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(Stroboscopic) Coherent and Dissipative
Quantum Simulations with Rydberg Atoms

2
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 ... interactions 
or constraints 

Generation of 

(X = σx)

“exotic” many body spin systems with 
many body interactions / constraints

Possible models: Kitaev toric code model, color codes, lattice gauge theories

qubits

Topic 1:

(or: polar molecules / trapped ions)

Stuttgart + Innsbruck
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laser

moving membraneatom trapped
in optical lattice

photons as quantum bus

AMO -Solid State Hybrid Systems

3

Topic 2:
AMO

solid statequantum 
info

“hybrid”

• strong coupling of single atom via 
photons to nanomechanical 
oscillator

see also M. Lukinʼs talk

Caltech + JILA 
+ Innsbruck
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Quantum Simulations

how?

• coherent & dissipative 

• “analogue” & “digital” simulation

4

e−iHt
spins 

or 
qubits

time

coherent many body dynamics

time

dissipative many body dynamics

system

environment

E(ρsys)ρsys

U not 
observed

Feynman, Lloyd, ...

why?

• cond mat

• simulate exotic material

• prepare entangled state (as 
resource)

Topic 1:
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Coherent Quantum Dynamics

5

• “analogue” simulation
laser

•We “build” a quantum system with desired 
dynamics & controllable parameters,
e.g. Hubbard models of atoms in optical lattices

•[We know how to prepare (cool to) its ground state]

It is difficult to mimic n-body interactions & constraints

optical lattice emulators

V (n) ∼ V (2) 1
E −H

V (2) . . . V (2) 1
E −H

V (2) → ”0”

n-body 2-body effective n-body interactions in 
perturbation theory

extended 
Hubbard models

see talk by W. Phillips

exp.: almost all cold atom labs, ...
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Coherent Quantum Dynamics
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• “stroboscopic” or “digital” simulation

... e−iHeff t

single qubit gate 2-qubit gate n-qubit gate ~ n-body interaction 

qubits
or

spins

time

stroboscopic time evolution as 
sequence of quantum gates

Q.: errors?

desired many body Hamiltonian
“on the average”

Lloyd, ...
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• Q.: dissipative preparation of entangled states

8

system

environ-
ment

U
ρ

ρenv

E(ρ)

 not 
observed

ρ→ E(ρ) =
∑

k

EkρE†
k

B. Kraus et al., PRA 2008
S. Diehl et al. Nature Physics 2008
[see also: Verstraete, Cirac et al. 2008]Open Quantum Systems
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Open Quantum Systems

• Q.: dissipative preparation of entangled states

9

system

environ-
ment

U
ρ

ρenv

U U
= |ψ〉 〈ψ|
!?

 

pumping into 
pure entangled 
state of interest

engineer coupling to 
a quantum reservoir

ρ→ E(ρ) =
∑

k

EkρE†
k

B. Kraus et al., PRA 2008
S. Diehl et al. Nature Physics 2008
[see also: Verstraete, Cirac et al. 2008]
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Open Quantum Systems

• Q.: dissipative preparation of entangled states

10

system

environ-
ment

U
ρ

ρenv

U U
= |ψ〉 〈ψ|
!?

 

pumping into 
pure entangled 
state of interest

• Lindblad master equation

ρ→ E(ρ) =
∑

k

EkρE†
k

bathsystem
drive

dρ

dt
= −i [H, ρ] + Lρ Q.: engineer quantum reservoirs  

couplings?

steady state

ρ(t) t→∞−−−→ ρss

!?= |D〉 〈D|

mixed state

pure state 
(“dark state”)

B. Kraus et al., PRA 2008
S. Diehl et al. Nature Physics 2008
[see also: Verstraete, Cirac et al. 2008]

n-body quantum jump operators ☹
Friday, April 24, 2009



Example: Kitaev Toric Code 

11

qubit atoms

• ground state of the Kitaev toric code Hamiltonian

H = −h
∑

plaquette

σ(1p)
x σ(2p)

x σ(3p)
x σ(4p)

x − h
∑

star
σ(1s)

z σ(2s)
z σ(3s)

z σ(4s)
z

= −h
∑

p

S(p)
x − h

∑

s

S(s)
z

• toric code |K〉 with
{

S(p)
x |K〉 = |K〉 , S(s)

z |K〉 = |K〉
}

for all X and Z stabi-
lizers

• Kitaev

Friday, April 24, 2009



Example: Kitaev Toric Code 
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Sx = σ(1)
x σ(2)

x σ(3)
x σ(4)
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Sx = σ(1)
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for all X and Z stabi-
lizers

four body interaction

Sz = σ(1)
z σ(2)

z σ(3)
z σ(4)

z

• Q.: can we simulate the toric code 4-body Hamiltonian?

• Q.: can we prepare the ground state dissipatively?
with Rydberg atoms 
& dipolar interactions

• Kitaev
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Example: Kitaev Toric Code 

12

qubit atoms

n-qubit gate 

time

H
H

Rydberg controller

qubit 1
2

4

3

• Rydberg implementation
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Example: Kitaev Toric Code 

12

four-body interaction term
via Rydberg dipole-dipole

Sx = σ(1)
x σ(2)

x σ(3)
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qubit atoms

n-qubit gate 

time

H
H

Rydberg controller

qubit 1
2

4

3

• Rydberg implementation
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Example: Kitaev Toric Code 

12

four-body interaction term
via Rydberg dipole-dipole

Sx = σ(1)
x σ(2)

x σ(3)
x σ(4)

x

qubit atoms

X-controller

... can be simulated with help of 
      an auxiliary X-controller atom

n-qubit gate 

time

H
H

Rydberg controller

qubit 1
2

4

3

• Rydberg implementation
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Example: Kitaev Toric Code 

12

four-body interaction term
via Rydberg dipole-dipole

Sx = σ(1)
x σ(2)

x σ(3)
x σ(4)

x

Z-controller
qubit atoms

X-controller

... can be simulated with help of 
      an auxiliary X-controller atom

n-qubit gate 

time

H
H

Rydberg controller

qubit 1
2

4

3

• Rydberg implementation
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Example: Kitaev Toric Code 

• pumping stabilizer states

13

σx|±〉 = ±|±〉

|+〉

|−〉

|+〉

|+〉

1

2

3

4flip?

