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Introduction to Rydberg Atoms
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Introduction to Rydberg Atoms

W = −1
2n2

r ∝ n2

Lifetime ∝ n3

ωkepler ∝ 1/n3

Eionization ∝ 1/n4

V = −1/r

Properties of Rydberg Atoms

For n=100:
I W = −1.4meV
I < r >= 0.5µm
I τ = 1ms
I ωkepler = 2π × 6.5GHz
I Eionization = 5.7V/cm
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Huge Dipole Moments

KBr
Dipole Moment: 10.41D

Rydberg Atoms
Dipole Moment: 2.54n2D

µ1
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Dipole-Dipole Interaction
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Dipole-Dipole Energy Transfer
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Dipole Energy Transfer

VOLUME 47, NUMBER 6 PHYSICAL REVIEW LETTERS 10 AUGUST 1981

Resonant Rydberg-Atom-Rydberg-Atom Collisions

K. A. Safinya, ' J. F. Delpech, ' ' F. Gounand, '" %. Sandner, ' ' and T. F. Gallagher
Molecular Physics Laboratory, SRI International, Menlo Parh, California 94025

(Received 22 June 1981)

have observed the sharply resonant enhancement of the cross section of the collision
process ns+ns —np + (n —1)p between two Nans (16&n ~27) atoms which occurs when
the levels are shifted by an electric field so that the ns level lies midway between the two

p states. The widths of the collisional resonances scale as n and the magnitudes of the
cross sections as n4, with values of 0.5 6Hz and sxlos A' for the 20s state. These results
are in good agreement with calculations based on the long-range dipole-dipole interaction
between the two atoms.

PACS numbers: 32.80.-t, 32.60.+i, 42.65.Qv

In collisional transfer of internal energy from
atom A to atom (or molecule) B it is expected
that if the collision is resonant, i.e. , atom A
loses as much internal energy as atom B gains,
the cross section will be enhanced. ' In low-lying
states it is difficult to study the effect in a sys-
tematic fashion since one must rely upon chance
coincidences in the energy levels. On the other
hand, atomic Rydberg states are well suited for
such studies for two reasons. First, for many
collision processes they have large cross sec-
tions, which should allow the long interaction
time necessary to produce sharp collisional
resonances. Second, the energy spacings of
Rydberg states may be varied in a systematic
fashion. , The most apparent approach is to vary
the energy spacings by studying a progression of
n or l states, where n and l a,re the principal and
orbita, l angular momentum quantum numbers.
Variation of n has already been used to study
resonant electronic-to-vibrational energy trans-
fer from Rydberg states of Na to CH4 and CD4, '
and electronic-to-rotational energy transfer from
Hydberg states of Xe to NH, .' The widths of the
resonances in these collision cross sections are
50 and 6 cm ', respectively, far narrower than
any previously observed. Changing n or l limits
the tuning to discrete steps; however, it is possi-
ble to continuously tune the atomic levels with
use of electric or magnetic fields, which is of
course essential to observe very sharp resonances.

Here we report the use of electric field tuning
to observe resonant collisions of two Rydberg
atoms. Specifically, we observe that when the
electric field is tuned so that an initially populat-
ed ns state lies midway between the two p states
above and below it, two atoms in the ns state
collide to yield one atom in each of the two p
states. At resonance the process has a large
cross section, - 10' times the geometric cross

section which is the expected cross section for
nonresonant collision processes. 4 Such large
cross sections lead to long interaction times of
- 1 ns or resonant widths of -0.03 cm ', a width
more characteristic of spectroscopy than colli-
sions.

