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Biography :

• Graduated from MIT
• Earned Ph.D. in physics from Univ. of Colorado (1992) under 

Carl Wieman and Eric Cornell [BEC]
• Postdoctoral staff in NIST under the group of David Wineland
• Since 2007, Bice Zorn Professor of Physics at the Univ. of 

Maryland (Fellow of the Joint Quantum Institute trap structures) Christopher Monroe

Research Project :

• Experimental quantum information science
• Quantum computing and quantum simulations with trapped 

atomic ions
• Quantum networks with atoms and photons
• Microfabricated atom trap structures



2. Introduction
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Schrödinger Cat States
(Mesoscopic quantum superpositions)

Δ" ≫ 1

Harmonic motion of massive particle
(phonons)

Monroe, C., Meekhof, D. M., King, B. E. & Wineland, D. J. 
A “Schrödinger cat” superposition state of an atom 

Science 272, 1131–1136 (1996)

Single mode EM field
(photons)

Haroche, S. Nobel lecture: 
controlling photons in a box and exploring the 

quantum to classical boundary
Rev. Mod. Phys. 85, 1083–1102 (2013)

Harmonic Oscillator

" : coherent state (localized quantum state of HO)

" % : mean number of oscillator quanta

Cat ß "& + "% with size Δ" = "& − "%



9Be- ion	è 171Yb- ion

2017.	12.	26. 2017	Fall	Journal	Club 6

1996

1% ≅ 1704s

Lamb Dicke regime

Coupling btw the ion’s internal qubit’s states and its motional states ≪ 1 
è Strongly suppressed transition that change the motional quantum number by  

more than one

Multi-component



3. The Experiment
Quantum control of qubits and atomic motion using ultrafast laser pulses (2014)

Sensing atomic motion from the zero point to room temperature with ultrafast atom 
interferometry (2015)

Active stabilization of ion trap radiofrequency potentials (2016)
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Trapping 171Yb+ ion

Paul Trap
78 ≡ 7,7;, 7< /2? = 1.0, 0.8, 0.6 MHz

Experiment general procedure (trap an ion)

Initialize the atom’s motion

- Doppler laser cooling è FG~10

- Sideband cooling è FG~0.15

∗ FG : average vibrational occupation number

Fortschr. Phys. 54, No. 8 – 10 (2006)
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↓ 	MN	 0 ≡ O = 0,PQ = 0

↑ 	MN	 1 ≡ O = 1,PQ = 0

Qubit State InitializationTrapping 171Yb+ ion

Paul Trap
78 ≡ 7,7;, 7< /2? = 1.0, 0.8, 0.6 MHz

171Yb+ level structure

7ST\2? =

Experiment general procedure (initialization)

Optical pumping è ↓
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PRA 76, 052314 (2007)
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V& = ↑ + ↓ F = 0

Ramsey 
MW pulse

Ramsey 
MW pulse

Creating a cat state

Reversing the process

è exciting ion motion

Experiment general procedure

Arrives an atom simultaneously ±70fs

Laser set

* Raman Process

Why mode-locked pulse laser?

Frequency tripled mode-locked Nd: YVO^ laser

_ ≈ ab	cd

50:50

Appl. Phys. B 114:45–61 (2014)

efgh = 81.4MHz with drift 10Hz over a min.

jkl ≪
a

_
≪ m
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Experiment general procedure (coherence issue)

Laser set

* Raman Process

Optimal point for minimal 
laser-induced decoherence

355nm

Laser-induced decoherence
- Spontaneous emission from excited state Γohpq
- Differential energy shift of qubit states Δrostfu ∝

w

xy
, with	consideration	of	ΩgTT ∝ Ñ/Δ

* Raman Process

Appl. Phys. B 114:45–61 (2014)
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Entanglement of spin and motion

The Hamiltonian for ion-pulse interaction

ÖÜqs = −
á

%
à â − âä sin Δãåç + é âä èç8 for instantaneous pulse approx. (ê ≈ 0)

é â = 7ëâ + éä : time dependence of phase diff. (by AOM freq. shift)