Tx : ρs !→ A1ρsA
†
1 + A2ρsA

†
2

A2 =
1
2
σ(i)

z (1 + Sx) != A†
2

if +1, do nothing

• n-qubit gate + optical pumping of the Rydberg atom

A1 =
1
2

(1− Sx) = A†
1

if -1, pump

4 &  5 body operators ☹

Sx=+1Sx=-1

Friday, April 24, 2009



Building Block: n-qubit CNOT Rydberg Gate

14

Rydberg controller

qubits

G = |0〉c〈0| ⊗ 1 + |1〉c〈1| ⊗ σ(1)
x σ(2)

x σ(3)
x σ(4)

x . . .

n-qubits
Rydberg controller

• gate: ingredients
- atoms in a large spacing optical 

lattice: addressability [D. Weiss]
- Rydberg dipole-dipole

 

✓ High fidelity even for moderately 
large # qubits

✓ Fast 3 laser pulses
✓ Long-range interactions
✓ Robust with respect to 

- inhomogeneities in the 
interparticle distances

- variations in the interaction 
strengths

- no mechanical effects
✓ experimentally realistic 

parameters

features:

dark state magic

Müller et al, PRL 2009
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1. Coherent Time Step

15

X-controller

|0〉 |1〉

|A〉 |B〉

|+〉

|−〉

|+〉

|+〉

1

2

3

4

stroboscopic simulation

composed
 evolution

with

H = −!α

τ
σ(1)

x σ(2)
x σ(3)

x σ(4)
x

|Ψ′〉 = U |Ψ〉

U ≡ exp(−iHτ/!)

… and similar for ZZZZ

time
|0〉

|Ψ〉

our multi-qubit CNOT-gate 

G = |0〉c〈0| ⊗ 1 + |1〉c〈1| ⊗ σ(1)
x σ(2)

x σ(3)
x σ(4)

x

?
|0〉

|Ψ′〉

τ

resource:

Friday, April 24, 2009



1. Coherent Time Step

16

X-controller

|0〉 |1〉

|A〉 |B〉

time
|0〉

|Ψ〉

U (c)
π/2 (U (c)

π/2)
−1

our multi-qubit CNOT-gate 

G = |0〉c〈0| ⊗ 1 + |1〉c〈1| ⊗ σ(1)
x σ(2)

x σ(3)
x σ(4)

x

|±〉 =
1√
2
(|A〉±| B〉)

σ±|±〉 = ±|±〉

|+〉

|−〉

|+〉

|+〉

1

2

3

4
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X-controller

|0〉 |1〉
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(|A〉±| B〉)
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|+〉

|−〉

|+〉

|+〉

1

2

3

4

small local rotation of the 
control atom

R = exp(iασ(c)
z )

α! 1
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|Ψ′〉

τ
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X-controller
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control atom
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stroboscopic simulation

energy scale set by rotation 
angle     and gate durationα τ

undo the mapping step

|0〉

|Ψ′〉

τ
composed
 evolution

with

H = −!α

τ
σ(1)

x σ(2)
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2. Dissipative Step

time
|0〉

|Ψ〉

X-controller

|0〉 |1〉

|A〉 |B〉

|+〉

|−〉

|+〉

|+〉

1

2

3

4

map the eigenvalue information onto the controller

+1 -1

Hilbert space of the four spins

Sx|Ψ〉 = +1|Ψ〉 Sx|Ψ〉 = −1|Ψ〉

17
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Coherent and Dissipative Time Evolution 1

2

3

4

18

• Sweeping over the lattice ...
- we simulate the toric code Hamiltonian
- we pump into the ground state

We have obtained ...

• Lindblad master equation

d

dt
ρ = −i [H, ρ] + γ

(
cρc† − 1

2
c†cρ− ρ

1
2
c†c

)

• Coherent evolution: Hamiltonian

H = hσ(1)
x σ(2)

x σ(3)
x σ(4)

x (h = −α

τ
)

• Dissipative evolution: quantum jump operator

c =
√

γσ(1)
z

(
1− σ(1)

x σ(2)
x σ(3)

x σ(4)
x

)
(γ =

φ2

τ
)
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Outlook

19

Possible models: Kitaev toric code model, color codes, lattice gauge theories

• Rydberg quantum simulator

Digital Coherent and Dissipative Quantum Simulations with Rydberg Atoms

Hendrik Weimer,1 Markus Müller,2 Igor Lesanovksy,2 Peter Zoller,2 and Hans Peter Büchler1

1Institute of Theoretical Physics III, Universität Stuttgart, 70550 Stuttgart, Germany
2Institute for Theoretical Physics, University of Innsbruck,

and Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, Austria
(Dated: March 11, 2009)

