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Trapped Neutral Atoms

Atom arrangement/control
e optical lattices

e micro-magnetic traps

e dipole-trap arrays
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Trapped Atomic Ions
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Ca*, Sr*, Ba", Yb* Be*, Mg", Hg", Cd*, Zn"*

lo— IT)

optical

S —@— |¢> S —o— |T> |¢> "\, Microwave



111Cd*+ atomic structure
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Ramsey interferometry with a
trapped ion HF qubit: atomic clockwork
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qubit initialization

v/2n = 50 MHz
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qubit measurement
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qubit measurement
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qubit manipulation
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More ions: Use collective motion to entangle

Mapping:
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More ions: Use collective motion to entangle

P3/2

1
0 )
S1/2 D —
10

- 4y
Mapping: (o|d)y + BIT)) [0), — 1)

(|0 + Bl D)




Entangling Ions with Collective Phonons

laser cool to
rest (n=0)

L IR B B S OB A O O B R BT I U B T T SE R

crenee e o o1y mapjth qubit

J & tophonon

| | k % flip kth qubit
L T I B B R O B R R I AR & % & a ifphononpresent

laser

J K map phonon

L R A I B I N R R RS R B I T B CEE B R I tOjthQUbit

laser
Cirac & Zoller, Phys. Rev. Lett. 74, 4091 (1995)



Cirac-Zoller Scheme
NIST(1995): N=1 ion, F=85%
Innsbruck (2003): N=2 ions, F=71%

Major improvements:
e Don’t need to individually address ions to entangle them
e Don't need a “pure” state of motion
Thy: Molmer & Sorensen (1999)
Milburn, Schneider, James (1999)
Exp: NIST (2000): N=4 ions, F=57%
NIST (2003): N=2 ions, F=97%




“State-dependent force” gates

N=1 ion: Force= F,|TXT|

I =
T = e

P

X (¢ < enclosed area)
laser
N=2 ions W=
e.g., force on stretch mode only IT = el T

N = el
AVA VA VAV Mo
¢= n/2: n-phase gate
NIST (2003): 97% Fidelity



Ultrafast force gates (theoretical):

e Don’t need Ax <A (Lamb-Dicke confinement not required)
e Not speed-limited by motional trap frequency

Thy: Garcia-Ripoll, Zoller, Cirac (2003)
e OK in the presence of other ions

Thy: Duan (2004)

Exp: Need good pulsed lasers!
(eg., 1 GHz rep rate, t=1 psec)



linear rf trap



eg., teleportatio
(NIST, 2004)




New Trapology @. chiaverini, NIST)

AJ'/Q

Il I N E e
dc rf dc rf dc

Planar trap

Splitting electrode




,GaAS/AIGaAS D. Stick (Michigan) -~ = . .
| K. Schwab (LPS/U Maryland)

LP5 SEl 30.0kV #80 100pum WD 29.2mm



X450  10pm WD 29.2mm






Using a photon as the data bus
“"DiVincenzo 6,7"

cavity-QED (trap the photon too)
CalTech
ENS-Paris
MPQ-Garching

Ensemble spin-squeezing
Copenhagen
Rochester
Harvard

entanglement of atom & photon:
must have excellent control of both atom and photon



Ideal quantum memory
trapped atomic ion

Quantum communication channel
photon: “flying qubit”

optical fiber

trapped
ions

trapped
ions



Probabalistic entanglement between
a single atom and single photon

T ~ 3 nsec

2P3/2

see only c*




Schematic of
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Conditional Probability
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... and after rotation
of each qubit by n/2
before measurement
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Blinov, et. al., Nature 428, 153 (2004)



Can use this technique to seed
remote ion-ion entanglement...

coincidence

photon
detection Speed of gate:

R = 1_q(Psucc)z

0.01/sec now
PBS

10%/sec possible

Here There
L L K N LR XN

... and form the basis for scalable QC

Duan, et. al., Quantum. Inf. Comp. (in press), quant-ph/0401020



Physics Today
March, 2004

New Frontiers in Quantum
Information With Atoms and lons

Both the precision control of trapped-ion systems and very
large samples of cold neutral atoms are opening important
new possibilities for quantum computation and simulation.

