Quantum Networks with' Ions N
Phononsran-j°_.

Iah,  National nstitute of
INSTFFﬁ‘]' #. Standards and Technology




JOINT
QUANTUM
INSTITUTE

lq

]

e e e

S
Quantum science
&b for tomorrow’s tec hnolog‘y




Trapped Atomic lons
\*:w'f* /

Barcelona
Berkeley

Boulder (NIST)
Duke

Georgia Tech
Griffith (Australia)
Innsbruck

Los Alamos
Maryland/JQI

MIT

Munich
Oxford

Paris

Siegen
Seattle (UW)
Simon Fraser
Sussex

Tokyo

Ulm

Weizmann Inst.

Yb* crystal

.5k ko e B e
)

~5 um

C.M. & D. J. Wineland, Sci. Am., 64 (Aug 2008)
R. Blatt & D. J. Wineland, Nature 453, 1008 (2008)




171Yb* hyperfine qubit
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L71Yb* qubit detection
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L71Yb* qubit detection
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L71Yb* qubit manipulation
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Suppressing Spontaneous emission: 355nm

Differential Stark Shift
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Ultrafast/ultraclean control of a single spin
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lon Trap Quantum Networks

e Local connections through the

Coulomb/dipole interaction e v

e Nonlocal connections
with photons




L71Yb* qubit with motion
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Cirac and Zoller, Phys. Rev. Lett. 74, 4091 (1995)
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Transverse Modes In a linear trap
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Raman spectrum of N=9 ions
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Global spin-dependent force
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ADD: Independent spin flips

rlirdirirardiriririririte vl

.
b

- - -
. . -

(I




-enhanced

Raman
beatnotr

WHF
h

2Mao,

normal mode matrix
ion 1, mode K

g

H=F x=Ak) Q6 x;b [aje"“ *" +a,e )]
1,k
Adiabatic elimination of phonons: |u —o] >> Q,

A(Q) A (] (i hQ.Q . (Ak)® b*b
_ (i) ~(J) (i) _ B4R i Yj
H_ —ZJLJ—O'X o, +Bzi:0y Jii= - Zk:ﬂz—wf

E|



Quantum simulations with ions

D. Porras and J. I. Cirac, Phys. Rev. Lett. 92, 207901 (2004)
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Initialization Detection
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Ferromagnetic couplings J1p=313=3,, <0

ground state is entangled
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K. Kim, et al., Nature 465, 590 (2010)




Simplest case of spin frustration |J;,=J;5=J,3>0
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Frustration < Entanglement K. Kim, et al., Nature 465, 590 (2010)
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Emergence of ferromagnetism vs. N

(uniform couplings)
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Distribution of magnetization for N=2,3,..9 spins
(Uniform FM couplings)
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Sharp phase transitions in a small spin network of trapped ions
with frustrated coupling

G.-D. Lin! C. Monroe? and L.-M. Duan'

1. Department of Physics and MCTP, University of Michigan. Ann Arbor, Michigan 48109
2. Joint Quantum Institute, University of Maryland Department of Physics and
National Institute of Standards and Technology, College Park, Maryland 207/2 USA
(Dated: Mav 18, 2010)
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slight change

FM order -  ~ s “Kink” order

FM interaction

e AFM interaction

from SIAM News, Volume 33, Number 6

The Ising Model Is NP-Complete 5 5.1 ci.

In 1925, the German physicist Ernst Ising introduced a simple mathematical model of phase transitions, the abrupt changes of
state that occur, forexample, when water freezes or a cooling lump of iron becomes magnetic. In the 75 years since, the Ising model
has been analyzed, generalized, and computerized—but never, except in special cases, solved. Researchers managed to get exact
answers for physically unrealistic, two-dimensional systems, but have never been able to make the leap out of the plane.

There could be a good reason: The Ising model_in its full. nonplanar glory, is NP-complete.

Can quantum computers solve NP-complete problems?



lon Trap Quantum Networks

e Local connections through the

Coulomb/dipole interaction e v

e Nonlocal connections
with photons




Linking atoms with phes@ns pholons
171y
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Blinov, et al., Nature 428, 153 (2004)
Madsen, et al., PRL 97 040505 (2006)
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teleportation s ' Detect coincident

event:

between a|¢>|T>—B|T>|¢>
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Measure
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tomography of teleported state State

| | Teleported ~ Fldelity
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(Fidelity) > 0.90

Teleportation: S. Olmschenk, et al., Science 323, 486 (2009)
General Gate: P. Maunz, et al., Phys. Rev. Lett. 102, 250502 (2009)
private random number generation: S. Pironio, et al., Nature 465, 590 (2010)

1 bit: 12 minutes
1500 events = 300 hours



Quantum networking with probabalistic entanglement

Quantum repeaters
Briegel et al., PRL 81, 5932 (1998)

Distributed quantum computing with hybrid gates
Duan, et al., Quant. Inf. Comp. 4, 165 (2004)

log N
P
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Large scale vision (10° - 10° atomic qubits)

N x N optical Y
N trapped ion quantum registers crossconnect switch N/2 beam splitters

CCD Camera
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