INTRODUCTION

Following Feynman and as elaborated on by
Lloyd, a universal quantum simulator (UQS) is
a controlled quantum device which efficiently re-
produces the dynamics of any other many par-
ticle quantum system with short range interac-
tions. This dynamics can refer to both coherent
Hamiltonian and dissipative open system evolu-
tion. Here we show that laser excited Rydberg
atoms in large spacing optical or magnetic lattices
provide an efficient implementation of a UQS for
spin models involving (high order) n-body interac-
tions. This includes the simulation of Hamiltoni-
ans of exotic spin models involving n-particle con-
straints such a the Kitaev toric code, color code,
and string nets. In addition, it provides the in-
gredients for dissipative preparation of entangled
states based on engineering n-particle reservoir
couplings. The key basic building block of our
architecture is efficient and high-fidelity n-qubit
entangling gates via auxiliary Rydberg atoms, in-
cluding a possible dissipative time step via optical
pumping. This allows to mimic the time evolu-
tion of the system efficiently by a sequence of fast,
parallel and high-fidelity n-particle coherent and
dissipative Rydberg gates.

We will be interested below in digital quantum simu-
lation of the dynamics of a many body spin-1/2 system
on a lattice as governed by a Lindblad master equation
∂tρ = −(i/!) [H, ρ] + Lρ with system density operator
ρ. The Hamiltonian H =

∑

α Hα for the coherent time-
evolution is given by a sum of quasi-local Hamiltonians
describing a many-body spin interaction. Dissipation is
described by a Liouvillian L in Lindblad form with cβ

quasi-local quantum jump operators. For Hamiltonian
dynamics, digital quantum simulation for the time evo-
lution operator of a many body system is written as a
sequence of small time steps of length τ , where for each
step the evolution operator is implemented via a Trotter
expansion e−iHτ/! ≈

∏

α e−iHατ/! and error associated
with the non-communitativity of the local interactions
Hα. For Hamiltonians with single particle and two par-
ticle terms this can be interpreted as a stroboscopic time
evolution generated by single and two qubit gates, where
H arises as a time average. The time cost and efficiency
requirements for such a digital quantum simulation has

been discussed extensivley in the quantum information
literature in the light of available resources including par-
allelizing gates and requirements of individual addressing
of qubits. These ideas are readily adapted to the dissipa-
tive case by interspersing coherent propagation and dissi-
pative time steps eLτ ≈

∏

β eLβτ , providing a simulation
of the master equation.

FIG. 1:

Motivated by recent demonstrations of fast Rydberg
gates between neutral atoms in optical traps, we pro-
pose and analyze below a Rydberg based architecture of
a digital UQS for the master equation. Atoms represent-
ing a spin-1/2 system are stored in large spacing optical
lattices or magnetic trap arrays, which allow for individ-
ual addressing of the atoms. In addition to the system
spins, we introduce auxiliary atoms representing a control
qubit, see Fig. 1. By involving laser excitation to Ryd-
berg states, we can invoke the large dipole-dipole or Van
der Waals interactions between Rydberg states to provide
fast and addressable entanglement operations between a
few qubits in the neighborhood of one control qubit. In
recent work, we have described a CNOT⊗n gate which
provides a fast, single step and high fidelity entanglement
with three laser pulses between the n qubits. This n-
body gate then allows for the direct implementation of
n-body interactions on the spins surrounding the control
atoms giving rise to many-body Hamiltonians of the form
Hα ∼

∏

i σx
i , while the control qubit factors out from the

dynamics. With similar arguments optical pumping of
the auxiliary atom between the two qubit states provides

an n-particle jump operator cβ ∼
∑

i σz
i

[

1 −
∏

j σx
j

]

. In

combination with local single qubit rotations these ideas
provides a complete toolbox for an efficient engineering
of n-body interactions and dissipative evolution corre-
sponding to jump operators.

A crucial property of the proposed scheme is the pos-
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Hybrid Quantum Systems

systems: • superconducting qubits 
• quantum dot spin qubits
• impurities: NV centers etc.
• nuclear spin ensembles
• photons / CQED

- optical / photonic cavities
- microwave / sc stripline

• nano-mechanics
- opto-/electro-

• ...

• atoms, ions, molecules
- single atoms and ensembles
- trapping and cooling (BEC)

• photons / CQED
- cavities: optical and microwave
- free space

• ...

trademark: • nanotechnology
• scalability

• “ideal” quantum systems

… success stories ...

solid state AMO
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Hybrid Quantum Systems

• develop coherent quantum interface between solid state 
and AMO systems

challenge: “hybrid systems”

- basic building block

- goal: combining advantages (benefit from complementary 
toolboxes) with compatible experimental setups

solid state
system

AMO
system

quantum interface
(“quantum bus”)

Friday, April 24, 2009



22

Hybrid Quantum Systems

• hybrid quantum processor

challenge: “hybrid systems”

AMO
memory

solid state 
quantum 
processor

read / write via bus

• solid state traps / elements for AMO physics
- benefit from nanofabrication / integration (scalability)

- new physics ... AMO

AMO

solid 
state• nanotraps / scalable

• mediated interactions

• ...

example:

whatever
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Hybrid Quantum Systems

• optical photons

quantum interface - how?

solid state AMO

• direct coupling

• microwave photons - cavities
- free space / long distance

- trapping close to surface, 
in cryostat?

quantum interface
(“quantum bus”)

• deterministic & 
probabilistic protocols
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Hybrid Quantum Systems

• optical photons

quantum interface - how?

solid state AMO

• direct coupling

• microwave photons - cavities
- free space / long distance

- trapping close to surface, 
in cryostat?

quantum interface
(“quantum bus”)

• deterministic & 
probabilistic protocols
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Hybrid Quantum Systems

quantum interface - how?

solid state AMO

cryogenic
quantum interface
(“quantum bus”)

• optical photons

• direct coupling

• microwave photons - cavities
- free space / long distance

- trapping close to surface, 
in cryostat?