In these experiments Na atoms in an effusive
thermal beam are crossed at 90' by two collinear
pulsed-dye-laser beams which excite them via
the route 3s - 3p -ns to ns states where 16- n
& 2V. Typically the yellow 3s —3p transition was
saturated, but the blue 3p —ns transition was not.
After the laser pulse the atoms collide with each
other, and the final-state distribution is analyzed
as a function of time after the laser excitation by
using selective field ionization which enables us
to discriminate between the states of interest, in-
cluding the ~m~ values of the p states. ' Here m
is the component of orbital angular momentum
along the field direction. As noted above, the ex-
periment is carried out in the presence of a dc
electric field which serves to tune the levels as
shown in Fig. 1 for the 19p, 20s, and 20p states.
Note that, because of the splitting of the ~m~ =0
and 1 levels of the p states, there are in fact four
values of the electric field (resonances) at which
the s state lies midway between the two p states.

The cross sections are determined by meas-
uring the number of atoms N~ collisionally trans-
ferred to the np state and the number of atoms
N, excited to the ns state. In the limit where
only a small fraction of the initial ns population
is collisionally transferred to the p states we
may express the population N~ at a time t after
the laser excitation as

N& =N, wt/V,

where o is the cross section for the process ns
+ns —np + (n —l)p, v is the average collision
velocity, and V is the sample volume. To ac-
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Resonant Dipole-Dipole Energy Transfer in a Nearly Frozen Rydberg Gas

W. R. Anderson,* J. R. Veale, and T. F. Gallagher
Department of Physics, University of Virginia, Charlottesville, Virginia 22901

(Received 4 August 1997)

In a room temperature vapor of Rb Rydberg atoms, resonant dipole-dipole energy transfer occurs via
binary collisions. In contrast, in the300 mK vapor produced by a magneto-optical trap, the atoms are
nearly frozen in place and many atoms interact simultaneously, as in an amorphous solid. As a result of
the simultaneous multiple atom interactions, the energy transfer resonances are broadened substantially
in frequency. [S0031-9007(97)04909-0]

PACS numbers: 32.80.Pj, 34.60.+z

In practical terms, a gas is frozen if over the time scale
of interest the constituent atoms or molecules move only
small distances relative to their separation. In such a case,
they can be expected to behave as an amorphous solid.
Elegant examples of a frozen gas are the well defined
spatial structures of cold ions observed in ion traps [1,2].
With neutral atoms, it is more difficult to realize a frozen
gas due to the fact that the interactions between neutral
atoms are of shorter range than the Coulomb interaction.
Cold Rydberg atoms, with their large sizes and dipole
moments, appear to be natural candidates for making
a frozen neutral gas. Using them, one can reasonably
expect to reach a regime where collective, many-atom,
effects lead to qualitatively different behavior. Interesting
examples are superradiance and the observation of a Mott
transition [3].

Here, we report the results of experiments on res-
onant dipole-dipole energy transfer among300 mK Rb
Rydberg atoms in a magneto-optical trap (MOT). In these
experiments, the dipole-dipole interaction of the atoms
approaches their thermal energy. At room temperature
300 K, resonant energy transfer occurs by a well under-
stood binary collision process, but it is qualitatively dif-
ferent at300 mK. In the latter case, it is clearly not a
binary process but a many-atom process which has some
similarities to the formation of energy bands in a solid.

The specific process we have examined is, for two
atoms, the process

Rb 25s1y2 1 Rb 33s1y2 °! Rb 24p1y2 1 Rb 34p3y2 .

(1)

As shown in Fig. 1, it is resonant at the electric fields
E  3.0 and 3.4 Vycm, where the25s1y2-24p1y2 and
33s1y2-34p3y2 intervals are equal. Because of the splitting
of the jmjj  1

2 and 3
2 levels of the34p3y2 state, there

are two resonances. Binary resonant energy transfer
collisions such as the one of Eq. (1) have been studied
extensively, and the cross sections is given by [4]

s  mAmByy , (2)

wheremA and mB are the25s-24p and 33s-34p electric
dipole matrix elements andy is the collision velocity.
The duration of the collision,t, is the inverse of the

linewidth, Dy, of the collisional resonance and is given
by

t  1yDn 
p

mAmByy3y2 
p

syy . (3)

The linewidth depends on the collision velocity of the
atoms but not on their density. At room temperature
300 K, using the valuesmA  492ea0 andmB  126ea0,
we calculates  1028 cm2 andDn  380 MHz.

