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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 ex
in the framework of a usual gas model. We propose a “frozen Rydberg gas” model, where the inte
between two-body and many-body phenomena affects in an unexpected way the width and the sh
spectral lines. [S0031-9007(97)04903-X]

PACS numbers: 32.80.Rm, 32.80.Pj, 34.60.+z
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Recent demonstrations of Bose-Einstein condensa
have pointed out the role of collisional processes in
evaporative cooling method [1–3]. Relatively dense co
atomic samples have revealed, in turn, a rich variety
new phenomena in atomic collision [4], and in particul
a strong excitation exchange effect. Usually one expa
the physical characteristics of a gas in the power serie
density that corresponds to one-, two-, three-, etc., b
phenomena. The excitation exchange is governed by
two-body interactions, whereas the many-body effects
sparse systems are usually considered as small. But
such a gas at low temperature and density remain a sp
system? In this Letter we show that the situation m
change completely for an ensemble of ultracold ato
when the typical collision time considerably exceeds t
time corresponding to the inverse of typical interacti
energy between two neighboring atoms. In this regi
the many-body phenomena play an equally important ro
Observation of such phenomena becomes possible
to the recent development of a laser cooling techniq
which brings new tools for atomic and molecular physic

We report the first results of experiments perform
with cold cesium atoms in Rydberg states along with
theoretical model and show how the interplay betwe
two-body and many-body processes affects, in an un
pected way, the width and the shape of the resonance
the population transfer induced by the energy exchan
The fact that the excited Cs atoms obtained by puls
laser irradiation are slow and are excited to high Rydb
states plays the crucial role: the large size, the large dip
moment, and the long lifetime of the Rydberg atoms allo
one to reach experimental conditions where many-bo
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 sam
order of magnitude as the size of the Rydberg orbitsR0 .
4n2 a.u., 80 nm (for n , 20), whereas the nuclea
0031-9007y98y80(2)y253(4)$15.00
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de Broglie wavelength is aboutldB , 30 nm. It means
that one can ignore completely the motion of atom
and consider the atomic ensemble as a “frozen Rydbe
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 hen
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 excitatio
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
same order of magnitude as the process in Eq. (1) but
not create newss0 couples. They allow for the migration
of s states over the “frozen” atoms. We therefore hav
to consider a novel quantum system of Rydberg atoms
rest, which evolves in the course of the energy exchan
processes Eqs. (1) and (2). One can say in the spirit of t
concept of quasiparticles that thess0 couples are created
and that each of thes states independently moves over
media of a frozen Rydberg gas. This system resemb
an amorphous glass, where the centers are random
distributed over the sample.

The basic scheme of the experiment is as follow
The cold Cs atoms are produced in a vapor-loaded MO
cell [8] created at the intersection of three pairs o
mutually orthogonal, counterpropagatings1 2 s2-laser
© 1998 The American Physical Society 253
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FIG. 1. Level diagram (a) for an isolated Cs atom in a
electric field E for the principal quantum numbern  23.
Rydberg statess, p, and d are shown along with the adjacen
Stark manifold. The avoided crossings of the levels a
manifolds are located far enough from the resonances
exclude any influence (for details see Ref. [6]). The splitting
the jmj  1y2 and jmj  3y2 states of thenp3y2 level, which
is of the order of 1.2 GHz, is not shown. Illustration (b) of th
elementary act of excitation exchange process which includ
creation of anss0 couple at a pair of closely spaced Rydber
atoms (A 1 B) and subsequent evacuation of these states
atoms C, D, etc. at longer distances, and the correspondi
level scheme (c) for the pair (A 1 B) embedded in the system
of other atoms (OA). We denote the eigenstate ofOA projected
to the Hilbert subspace of a singless0 couple by the symbol
jkl. Quantum transitions to this band models the diffusion ofs
states (compare to Ref. [11]).

beams (4 mWycm2), at the zero magnetic field point o
anti-Helmholtz coils device. The residual pressure
2 3 1029 Torr. The cooling laser beams are split from
a single mode laser beam (SDL 5412-H1, 100 mW,l ,
852 nm) injection locked to a master diode laser. Th
master laser (SDL 5412-H1, 100 mW) is stabilized b
optical feedback from an extended grating-ended cav
Long-term stabilization is ensured by locking the las
frequency to a saturated absorption line in a cesium va
cell. The laser frequency is tuned about1.5 natural
linewidths below the62S1y2sF  4d ! 62P3y2sF 0  5d
transition. A repumping laser beam (SDL 5712-H
100 mW) tuned to the62S1y2sF  3d ! 62P3y2sF0  4d
transition is superimposed on two of the cooling las
beams. Under these conditions, the FWHM dimensi
of the cold sample is in the range of600 1000 mm, and
the number of atoms in the trap is between1 3 107 and
5 3 107, leading thus to a density of up to1011 cm23.
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At the trap position, a static electric fieldE 
30 100 Vycm and a pulsed high voltage field can b
applied by means of a pair of electric field grids spac
by 15 mm. The6P3y2 atoms are excited in the presenc
of static field by a pulseds7 ns, ,1 mJd dye laser running
at 10 Hz repetition rate, which is pumped by the thir
harmonic of a Nd-YAG laser and tuned to the transitio
6P3y2 ! np3y2 sn  22 26, l , 518 nmd. This exci-
tation does not significantly change the atomic velocit
After the excitation the atoms evolve during about2 ms,
and when a quasi-steady-state regime attains, we ap
a high voltage pulse of a 300 ns risetime and selectiv
ionize the uppers state. The ions are expelled out of th
interaction region and detected by a pair of microchann
plates. The signal from the ion detector is record
with a gated integrator. By slowly sweeping the fiel
E we chirp the detuning of the reaction in Eq. (1) an
observe ion peaks corresponding to resonances of diffe
magnetic componentsm of the initial np3y2 state—either
jmj  1y2 or jmj  3y2. Control of the Rydberg atom
density is performed by attenuating the dye laser.