• deterministic & 
probabilistic protocols
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Examples:

• Opto-Nanomechanics + Atom(s)

• Circuit QED + Polar Molecules

• CQED: Microtoroids + Atoms 
(Quantum Networks)

• Nanoscale AMO physics

membrane single atom
Caltech+Munich+Innsbruck

Hybrid Quantum Processors

Harvard+Yale+Innsbruck

atom
microtoroids

          Quantum Networks

Caltech

Nanoscale AMO

Caltech+Harvard+Yale+Innsbruck
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Opto-nanomechanics + atom(s)
• QND measurement based EPR entanglement between oscillator + atomic 

ensembles

27

K. Hammerer, 
M. Aspelmeyer, 
E. Polzik, 
P. Z., 
PRL 2009

laser

atomsoscillator
measurementEPR

(long distance)
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• QND measurement based EPR entanglement between oscillator + atomic 

ensembles

27

K. Hammerer, 
M. Aspelmeyer, 
E. Polzik, 
P. Z., 
PRL 2009

laser

atomsoscillator
measurement

• Free space coupling between nanomechanical mirror + atomic ensemble

atoms

optical lattice

oscillator

Innsbruck
+

Munich

EPR
(long distance)
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Opto-nanomechanics + atom(s)
• QND measurement based EPR entanglement between oscillator + atomic 

ensembles

27

K. Hammerer, 
M. Aspelmeyer, 
E. Polzik, 
P. Z., 
PRL 2009

laser

atomsoscillator
measurement

• Free space coupling between nanomechanical mirror + atomic ensemble

atoms

optical lattice

oscillator

Innsbruck
+

Munich

• … and strong coupling between a single atom and a membrane
Caltech +
Munich + 
Innsbruck, 
preprint

membrane single atom

high-Q cavity

with existing experimental 
setups & parameters :-)

EPR
(long distance)
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Strong Coupling of Single Trapped Atom to Membrane

moving membraneatom trapped
in optical lattice

✓cavity mediated: coupling ~ finesse
✓ coherent coupling >> dissipation

computer art: 
F. Marquardt

photons

K. Hammerer, C. Genes, M. Wallquist, P. Treutlein, M. Ludwig, F. Marquardt, J. Ye, J. Kimble, PZ 
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membrane

Strong Coupling of Single Trapped Atom to Membrane

cavity response
laser

frequency
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membrane

Strong Coupling of Single Trapped Atom to Membrane

cavity response
laser

frequency
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membrane

Strong Coupling of Single Trapped Atom to Membrane

cavity response
laser

frequency
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membrane

Strong Coupling of Single Trapped Atom to Membrane

cavity response
trapped atom

laser

frequency
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membrane

Strong Coupling of Single Trapped Atom to Membrane

cavity response
trapped atom

laser

frequency

 moving membrane displaces atom trap
coupling ~ finesse
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membrane

Strong Coupling of Single Trapped Atom to Membrane

cavity response
trapped atom

laser

frequency

• coherent coupling >> dissipation • (quantum) noise & imperfections

membrane:
✓damping
✓temperature
✓laser heating

atom + cavity:
✓cavity damping
✓spontaneous emission
✓...

oscillator atom

 moving membrane displaces atom trap
coupling ~ finesse
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G=2*!*16 kHz, "at/G = 10%,

"m/G = 15%,

"c/G = 15%

G=2*!*11 kHz, "at/G = 10%,

"m/G = 10%,

"c/G = 10%

G=2*!*16 kHz, "at/G = 5%,

"m/G = 5%,

"c/G = 5%

Single atom - Fock state transfer

(2a)

(2c)

(2b)

(2d)

G=2*!*16 kHz, "at/G = 10%,

"m/G = 15%,

"c/G = 15%

G=2*!*11 kHz, "at/G = 10%,

"m/G = 10%,

"c/G = 10%

G=2*!*16 kHz, "at/G = 5%,

"m/G = 5%,

"c/G = 5%

Single atom - Fock state transfer

(2a)

(2c)

(2b)

(2d)

Transfer of a n=1 Fock state: membrane - atom
Wigner function atom Wigner function membrane

bad / good ~ 15%
(present experimental parameters)
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Transfer of a Squeezed State
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Atom
Memb

rane

time

squeezed state

thermal state

bad / good ~ 10%

~ 30% 
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atom
microtoroids

          Quantum Networks

Hybrid Quantum Processors

Nanoscale AMO

membrane single atom

Bose-Einstein Condensate Coupled to a Nanomechanical Resonator on an Atom Chip

Philipp Treutlein,1,* David Hunger,1 Stephan Camerer,1 Theodor W. Hänsch,1 and Jakob Reichel2
1Max-Planck-Institut für Quantenoptik and Fakultät für Physik der Ludwig-Maximilians-Universität,

Schellingstrasse 4, 80799 München, Germany
2Laboratoire Kastler Brossel de l’E.N.S., 24 Rue Lhomond, 75231 Paris Cedex 05, France

(Received 22 March 2007; published 3 October 2007)

We theoretically study the coupling of Bose-Einstein condensed atoms to the mechanical oscillations of
a nanoscale cantilever with a magnetic tip. This is an experimentally viable hybrid quantum system which
allows one to explore the interface of quantum optics and condensed matter physics. We propose an
experiment where easily detectable atomic spin flips are induced by the cantilever motion. This can be
used to probe thermal oscillations of the cantilever with the atoms. At low cantilever temperatures, as
realized in recent experiments, the backaction of the atoms onto the cantilever is significant and the system
represents a mechanical analog of cavity quantum electrodynamics. With high but realistic cantilever
quality factors, the strong coupling regime can be reached, either with single atoms or collectively with
Bose-Einstein condensates. We discuss an implementation on an atom chip.

