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Properties of Rydberg Atoms

Enl = !
Ry

(n ! µnl )
2 ;   Ry=109737 cm-1

 

µnl  is the quantum defect; 
for n! 1,   hardly depends on n at all

T. F. Gallagher, Rydberg Atoms (1994)
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Properties of Rydberg Atoms
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Energy level Spectrum
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Wavefunctions

For r>few a0,   V (r) = !
e2

r

! = P(r)
r

Ylm (",#) =
W

n* ,l+1/2
(2r / n* )

r n*3$(n* + l +1)$(n* % l)
Ylm (",#)

Standard functions, one line of code

r =
3
2
n2

 n 'l ±1 r nl ∼ n2a0  for 2 closest energy n 's
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Interaction with External Fields
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Interaction with External Fields

Low B-same as low n states
High B, diamagnetism can be important
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Interaction with External Fields

Electric Fields

 n 'l ±1 eEz nl ∼ n
2a0eE
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Interaction with visible light

 Radiative lifetime  ! ∼ n3

6 8 10 12 14 16

!6

!4

!2

0

n

L
o
g
1
0
!"r#2

"

Matrix elements are sensitive to quantum defect
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Interaction with Ground-State Atoms
Rb(35s)+Rb(5s) @ R=1700 a0
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Interaction with Ground-State Atoms
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Rb(35s)+Rb(5s) @ R=1700 a0
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Interaction with Ground-State Atoms
Rb(35s)+Rb(5s) @ R=1700 a0

1650 1700 1750 1800
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Rydberg e- looks like a very low 
energy free electron
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Fermi Pseudopotential

Scattering length
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a =

2m
!2

rV (r)P(r)dr!

 P(r) ∼ (r ! a)

 

Energy shift !E = " 0V# "d 3r = 4$ " 0 (R) 2 rV (r)P(r)dr#
                          = 2π!2a

m
" 0 (R) 2

Therefore can model the atom-atom interaction as

 
V = 2π!

2a
m

! (r -R)
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Ultra-long Range Molecules

LETTERS

Observation of ultralong-range Rydberg molecules
Vera Bendkowsky1, Björn Butscher1, Johannes Nipper1, James P. Shaffer1,2, Robert Löw1 & Tilman Pfau1

Rydberg atoms have an electron in a state with a very high principal
quantum number, and as a result can exhibit unusually long-range
interactions. One example is the bonding of two such atoms by
multipole forces to form Rydberg–Rydberg molecules with very
large internuclear distances1–3. Notably, bonding interactions can
also arise from the low-energy scattering of aRydberg electronwith
negative scattering length from a ground-state atom4,5. In this case,
the scattering-induced attractive interaction binds the ground-
state atom to the Rydberg atom at a well-localized position within
the Rydberg electron wavefunction and thereby yields giant mole-
cules that can have internuclear separations of several thousand
Bohr radii6–8. Here we report the spectroscopic characterization
of such exoticmolecular states formedby rubidiumRydberg atoms
that are in the spherically symmetric s state and have principal
quantum numbers, n, between 34 and 40. We find that the spectra
of the vibrational ground state and of the first excited state of the
Rydberg molecule, the rubidium dimer Rb(5s)–Rb(ns), agree well
with simple model predictions. The data allow us to extract the
s-wave scattering length for scattering between the Rydberg elec-
tron and the ground-state atom, Rb(5s), in the low-energy regime
(kinetic energy,,100meV), and to determine the lifetimes and the
polarizabilities of the Rydberg molecules. Given our successful
characterization of s-wave boundRydberg states,we anticipate that
p-wave bound states9, trimer states10 and bound states involving
a Rydberg electron with large angular momentum—so-called
trilobite molecules5—will also be realized and directly probed in
the near future.

In 1934, Fermi introduced the ideas of scattering length and pseu-
dopotential to describe the scattering of a low-energy electron from a
neutral atom4. Although the polarization potential for electron–atom
interaction is always attractive, he realized that quantum mechanical
s-wave scattering can give rise to either a positive or a negative scatter-
ing lengthdepending on the relative phase between the ingoing and the
scattered electron waves. Taking this idea farther, Greene et al.5

predicted a novel molecular binding mechanism arising from a low-
energyRydberg electron scattering froman atomwith negative scatter-
ing length.

Fermi’s approach to characterizing the binding interaction that
arises from scattering of a Rydberg electron from a ground-state
atom requires that the binding energy (in frequency units) be smaller
than the Kepler frequency of the Rydberg electron, and that the size of
the electron wavefunction, / n2, be much larger than the range of
interaction, r (which in units of the Bohr radius (a0< 0.529 Å) is
given by r5

!!!
a

p
(ref. 11), where a is the polarizability of the

ground-state atom). Averaged over many scattering events and
weighted with the local electron density, jYn,l,mj2, the approach effec-
tively leads to a mean-field potential, VMF, between the scattering
partners. If R is the position of the ground-state atom relative to the
ionic core of the Rydberg atom, then the potential is given by

VMF(R)~2pa(k(R))jYn,l,m(R)j2 !1"

and can, depending on the scattering length, a(k(R)), be repulsive
(a. 0) or attractive (a, 0)12. Evidence for these molecular potential
curves was found in theoretical work on alkali/rare-gas scattering13,14

as well as in spectroscopic data of rubidium at high temperatures,
where inhomogeneous line broadenings were observed for low prin-
cipal quantum numbers15.

