys. Rev. Lett. (2016)

Entanglement 
14 ions: Monz et al., Phys. Rev. Lett. (2011)
20 ions: Friis et al., Phys. Rev. X (2018)
24 ions: Pogorelov et al., PRX Quantum 2, 
020343 (2021)

Monroe & Kim, Science (2013)



2017년발표
138Ba+을이용한 Sympathetic cooling



2021년발표
자기장 stray field등기타 noise source 차폐



Single-qubit gate
fidelity record: 99.9999%



Two-qubit gate
fidelity record: 99.9999%



Trapped ions: characteristics

Full connectivity!
Wright et al., Nat. Commun. (2019)
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이온트랩양자컴퓨터현재성능
포획: 100~150개까지가능
Two-qubit gate: 15개정도 ion chain에서
fidelity 약 99% 



Ion trap in two racks

Entanglement of 24 ions, GHZ state
Pogorelov et al., PRX Quantum 2, 020343 (2021)



Trapped ions at Wall Street

Opening bell ceremony 
at New York Stock Exchange



Ion trap everywhere

Quantum computing
Hempel et al., PRX 2016

Quantum simulation
Jurcevic et al., Nature 2014

Quantum sensing
Maiwald et al., Nat. Phys. 2009

Quantum metrology
Ludlow et al., RMP 2015
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이온을만드는방법: two-photon ionization

First step: 여기는중성원자 neutral atom의
전이선 excitation
(electron orbital excitation)

Second step: 여기서 electron이떨어져나감

두색깔의레이저를이용함

Single excitation으로할수도있으나 xUV 필요

Continuum state라고부름

Yb+: 399/369 nm
Ca+: 422/355 nm



Earnshaw’s theorem

• Static (DC) 전압만으로는 3차원포획이불가능
• 예를들어포텐셜이 x, y 방향이 concave형태이면 z 방향은 convex 형태여야
함 z 방향으로이온이빠져나감

x y z

Potential 
energy

E field

• 왜 RF voltage가필요한가? 
•  refer 가우스법칙



• Static 전압 U0를가하여 axial 방향의포텐셜을가함

• Z 축으로자기장을가하여 Lorenz force를이용해회전시킴

• 2차원형태로많은수의이온이포획됨 2D Coulomb crystal

• Control이매우어려움; 특정시점마다 imaging함.





Ion trap basic

• RF quadrupole field (4개의 pole)
 2개는 RF, 2개는 gnd

• Center 부근에서는potential이
아래와같이주어짐

Given t에서 equipotential surface

이 sign때문에 Earnshaw’s
theorem 만족함

PhD thesis Debnath
Univ. Maryland (2016)

x

y
z



RF quadrupole field

https://doooob.tistory.com/64

이온의움직임보다훨씬
빠르게 potential이움직임
 Ion은 time-average된
potential을봄



Ion trap potential

RF quadrupole field (4개의 pole)
 2개는 RF, 2개는 gnd

Electric field

Center 부근에서는potential이
아래와같이됨

 Earnshaw’s theorem 만족함



시간에대해적분을하는데 x를상수로근사함 (x의변위가매우작음)

Variation of x(y) is small  variation of spatial electric field eVx(y)/R2 is negligible

이온이움직이는변위에대해전기장 amplitude는그대로임

이제이온이받는시간에대해평균된힘을구함

Ion trap potential



Ion trap potential

(x0, y0) 근처에서의전기장:

시간 t에서의힘:



시간에대해평균된힘:

Restoring force 가가해지는

Harmonic potential안에서운동과같아짐

Trap frequency or secular frequency
• w/2p ~ (3, 3, 1) MHz

Trap drive
• W/2p ~ 20~30 MHz

DC: hundreds of volts

RF가주는 potential을 pseudopotential, 
ponderomotive potential이라고부름

Ion trap potential



Micromotion

실제로 ion이겪는 potential은 RF + stray field DC

RF potential minimum에이온이존재하지않고좀
빗겨난위치에있는경우가많음

이온이 RF field를겪으며진동함

micromotion이라고함

주변에추가적인전극을달아 RF null로이온을
보내어 micromotion compensation함



PhD thesis, Gulde, University of Innsbruck (2003)



전공자들을위한추천논문 (약 70페이지)



다양한 trap 구조물





다양한 trap 구조물



Cutting edge ion-trap architectures

Mehta et al., Nat. Nanotechnol. (2016)

Kielpinski et al, Nature (2002)

Moehring et al., New J. Phys. (2011)



Ion trap at cryogenic temperatures

• Background gas collision
• Electric field noise



171Yb+ ion crystal at 4K

Pagano et al., Quantum Sci. and Technol. 4, 014004 (2019)

Ion string with 127 ions
Dark ions do not jump around



171Yb+ ion crystal at 4K

Pagano et al., Quantum Sci. and Technol. 4, 014004 (2019)

Zig-Zag ion chain

Ion string with 127 ions
Dark ions do not jump around
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Cirac-Zoller gate

Nature 2003
단점
여러개의 laser 펄스
Individual addressing이필요함



Mølmer-Sørensen gate

See also: Cirac-Zoller gate PRL 1995, 
Geometric phase gate Nature 2003

한번의 laser pulse (two frequencies)
Individual addressing 필요없음



Vibrational mode of single ion

Two radial motional modes and one longitudinal mode
Ion 1개motional mode 3개



Vibrational mode of single ion

Motional ladder appear in all three motional modes.
Laser fields can drive individual motional transitions.