Previous experiments have shown that, when the tem-
perature is reduced from300 K to 1 K, the linewidth
of the resonance drops sharply, as shown in Eq. (3)
[5]. If we apply Eqs. (2) and (3) to the energy trans-
fer of Eq. (1) at 300 mK, we find s  1025 cm2 and
Dn  12 kHz. Typical Rydberg atom densities in the
MOT are 109 cm23, implying a mean interatomic spac-
ing of 1023 cm, which is larger than the impact parame-
ter

p
s. Under such conditions, an energy transfer can

no longer occur by the same binary collision process, but
how it should change is nota priori obvious. It is likely

FIG. 1. Energy levels of Rb in an electric field showing the
two energy transfer resonances of Eq. (1).
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Many-Body Effects in a Frozen Rydberg Gas

I. Mourachko, D. Comparat, F. de Tomasi, A. Fioretti, P. Nosbaum,* V. M. Akulin,† and P. Pillet
Laboratoire Aimé Cotton, CNRS II, Bât. 505, Campus d’Orsay, 91405 Orsay Cedex, France

(Received 4 August 1997)

We studied the properties of a cold (,100 mK) and dense (,108 10 cm23) atomic Rydberg Cs gas,
and found that the observed widths and shapes of resonances in population transfers cannot be explained
in the framework of a usual gas model. We propose a “frozen Rydberg gas” model, where the interplay
between two-body and many-body phenomena affects in an unexpected way the width and the shape of
spectral lines. [S0031-9007(97)04903-X]

PACS numbers: 32.80.Rm, 32.80.Pj, 34.60.+z

Recent demonstrations of Bose-Einstein condensation
have pointed out the role of collisional processes in the
evaporative cooling method [1–3]. Relatively dense cold
atomic samples have revealed, in turn, a rich variety of
new phenomena in atomic collision [4], and in particular
a strong excitation exchange effect. Usually one expands
the physical characteristics of a gas in the power series in
density that corresponds to one-, two-, three-, etc., body
phenomena. The excitation exchange is governed by the
two-body interactions, whereas the many-body effects in
sparse systems are usually considered as small. But does
such a gas at low temperature and density remain a sparse
system? In this Letter we show that the situation may
change completely for an ensemble of ultracold atoms
when the typical collision time considerably exceeds the
time corresponding to the inverse of typical interaction
energy between two neighboring atoms. In this regime
the many-body phenomena play an equally important role.
Observation of such phenomena becomes possible due
to the recent development of a laser cooling technique,
which brings new tools for atomic and molecular physics.

We report the first results of experiments performed
with cold cesium atoms in Rydberg states along with a
theoretical model and show how the interplay between
two-body and many-body processes affects, in an unex-
pected way, the width and the shape of the resonances in
the population transfer induced by the energy exchange.
The fact that the excited Cs atoms obtained by pulsed
laser irradiation are slow and are excited to high Rydberg
states plays the crucial role: the large size, the large dipole
moment, and the long lifetime of the Rydberg atoms allow
one to reach experimental conditions where many-body
phenomena become important.

The atomic sample containsNd , 108 1010 highly ex-
cited Cs atoms per cm3 at a temperatureT , 100 mK in a
chosen Rydbergp-state with the principal quantum num-
ber n  20 30. The typical displacementDR  yt ,
10 300 nm of atoms moving at an average velocityy ,
10 cmys during the experiment time oft , 0.1 3 ms is
much less than the average distanceR , s3y4pNdd1y3 
5 20 mm between neighboring atoms. It is of the same
order of magnitude as the size of the Rydberg orbitsR0 .
4n2 a.u., 80 nm (for n , 20), whereas the nuclear

de Broglie wavelength is aboutldB , 30 nm. It means
that one can ignore completely the motion of atoms
and consider the atomic ensemble as a “frozen Rydberg
gas” [5].