In a semi-classical approximation, the scattering length is a func-
tion of the relative momentum, k(R), of the two scattering partners.
This k dependence can be expressed as

a(k)~aatomz
p

3
akzO(k2) !2"

where aatom is the zero-energy scattering length12,16. The scattering
length depends on R because the momentum, k, of the Rydberg
electron changes with its position in the Coulomb potential of the
nucleus. Owing to the correspondence principle for large principal
quantum numbers, n, a reasonable ansatz for k(R) (where R5 jRj) is
the classical equation given in ref. 5:

k2(R)

2
~{

1

2n2
z

1

R
!3"

Our focus in this study is on rubidium in its simplest Rydberg state, the
s state (angular quantum number, l5 0). Figure 1 shows the mean-
field potential given by equation (1) and the electron probability
density calculated for the 87Rb(35s) state. (The densities were calcu-
lated using Numerov’s method, including quantum defect correc-
tions17,18. Energy levels and wavefunctions of the molecular potential
were computed using a numerical solver19.) The molecular potential,

15. Physikalisches Institut, Universität Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. 2University of Oklahoma, Homer L. Dodge Department of Physics and Astronomy,
Norman, Oklahoma 73072, USA.
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Figure 1 | Electron probability density and molecular potential for the 35s
state. The surface plot shows the spherically symmetric density distribution
of the Rydberg electron in theR–Q plane, (R/2p) |Y35,0,0(R) | 2. Themolecular
potential for the state 3S(5s–35s) (green) is modelled for a polarizability
a5 319 a.u. and a scattering length aRb5218.5a0. Not shown is the
repulsive part of the potential forR, 500a0 that results from a zero crossing
in the scattering length a(k(R)) at approximately 500a0. The potential
supports two vibrational bound states (wavefunctions given in blue) in the
outermost potential wells atR5 1,900a0 with binding energies (in frequency
units) of EB(v5 0)5223.4MHz and EB(v5 1)5210.6MHz.

Vol 458 |23 April 2009 |doi:10.1038/nature07945

1005
 Macmillan Publishers Limited. All rights reserved©2009

Pfau group Nature 458, 1005 (2009)

a<0
VMF(R), is proportional to the Rydberg electronprobability density, so
the expected bond length to be given by the size of the Rydberg wave-
function; for example, the size of the Rydberg wavefunction of the
87Rb(40s) state is 2,556a0.

To observe the 3S ultralong-range molecules formed from s-state
Rydberg atoms, we prepare a spin-polarized, magnetically trapped
sample of ultracold 87Rb atoms in the state 5s1/2,mF5 2 (mF denoting
the projection of the angular momentum on the magnetic field axis),
and excite them via the 5p3/2 level to the Rydberg state ns1/2
(Methods). Polarizations are chosen to conserve the Rydberg elec-
tron spin with respect to the ground-state atoms, which should
ensure that only triplet bound states form. Spectra obtained for
87Rb atoms that differ essentially in only their principal quantum
numbers are presented in Fig. 2. The peak at the origin of each
spectrum is the atomic Rydberg line 87Rb(ns1/2,mS5 1/2) (mS denot-
ing the orientation of the spin with respect to themagnetic field), and
the slightly broadened secondary peak, or ‘shoulder’, on the lower-
frequency, or red, side corresponds to themS5 –1/2 atomic Rydberg
state. These two atomic levels are shifted by 6mBB0 owing to the
Zeeman effect of the magnetic offset field, B0 (mB denoting the
Bohr magneton), with the mS521/2 state being present because
the residual inhomogeneous magnetic field direction of the trap
can cause a spin flip during Rydberg excitation. The smaller peaks
appearing farther to the red side are assigned to the ultralong-range
Rydberg molecules. The Zeeman effect shifts atomic as well as
molecular lines, and the measured binding energies, EB, therefore
correspond to the differences between the centres of multiplet lines
(inset, Fig. 3). The energy positions of these centres are given by the
magnetic offset field B0, which was measured independently for each
spectrum.

We assign the lines at the highest binding energies to the vibrational
ground state v5 0 of the triplet molecule 3S(5s–ns) (v denoting the
vibrational quantum number). Considering our peak atomic densi-
ties, nG, we expect the Franck–Condon factor for excitation of two free
ground-state atoms to the boundmolecular state to be on the order of
1022. However, Franck–Condon factors cannot be directly derived
from the relative line intensities in the measured spectra because the
excitation of the atomic Rydberg states is strongly suppressed by van
der Waals blockade (ref. 20 and references therein).

We assign the observed spectral lines corresponding to different
principal quantum numbers using the previously described theory
based on the Fermi–Greene model. With an accurately known

ground-state polarizability for rubidium of a5 319(6) atomic units
(a.u.) (ref. 21), the only free parameter in equations (1) and (2) is the
triplet scattering length, aRb. We find that the binding energies mea-
sured for the 3S(5s–ns)(v5 0) states and obtained with the model
agree best when using aRb5218.5a0. This value is close to theoretical
predictions for aRb, which range between 213a0 and 217a0 for the
triplet case and 10.6a0 and 12.0a0 for the singlet case16. Figure 3
shows the eigenenergies of the modelled potentials and the measured
binding energies, EB. In view of the approximate nature of the model,
the description of the dependence of the eigenenergies and binding
energies on the principal quantum numbers, n, of the ground states
3S(5s–ns)(v5 0) is surprisingly good.Having experiment-based deter-
mination of the electron–atom scattering length in the low-energy
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Figure 2 | Spectra of the Rydberg states 35s, 36s and 37s. The overview
spectra (right) are centred around the atomic Rydberg lines
(5s,mF5 2)R (ns,mS5 1/2). The additional shoulder at,23MHz
corresponds to the magnetic-field-dependent transitions
(5s,mF5 2)R (ns,mS521/2).On the left are shown the observedmolecular

lines at higher resolution.We assign the leftmost line of each spectrum to the
3S(5s–ns)(v5 0) bound state. The highest-lying lines in the 35s and 36s
spectra are in good agreement with the modelled excited states
3S(5s–ns)(v5 1). Peaks not yet assignedaremarkedwithdiamonds. The error
bars (2s) are determined from 15 (right) and 30 (left) independent spectra.
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Figure 3 | Measured and calculated binding energies, EB. The solid lines are
the calculated binding energies for the v5 0, 1 states, assuming a scattering
length aRb5218.5a0; shaded areas show the theory for
aRb52(18.56 0.5)a0. Symbols represent the measured line centres for the
molecular v5 0, 1 states (red) and the unassigned states (green). For the
strong spectral lines (v5 0, n5 34–37), errors are given by the laser
linewidth of 60.5MHz; for the other lines, errors are given by the 95%
confidence bounds of the fit. The inset illustrates the definition of EB as the
energy difference between the line centres of atomic doublet n2s lines and
molecular triplet 3S(5s–ns) lines in a magnetic field B0 leading to a Zeeman
splitting DB5 2mBB0.
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Interactions Between 
 Rydberg Atoms

10µm

Vdd =
!e2

R3
2z1z2 ! x1x2 ! y1y2( ) = 0?
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Classical Dipole-Dipole Coupling