In Fig. 2 we show typical resonance lines for the tra
sition of Eq. (1). One sees that the linewidth and the li
shape changes with the density of Rydberg atoms.
deed, in Fig. 2(a) one sees a narrow peak with a linewid
of 35 MHz FWHM, which is close to the resolution limit
of ,20 MHz. At higher densities Figs. 2(b)–2(d), a pro
gressive broadening of the lines up to 200 MHz is evide
One clearly sees the transformation of the line shape w

FIG. 2. Energy transfer resonance Eq. (1) for23p3y2 state
with jmj  1y2. The ionic yield for the24s1y2 state is shown
as a function of the detuning controlled byE field. Estimated
densities of Csf23p3y2, jmj  1y2g atoms: (a)4 3 108 cm23,
(b) 7 3 108 cm23, (c) 4 3 109 cm23, and (d)1010 cm23.
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the density: At the highest densities the resonance is s
in two peaks and at intermediate densities small side ba
around the resonance peak can be seen. This result is
tally different from the case of two-body resonant coll
sions in a dilute gas for the regime with mean free tim
exceeding the time of observation, where the linewidth a
the line shape do not depend on the atomic densityNd and
the peak maximum grows asN2

d . Hence, the observed
density dependence of the lines is a signature of ma
body effects.

There is another interesting feature: one may expect
linewidth to be of the order of typical size of the interactio
V  mAmBR23, whereR  n21y3 is the mean distance
between neighboring Rydberg atoms. However, the o
served lines are much larger. In Fig. 2(d) one sees tha
the densityNd  1010 cm23 the observed linewidthd ,
200 MHz while the mean interactionV  1.5 MHz is
2 orders of magnitude smaller. One could assume that s
broad lines result from the rare fluctuations correspond
to pairs of atoms at small separationsRd , RsVydd1y3 ø
R. The estimateNdR3

d shows that such pairs represent
most1% of the ensemble. Although this assumption ma
give the correct linewidth, it will explain neither the ob
served ionic yield,10% nor the transformation of the line
shape. Analysis of other phenomena, such as the inho
geneity of the electric or magnetic fields, the presence
photoions [9], and black body radiation, shows that they
not give any line broadening effects larger than 20 MH
and no significant population transfer due to the Dicke s
perradiance has been detected [10]. We thus have enco
tered a novel situation where the line shapes of the froz
Rydberg gas depend on the density, while the linewid
is much larger than that suggested by the mean distan
Note that this situation is not typical of just our particula
system, since similar phenomena have been observed
rubidium atoms by Andersonet al. [11].

The interpretation of the results relies on the follow
ing model. We assume that the observed broad lines
deed appear due to a relatively small number of pairs
close atoms that perform the rapid excitation exchange
Eq. (1). However, each pair is an open system embed
in a larger system of other Rydberg atoms [see Fig. 1(b
and the slow processes in Eq. (2) allow for the diffusion
ss0 couple out of the closely spaced pair of atoms. Ea
of these pairs may therefore undergo the reaction sev
times. The process has some analogy to autocatalitic p
cesses in chemistry: the fluctuations are responsible for
ignition of the reaction and the diffusion evacuates the
action products. Although the diffusion is a slow proce
in comparison to the interaction between the atoms of
pair, its contribution to the evolution of system is crucia
since it acts as a “bottle neck” for the evacuation ofs states
out of the pairs, thus affecting the width and the line sha
of the resonance energy exchange, Eq. (1).