We trace the number of atoms ins states created in the
energy exchange process [7]

CsAfnp3y2g 1 CsBfnp3y2g ! CsAfnsg 1 CsBfsn 1 1dsg ,

(1)

when one of the atomssAd makes a downward transition
from the Rydberg statejnp3y2l to a lower Rydberg state
jns1y2l, whereas the other atom (B) makes an upward
transitionjnp3y2l ! jsn 1 1ds1y2l. For each of the atoms
it corresponds to an allowed dipole transition, and hence
the typical interactionVAB  mAmByR3

AB depends on the
matrix elementsmA andmB of the dipole moment and the
distanceRAB between the atoms. The reaction of Eq. (1)
is tuned into resonance by a Stark shift of thep3y2 state in
the static electric fieldE , as is shown in the level scheme
in Fig. 1(a). Aside from the creation ofss0 couple, that
is, two s states in Eq. (1), the processes of excitation
exchange with other atoms (C, D, etc.)

CsCfnp3y2g 1 CsAfnsg ! CsCfnsg 1 CsAfnp3y2g

CsDfnp3y2g 1 CsBfsn 1 1dsg ! CsDfsn 1 1dsg (2)

1 CsBfnp3y2g

are also possible. They are always resonant and have the
same order of magnitude as the process in Eq. (1) but do
not create newss0 couples. They allow for the migration
of s states over the “frozen” atoms. We therefore have
to consider a novel quantum system of Rydberg atoms at
rest, which evolves in the course of the energy exchange
processes Eqs. (1) and (2). One can say in the spirit of the
concept of quasiparticles that thess0 couples are created
and that each of thes states independently moves over a
media of a frozen Rydberg gas. This system resembles
an amorphous glass, where the centers are randomly
distributed over the sample.

The basic scheme of the experiment is as follows.
The cold Cs atoms are produced in a vapor-loaded MOT
cell [8] created at the intersection of three pairs of
mutually orthogonal, counterpropagatings1 2 s2-laser
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Förster Resonance Energy Transfer

Analogous to FRET in biochemistry

D. W. Piston, M. E. Dickinson, & M. W. Davidson, FRET Microscopy
with Spectral Imaging
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Dipole Blockade

Dipole interaction prevents excitation of multiple Rydberg atoms

∆dd {

|0〉

|R〉

K. Singer et al., PRL (2004).
D. Tong et al., PRL (2004).
T. Vogt et al., PRL (2006).
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Rydberg CNOT Gates

Two Rydberg atoms, |c〉 and |t〉, entangled via dipole-dipole
interaction

Demonstration of a Neutral Atom Controlled-NOT Quantum Gate

L. Isenhower, E. Urban, X. L. Zhang, A. T. Gill, T. Henage, T. A. Johnson,* T.G. Walker, and M. Saffman

Department of Physics, University of Wisconsin, 1150 University Avenue, Madison, Wisconsin 53706 USA
(Received 5 August 2009; published 8 January 2010)

We present the first demonstration of a CNOT gate between two individually addressed neutral atoms.

Our implementation of the CNOT uses Rydberg blockade interactions between neutral atoms held in optical

traps separated by >8 �m. Using two different gate protocols we measure CNOT fidelities of F ¼ 0:73

and 0.72 based on truth table probabilities. The gate was used to generate Bell states with fidelity F ¼
0:48� 0:06. After correcting for atom loss we obtain an a posteriori entanglement fidelity of F ¼ 0:58.

DOI: 10.1103/PhysRevLett.104.010503 PACS numbers: 03.67.Lx, 03.67.Bg, 32.80.Ee, 32.80.Qk

Any unitary operation can be performed on a quantum
computer equipped with a complete set of universal gates.
A complete set of gates can be comprised of single qubit
operations together with a two-qubit controlled-NOT
(CNOT) gate [1]. The CNOT gate has been demonstrated in
several different physical systems including trapped ions
[2,3], superconducting circuits [4,5], and linear optics
[6,7]. Numerous proposals exist for neutral atom quantum
gates including short range dipolar interactions [8], ground
state collisions [9], coupling of atoms to photons [10],
magnetic dipole-dipole interactions [11], gates with de-
localized qubits [12], and Rydberg state mediated dipolar
interactions [13]. Many particle entanglement mediated by
collisions has been observed in optical lattice based experi-
ments [14], and a

ffiffiffiffiffiffiffiffiffiffiffiffi
SWAP

p
entangling operation was per-

formed on many pairs of atoms in parallel [15], but a
quantum gate between two individually addressed neutral
atoms has not previously been demonstrated.