V = e
2n4a0

2

R3
P2 (! )

Stringent stability req.s

1 MHz Rabi flopping w/ 1% error

n = 50! 2 GHz/(V/cm)
          !10 kHz/(5 µV/cm)
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..

|n,s>

|n,p>

|n-1,p>

atom 1   atom 2

Förster Process

No ext. field req’d
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..

|n,s>

|n,p>

|n-1,p>

atom 1   atom 2

Förster Process

No ext. field req’d

ss + pp Vdd ss + pp = 2 ss Vdd pp ! 0
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..

|n,s>

|n,p>

|n-1,p>

atom 1   atom 2

Förster Process

No ext. field req’d

n=95

U3(R)= e
2 r 2

R3   Ideal case

U6 (R) = U3(R)2

!
" n11   Imperfect resonance
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Rb 43d+43d->41p+45f 8

denoted by primes, to get

!!kl|"k"l" =
!

m!
km!

l
mkml

!!kl|mkml"dj
mkm!

k
dj

mlm!
l

#!m!
km!

l|"k"l" (42)

where the d’s are Wigner rotation matrices evaluated at
angle #kl, the angle between the interatomic axis and the
z-axis of the fixed coordinate system.

C. Connection between van der Waals and Förster
Regimes

In the case that a single channel dominates, the eigen-
states |!" and eigenvalues D! of M†M can be used to
analytically find the energies and eigenstates in the R"3

Förster regime as well. The transition between van der
Waals and Förster interactions occurs at a characteristic
length scale of Rc = (4C2

3/$2)1/6. A related analysis in a
di!erent context was given in Ref. [34].

The M operator acting on a Förster eigenstate |!"
produces a unique vector |%!" that is a superposition of
the Zeeman sublevels of the coupled state:

M|!" =
"

D!|%!" (43)

Operating on the left side with MM† we get

MM†M|!" = MD!|!" (44)
MM†|%!" = D!|%!" (45)

so |%!" is an eigenvector of MM† with eigenvalue D!. It
also follows that M†|%!" =

"
D!|!", and !%!|%!" = 1.

Therefore the states |!" and |%!" form a closed two-level
system under the influence of the dipole-dipole interac-
tion.

It is now straightforward to find the eigenstates and
eigenvalues in the Förster regime as well. The Hamil-
tonian matrix for the e!ective two-level system is

H! =

#
$ C3

R3

"
D!

C3
R3

"
D! 0

$
(46)

where $ = E!$E" is the Förster defect and C6 = C2
3/$.

The eigenvalues are

V±(R) =
$

2
± 1

2

%
$2 + 4C2

3D!/R6 (47)

and the eigenvectors are

&" = cos #|!" $ sin #|%!"
&+ = sin #|!"+ cos #|%!"

(48)

where tan 2# = $2C3

"
D!/($R3).

These considerations show that the long-range poten-
tials for a + a % b + b and the reversed b + b % a + a

FIG. 3: (color online) The potential curves for
43d5/2 + 43d5/2 ! 45p3/2 + 41f in Rb, using ! = "7.4
MHz and C3 = 1.98 GHz µm3 which give Rc = 8.1 µm. At
small R additional channels contribute so these curves are
not accurate there.

are anti-symmetric in energy about $/2. If jb < ja, the
channels with |M | > 2jb have no dipole-dipole interac-
tion.

In the limit of strong dipole-dipole coupling, we have

V± = ±C3

R3

"
D! (49)

The potential curves for 43d5/2 + 43d5/2 % 45p3/2 +
41f , generated from Table I and the analytical formula
above, are shown in Figure 3.

D. Evaluation of van der Waals Interactions for Rb
and Cs Rydberg States

We now proceed to quantitatively evaluate the van der
Waals interactions of Rydberg states that can be reached
by one or two photon excitation from the ground state of
neutral alkali atoms, with the restriction that we include
only cases where both atoms are initially excited to the
same level. For each choice of excited state we give nu-
merical values for the energy defects and the interaction
strength for n = 70 as well as for values of n where reso-
nances occur. Results are given for the two heaviest alkali
atoms Rb and Cs. Due to the large hyperfine splittings
of the upperstates of the D1 and D2 lines in these atoms,
they are the most promising candidates among the alkali
metal atoms for quantum logic experiments which rely
on a well resolved excited state hyperfine structure for
qubit initialization and readout.

Before discussing the cases individually we recall that
the long range interaction strength of a particular chan-
nel scales proportional to C6 =

&
R#s

#i
R#t

#i

'2
/|$| where

we have introduced a shorthand notation " = {nlj} for

Interactions can be MHz @ 10µm Distances!
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Clocks

How the NIST F-1 Cesium Fountain Clock Works

|a〉

|b〉
hν
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Clocks

How the NIST F-1 Cesium Fountain Clock Works

A gas of cesium atoms enters the clock's 
vacuum chamber. Six lasers slow the 
movement of the atoms, cool them to 

near absolute zero and force them into 
a spherical cloud at the intersection of the 

laser beams.

|a〉

|b〉
hν
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Clocks

How the NIST F-1 Cesium Fountain Clock Works

|a〉

|b〉
hν

The ball is tossed upward by two 
lasers through a cavity filled with 

microwaves. All of the lasers are then 
turned off.

! = a " i b
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Clocks

How the NIST F-1 Cesium Fountain Clock Works

|a〉

|b〉
hν

Gravity pulls the ball of cesium atoms 
back through the microwave cavity.

 The microwaves partially alter the atomic 
states of the cesium atoms.

 ! = a " ie" i(Eb"h# )/! b

 ! = 1" e" i(Eb"h# )t /!( ) a " i 1+ e" i(Eb"h# )t /!( ) b
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Clocks

How the NIST F-1 Cesium Fountain Clock Works

|a〉

|b〉
hν

Cesium atoms that were altered in the 
microwave cavity emit light when hit 

with a laser beam. This fluorescence is 
measured by a detector. 

The entire process is repeated until the 
maximum fluorescence of the cesium 

atoms is determined. 

 
Pb = b !

2
= 1
2
+ 1
2
cos (Eb " h# )t / !( )
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Clocks

How the NIST F-1 Cesium Fountain Clock Works

|a〉

|b〉
hν !"

