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Quantum Algorithms Demonstrated with Ions

* Deutsch-Jozsa (is a function constant or balanced?) 1 qubit
* Dense coding (using one qubit to transmit 2 classical bits)
* Fast Fourier Transform: 3 qubits

* Quantum Teleportation: 3 qubits

* Grover (searching unsorted database): 2 qubits

NIST-Boulder
Innsbruck
Michigan
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Implementation of Grover’s Search Algorithm
on N=2 ions (4-element database)
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Implementation of Grover’s Search Algorithm
on N=2 ions (4-element database)
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Decoherence of C.0.M. motion

v =d(n)/dt
v ~ MHz

T

expect » ~ 1 sec’’ (blackbody rad.)

measure v~ 10% - 10° sec™
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COM mode at ®
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“lon-in-the-middle” sympathetic laser cooling:

quench heating without disturbing internal state
OR symmetric stretch mode

continuous cooling of middle ion
eliminates C.0.M. heating from uniform fields
(tight focusing, or different species)
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D. Kielpinski, et. al., Phys. Rev. A 61, 032310 (2000)



BETTER: Indirect use of motion for quantum gates

0,0
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Force = F,| TXT]
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BETTER: Indirect use of motion for quantum gates
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BETTER: Indirect use of motion for quantum gates
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BETTER: Indirect use of motion for quantum gates
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N=2 ions 1L— 1}

e.g., force on stretch mode only T = ¥l

N = T

AVA VA VAV M= M
o= h%ﬁ = n/2: n-phase gate

Molmer and Sorensen. PRL 82, 1835 (1999)
Solano, de Matos Filho, Zagury, PRA 59. R2539 (1999)
Milburn, Schneider, James, Fortschr. Phys. (2000)

Leibfried et a/ . Nature 422, 412 (2003) G— =07

Lucas, Steane. ef al. (2005)
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N=2 ions JE— L)

e.g., force on stretch mode only T = 41T
AVAVa VAV I ngats
="
H =nQao:
1 =1l ~ ¢= n/2: n-phase gate
Molmer and Sorensen. PRL 82, 1835 (1999)
Solano, de Matos Filho, Zagury, PRA 59, R2539 (1999)
Milburn, Schneider, James, Fortschr. Phys. (2000)
Leibfried ef a/ . Nature 422. 412 (2003) <Gr—— =07

Lucas, Steane. er al. (2005)

N=6 ions TITTIT = Ll

Leibfried er a/ , Nature 438, 639-642 (2005)
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Problem with 6, 6, gates:

With “clock” state qubits
(no differential Zeeman shift),...

cannot realize a spin-dependent force
(no differential AC Stark shift)

P_J Lee, etal, Journal of Optics B 7, S371 (2005).

Solution: do oy, o, gates instead!

Molmer and Sorensen, PRL 82, 1835 (1999)
Solano, de Matos Filho, Zagury, PRA 59. R2539 (1999)
Milburn, Schneider, James, Fortschr. Phys. (2000)

Haljan, et al . PRL 94, 153602 (2005); PRA 72, 062316 (2005)
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N=2 ions W= 1l

e.g., force on stretch mode only T = #l1T

N = e#Tl
AVAVAVAV = 1
o= hg&j = n/2: n-phase gate

Molmer and Sorensen. PRL 82, 1835 (1999)
Solano, de Matos Filho, Zagury, PRA 59, R2539 (1999)
Milburn, Schneider, James, Fortschr. Phys. (2000)

Leibfried et al . Nature 422, 412 (2003) G——— =07

Lucas, Steane, ef al. (2005)

N=6 ions 11T = Ll

Leibfried et a/ , Nature 438, 639-642 (2005)
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Problem with 6, 6, gates:

With “clock” state qubits
(no differential Zeeman shift),...

cannot realize a spin-dependent force
(no differential AC Stark shift)

P._J Lee, etal, Journal of Optics B 7, S371 (20053).