We report here on the demonstration of a two-qubit gate
with neutral atoms using Rydberg blockade interactions as
proposed in [13]. The Rydberg approach has a number of
attractive features: it does not require cooling of the atoms
to the ground state of the confining potentials, it can be
operated on �s time scales, it does not require precise
control of the two-atom interaction strength, and it is not
limited to nearest neighbor interactions which is advanta-
geous for scaling to multiqubit systems [16]. Detailed
analyses of the Rydberg gate taking into account practical
experimental conditions [17,18] predict that gate errors at
the level of F� 10�3 are possible. We present here initial
demonstrations of Rydberg mediated CNOT gates with
fidelities based on truth table probabilities of F ¼ 0:73,
0.72 using two different protocols. The coherence of the
gate is shown by measuring coherent oscillations of the
output states, with a conditional phase that is dependent on
the presence or absence of a two-atom Rydberg interaction.
Using superposition input states the gates were used to
generate Bell states with fidelity F ¼ 0:48 which suggests
the actual gate fidelity lies between 0.48 and 0.73.

Our implementation of the CNOT gate builds on earlier
demonstrations of single qubit rotations using two-photon
stimulated Raman pulses [19], coherent excitation of

Rydberg states [20], and Rydberg blockade [21,22]. The
experimental apparatus and procedures used for excitation
of Rydberg states are similar to that described in [21]. As
shown there, excitation of a control atom to a Rydberg
level with principal quantum number n ¼ 90 prevents
subsequent excitation of a target atom in a neighboring
site separated by R ¼ 10 �m. Excitation and deexcitation
of the target atom corresponds to a 2� rotation of an
effective spin 1=2 which therefore imparts a � phase shift
to the wave function of the target atom. If the control atom
blocks the target excitation then the rotation does not occur
and there is no phase shift of the target wave function. The
result is a CZ controlled phase operation.
There are several possible ways to convert the Rydberg

blockade operation into a full CNOT gate. A standard
approach [1] shown in Fig. 1 is to perform Hadamard
rotations on the target qubit before and after the controlled
phase which immediately generates what we will refer to
as a H-CZ CNOT. An alternative is to implement a con-
trolled amplitude swap (AS-CNOT), as was originally pro-
posed in the context of rare earth doped crystals [23]. As
seen in Fig. 1 (right), when the control atom is initially in
state j0i it is excited to the Rydberg level jri by pulse 1 and
the blockade interaction prevents Rydberg pulses 2, 4, 6 on
the target atom from having any effect. The final pulse 7
returns the control atom to the ground state. When the
control atom is initially in state j1i pulses 1 and 7 are
detuned and have no effect, while pulses 2–6 swap the
amplitudes of j0i and j1i. This corresponds to a standard

c

t

control target0

r

1

2 3

5

4

control target

1 2

3

7 4 6

51

AS CNOTH-CZ CNOT

2π

π/2π/2

FIG. 1 (color online). CNOT gate protocols using Hadamard—
CZ (center) and controlled amplitude SWAP (right). All pulses are
� pulses except where indicated otherwise.

PRL 104, 010503 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

8 JANUARY 2010

0031-9007=10=104(1)=010503(4) 010503-1 � 2010 The American Physical Society

IN OUT
|c〉 |t〉 |c〉 |t〉
0 0 0 0
0 1 0 1
1 0 1 1
1 1 1 0

Many CNOT gates with low gate error → A Quantum Computer

L. Isenhower et al. PRL 104 (2010), T. Wilk et al. PRL 104 (2010).
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Many-body influence

Many-body effects can cause computation errors beyond 15%

Noel Group:
31d+ 31d→ 33p+ 29k
Require up nine atoms to explain
their 2-body results

Weidemüller Group:
32p3/2 + 32p3/2 → 32s+ 33s
Require 4-10 atoms to explain
their 2-body results

Can we directly observe a many-body Rydberg energy transfer?