"
= 10#15

Cesium atoms that were altered in the 
microwave cavity emit light when hit 

with a laser beam. This fluorescence is 
measured by a detector. 

The entire process is repeated until the 
maximum fluorescence of the cesium 

atoms is determined. 

 
Pb = b !

2
= 1
2
+ 1
2
cos (Eb " h# )t / !( )
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Building a CNOT Gate Using
Rydberg Blockade

•Rydberg Blockade physics
•Experimental Realization of 2 qubit system

•Two-atom blockade observations
•Extensions to ensembles

Grad Students
Todd Johnson
Erich Urban

Thomas Henage
Larry Isenhower

Faculty
Mark Saffman
Thad Walker 
Deniz Yavuz

University of Wisconsin-Madison

See  M. Saffman Session R6 Friday 10:30
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Qubits-Quantum Information

Classical bit can be in 0 or 1
α2+β2=1

Qubit is in superposition of |a〉, |b〉
 

Entanglement: pairs of Qubits cannot be
written in the form |ψ1〉|ψ2〉

Example: |Ψ〉= |ab〉− |ba〉

Superposition+Entanglement Quantum Info.
Processing

|a〉

|b〉
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Future Quantum Computer

Need to entangle a large number
of near atomic clock quality 
qubits that are resolvable 

distances apart

AMO QC technologies: Ion traps, neutral atoms (Rydberg 
and controlled collisions), linear optics, polar molecules...
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Requirements for Universal 
Quantum Computer

   diVincenzo:
 state initialization

  deterministic loading, optical pumping  
 universal set of gates: 
  single qubit rotations via Raman

  two-qubit gates via Rydberg

 qubit specific readout
  addressable shelving

 decoherence rate << rate of coherent operations
  clock transition        

  scalable
  diffractive & acousto-optics

Wednesday, May 27, 2009



Entanglement Using Dipole Blockade

Jaksch...Lukin, et al. PRL 85, 2208 (2000): 
Excitation of 2 nearby atoms energetically suppressed due 

to dipole-dipole shift 

n=50 Dipole-dipole shifts 10s 
MHz

at 10 micron separations
U ~ n

4

R3

Wednesday, May 27, 2009



Two-atom blockade

| gg!

| eg!-| ge!
| eg!+| ge!

 | ee!

| gg!

| eg!-| ge!
| eg!+| ge!

 | ee!
"

No Interaction With Dipole-Dipole
Interaction

Wednesday, May 27, 2009



Dipole blockade phase gate

Initial 
state

π 
control 2π data

π 
control

aa  aa  aa  aa

 ab  ab  -ab -ab

 ba  eiπ/2ra eiπ/2ra -ba

 bb eiπ/2rb  eiπ/2rb -bb

Rabi Flopping
“π-pulse”: 

 b⇒ir

“2π-pulse”:
 b⇒ir ⇒-b
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Controlled-NOT Gate

aa⇒  aa

ab⇒  ab

bb⇒ ba

ba⇒ bb

= C-Phase + Rabi Rotations

CNOT+Rotations ⇒Arbitrary Quantum Manipulations

Wednesday, May 27, 2009



Features of Rydberg Blockade

1) Blockade only involves internal degrees 
of freedom

2) Value of dipole-dipole interaction does 
not need to be precisely controlled

3) Strong blockade gives fast gates (MHz)

4) For good blockade, the atoms 
experience no atom-atom forces!

Wednesday, May 27, 2009



Concept for Rydberg Atom Quantum 
Computer

0-0 clock transition for qubit
5-10 µm qubit spacing for addressability
Coherent 2-photon Rydberg Excitation

Entanglement via Rydberg blockade
Single qubit rotations via Stimulated Raman

State measurement using shelving

DM

vacuum

chamber

 480/780 nm  beams

    2-!, 2D 

   deflector

FORT beam

    1.01 mm

diffractive

 element 

photon counting

     detector

computer controller

timinglasers
frequency

  control

  MOT

beams
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Setup in more detail 13

AOM-based
beam positioner

AOM-based
beam positioner AOM-based

beam positioner
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Figure 3.1 Diagram showing all major experimental systems. Laser systems shown in
dashed boxes are remotely located and connected to the main experiment table via

polarization maintaining optical fibers.

beam axes at ! 70.5! angle to each other. A beam is directed along each of these axes

with waist w ! 6.1 mm and power P ! .8 mW, and retro-reflected along the same paths.

All six beams produce a sum intensity I " 80 W/m2 with typical MOT laser detuning of

!/2! " 6 MHz. Rubidium isotropic polarization saturation intensity of Is = 35.8 W/m2

and linewidth "/2! = 6.0666 MHz [23] lead to an estimated excited state atom fraction

of

fexc =
I/2Is

1 + I/Is +
!

2!
"

"2 " 1/6

during the loading phase of the experiment.
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Chamber 14
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Figure 3.2 Photo of experimental setup around chamber and diagram highlighting key
components.

Wednesday, May 27, 2009



FORT Optics
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Logic Beam Optics

custom
triplet

w=
4.0 mm/4.1 mm

10.1 mm

480nm

780nm

l/2 l/4

l/
2 

l/
4

Shift A/O frequency to 
address individual qubits

Use +/- 1 order A/O for 
red/blue, drive w/ same 

VCO, compensate 
magnifications to get 

commensurate red/blue 
motion

Wednesday, May 27, 2009



Atom Detection

Andor iXon e-multiplying CCD 18

Figure 3.3 Camera image showing resolution of two FORT sites separated by ! 10 µm.
Image composed by averaging about 150 single atom loading events.

3.5 FORT loading and readout

A timing diagram for a typical experiment is shown in Fig. 3.4. FORT loading begins

by turning on the FORT and MOT beams simultaneously for ! 200 ms. The MOT beams

are switched o! for ! 100 ms, allowing the MOT cloud to fall out of the beam paths to

avoid subsequent recapture of the cooled atoms. The MOT magnetic field gradient coils

are left on at all times, with residual magnetic fields at the FORT site measured at the

! 200 mG level using Raman spectroscopy of the Zeeman splitting of hyperfine ground

states |5s1/2, F = 1, 2". Readout of the FORT occupation is accomplished by switching

the FORT beam on and o! at rates of .5 to 2 MHz with a 50% duty cycle, while probing

with the MOT lasers. Later experiments also switched the MOT lasers at the same rate

(and out of phase with the FORT) with a 30% to 40% duty cycle to guarantee no overlap

time between the MOT and FORT light. Scattered photons are collected by the optics
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Single-Atom Detection
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Single-atom preparation

2nd shot 

1st shot 

Typically 80% retention of 1 atom
from shot 1 to shot 2
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Generic Timing Sequence

19

and focused on the CCD camera to create images of the atoms in the FORT, with typical

exposure times of 30 ms.