Solution: do oy, o, gates instead!

Molmer and Sorensen, PRL 82, 1835 (1999)
Solano, de Matos Filho, Zagury, PRA 59, R2539 (1999)
Milburn, Schneider, James, Fortschr. Phys. (2000)

Haljan, et al., PRL 94, 153602 (2005), PRA 72, 062316 (2005)
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Scale up?
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(6-zone) alumina/gold trap

(D. Wineland, et al , NIST-Boulder)

view along axis:

dc rf Multiqubit operations
- teleportation

« 3-qubit phase noise error correction
Pirsa: 07060054 [T dc « FFT

« entanglement purification
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(6-zone) alumina/gold trap

(D. Wineland, et al . NIST-Boulder)

100 pm

view along axis:

dc rf Multiqubit operations

- teleportation

_ « 3-qubit phase noise error correction
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GaAs Ion |

D. Stick, W. Hensinger, M. 'Madsen
(Michigan and LPSAMaryland)
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Cd* ion

Ve =8V @ 16 MHz (O~50) Power ~ Vi 2Q? ~ V3
Veranic = 1V (endcaps), —0.33V (middles) ~ 1mW

Trap frequencies: 1.0 MHz, 3.3 MHz and 4.3 MHz

Trap-depth: 0.08 eV Lifetime w/o cooling: O.1sec






Heating in Trapped Ions vs. Proximity to Electrodes
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“double needle” trap

(L. Deslauriers)

e 15 um diameter W tips
* adjustable separation
» cooling to 77K




Heating in Trapped Ions vs. Proximity to Electrodes

heating rate
(quanta/sec)

Pirsa: 07060054

107

108

100

D4

—

109

102

10

GaAs chip trap
| ]
i 11 &
s - . ‘_:*Be-l—
s L]
I 111(:(:]; nﬁl L B
3 ' ¢ o,
= L
* =
» @100+
| Johﬂs =5 Hg
no;se On »
20 40 60 80 100 200 400 600 8001000

distance d to nearest electrode (um)

Page 142/189



“double needle” trap

(L. Deslauriers)
0

e 15 um diameter W tips
e adjustable separation
e cooling to 77K










Heating in Trapped Ions vs. Proximity to Electrodes
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Heating in Trapped Ions vs. Proximity to Electrodes

heating rate
(quanta/sec)

Pirsa: 07060054
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Inferred Electric Field Noise
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Inferred Electric Field Noise
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Ion Trap Quantum Networks

e Local entanglement .
through the Coulomb - 2 ~e) O W

interaction (phonons)

e Shuttling ions through
advanced scalable trap
structures

e Nonlocal entanglement :
though spontaneous 3 ;
emission (photons) mﬁ"' L‘
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Ion Trap Quantum Networks
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Ion Trap Quantum Networks

e Local entanglement i
through the Coulomb - % ~10-°m

interaction (phonons)

e Shuttling ions through
advanced scalable trap
structures

e Nonlocal entanglement ..
though spontaneous 3 ;
emission (photons) 1&* «Lﬁ




Linking atoms with pﬁaﬁs pholons
111Cd+

2P1/2

: 00="7T
2 5
51/2 [ 145 GHz

Pirsa: 07060054 1'_1 1r0 — J, 1'1 Page 155/189
Blimov. et al . Nafure 428. 153 (2004)



Linking atoms with pp@ﬁs pholons

111Cd+
T~ 2.0 nsec

0,0=1T
2 S €
51/2 [ 145 GHz

f i |

Il
.
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Blinov. et al . Nature 428. 153 (2004)
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Linking atoms with MS pholons
111Cd+

ZF’1/2

[ 145 GHz

Pirsa: 07060054 3 1 @ i = - . Pa ge 157/189

Blmov, et al. . Nafure 428, 153 (2004)