DOI: 10.1103/PhysRevLett.99.140403 PACS numbers: 03.75.Nt, 39.90.+d, 42.50.Pq, 85.85.+j

Quantum optics and condensed matter physics show a
strong convergence. On the one hand, quantum optical
systems, most notably neutral atoms in optical lattices,
have been used to experimentally investigate concepts of
condensed matter physics such as Bloch oscillations and
Fermi surfaces [1]. On the other hand, micro- and nano-
structured condensed matter systems enter a regime de-
scribed by concepts of quantum optics, as exemplified by
circuit cavity quantum electrodynamics [2], laser-cooling
of mechanical resonators [3], and measurement backaction
effects in cryogenic mechanical resonators [4]. A new
exciting possibility beyond this successful conceptual in-
teraction is to physically couple a quantum optical system
to a condensed matter system. Such a hybrid quantum
system can be used to study fundamental questions of
decoherence at the transition between quantum and classi-
cal physics, and it has possible applications in precision
measurement [5] and quantum information processing [6].

Atom chips [7] are ideally suited for the implementation
of hybrid quantum systems. Neutral atoms can be posi-
tioned with nanometer precision [8] and trapped at dis-
tances below 1 !m from the chip surface [9]. Coherent
control of internal [10] and motional [11] states of atoms in
chip traps is a reality. Atom-surface interactions are suffi-
ciently understood [7] so that undesired effects can be
mitigated by choice of materials and fabrication tech-
niques. This is an advantage over systems such as ions or
polar molecules on a chip, which have recently been
considered in this context [6,12]. A first milestone is to
realize a controlled interaction between atoms and a nano-
device on the chip surface.

In this Letter, we investigate magnetic coupling between
the spin of atoms in a Bose-Einstein condensate (BEC)
[13] and a single vibrational mode of a nanomechanical
resonator [14] on an atom chip. We find that the BEC can
be used as a sensitive quantum probe which allows one to
detect the thermal motion of the resonator at room tem-

perature. At lower resonator temperatures, the backaction
of the atoms onto the resonator is significant and the
coupled system realizes a mechanical analog of cavity
quantum electrodynamics (CQED) in the strong coupling
regime. We specify in detail a realistic setup for the ex-
periment, which can be performed with available atom
chip technology and thus allows one to explore this fasci-
nating field already today.

The physical situation is illustrated in Fig. 1(a). 87Rb
atoms are trapped in a magnetic microtrap at a distance y0
above a cantilever resonator, which is nanofabricated on
the atom chip surface. The cantilever tip carries a single-
domain ferromagnet which creates a magnetic field with a
strong gradient Gm. The magnet transduces out-of-plane
mechanical oscillations a!t" # a cos!!rt$ ’" of the can-

FIG. 1 (color online). BEC-resonator coupling mechanism.
(a) Atom chip with a BEC of 87Rb atoms (red: BEC wave
function) at a distance y0 from a nanomechanical resonator.
The freestanding structure (dark blue) is supported at one end
to form a cantilever-type resonator that performs out-of-plane
mechanical oscillations a!t". The single-domain ferromagnet
(purple) on the resonator tip creates a magnetic field with
oscillatory component Br!t" which couples to the atomic spin
F. (b) Hyperfine structure of 87Rb in the magnetic field B0.
Hyperfine levels jF;mFi are coupled (blue or green arrows,
depending on experiment) if the Larmor frequency !L is tuned
to the oscillation frequency of the resonator. Magnetically trap-
pable states indicated in red.
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• develop coherent quantum interface between solid state 
and AMO systems

- basic building block
- goal: combining advantages (benefit from 

complementary toolboxes) with compatible 
experimental setups

• hybrid quantum processor

• solid state traps / elements for AMO physics
- benefit from nanofabrication / integration (scalability)
- new physics ...

• AMO based preparation / measurement / sensors

Conclusions and Outlook
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Traps for AMO:
… integration of AMO with on-chip devices
… towards AMO physics on the nanoscale
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Scalable Ion Trap Quantum Computing

• present approach: physically 
transporting qubit

ion trap quantum computer

exp.: Innsbruck, NIST 
Boulder, JQI, Oxford,...

idea: Wineland et al.

Prospects
Although the basic elements of quantum computation have been 
demonstrated with atomic ions, operation errors must be significantly 
reduced and the number of ion qubits must be substantially increased if 
quantum computation is to be practical. Nevertheless, before fidelities 
and qubit numbers reach those required for a useful factoring machine, 
worthwhile quantum simulations might be realized.

More ion qubits and better fidelity
To create many-ion entangled states, there are two important goals: 
improving gate fidelity, and overcoming the additional problems that 
are associated with large numbers of ions. For fault-tolerant operation, a 
reasonable guideline is to assume that the probability of an error occur-
ring during a single gate operation should be of the order of 10−4 or 
lower. An important benchmark is the fidelity of two-qubit gates. The 
best error probability achieved so far is approximately 10−2, which was 
inferred from the fidelity of Bell-state generation63. In general, it seems 
that gate fidelities are compromised by limited control of classical com-
ponents (such as "uctuations in the laser-beam intensity at the positions 
of the ions) and by quantum limitations (such as decoherence caused 
by spontaneous emission)64. These are daunting technical problems; 
however, eventually, with sufficient care and engineering expertise, 
these factors are likely to be suppressed.