MOT
beams ... ...

FORT
beam

... ...

Typical experiment timing

Loading
~200ms

First
readout
~30ms

Second
readout
~30ms

Experiment
~300ms

MOT
clear

~100ms

FORT
clear

~50ms

time 

Figure 3.4 Experiment timing diagram.

The camera image is processed by summing the pixels in a region of interest around

the FORT position, subtracting an average background count value, and converting the

integrated count signal to a photoelectron number. The result of 500 load/readout trials

is shown in Fig. 3.5(a). The quantized nature of the integrated photoelectron signal is

due to the presence or absence of atoms.

We describe the fit function used in Fig. 3.5(b) with Poisson distributions over atom

and photoelectron numbers. With discrete shot noise limited events of average value µ

we expect a distribution

fp(m) =
µme!µ

m!
[3.1]

where fp(m) is the fraction of events with discrete value m. In the limit that µ > 10, the

Poisson distribution can be well approximated by a Gaussian distribution

g(m) =
1!

2!"2
exp

!

"(m" µ)2

2"2

"

[3.2]

with mean o!set µ and standard deviation " =
!

µ.
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Single-qubit Rotations
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Rabi Rotations

600 ns Hadamard

PRL  96, 063001 (2006)
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Ramsey Oscillations
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Coherence time measurement
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Coherent Rydberg Excitation

Excitation scheme

30

Table 4.1 Typical beam parameters for Rydberg excitation laser fields E1 and E2

parameter E1 E2

! (nm) 780.25 ! 480

waist (1/e2 intensity radius wx " wz, µm) 11.9 " 7.0 11.3 " 9.0

power (mW) ! .002 ! 20

!/2" (MHz) ! 100 ! #30

bias magnetic field coil

!p  optical pumping beam
circularly polarized

!1  Rydberg beam
z polarized

!2  Rydberg beam
z polarized

FORT beam

FORT site

(x into page)y

z 

Figure 4.2 Orientation and polarizations of Rydberg excitation beams, optical
pumping beam, and bias magnetic field.

Spatial control of E1 and E2 is achieved using a combination of mirrors and micrometers

with precision ! 2 µm to overlap each beam with the FORT. In addition, AOMs are used

in the addressing optical train to enable fast spatial re-positioning between the two FORT

sites through RF signal variation. The separate AOMs for E1 and E2 are each driven by

the same RF source with frequency faddress $ 170 MHz, but use the -1 and +1 orders of

the AOMs, respectively, to cancel the sum frequency shift due to the position variation

as well as small detuning variations due to RF source frequency jitter.

34

rise and fall times on the order of 20 ns. The accumulated error in the rotation axis angle

during the E1 ramp time depends on the particular choices of intermediate detuning and

intensity, but is estimated to be less than 1% of 2! for our typical operating conditions.

This is not a limiting source of error for our experiment.

Single atom Rydberg excitation

time 

FORT

fir
st

 re
ad

ou
t

se
co

nd
 re
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ou

t

op
tic

al
 p

um
pi

ng

~8µs

T

!2 (480nm)

!1 (780nm)

lo
ad

in
g

Figure 4.5 Timing sequence for single atom Rydberg excitations.

The ẑ linear polarizations of the E1 and E2 beams couple the optically pumped ground

state only to the |nd5/2,mj = +1/2! Rydberg Zeeman state. After the excitation pulse,

the trapping potential is then restored, recapturing any atoms remaining in the ground

state with a high probability. Since the FORT turn-o! time is less than the trap vi-

brational period, the probability of atom loss due to turning o! the trap for Rydberg

excitation is observed to be less than 5%. Finally, the bias field is ramped back down to

zero and a second readout measurement is performed.

Atoms in the Rydberg state have a high probability of being photoionized by FORT

light when the trapping potential is restored due to the faster rate of FORT ionization

than spontaneous decay to the ground state. Rydberg state detection is accomplished by

normalizing the second readout to the measured 10-20% readout retention loss with no

Rydberg pulse (T = 0 µs) and attributing any additional loss to Rydberg excitation and

subsequent photoionization. An estimate for the fraction of Rydberg atoms that decay

before photoionization (and therefore remain undetected) can be found by comparing
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Single Atom Rydberg Rabi Flopping 

fit: Rabi frequency 490 kHz (550 kHz expected)
 T2=8.1 µs
 vis=0.76

1=e FORT lifetime of about 3 s. We verify the reliability of
preselecting single-atom states by performing a second
measurement, shown on the ordinate. We see that despite
some loss of atoms during the first measurement, single-
atom states can be prepared with about 85% probability,
with a 15% admixture of zero atom states. Note that the
reliability of selecting states with two or more atoms is
much worse. We believe that this is due to light assisted
collisions causing rapid loss out of the FORT during the
first measurement [8].

We excite Rydberg states using two-photon transitions
with 780 and 480 nm lasers as shown in Fig. 2. The
Rydberg beams E780, E480 are focused to waists of w ’
10 !m and spatially overlapped with the FORT. These
beams are generated by locking a 780 nm laser and a
960 nm laser to different longitudinal modes of the same
stable reference cavity with finesse F ! 120 000 and line-
width !4 kHz. The cavity is constructed of ultralow ex-
pansion glass and is placed inside a temperature stabilized
vacuum can. We obtain long term instability of a few
hundred kHz, and short term instabilities of both lasers
relative to the cavity line of a few hundred Hz at <10 !s
averaging time. The 960 nm light is then amplified and
frequency doubled to create the 480 nm Rydberg excitation
light. Acousto-optic modulator (AOM) based noise eaters
are used as necessary to reduce amplitude fluctuations to a
few percent. The frequencies of both lasers are then shifted
with AOM’s to match the desired Rydberg level.