|↓,0>

|↑,0>

|↑,1>

|↑,2>

|↓,1>

|↓,2>

…

…

~MHz

~200 THz
or 
few GHz





Hamiltonian: one ion in monochromatic field

motion 

internal energy

ion in traveling wave; interaction Hamiltonian



Hamiltonian: one ion in monochromatic field

Go to interaction picture

교과서의 two-level atom + laser field에는 motion무시

Rotation with internal energy

Rotation with motional energy

Rotation with motional energy



Hamiltonian: one ion in monochromatic field

Rotation with motional energy

Using

Lamb-Dicke parameter
rotate

정리, 정리, 정리…

Lamb-Dicke limit
 h=0 교과서
원자+레이저상호작용

 Excitation of carrier, 
blue/red sidebands



Vibrational mode of single ion

|↓,0>

|↑,0>

|↑,1>

|↑,2>

|↓,1>

|↓,2>

…

…

~MHz

~200 THz
or 
few GHz

 h=0 교과서
원자+레이저상호작용

 Excitation of carrier, 
blue/red sidebands

carrier

red

blue

State vector:



Vibrational mode of two ions

Ion 2개motional mode 6개
Any collective motional modes can be driven to generate an ion-ion entanglement. 



`Bichromatic’ laser drive

Two ions are driven with a laser field of two frequencies wr, wb.
The ions at |↓↓> are excited to |↑↑>  via motional states.

두 ion의 collective motion을 `살짝’ excite하며얽힘상태발생시킴



Hamiltonian: two ions in bichromatic fields

Interaction picture

Lamb-Dicke limit



Source: wikipedia













Evolution of population

`Rabi oscillation of entangled state’



Ion-ion entanglement

Axial mode, optical qubit 40Ca+

Benhelm, Kirchmair, Roos, Blatt, Nat. Phys. 4, 463 (2009)



Axial mode, optical qubit 40Ca+

Benhelm, Kirchmair, Roos, Blatt, Nat. Phys. 4, 463 (2009)

Radial mode, hyperfine qubit 171Yb+

See also: Kim et al., PRL 2009, Choi et al., PRL 2014

Ion-ion entanglement



Axial mode, optical qubit 40Ca+

Benhelm, Kirchmair, Roos, Blatt, Nat. Phys. 4, 463 (2009)

Radial mode, hyperfine qubit 171Yb+

See also: Kim et al., PRL 2009, Choi et al., PRL 2014

Ion-ion entanglement
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포항공대에서개발중인이온트랩



Segmented blade trap

RF

RF

DC

DC

500 mm

Numerical aperture > 0.38



Trapping potential simulation

RF

A

A

B

B
C

RF

DC

xz

y

• RF amplitude 600 V, 22.5 MHz
• DC voltage

- A : 15V
- B : 3V 
- C : -10V 

171Yb+

Secular frequency
(3, 3, 1) MHz

x

y

ANSYS Electronics Desktop 2020 R1



We have two new features

Micromotion
compensation 
rods



We have two new features

Micromotion
compensation 
rods

Mixed crystal: sympathetic 
cooling, no crosstalk… 



1) Laser micromachining

21th century, Inc., Korea
300-mm thick Al2O3



2) Gold sputtering

Metal mask

sputtering

• 100-nm thick Au



3) Gold electroplating

• Au thickness of ~3 mm



Vacuum chamber and optics

Pressure: ~1e-11 mbar



Vacuum chamber and optics

Pressure: ~1e-11 mbar



Our trap 



Our trap and status: 174Yb+



Our trap and status: 174Yb+



Our trap and status: 174Yb+

첫포획 2021년 11월 14일 (부임후 1년 7개월 13일)



Our trap and status: 174Yb+



포항공대에서개발중인이온트랩



POSTECH ION2: multi-layer trap

See also: NIST, Mainz, ETH Zurich…



Status of our chip



Vacuum chamber ready



포항공대에서개발중인이온트랩



Integrated circuit meets ion trap

Mehta et al., Nat. Nanotechnol. (2016)

Chip fabrication in CMOS foundry

Mehta et al., Appl. Phys. Lett. (2014)

• CMOS foundry를이용한
reproducible한 chip 제작가능



Integrated circuit layout

Stuart et al., Phys. Rev. Applied (2019)

In collaboration with 심재윤교수님



POSTECH ION3: cryogenic trap

Montana Instruments Inc., S200



POSTECH ION3: cryogenic trap



POSTECH ION3: cryogenic trap



DC and RF sources are on chip

• 심재윤교수님연구실에서
칩설계완료현재
TSMC에서제작중

• 저발열 DC voltage source
• DC source는 ion trap chip에

integration된적있으나 RF 
source는최초



Montana cryostat arrived at POSTECH



Other projects: 40Ca+, 87Rb

Ion-cavity experiment
삼성미래기술육성재단

Atom-cavity experiment
NRF 보호연구지원사업



Lab 1 : 포항공대제2공학관 506호



Lab 2 : 포항공대제2공학관 502-2호



요약

대학원생 7명 (+1명, 9월부터)
Postdoc 1명 (+1명, 3월부터)
학부인턴 6명

대학원생모집 중
moonjoo.lee@postech.ac.kr