The evolution operator

ísì = î ïÜqñ sì óq ò ô öFõ èç8
q

ú

qùûú

íQü 1 = ïûÜ†°¢£§•t
¶tïûÜ†ß®•©™´/%

¨≠ = ísÆ …íQü â∞ − â% ísyíQü â% ís±

With N-pulse train

The free-evolution operator

For large Nís≤ ≈ 1 +
öΘ

2¥
ïÜñ s≤ ô öõ + ïûÜñ s≤ ô −öõ èç8

Kapitza-Dirac scattering

Ö = 7sµ
∂µ +

7ST
2
è< +

Ω â

2
sin õ µ∂ + µ + é â è8

The polarization gradient creates a standing
wave in the Rabi frequency, resulting in the Hamiltonian
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Experiment general procedure

Laser set

* Stimulated Raman Process

Single pulse Hamiltonian

Ö∑ â = Ω â sin 2ãåä µç
∂ + µç + é èç8 +

7ST
2
èç<

èç8,< : Pauli spin operators

é : relative phase btw the counter-propagating light fields

µç∂ & µç : raising & lowering operators of the ion motion  

along x

Ω â =
∏

%π
sech

πs

∫
: Rabi freq.

where the pulse area is Θ

Kapitza-Dirac scattering

Scattering of the Rubidium-87 BEC matter wave on the standing light 
field of a 790 nm linearly polarized lattice
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Spin control with pulses (strong pulses)
Appl. Phys. B 114:45–61 (2014)

single pulse w/ è± polarization

è Ñ â = Ñä sech
πs

∫
	having	OΩÖæ = 0.838ê	

è Ω â =
á

∫
sech

πs

∫
, ò	is	pulse	area

ò =
Ñäê√

%

2ÑotsΔ

** theoretical researches about this had done by Rosen and Zener

PRA 40, 502 (1932)

Transition probability

ƒä→& = sin%
ò

2
sech%

7STê

2

Instant	pulse	duration	è 1

∴ single pulse cannot fully flip the spin of the qubit

ê < 22	ps

Using two pulses

è Rapid qubit rotation & phase rotation (power of pulse)

91% @ _ = ». …	cd

72% @ _ = a . À	cd

detection	error
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Spin control with pulses (weak pulses, Ã ≪ a)

Appl. Phys. B 114:45–61 (2014)

Ramsey interference

Single comb Double comb

delay time T

ò = 1.25Phase rotated by 0.49

* frequency domain7fgh drifts in the range of ~10ûÕ over min.
è Active stabilizing (PZT mirror)

7ST = F7fgh, F ∈ ℤ

Ω â = Ωä sech
?â

ê
,Ωä = –ä

%/2Δ

7ST = F7fgh ± 7ë, F ∈ ℤ
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Entanglement of spin and motion (spin dependent kick – SDK)

Fast regime, 7sfthâ≠ ≪ 1 (7 ≈ 0 during the pulse train è the ion is eff. frozen in place)

—s≤ = 1 +
öΘ

2¥
ïÜñìô öõ ïÜ“”s≤èç- + ï

Ü“‘s≤èçû + Ö. ’.

The interaction picture evolution operator

÷± = 7ST ± 7ë

At ◊-ÿŸ/⁄€ ∈ ℤ for all pulses, while ◊ûÿŸ/⁄€ ∉ ℤ

—s≤ = 1 +
öΘ

2¥
ïÜñìô öõ èç- + ï

ûÜñìô −öõ èçû

For total pulse Θ and ¥ ≫ 1

›̈ = ïÜñìèç-ô∑ öõ + ïûÜñìèçûô∑ −öõ

THIS IS THE SDK OPERATOR!!
For ↓ è ãö’ã	fifl

For ↑ è ãö’ã	‡M·F

(or 7ST ≠
q†¢„§

%
, F ∈ ℤ)
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About State-Dependent Kick (SDK) – “spin-motion coupling”

For ↓ è +2ℏã

For ↑ è −2ℏã

Spin flip !
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About State-Dependent Kick (SDK) – “spin-motion coupling”

fidelity ~ 0.999

0 "

1 " − öõ

7ST + 7ë âu
2?