After preparing a single-atom state the probability of
transition to a Rydberg level is measured as a function of

the pulse length of E780, E480. If the atoms are not prepared
in a single ground state Zeeman level they will be coupled
to a superposition of different Rydberg Zeeman levels. In
the presence of background magnetic fields these levels
have different Zeeman shifts which decohere the coherent
population oscillations we are interested in. We therefore
start by optically pumping into the jf " 2; mf " 2i
Zeeman state using "# polarized light (Ep in Fig. 2) near
resonant to the j5s1=2f " 2i $ j5p3=2f0 " 3i transition
with a B " 1:1$ 10%3 T bias field. The ẑ-polarized exci-
tation light only couples this state to the jnd5=2; mj " 1=2i
Zeeman state. We have verified the expected shift of
%6:2 MHz of the Rydberg excitation frequency in the
presence of the bias field by performing spectroscopy
with and without the field on.

In order to measure the probability of Rydberg excita-
tion we use the fact that the calculated photoionization rate
of the d states due to the FORT light is large compared to
the radiative decay rate back to the ground state [9]. The
timing sequence for Rabi oscillation is shown in Fig. 2. We
turn off the FORT light for a fixed length of time which is
long enough to perform the Rydberg excitation yet short
enough that we do not lose the atom in the absence of a
Rydberg pulse. We then perform a Rydberg pulse of vari-
able length T, after which we restore the FORT light.
Photoionization by the FORT light thus performs a projec-
tive measurement of the atomic state, and after 100 ms with
the FORT on, the ground state population is measured
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FIG. 1 (color online). Correlation between first and second
measurement distributions, without Rydberg excitation between
measurements. The dashed lines show cuts for selecting single-
atom states and the red curves are fits based on a Poissonian
model.

FIG. 2 (color online). Rabi oscillation experiment to 43d5=2
with P780 " 1:85 !W, P480 " 10:7 mW, and !=2# "
%3:4 GHz. The experimental geometry is shown in the upper
left and the timing sequence in the upper right. Each data point is
the average of 40 preselected single-atom experiments, with the
bars showing &1 standard deviation. The inset shows spectros-
copy of the resonance obtained by scanning the frequency of the
780 nm light.

PRL 100, 113003 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
21 MARCH 2008

113003-2

Visibility: Doppler Broadening

PRL 100, 113003 (2008)
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Next Step: Two Atoms in Nearby 
Traps 52
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|r!

control target
|0!
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|0!
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|r!

control target

"dd

step 1 step 2 step 3

Figure 5.3 Three pulse operation necessary for controlled phase gate using Rydberg
blockade.

(x into page)y

z 

!1  Rydberg beam
z polarized

w1,z = 7.0 µm

!2  Rydberg beam
z polarized

w2,z = 9.0 µm
zsep = 10.2 µm

AOM AOM
FORT lensesAddressing lenses

atom separation along y
varies for each trial

|yc-yt|

quasi one dimensionsal
 FORT distribution

"y ~ 5 µm, "z ~ .5 µm

Figure 5.4 Diagram showing relative orientation of FORT sites and Rydberg excitation
beams, with AOMs providing fast re-positioning of beams between sites on ! 1 µs time

scales.

been measured by fitting the average of many single atom images and is determined to

be y = 10.2 µm as described in Chapter 3. Fig. 5.4 shows the relative positioning of the

FORT sites and Rydberg addressing lasers. The site separation in z is nearly fixed, so

the relative orientation of the two atoms on a given trial can be parameterized by a single

separation length along the y axis. Alignment of the Rydberg beams to one site (typically

18

Figure 3.3 Camera image showing resolution of two FORT sites separated by ! 10 µm.
Image composed by averaging about 150 single atom loading events.

3.5 FORT loading and readout

A timing diagram for a typical experiment is shown in Fig. 3.4. FORT loading begins

by turning on the FORT and MOT beams simultaneously for ! 200 ms. The MOT beams

are switched o! for ! 100 ms, allowing the MOT cloud to fall out of the beam paths to

avoid subsequent recapture of the cooled atoms. The MOT magnetic field gradient coils

are left on at all times, with residual magnetic fields at the FORT site measured at the

! 200 mG level using Raman spectroscopy of the Zeeman splitting of hyperfine ground

states |5s1/2, F = 1, 2". Readout of the FORT occupation is accomplished by switching

the FORT beam on and o! at rates of .5 to 2 MHz with a 50% duty cycle, while probing

with the MOT lasers. Later experiments also switched the MOT lasers at the same rate

(and out of phase with the FORT) with a 30% to 40% duty cycle to guarantee no overlap

time between the MOT and FORT light. Scattered photons are collected by the optics
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Figure of Merit for Rydberg 
Blockade

Phys. Rev. A 77, 032723 (2008)

Primary errors
Excitation of 2 or more atoms

AC-Stark shift of effective 2-level 
system
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Blockade Shift
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Properties of Blockade Shift
Weighted very strongly toward large R

Small R behavior of potential curves 
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Properties of Blockade Shift
8

denoted by primes, to get

!!kl|"k"l" =
!

m!
km!

l
mkml

!!kl|mkml"dj
mkm!

k
dj

mlm!
l

#!m!
km!

l|"k"l" (42)

where the d’s are Wigner rotation matrices evaluated at
angle #kl, the angle between the interatomic axis and the
z-axis of the fixed coordinate system.

C. Connection between van der Waals and Förster
Regimes

In the case that a single channel dominates, the eigen-
states |!" and eigenvalues D! of M†M can be used to
analytically find the energies and eigenstates in the R"3

Förster regime as well. The transition between van der
Waals and Förster interactions occurs at a characteristic
length scale of Rc = (4C2

3/$2)1/6. A related analysis in a
di!erent context was given in Ref. [34].

The M operator acting on a Förster eigenstate |!"
produces a unique vector |%!" that is a superposition of
the Zeeman sublevels of the coupled state:

M|!" =
"

D!|%!" (43)

Operating on the left side with MM† we get

MM†M|!" = MD!|!" (44)
MM†|%!" = D!|%!" (45)

so |%!" is an eigenvector of MM† with eigenvalue D!. It
also follows that M†|%!" =

"
D!|!", and !%!|%!" = 1.