The multiqubit operations discussed in this review rely on the abil-
ity to isolate spectrally a single mode of the motion of an ion. Because 
there are 3N modes of motion for N trapped ions, as N becomes large, 
the mode spectrum becomes so dense that the gate speeds must be 
significantly reduced to avoid off-resonance coupling to other modes. 
Several proposals have been put forward to circumvent this problem65,66. 
Alternatively, a way to solve this problem with gates that have been 
demonstrated involves dis tributing the ions in an array of multiple trap 
zones18,67–69 (Fig. 6a). In this architecture, multiqubit gate operations 
could be carried out on a relatively small number of ions in mul tiple 
processing zones. Entanglement could be distributed between these 
zones by physically moving the ions18,68,69 or by optical means25,67,70–72. 
For quantum communication over large distances, optical distribution 
seems to be the only practical choice; for experiments in which local 
entanglement is desirable, moving ions is also an option. 

Examples of traps that could be used for scaling up the number of ions 
used in an algorithm are shown in Fig. 6b. Ions can be moved be tween 
zones by applying appropriate control electric potentials to the various 
electrode segments46,73–75. Individual ions have been moved ~1 mm in 

~50 µs without loss of coherence; the excitation of the ion’s motion (in 
its local well) was less than one quantum73. Multiple ions present in a 
single zone can be separated46,73 by inserting an electric potential ‘wedge’ 
between the ions. In the tele portation experiment by the NIST group46, 
two ions could be separated from a third in ~200 µs, with negligible 
excitation of the motional mode used for subsequent entangling opera-
tions between the two ions. This absence of motional excitation meant 
that an additional entangling-gate operation on the sepa rated ions could 
be implemented with reasonable fidelity. For algorithms that operate 
over long time periods, the ions’ motion will eventually become excited 
as a result of transportation and background noise from electric fields. 
To counteract this problem, additional laser-cooled ions could be used 
to cool the qubits ‘sympathetically’ (Fig. 6a). These ‘refrigerator’ ions 
could be identical to the qubit ions76, of a different isotope77 or of a dif-
ferent species60,78. They could also aid in detection and state preparation 
(described earlier). 

For all multiqubit gates that have been implemented so far, the speeds 
are proportional to the frequen cies of the modes of the ions, which scale 
as 1/d2

qe, where dqe is the distance of the ion to the nearest electrode. 
Therefore, it would be valuable to make traps as small as possible. Many 
groups have endeavoured to achieve this, but they have all observed 
significant heating of the ions, compromising gate fidelity. The heat-
ing is anomalously large compared with that expected to result from 
thermal noise, which arises from resistance in, or coupled to, the trap 
electrodes18,79–83. It scales approximately as 1/d4

qe (refs 18, 79–83), which 
is consistent with the presence of independently "uctuating potentials 
on electrode patches, the extent of which is small compared with dqe 
(ref. 79). The source of the heating has yet to be understood, but recent 
experiments80,82 indicate that it is thermally activated and can be signifi-
cantly suppressed by operating at low temperature. 

For large trap arrays, a robust means of fabrication will be required, 
as well as means of independently controlling a very large number of 
electrodes. Microelectromechanical systems (MEMS) fabrication tech-
nologies can be used for monolithic construction83,84, and trap struc-
tures can be further simplified by placing all electrodes in a plane84,85. 
To mitigate the problem of controlling many electrodes, it might be 
possible to incorporate ‘on-board’ electronics close to individual trap 
zones86. Laser beams must also be applied in several locations simultane-
ously, because it will be essential to carry out parallel operations when 
implementing complex algorithms. The recycling of laser beams can be 
used86,87, but the overall laser power requirements will still increase. If 
gates are implemented by using stimulated-Raman transitions, then a 

Gate
beam(s)

Qubit memory zone

a

To additional zones

b
Refrigerator

beam

Figure 6 | Multizone trap arrays. a, A schematic representation of a 
multizone trap array is shown. Each control electrode is depicted as a 
rectangle. Ions (blue circles) can be separated and moved to specific zones, 
including a memory zone, by applying appropriate electrical potentials. 
Because the ions’ motion will become excited as a result of transport 
(bidirectional arrow) and noisy ambient electric fields, refrigerator ions 
(red; which are cooled by the red laser beam) are used to cool the ions 
before gate operations, which are implemented with the blue laser beam. 
b, Examples of the electrode configurations of trap arrays are shown. In the 
upper left is a two-layer, six-zone linear trap in which entangled ions can be 

separated and used for algorithm demonstrations, including teleportation46 
(width of narrow slot (where the ions are located) = 200 µm). In the upper 
right is a three-layer, two-dimensional multizone trap that can be used to 
switch ion positions99 (width of slot = 200 µm). In the lower left is a single-
zone trap in which all of the electrodes lie in a single layer; this design 
considerably simplifies fabrication85. In the lower right is a single-layer, 
linear multizone trap fabricated on silicon (width of open slot for loading 
ions ! 95 µm), which can enable electronics to be fabricated on the same 
substrate that contains the trap electrodes. (Image courtesy of R. Slusher, 
Georgia Tech Research Institute, Atlanta).
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R. Slusher, Georgia Tech
(also: C. Monroe & K. Schwab)

cryogenic traps: MIT 50 µm scale
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Scalable Ion Trap Quantum Computing

ion trap quantum computer

connecting two quantum optical qubits 
by a (passive) solid state bus

interfacing active devices

?