∈ ℤ

trap period

Small modulation due to micromotion
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Entanglement of spin and motion

8 pulses
ò ≈ ?/8

For ↓ è +2ℏã

For ↑ è −2ℏã

PRL	110,	203001	(2013)

í∑ÂÊÁ = ïÜñ±èç-ô∑ öõ + ïûÜñyèçûô∑ −öõ

èç± : Qubit raising & lowering operator

õ = 2ãåä = 0.2 : Lamb-Dicke parameter 

ô∑ : phase-space displacement operator

éË	: optical phase

Spin flip !
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↓ 	MN	 0 ≡ O = 0,PQ = 0

↑ 	MN	 1 ≡ O = 1,PQ = 0

Detection of Qubit StateTrapping 171Yb+ ion

Paul Trap
78 ≡ 7,7;, 7< /2? = 1.0, 0.8, 0.6 MHz

171Yb+ level structure

7ST\2? =

Experiment general procedure (detection)
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4. The Results
Large two-component cat states

Multicomponent cat states
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Ramsey contrast È ò, ¥; é = ↑ Îç ↑

=
&

%
+

&

%
∫ƒ " ïû^ ≠Ì y &ûÓÔ á 	 cos 4√ − é ‡%"
�

�

( w/ Glauber ƒ function : ƒsSgfÚ " =
&

πqG
ïû

Û y

Ù )

È ò, ¥; é =
1

2
+
1

2
ïû^ ≠Ì

y %qG-& &ûÓÔá cosé

Expected Ramsey fringe pattern

ò = 0

ò =
?

2

PRL 115, 213001 (2015)

Here	òà time delay btw SDK sets
(7s is trap frequency, 1 MHz)

é = à1

(give	detuning,	à, scan)
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Large two-component Cat State 

‡ Δ"

‡â
≈ 2õefgh

ò = 71

¥ ≪ 2?efgh/7

V% = ↑ " + ↓ −"

VT = ↑ −"ïûÜá + " + ↓ "ïûÜá − "

ı ò = ıäï
û^ ˆ y &û˜poá

The fidelity, ℱ = ıä
&/%

V& = ↑ + ↓ F = 0

The interference contrast in the qubit population (up)

Alternating propagation direction (Pockels Cell)
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Large two-component Cat State 

ò = 71

‡ "

‡â
= õ7/?

‡ Δ"

‡â
≈ 2õefgh¥ ≪ 2?efgh/7

Slower but
higher fidelity

Alternating propagation direction (Pockels Cell)

Adjust the pulse timing 
instead of changing beam path

Showing the trace of one qubit state
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Multicomponent Cat State (three-, four-component states)

V˜ts
∞,^ 	 = ↑ ïÜñ± "ïûÜá + " + ïÜñy|"ïûÜá − "⟩

+ ↓ ïÜñ˚ −"ïûÜá + " + ïÜñ¸| − "ïûÜá − "⟩

" + 0 + −" " + −" + ö" + −ö"

V% = ↑ " + ↓ −"

V∞ = ↑ − ↓ " + ↑ − ↓ −"
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Multicomponent Cat State (back to two-component state)

V˜ts,ä	 = ↑ −"ïûÜá + " + ↓ |"ïûÜá − "⟩

V˜ts,π	 = ↓ "ïûÜá + " + ↑ | − "ïûÜá − "⟩

V% = ↑ " + ↓ −"

V∞ = ↑ − ↓ " + ↑ − ↓ −"

For ò = P?
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Multicomponent Cat State (six-, eight-component states)

V∞ = ↑ − ↓ " + ↓ + ↑ −"

V% = ↑ " + ↓ −"



5. Discussion
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Limited by the size of the laser beam (not by Lamb-Dicke Regime)

Make more complicated multicomponent states è 2D, 3D

As lowing the trap frequency the larger separation could be achieved (20˝m)

à enhance the sensitivity of measuring rotation & E-field gradient(proximal)

à high-resolution imaging techniques 