Therefore the states |!" and |%!" form a closed two-level
system under the influence of the dipole-dipole interac-
tion.

It is now straightforward to find the eigenstates and
eigenvalues in the Förster regime as well. The Hamil-
tonian matrix for the e!ective two-level system is

H! =

#
$ C3

R3

"
D!

C3
R3

"
D! 0

$
(46)

where $ = E!$E" is the Förster defect and C6 = C2
3/$.

The eigenvalues are

V±(R) =
$

2
± 1

2

%
$2 + 4C2

3D!/R6 (47)

and the eigenvectors are

&" = cos #|!" $ sin #|%!"
&+ = sin #|!"+ cos #|%!"

(48)

where tan 2# = $2C3

"
D!/($R3).

These considerations show that the long-range poten-
tials for a + a % b + b and the reversed b + b % a + a

FIG. 3: (color online) The potential curves for
43d5/2 + 43d5/2 ! 45p3/2 + 41f in Rb, using ! = "7.4
MHz and C3 = 1.98 GHz µm3 which give Rc = 8.1 µm. At
small R additional channels contribute so these curves are
not accurate there.

are anti-symmetric in energy about $/2. If jb < ja, the
channels with |M | > 2jb have no dipole-dipole interac-
tion.

In the limit of strong dipole-dipole coupling, we have

V± = ±C3

R3

"
D! (49)

The potential curves for 43d5/2 + 43d5/2 % 45p3/2 +
41f , generated from Table I and the analytical formula
above, are shown in Figure 3.

D. Evaluation of van der Waals Interactions for Rb
and Cs Rydberg States

We now proceed to quantitatively evaluate the van der
Waals interactions of Rydberg states that can be reached
by one or two photon excitation from the ground state of
neutral alkali atoms, with the restriction that we include
only cases where both atoms are initially excited to the
same level. For each choice of excited state we give nu-
merical values for the energy defects and the interaction
strength for n = 70 as well as for values of n where reso-
nances occur. Results are given for the two heaviest alkali
atoms Rb and Cs. Due to the large hyperfine splittings
of the upperstates of the D1 and D2 lines in these atoms,
they are the most promising candidates among the alkali
metal atoms for quantum logic experiments which rely
on a well resolved excited state hyperfine structure for
qubit initialization and readout.

Before discussing the cases individually we recall that
the long range interaction strength of a particular chan-
nel scales proportional to C6 =

&
R#s

#i
R#t

#i

'2
/|$| where

we have introduced a shorthand notation " = {nlj} for
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Magnetic Field/Fine Structure 
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Figure 1: A) Rydberg blockade between control and target atoms each with internal qubit states

|0!, |1! and Rydberg state |r!. A controlled phase operation on the target requires excitation of
the control atom to |r!c with a ! pulse, a 2! pulse on the target atom, and a ! pulse on the
control atom to return it to the ground state. When a control atom is initially present in |1!c it
is excited to |r!c and the dipole-dipole interaction |r!c " |r!t shifts the Rydberg level by an
amount B which detunes the excitation of the target atom so that it is blocked. The final ! pulse
then returns the control atom to the ground state. B) Experimental geometry with two trapping

regions separated byZ = 11 µm. States |1!, |r! are coupled by two-photon transitions driven by
counterpropagating 780 and 480 nm lasers polarized along ẑ . Each laser is focused to a waist
(1/e2 intensity radius) of w # 10 µm and the light of each color is switched between control

and target sites using acousto-optic modulators (AOMs). C) Experimental fluorescence image

of the atomic density created by averaging 150 exposures each with one atom in the control and

target sites.

In order to perform the blockade operation of Fig. 1A the atoms must be close enough

to have a strong interaction, yet far enough apart that they can be individually controlled (see

Fig. 1B). To satisfy these conflicting requirements we first localize single atoms to region-
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is excited to |r!c and the dipole-dipole interaction |r!c " |r!t shifts the Rydberg level by an
amount B which detunes the excitation of the target atom so that it is blocked. The final ! pulse
then returns the control atom to the ground state. B) Experimental geometry with two trapping

regions separated byZ = 11 µm. States |1!, |r! are coupled by two-photon transitions driven by
counterpropagating 780 and 480 nm lasers polarized along ẑ . Each laser is focused to a waist
(1/e2 intensity radius) of w # 10 µm and the light of each color is switched between control

and target sites using acousto-optic modulators (AOMs). C) Experimental fluorescence image

of the atomic density created by averaging 150 exposures each with one atom in the control and

target sites.
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Figure 4: A) Molecular energies as a function of relative position |y1 ! y2| with an external
magnetic field of 1.15 mT. The inset shows the two-atom energies versus magnetic field for
R " #. B) Blockade shift (solid lines) and P2 (dashed lines) as a function of relative position

|y1 ! y2| for 0 and 1.15 mT. The long dashed line shows the relative probability of y1 ! y2

which is a Gaussian with variance 2!2
y .

The laser excited Rydberg states are therefore linear superpositions of several 79d5/2 and 79d3/2

Zeeman states with m = ±1/2,±3/2. In addition the magnetic field differentially tunes the

energies of the Zeeman sublevels which breaks the degeneracy leading to noninteracting Förster

zero states (29). The net result is that the interaction strength is substantially larger than it would

be without a bias field. Two-atom energies for R " # as a function of the magnetic field are

shown in the inset to Fig. 4A. We see that there is strong overlap of the 79d5/2 + 79d3/2

Zeeman fans with 81p1/2 + 77f5/2,7/2. We have calculated the interaction strength under these

conditions by including all 436 two atom fine structure states taken from (79d, 79d), (80p, 78f),

8

79d

B=1.3 MHz
Fine-structure mixing by Vdd gets rid of Förster-zero 

states.
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Figure 5.6 Timing sequence for blockade experiment.

atom reduces the probability of populating the Rydberg state from about 0.8 to 0.3.

This large reduction in Rabi flopping contrast is impressive in that it is caused by the

presence of a single neutral atom more than 10 µm away. It should be noted that al-

though the electron orbit in Rydberg atoms scales as ! a0n2 and is very large compared

to ground state atoms, for this experiment at n = 79 the approximate atomic radius is

still only ! 300 nm, so the atoms at each site are separated by about 30 atomic radii.