?

• hybrid

theory: L. Tian et al.

exp.: H. Häffner & R. Blatt / Walraff

compare: polar molecule / Rydberg
exp.: Innsbruck, NIST 

Boulder, JQI, Oxford,...

idea: Wineland et al.

cryogenic traps: MIT

• present approach: physically 
transporting qubit e.g. wire
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Towards AMO physics on the nanoscale

• Tightly confined radiation for trapping, cooling of isolated atoms 

• Example: dipole traps & optical lattices using plasmons

- Tight atom confinement, large energy scales
- Strong blue “shield”  for nanotip:
  for suspended wires van der Waals significant  only @ distances < wire size

D.Chang et al., Park / PZ / M Lukin, in preparation                                                                                
See also: nano-particle plasmon tweezer @ICFO (Barcelona), atoms around nanotubes ideas (Hau) 

2

FIG. 1: a) Illustration of a nanotip with z0 = 2 nm. The corresponding optical potential Uopt(z) (arbitrary units) along the
nanotip is shown in the inset, in which an atom can be trapped. b) Relevant heating and relaxation processes for a trapped
atom. Here a multilevel atom with two hyperfine ground states F, F ′ is shown. Both states are trapped optically, resulting
in a ladder of motional levels for each state. The atomic motion experiences a net heating rate Γheat whereby the number of
motional quanta increases, while the atom can incoherently flip its hyperfine state at a rate Γ∆F .
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Here ka,λa are the resonant wavevector and wavelength,
respectively, ER, ED are the photon recoil and Doppler
energies, Γ0 is the free-space spontaneous emission rate,
I is the incident laser intensity, and Isat = πh̄ωaΓ0/3λ2

0

is the free-space atomic saturation intensity. The trap
properties along the radial direction are related by ωT,ρ =
ωT,z/2 and ∆ρ = ∆z

√
2. The key feature of the equa-

tions above is their scaling with ztrap. Specifically,
∆z∝|ztrap|1/2 reflects that the atomic confinement can
be made very tight by using a small nanotip to achieve
steep field gradients. In comparison, if only optical far
fields were used to trap, the diffraction limit prevents the
potential from containing any features on length scales
smaller than ztrap∼λ0, so tighter confinement can only
be achieved by turning up the field intensity and exploit-
ing the weak dependence, ∆z∝I−1/4. As shown later,
for realistic parameters one can easily achieve oscillations
frequencies of ωT,z∼100 MHz and uncertainties of just a
few nanometers.

An atom trapped in this nanoscale region can be opti-
cally manipulated and read out with near unit efficiency
via efficient coupling of the atom to guided surface plas-
mons (SPs) that propagate along the nanotip surface. As
shown in Ref. [4], a large coupling strength g∝

√
1/Aeff

between a single SP (i.e., a single photon) and single
atom results when the atom is placed within the SP
evanescent field. Specifically, the conducting nanotip
allows the modes to be confined to an effective trans-
verse area Aeff∝z2

0$λ2
a much smaller than the diffrac-

tion limit would allow for pure radiation, yielding an en-
hanced spontaneous emission rate Γpl into the SPs. A

more detailed calculation yields [4]

Γ‖pl

Γ0
=

3π

8k3
a

C3

z2
tip|z|K

2
1 (C

√
|z|/ztip)

(1− εa)I1(C)I0(C)
χ′(C)

(4)
for an atom positioned at z < −z0 and for a dipole
transition oriented parallel to the nanotip axis, while
for the perpendicular orientations Γ⊥pl = 0 due to the
mismatched symmetries between the dipole field and SP
mode. Here χ(x)≡I0(x)K ′

0(x) − εK0(x)I ′0(x), C is the
solution to χ(C) = 0, and εa ≡ ε(ωa) is the permittivity
evaluated at the atomic transition frequency. Kn, In are
modified Bessel functions. For a position z comparable to
the tip curvature parameter z0, Γ‖pl∝z−3

0 , which demon-
strates the enhancement of the coupling with decreasing
tip size. The function K2

1 roughly decays exponentially
with z, so that the coupling is efficient only when the
atom sits within the evanescent SP tails. The solution for
the decay rate into other channels Γ′ is relatively compli-
cated [4], but it can be shown that the “effective Purcell
factor” P = Γpl/Γ′ can become very large with decreas-
ing z0. This directly shows that the nanotip can be used
for efficient photon collection via the SPs, but by time-
reversal symmetry it implies that incoming single SPs
can be used to optically manipulate the atom as well.
We also emphasize that the SP modes form a continuum
over a very large frequency range and that the enhance-
ment of emission is associated purely with the small tip
size, and thus no special tuning of the nanotip is required
to achieve this coupling for some particular atom.

