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Review of lon Laser Interaction

e Carrier, Red-Sideband, Blue-Sideband Transition
e Schrodinger Cat State

Geometric Phase Gate and Spin Dependent Force

e Geometric Phase
e Spin Dependent Force

Scale Up




Carrier, Red sideband, Blue sideband
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Carrier, Red sideband, Blue sideband
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lon-Motion Coupling: Schrodinger Cat state

Applying both red-sideband and blue-sideband transitions
Hrb — Hrsb + Hbsb = (h/Z)ﬂQgAX[aJF +a]
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Schrodinger Cat state
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C. Monroe, et al., Science 272, 1131 (1996)
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Classical Motional and Quantum Phase

Quantum State Evolution

w(t)) =expl-i[ Hat | (0))

= exp(—ij Edt)w(0)>,
if |y ) is the eigenstate of H

Classical Correspondence

y(t) = expl-i[ Loty (0).

where L =T -V, Lagrangian w(0))
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Forced Harmonic @©sicliator

Harmonic Oscillator Force Motion

Classical
F(t)=F, cos(w+ )t
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Forced Harmonic Osicllator and Geometric Phase

Phase Space
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Spin-Dependent Force

AC Stark Shift Spin-Dependent Force




Spin-Dependent Force and Effective Ising Interaction




Spin-Dependent Force and Effective Ising Interaction

‘TT> =X exp(i¢)( TT>




Effective Ising Interaction
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Effective Ising Interaction

H, =E/2(c¥+ oY

z

1) = explig| M) =Eo.0,", ¢~ Et
(60 + oY
‘T¢> = exp(io)( T¢> ((1 Y (1 WY
_ -1 o
1) = exp(i0)4T) 1 -1
\\ -1) _1))
)= explig) L) E O \




Addition ofiBlue and' Red Sideband' Transition

Applying red- and blue-sideband transitions for an lon

H, =H . +H,, =(1/27Q6,[a* +a]

Applying red- and blue-sideband transitions for two lon
through center of mass mode

H, =H,g +Hy =/ 27Q6% + 6@ Ja;, +a,, |

Applying red- and blue-sideband transitions for two lon
through stretch mode

H, =H g +Hy = (1720060 - 62 Jas +a, |
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Raman

Resonant-enhanced force | beatnote
4 axial transverse/
modes modes
—? :
Raman B | . | i
beatnotes: *_";'*ﬁ'# " —>
O & H detuning u ~ 5MHz

,/ 2ma) normal mode matrix:
/ ion i, mode k

H = Q(Ak)) 61"x;b [ak g'uat g, g7
i,k
Adiabatic elimination of phonons: |z —®]| >> Q,

k
_ ~ (i) 2 () QP (AK)® < brb;
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Time Evolution of 'the Operation

Applying red- and blue-sideband transitions with some detuning

H =H_ +H, =(/2hQs, [a*e'é"+ae ]

U(t) = exp {; (/D?t H()dt + ;/Didt’ /: dt"[F (¢, H L (t")] + ) }

N

U (t)=exp|lea” —a"a)s, Jexplid(t)] = D(as, Jexplio(t)s?]

where, a(t)= —iﬁ%ei&'dt'
o)1 (o)
(: Im[— [ a(t')*da(t')D Cu




Time Evolution of 'the Operation

U(t)=D(as, )explio(t)s?]

where, a(t _—|j e 'é‘dt_ (1 e )
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Time Evoelution of'the Operation — Iwo Qubit Case

&, )explio(t)s?|

= U ()= D(af6 + 62 expliot(fe + 6T

Whent:%”,a(t)zo,

U(t)=D(aé




Time Evoelution of'the Operation — Iwo Qubit Case

2
U (t)=exp iﬂ(nﬂj [6D + 65D
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Time Evoelution of'the Operation — Iwo Qubit Case




Two Qubit Gate- EXperiments




Two Qubit Gate — Fidelity

0 100 200 300 400 500 600 5(° )?{'Jo

(F)=( +TT] g [ + TT)
=1/2(P,, + P, )+C/2 >96(2)%

C. A. Sackett, et al., Nature 404, 256 (2000)
K. Kim, et al., Phys. Rev. Lett. 103, 120502 (2009)

Or Tomography

M. Riebe, et al., Phys. Rev. Lett. 97, 220407 (2006). n,




Two Qubit Gate — Fidelity

|SS> 4 |DD> . J. Benhelm, G. Kirchmair,

1.0

C. Roos
Theory: C. R00s,

08 New J. Phys. 10,
= 013002 (2008)
5 06
3 04 measure entanglement
;% ' via parity oscillations
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Phase ¢ of analysing pulse ()

Fus = 99.3(0.2)%




ime Evolution of'the Operation — N Qubit Case

U(t)= D(aé, )explid(t)]

= U()-0{ o301 e 01T
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ime Evolution of'the Operation — N Qubit Case

N - qubit GHZ state generation

N =

\IJ=12(|SS...S)—|—|DD...D))
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Fidelity (%)

99.5(7)

99.6(1.6)

98.7(2.0)

95.8(1.5)

1 91.9(3.0)

82.1(2.8)

T. Monz et al., PRL 106, 130506 (2011).
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Challenges of Trapped lon System

The Main problem to scale up the system

More ions: difficult to isolate single mode of motion

eg) 4-ion axial mode spectrum

carrier

Fluorescence counts
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Proposal: Quantum CCD

D. Kielpinski, et al. Nature 417, 709 (2002)

“refrigerator” ions = =
- g =
suppress motional — —
decoherence =, =,
ZT o
g 5 few mm
segmented =
- R Eid
lon trap = =
electrodes e\ T A
9 g
4 1 .
w4 « B - criments Toward
d’ . P
g § «mm Quantum CCD
uantum e /e ma Appl. Phys. B 78, 639 (2004)
. < — ¥ & APL 88, 034101 (2006)
memory , b . Nature Phys. 2, 36 (2006)
/ - - PRL 96, 253003 (2006)
. PRL 102, 153002 (2009)
Nature 459, 683 (2009)
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Science 325, 1227 (2009)
Nature Phys. 6, 13 (2010)




How te Scale up

Axial Modes Transverse Modes
a)com a)zigzag a)zigzag wcom
v v v v
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L.—M. Duan et al., EPL 86, 60004 (20C




Proposal: Quantum Network

Detector A

L.-M. Duan, et al., Quant. Inf. Comp. 4, 165 (2004).

. .. V
Simultaneous /—_:I-JJ.IJ’ EX p erl m entS TOWard

excitation pulses

Quantum Network
jon2 050 8 it Jeector® Nature 428, 153 (2004)
N @ PRL 93, 090410 (2004)
Nature Physics 3, 538 (2007)

Nature 449, 68 (2007)

i :x%(lg>1|blue>+ fehlred)) On simultaneous detection PRL 100, 150404 (2008)
w, =,i(|g}2|blue} + le), |red)) Phinal =¢1?':|Q}||e)2‘ lehlg)a) Science 323! 486 (2009)
2 Nature 464, 45 (2010)...
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Conclusion and Outiook

To realize a well-controlled, large-scale quantum system
(Quantum computer/simulator) with trapped ions
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E. Knill, Nature 463, 441 (2010). f
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