Thus the entanglement demonstrated in Fig. 5.7 is due to the Rydberg induced dipole

fields interacting, and not due simply to atomic collisions.

Finally, Fig. 5.7(c) and (d) show the results of a similar experiment, but with the

roles of the target and control sites reversed. Small variations in alignment of the top or

bottom site are the most probable cause for the small di!erences in Rabi frequencies and

blockade e!ectiveness after reversing the target and control sites.

We have also demonstrated dipole blockade between atoms at principal quantum

number n = 90, with results shown in Fig. 5.8 obtained using the experimental parame-

ters of Table 5.3. While the data is somewhat less thorough than that shown for n = 79,
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Figure 3: Rydberg blockade experiment between control and target atoms. A) experimental

sequence, B) Rabi oscillations on site 2 when no ! pulses are applied to site 1, C) blockaded
oscillations on site 2 when the ! pulses are applied to site 1. Panels D) and E) show the same
as B) and C) but with the roles of sites 1 and 2 reversed.

asymmetry or bias in our experimental procedures.

In order to explain these observations we must account quantitatively for the strength of the

Rydberg interactions. 87Rb atoms excited to the 79d5/2 state experience a Förster interaction

(27) that is dominated by the near degeneracy of the energy of two 79d atoms with the energy of

a two atom state npp+nff . The interaction is strongest for channels with (28) np = 80, nf = 78

and np = 81, nf = 77. The situation is complicated by the fact that the B0 = 1.15 mT bias

magnetic field that is used for optical pumping remains on during the Rydberg interaction giving

Zeeman shifts and coupling of different fine structure states. This leads to mixing of the 79d5/2

and 79d3/2 fine structure manifolds which have a zero field separation of only about 23 MHz.

7

Expected residual oscillations (Doppler, finite blockade shift)
 0.1--additional errors from atom loss on 1st readout,

 imperfect optical pumping, and imperfect photoionization
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Figure 5: Rydberg blockade by excitation of the |90d5/2! Rydberg level Panel a)
shows the experimental data for Rydberg excitation of the target atom with and without
a control atom present. Panel b) shows a Monte-Carlo simulation accounting for exper-
imental imperfections. The amplitude of the curve fit to the blockaded oscillations is
a = 0.09 (experiment) and a = 0.11 (simulation).

imperfections in state preparation and measurement as well as variations in the two-
atom separation at finite temperature. We expect that modest improvements to the
experimental apparatus will enable blockade errors to be reduced which will then lead
to the possibility of observing a long range two-atom conditional logic gate. Indeed a
detailed analysis of a Rydberg blockade CNOT gate taking into account a large number
of experimental imperfections suggests that gate errors at the 10!3 level are feasible [24].
As a next step in this direction Fig. 5a shows additional blockade data obtained by
excitation 90d5/2, with all other parameters as in Fig. 3. As shown in Fig. 4, and
discussed in the supplementary information, the Rydberg interaction strength for n = 90
is about three times stronger than for n = 79. With this strong an interaction the
observed probability of excitation of a target atom is reduced to under 20%. The spatially
averaged theoretical double excitation probability, without accounting for experimental
imperfections, is reduced to P̄2 = 0.02. Thus the observed blockade leakage is almost
entirely due to errors in state preparation and measurement as demonstrated by the Monte
Carlo simulation shown in Fig. 5b. We therefore expect that technical improvements to
reduce these errors will result in high fidelity Rydberg blockade that will be suitable for
precise quantum logic operations.

In conclusion we have observed Rydberg blockade between two atoms localized in spa-
tially separated trapping sites. The excitation of one atom to a Rydberg level blocks the
subsequent excitation of a second atom. The blockade e!ectiveness is consistent with cal-
culations of the Rydberg interaction strength accounting for all experimental parameters.
Our observations complement previous work on excitation suppression in a many body
regime [13–18] and extend the range of strong interactions between just two atoms to a
distance that is ten times larger than the wavelength of the light needed for internal state

7

Demonstrates coherent control of the evolution of 
one atom based on the quantum state of a single

additional atom 11 microns away.

Nature Physics 5, 110 (2009)
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French results
Grangier, Pillet, Nature Physics 5, 115 (2009)

Blockade

Sqrt(2) enhancement
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First CNOT data
CNOT data !restrict on control atom"
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 Signs of Entanglement
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Mesoscopic Dipole Blockade

Lukin...PRL 87, 037901 (2001). : Multi-atom excitation 
strongly suppressed in mesoscopic cloud

Rb 
λ=.78 μm
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Single Atom Source

Protocol for single atom loading: 

• trap N atoms into FORT
• pump all N atoms to |b>

• transfer “1” atom to |a>

• eject (N-1) atoms in |b>

PRA 66, 065403 (2002)
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Single-atom Loading Fidelity
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First Results-Single Atom Loading
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Single Photon Source
Drive b−e−r−e sequence

  via dipole-blockade
Get entangled state

� 

! = 1
N

ei" j 0...e j ...#
j
$

� 

! j = k1 + k2 " k3( ) #rj

but, spatially-varying phase imprinted
 on atoms

Single-photon emitted

PRA 66, 065403 (2002)
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Phased Array Single-Photon Source
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Single Qubit to Directed Photon 

initialize

entangle

PRA 72, 022347 (2005)
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Cross Entanglement
• Single atom qubits are optimal for computation – but couple weakly to a single photon 

• N atom ensembles couple strongly to single photons, but have shorter coherence time 

• Cross entanglement combines the advantages

computation
     qubit

communication
        qubit

PRA 72, 022347 (2005)

Potential for fast readout, quantum state 
transmission...
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Summary
•2-D array of addressable FORTs w/Rydberg entanglement 

promising approach to quantum computation

•MHz single qubit rotations demonstrated, long
 coherence times

•Efficient single-atom detection and preparation

•Coherent Rydberg Rabi flopping

•Demonstrated blockade between 2 atoms separated 
by 11 µm

•Blockade CNOT

•Sub-Poissonian Atom loading via blockade

CNOT data !restrict on control atom"

0

0.2

0.4

0.6

0.8

1

0 100 200 300 400 500 600

5

10

15

20

25

Region 0 Shot 1

Wednesday, May 27, 2009