For realistic parameters, the distance dtrap between the
trap center and tip surface can be on the order of tens
of nanometers, and thus surface effects are expected to
play an important role in the trap characteristics. Here
we identify and analyze two prominent surface effects –
an attractive van der Waals force that modifies the total
potential experienced by the atom, and magnetic field
fluctuations caused by “polarization noise” in the nanotip

1. sharp, conducting nanotip
illuminated by light:

“lightning rod” effect = trap

2. coupling to plasmon modes = read out, 
(and interactions)

3. surface effects: Van der Waals and 
“polarization noise”
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Towards AMO physics on the nanoscale

• Tightly confined radiation for trapping, cooling of isolated atoms 

• Example: dipole traps & optical lattices using plasmons 2

FIG. 1: a) Illustration of a nanotip with z0 = 2 nm. The corresponding optical potential Uopt(z) (arbitrary units) along the
nanotip is shown in the inset, in which an atom can be trapped. b) Relevant heating and relaxation processes for a trapped
atom. Here a multilevel atom with two hyperfine ground states F, F ′ is shown. Both states are trapped optically, resulting
in a ladder of motional levels for each state. The atomic motion experiences a net heating rate Γheat whereby the number of
motional quanta increases, while the atom can incoherently flip its hyperfine state at a rate Γ∆F .
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Here ka,λa are the resonant wavevector and wavelength,
respectively, ER, ED are the photon recoil and Doppler
energies, Γ0 is the free-space spontaneous emission rate,
I is the incident laser intensity, and Isat = πh̄ωaΓ0/3λ2

0

is the free-space atomic saturation intensity. The trap
properties along the radial direction are related by ωT,ρ =
ωT,z/2 and ∆ρ = ∆z

√
2. The key feature of the equa-

tions above is their scaling with ztrap. Specifically,
∆z∝|ztrap|1/2 reflects that the atomic confinement can
be made very tight by using a small nanotip to achieve
steep field gradients. In comparison, if only optical far
fields were used to trap, the diffraction limit prevents the
potential from containing any features on length scales
smaller than ztrap∼λ0, so tighter confinement can only
be achieved by turning up the field intensity and exploit-
ing the weak dependence, ∆z∝I−1/4. As shown later,
for realistic parameters one can easily achieve oscillations
frequencies of ωT,z∼100 MHz and uncertainties of just a
few nanometers.

An atom trapped in this nanoscale region can be opti-
cally manipulated and read out with near unit efficiency
via efficient coupling of the atom to guided surface plas-
mons (SPs) that propagate along the nanotip surface. As
shown in Ref. [4], a large coupling strength g∝

√
1/Aeff

between a single SP (i.e., a single photon) and single
atom results when the atom is placed within the SP
evanescent field. Specifically, the conducting nanotip
allows the modes to be confined to an effective trans-
verse area Aeff∝z2

0$λ2
a much smaller than the diffrac-

tion limit would allow for pure radiation, yielding an en-
hanced spontaneous emission rate Γpl into the SPs. A

more detailed calculation yields [4]

Γ‖pl

Γ0
=

3π

8k3
a

C3

z2
tip|z|K

2
1 (C

√
|z|/ztip)

(1− εa)I1(C)I0(C)
χ′(C)

(4)
for an atom positioned at z < −z0 and for a dipole
transition oriented parallel to the nanotip axis, while
for the perpendicular orientations Γ⊥pl = 0 due to the
mismatched symmetries between the dipole field and SP
mode. Here χ(x)≡I0(x)K ′

0(x) − εK0(x)I ′0(x), C is the
solution to χ(C) = 0, and εa ≡ ε(ωa) is the permittivity
evaluated at the atomic transition frequency. Kn, In are
modified Bessel functions. For a position z comparable to
the tip curvature parameter z0, Γ‖pl∝z−3

0 , which demon-
strates the enhancement of the coupling with decreasing
tip size. The function K2

1 roughly decays exponentially
with z, so that the coupling is efficient only when the
atom sits within the evanescent SP tails. The solution for
the decay rate into other channels Γ′ is relatively compli-
cated [4], but it can be shown that the “effective Purcell
factor” P = Γpl/Γ′ can become very large with decreas-
ing z0. This directly shows that the nanotip can be used
for efficient photon collection via the SPs, but by time-
reversal symmetry it implies that incoming single SPs
can be used to optically manipulate the atom as well.
We also emphasize that the SP modes form a continuum
over a very large frequency range and that the enhance-
ment of emission is associated purely with the small tip
size, and thus no special tuning of the nanotip is required
to achieve this coupling for some particular atom.

For realistic parameters, the distance dtrap between the
trap center and tip surface can be on the order of tens
of nanometers, and thus surface effects are expected to
play an important role in the trap characteristics. Here
we identify and analyze two prominent surface effects –
an attractive van der Waals force that modifies the total
potential experienced by the atom, and magnetic field
fluctuations caused by “polarization noise” in the nanotip

5

FIG. 2: Trap properties as a function of detuning ∆2 and laser intensity I for a nanotip of ztip = 2 nm. a) Trap oscillation
frequency along z (s−1), b) hyperfine transition rate, c) trap lifetime.
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spin flip ratetrap frequency trap life time

• silver nanotip and sodium atoms - Distance from trap ztrap = 30nm
- Effective cooperativity C ∼ 4

no trap

~100 MHz
(4 nm 
ground 
state)

~ 1 ms
~ 40 ms
(extend with 
sideband 
cooling?)

D. Chang
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Potential Applications of Nanoscale Traps

• Nonlinear optics:
single photon switches and transistors

41

D. Chang et al, Nature Physics (2007)
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• Single atom positioning 
and control for CQED
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• Single atom positioning 
and control for CQED

• Scanning sensors based on 
single atoms
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Potential Applications of Nanoscale Traps

• Nonlinear optics:
single photon switches and transistors

41

D. Chang et al, Nature Physics (2007)

• Single atom positioning 
and control for CQED

• Lattices with sub-wavelength 
control 
(e.g quantum simulation)

• Scanning sensors based on 
single atoms

Sample
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