A. Mizal & D. Lidar, PRL 92 (2004).
T. J. Carroll, S. Sunder, & M. W. Noel, PRA 73 (2006).
S. Westermann et al. Eur. Phys. J. D 40 (2006).
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Cs Stark Map
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Energy Difference
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Energy Difference
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Apparatus

I Background loaded
Cs MOT

I Four parallel wire
grids

I Two MCP detectors
for ion and electron
detection

I TOF and charged
particle imaging

J.H. Gurian (Laboratoire Aimé Cotton) Rydberg Resonant 4-Body Interaction 14 / 27
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Rydberg Excitation

I 6s→ 6p→ 7s→ np

I Excite 2× 105 23p atoms
I 260µm diameter gaussian cloud
I Peak density 9× 109 cm−3

0.1 mm

J.H. Gurian (Laboratoire Aimé Cotton) Rydberg Resonant 4-Body Interaction 15 / 27
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Field Ionization
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Oscilloscope Traces

500 ns excitation in 79V/cm, 2µs delay, SFI
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Two Body Resonances

23p3/2 + 23p3/2 → 23s+ 24s
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4× 23p3/2 → 2× 23s+ 23p1/2 + 23d5/2
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Intensity
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True 4-body process?
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|mf | = 3/2 Comparison
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Toy Model

|0〉 = |pppp〉 |1〉 = |ss′pp〉 |2〉 = |ss′ss′〉 |3〉 = |p′ds′s′〉
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Toy Model

|0〉 = |pppp〉 |1〉 = |ss′pp〉 |2〉 = |ss′ss′〉 |3〉 = |p′ds′s′〉

H =
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ρ(t) = e−iHtρ0e
iHt ρ0 =


1 0 0 0
0 0 0 0
0 0 0 0
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Assume dipole couplings Vij , average over cubic Gamma

distribution.

J.H. Gurian (Laboratoire Aimé Cotton) Rydberg Resonant 4-Body Interaction 23 / 27



Introduction Experiment Model Conclusions Intoduction Results Exp. Comparison

Toy Model Results
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Toy Model Comparison

5
15
25
35

%
24

s p → s

0
2
4
6

%
23

d s → d

0.0
0.4
0.8
1.2

79.6 79.8 80.0 80.2 80.4 80.6 80.8

%
23

d

Electric field (V/cm)

p → d

J.H. Gurian (Laboratoire Aimé Cotton) Rydberg Resonant 4-Body Interaction 25 / 27



Introduction Experiment Model Conclusions

Next Steps
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Introduction Experiment Model Conclusions

Conclusions

I Observation of direct product of Stark-tuned 4-body Rydberg
interaction

I Density scaling approaching n4
I On-res. 4-body process > Off-res. 2-body process
I J.H. Gurian et al. PRL (arxiv:1111.2488)

I Next: Two color 4-body resonance
I Future: Further control multibody Rydberg interaction via RF

or B-field.
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Gamma Distribution

n = 109 cm−3 4πnR2e−(4/3)nπR
3

Return to Talk
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Cs Levels
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Magentic Trapping
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Exp. MOT
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Rydberg Lifetime

Einstein’s A coefficient: An′`′,n` =
4
3ω

3
n`,n′`′

`max
2`+1 |〈n

′`′|r|n`〉|2

As n→∞, ω → constant.
〈ground state|r|n`〉 ∝ n−3/2

τn` =
[∑

n′`′ An′`′,n`

]−1
τ ∝ n3

This ignores blackbody radiation and ` scaling!

Return to Talk
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What’s a Rydberg Atom?

Any atom with one or more electrons of large principal quantum
number n, where n > 10.

This Talk: 23 ≤ n ≤ 306
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