J. Ignacio Cirac and Peter Zoller

he success story of quantum opties during the past 10

vears is largely based on progress in gaining control of

systems al the single-quantum level while suppressing un-
wanted interactions with the environment, which cause
decoherence. Those achievements, illustrated by storage
and laser cooling of single trapped ions and atoms and by
the manipulation of gingle photons in cavity quantum elec-

trodynamies, have opened a new field: the engineering of

interesting and useful quantum states. In the meantime,
the frontier has moved toward building larger compesite
systems of a few atoms and photons while still maintain-
ing complete quantum control of the individual particles.
The new physies to be studied in these systems is based
on entangled states and ranges from a fundamental point
ol testing quantum mechanics for larger and larger sys-
tems to possible new applications such as quantum infor-
mation processing and precigion measurements.'*

The past few years have seen extraordinary progress
in experimental atomic, molecular, and optical (AMO)
physics. Two highlights of those developments are laser-
cooled trapped ions' ® and cold atoms in optical lattices.* !
These two examples also illustrate the different perspec-
tives and strengths of AMO systems. Systems of a few
trapped ions have demonstrated quantum-entanglement
engineering with high fidelity (that is, low error rate) in
the laboratory, and these systems are well on their way to-
ward scalable quantum computing (see box 1), with no fun-
damental obstacles in sight—at least from our current un-
derstanding. Neutral atoms can be Ioaded from a
Bose—Einstein condensate (BEC) into an optical lattice via
a quantum phase transition and can provide a huge num-
ber of qubits that can be entangled in massively parallel
operations. Such a system holds the promise of a quantum
simulator (see box 2) that may offer insight into other
fields of physics, such as condensed matter physics.

Althouoh we foene on theee two AVMO svetame 31 thia

during recent years. Those systems in-
clude single photons, nuclear spins of
donor atoms in doped silicon, super-
conducting Josephson junctions in
both the charge- and flux-quantiza-
tion regimes, semiconductor quantum
dots, nuclear magnetic resonance
samples, and electrons floating on lig-
uid helium. Some of the ideas we re-
view here will likely apply to these systems il they ulti-
mately succeed as quantum computers.

Cold trapped ions
Right after Peter Shor’s discovery in 1994 of a factoring al-
gorithm for quantum computers' (see PHYSICS TobAY, Oc-
tober 1995, page 24), trapped iong interacting with laser
light were identified as one of the most promising candi-
dates to build a small-scale quantum computer.” The rea-
son is that, for many years, the technology to control and
manipulate single (or few) ions had been very strongly de-
veloped for ultrahigh-precision spectroscopy and atomic
clocks.'? In particular, ions can be trapped and cooled in
such a way that they remain practically frozen in a spe-
cific region of space; their internal states can be precisely
manipulated using lasers and can be measured with prac-
tically 100% efficiency; and they interact with each other
very strongly due to the Coulomb repulsion, yvet they can,
at the same time, be decoupled from the environment very
efficiently.

lons stored and laser-cooled in an electromagnetic
trap (see figure 1) can be deseribed in terms of a set of ex-
ternal and internal degrees of freedom. The external de-
grees of freedom are closely related to the center-of-mass
motion of each ion; the internal, related to the motion of
electrons within each ion and to the presence of electronic
and nuclear spins, are responsible for the existence of a
discrete energy-level structure in each ion. Each qubit can
be stored in two of the internal levels. typically denoted by
|0) and [1). These levels have to be very long-lived and suf-
fer no decoherence, so that they are not disturbed during
the computation. That condition can be achieved, for ex-
ample, by choosing them as ground hyperfine or
metastable Zeeman levels, where spontaneous emission is
practically absent.

To start a computation, one can prepare all the qubits
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