A consistent description of the open system can re
neither on the Schrödinger equation nor on the stand
density matrix approach with exponential relaxation, sin
lit
ds
to-

-
e
d

y-

he

b-
at

ch
g

t
y

o-
of
o
,

u-
un-
en
th
ce.
r
for

-
in-
of
of
ed
)],
f
h
ral
ro-
the
e-
s

he
l

e

ly
rd
e

the diffusive evacuation is nonexponential: the probabil
pstd for thess0 couple to remain at the pair of close atom
after timet in the course of ad-dimensional diffusion has
a power-law characterpstd , sDtd2dy2, with the diffusion
coefficientD dependent on the density of Rydberg atom
However, one still can assume the Markovian charac
of the process and separate the problem into two pa
first, by considering the unitary evolution of a singless0

couple and finding the probability of the elementary a
of its creation followed by the diffusive evacuation, an
second, by describing the result of multiple repetition
this elementary act which yields manyss0 couples.

The level scheme in Fig. 1(c) illustrates the elementa
act. The energy exchange in the pair of atomsA 1 B
leads to an interaction of the initial statejnp, npl with the
statejns, sn 1 1dsl, whereas the diffusion ofss0 couple
is described as a transition to a band. As the on
essential variable which describes the diffusion, we ta
the probability amplitudeGst 2 t1d  fpst 2 t1dg1y2 
D2fDst 2 t1dg2dy4 for the ss0 couple to return at the pair
at timet, after it has left this pair at the timet1 [12]. The
corresponding Schrödinger equations reads

ih̄ Ùcppstd  Dcppstd 1
mAmB

R3
AB

css0std ,

ih̄ Ùcss0std 
mAmB

R3
AB

cppstd 1
Z t

2`
Gst 2 t1dcss0 st1d dt1 ,

(3)

wherecpp andcss0 are the amplitudes of statesjnp, npl
and jns, sn 1 1dsl, respectively, andD is E -field con-
trolled detuning between these states. Equation (3) can
solved by the standard Fourier-transform method, whi
yields the probabilityrst, Dd  jcppst, Ddj2 for atomsA
andB to remain at their initial states after the timet.

At the next step one finds from the probabilityrst, Dd
the number of elementary actsNst, Dd that took place dur-
ing the timet. Indeed, the probability to have nos states
up to the timet, given byrstd, does not contribute to the
total yield Nst, Dd. The probability2 Ùrst1ddt1 to create
oness0 couple at timet1 during the time intervaldt1 mul-
tiplied by the probability to have noss0 couples generated
later on gives after the integration overdt1 the proba-
bility P1std  2

R
dt1 Ùrst1drst 2 t1d to have at timet

only one ss0 couple. Analogous expressions,Pkstd 
s21dk

R
dt1 . . . dtk Ùrst1d . . . Ùrstkdrst 2

Pk
m1 tmd, can

be written for the probabilities of creation ofk ss0

couples. One finds the total number ofss0 couples
Nst, Dd 

P
k kPkstd by Fourier transform ofPkstd and

summation of the algebraic series. For asymptotica
long times it yields

Nst, Dd ø
1

TsDd
t , (4)

where T sDd 
R`

2` rst, Dd dt represents the lifetime of
the initial state.

For further calculations one needs to choose the spa
dimension d of the diffusion process Eq. (2). It is a
255
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FIG. 3. Theoretical ionic yield rate given by1yT sDd in
Eq. (4) at densities (a)3.8 3 108 cm23, (b) 7 3 108 cm23,
(c) 3.6 3 109 cm23, and (d)1010 cm23.

delicate question which seems to be an interesting phys
problem by itself. On the one hand, it is not evide
a priori that this diffusion is three-dimensional since fo
the long-range interaction,1yR3 the close and the far
neighbors are equally important [12]. On the other han
for a random atomic distribution the sets of closest ato
may be arranged along random complex-shaped cur
or surfaces in3 2 D space, given the diffusion occurs
among the closest atoms. In the more general situation
dimensionality of these manifolds may even be fractal. T
be specific, in this Letter we have chosend  4. Thereby
the 2 3 2 2 D diffusion is assumed, which implies tha
each of the twos states created in the elementary a
of Eq. (1) moves independently over a2 2 D manifold.
There is an excuse for such a random choice: the res
are qualitatively similar for otherd. In Fig. 3, we show
the profiles calculated for different densities of Rydbe
atoms for RAB  0.9 mm. One sees the variation o
the linewidth with the density, which agrees with th
experiment. Moreover, at high densities the calculat
spectra show features similar to the experimental ones

We conclude by summarizing the main results. Cohe
ent evolution of a mesoscopic system of103 106 cold
Rydberg atoms does not conform to the usual gas mod
Peculiarities of the energy exchange in such a system fi
their explanation in the framework of a frozen gas mod
where rare fluctuations of the interatomic distances are
sponsible for the linewidth, whereas a weak many-bo
effect of the diffusion of quantum states governs the li
shape. Future experiments should check directly the r
of the diffusion process and trace the crossover from
collisional regime to the frozen gas regime. Demonstr
tion of such phenomena would be of great importan
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for the spectroscopy of ultracold plasmas, metrology, an
trapping experiments [13]. One can also note that simil
regimes could be of importance in other Rydberg system
as ZEKE spectroscopy [14], for instance.
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