Linking atoms with pjcﬁno/n.s pholons

111Cd+

2p1/2

select only
n—polarization

251/2

Pirsa: 07060054 1 - 1

2.0 nsec
g a0 =1
1,0 = L1

Given photon emerges
from polarizer

lp) = N)|blue) + [T)|red)

(post-selected)

[ 145 GHz
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Blimov, et al . Nature 428, 153 (2004)



excellent probabilistic
p-107 single photon source

beam- gl2lit) ‘
. splitter i | . i
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“Yb* atom _e '
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P. Maunz, et al., Nature Physics (2007)



p~-10+

beam-
splitter

photo-

hoto-
detector P

detector

optical
fiber

Single W
trapped 3
2Yb* atom

Bisa 42080058
i 8.1 MHz

BRI

excellent probabilistic
single photon source
10

g[EJ{t}

0.1

delay (ns)
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P. Maunz. et al., Nature Physics (2007)



Hong-Ou-Mandel Interference

/ > destructive interference
of these paths

Hong, Ou, and Mandel, PRL, 59, 2044 (1987)

Pirsa: 07060054 & & Page 161/189




p—-10~*

beam-
splitter

photo-

hoto-
detector P

detector

optical
fiber

Single W
trapped 13
Yb* atom

Bif35: 070406585
© 8.1 MHz

BRIt

excellent probabilistic
single photon source
10

g[EJ{t}

0.1

delay (ns)
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P. Maunz. et al., Nature Physics (2007)



Hong-Ou-Mandel Interference

/ > destructive interference
of these paths

Hong, Ou, and Mandel, PRL, 59, 2044 (1987)
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p~107° s

beam-
splitter

photo-
detector

Single
trapped ¢
2Yb* atom

Bia qr080a5&S
© 8.1 MHz

Quantum interference from
two independent photons

¥

mtes

~ 2 hours |

VWUV WV UUWUA

-500 0 500
delay ins)

Hong. Ou. Mandel. PRL 59, 2044 (1957)
Santory. et al.. Nature, 419, 594 (2002)
Kaltenbaek. et al, PRL. 26, 210502 (2006)
Legero. etal.. PRL. 93, 070503 (2004).
Thompson. et al., Science. 313. 74 (2006).
Felnto. et al. Nature Physics, 2. 844 (2006), ., o

Beugnon, et al. Nature, 410, 779 (2006).
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Now with odd isotopes (having nuclear spin)

p~10~°

|LP> = (l‘l')1 lblue>1 = |T>1|red>1)
Q(|1),|blue), + | T),| red),)

beam-
splitter

photo- zhoto-
detector etector
| ._ = [ D= D),
>, \d

...upon coincidence
photon detection

optical
fibers

Single
trapped W
7Yb* atom 3’

Single
trapped
7Yb* atom

Bisa: q708005%<
i 1 MHz
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Now with odd isotopes (having nuclear spin)

p~107°

) = ([¥);|blue), + | T),|red),)
beam- G Q(|{),|blue), + | T),|red),)

splitter

photo-
detector

photo-
detector

= [, T, — I, [,

...upon coincidence
photon detection

Single
trapped W

Single
trapped } s
171Yh* atom nsensitive to

« interferometric phase noise
« ion motion

Page 167/189

C. Simon and W. Irvine, PRL 91, 110405 (2003)
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Measured ion correlations
given coincidence photons

274 events

05

04

0.3 A

iy

Probability

5 By

Pirsa: 07060054 Page 168/189



Measured ion correlations
given coincidence photons

274 events

05

4? 04

e 03 -
(18]
o |

O 02 4
.
0

651

D o

Pirsa: 07060054

Rotate both qubits by 6=nr 2,
with phase difference ¢

cos(¢2) (L T ,— 1T 4 ,)
+ sin(@2) (1T T =1 4 ,)
502 events
1
= SWE L E. R i
3 TN £ N\
Tesf TV P IN
E 0 Y N
2 02 -
u | | 1 ] 1 1 1
0 =2 ® SwE 2x 2
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Measured density matrix:

L L Tl 1
(0.11 2 ? ?7 ) U
? 038 -024 7 | u
7 -024 040 7 | 1
L 2 ? ?  0.11,

Fidelity F = (¥ p|[¥)

== l/l(plh H+p“’ “) +|plT- Tll
= 0.63(3)

Concurrence C = 0.25(5)

resorceoss. [ ptanglement of Formation E = 0.13(3) Page 170169



Measured ion correlations Rotate both qubits by 6=n 2,
given coincidence photons with phase difference ¢

(L :
s
+ sin(@2) (It T = 4 ,)
274 events 502 events
05 1
= B >o8l T, & .
i = T : Lt
s 0.3 - o " N | Ny
5 T osf Y ‘ Pl
o 021 g /] * \
' — T ’ ! '__\.
01 - Ey 0 5 . |
= 0. e /|
LA 4 g 02 =
ﬂ [ 1 1 [ | 1 [
() w2 ®x 2 = 552
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Probability of heralding per attempt

probability of 1

Prob. of having photon emitted

singlet Bell

and detected
state A
1 T
[ 0. 99-)(0 8)(0.5)(0.2)(0.15)(0. 07)] —3%107°
t \ \

/ solid
radiation / losses fiber angle
PEsSSEES branching coupling defcgctnr

o7 shakc efficiency sfficiency

32 excitation
probability

Rate of heralded entanglement

Pirsa: 07060054 R ]—‘p = () {)0: \Y2l8
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Now with odd isotopes (having nuclear spin)

p~1073

¥y = (|4),|blue), + |T),|red),)
beam- W (|1, |blue), + | T),|red),)

splitter

photo-
detector

photo-
detector

= [, T, — I, 14,

...upon coincidence
photon detection

Single
trapped W

Single
trapped } -
171Yh* atom mnsensitive to

« interferometric phase noise
« ion motion

C. Simon and W. Irvine, PRL 91, 110405 (2003)
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Probability of heralding per attempt

e probability of 1
rob. of having photon emitted

singlet Bell \ and detected
state =

=
0.99 ){0.8)(0.5)(0.2)(0.15)(0.02)] = 9T

[
lulb—i\l
i

o 5
| L ~\
/ / \ ‘\ solid
radiation losses - -
pattern branching CGUp“ng deltefctqr
to 2I:)3Jr2 state . EﬁiCiEHC}" effici ency
excitation
probability

Rate of heralded entanglement
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But there’s more: Remote Gates

p~10~°

1) = (@), + BITH)®(7 L), + 51T),)
= ad |4 1Ty, = BrIT, 1Y),

——
rsaj%m L.-M. Duan, et al., PRA 73, 062324 (2006}, ...



But there’s more: Remote Gates

1) = (@), + BIT)®(7 L), + 51T),)
= ad [ 1T, = ByIT, 1Y),

or equivalently,
I'P) = (1-ZZ)|¥)

L.-M. Duan, et al., PRA 73, 062324 (2006)
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Quantum networking with probabalistic entanglement
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1. Quantum repeaters




Quantum networking with probabalistic entanglement

T i S At a7
SN N NN\

1. Quantum repeaters

SC CH L

2. Distnbuted quantum computing
with hybrd gates




Quantum computing exclusively
with probabalistic entanglement 109, 46, Nature (200
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Cluster state quantum computing Raussendorfand Briegel, PRL 86, 910 (2001)




Quantum computing using probabilistic gates

Q—H@o—o—o :: *—o—9o9o 0o e _'jOin clusters

s
-

L

» Efficient computation is possible
no matter how small p

_f e o oo oo epair cluster

+ build 2D cluster

®&—® cluster state link

e Overhead scales efficiently
both with 2 and » (D control phase fiip
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Z - measurement

Dizan and Raussendorf, PRL 95, 080503 (2005) X - measurement
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