
VOLUME 84, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 1 MAY 2000

4

Observation of Cavity-Mediated Long-Range Light Forces between Strongly Coupled Atoms
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We report on the observation of long-range forces between ultracold rubidium atoms that are mutually
coupled by the field of a driven high-finesse optical cavity. Even for much less than one photon in the
cavity on average, the forces strongly influence the spatial distribution of the atoms. This manifests itself
as an asymmetric normal-mode spectrum of the strongly coupled atoms-cavity system. Expressions are
given for the dipole force and the diffusion coefficient for the atoms in the presence of the other atoms.
The data agree well with calculated spectra, which include the full motional dynamics of the many-
atom system.

PACS numbers: 32.80.– t, 32.70.Jz, 42.50.–p, 42.65.Pc
Forces between atoms usually depend on the inter-
particle distance. For example, the resonant dipole-dipole
potential between an excited and a ground state atom,
which is based on photon exchange, decreases with the
inverse cube of the distance. This situation changes
dramatically when both atoms are placed inside a resonant
mode of a high-finesse cavity. Here the atom-field cou-
pling can be so strong that the photon emitted by one atom
can be stored in the cavity mode, then absorbed by the
other atom, reemitted by that atom into the cavity mode,
and reabsorbed by the first, and so on. In other words, the
excitation is shared by both atoms and the cavity mode. As
a consequence, the concept of the dipole-dipole potential,
obtained by eliminating the electromagnetic field degrees
of freedom, loses its meaning [1]. The interaction strength
is no longer a function of the interatomic distance, but
rather of the local coupling to the cavity field. Hence, the
range of the interaction is given by the size of the cavity
mode, which can be macroscopic [2]. In general, not
just two, but many atoms in the cavity mode can “speak”
with each other simultaneously via the same cavity
field, making the interaction between the atoms a many-
body problem.

In this Letter, we report on the first observation of the
many-atom dipole-dipole interaction in an ensemble of
ultracold rubidium atoms strongly coupled to the stand-
ing-wave field of a weakly driven high-finesse optical
cavity. The many-atom light force strongly influences the
spatial distribution of the atoms, creating an asymmetric
normal-mode splitting. This asymmetry is investigated as
a function of the number of atoms and as a function of the
intracavity photon number.

Atomic dipoles interacting with a cavity field induce a
splitting of the empty-cavity resonance into two normal-
mode peaks [3]. If there is only a single quantum of excita-
tion in the system, e.g., one initially excited atom strongly
coupled to an empty cavity, this splitting is called vacuum-
Rabi splitting [4]. Normal-mode splitting has been stud-
ied for different atomic density regimes and from large to
weak cavity excitation [5,6]. In all these experiments, a
thermal atomic beam was sent through a high-finesse cav-
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ity. As the atoms were fast, the effect of the light on the
atomic motion could be neglected. Only recently, experi-
ments have been reported on single ultracold atoms passing
through high-finesse optical cavities, where the kinetic en-
ergy of the atoms became comparable with the optical po-
tential due to a single intracavity photon [7–9]. Here, the
probe light influences the atomic motion significantly via
novel cavity-mediated light forces [9]. For weak excita-
tion, analytical expressions for these forces were obtained
by solving the master equation for a single two-level atom
coupled to the standing wave of a cavity field [10].

The analysis of Ref. [10] is now extended to the
case of a cavity containing N atoms at positions �rj ,
j � 1, . . . , N . The cavity mode function c��r� �
exp�2�x2 1 y2��v

2
0� sin�kz�, where k � 2p�l and

wo � 29mm, determines the atom-field coupling for
atom j, gj � g0c� �rj�, where g0 is half the single-photon
Rabi frequency at an antinode of the cavity mode. We
consider the strong coupling regime, where g0 is larger
than the decay rate of the atomic dipole g, and the cavity
field decay rate k. A laser at frequency vl weakly
excites the cavity field creating a mean photon number
�n� � h2�D2

a 1 g2��A2. Here, Da � vl 2 va denotes
the laser detuning with respect to the atomic transition.
The pump parameter h is proportional to the square root
of the laser power. It is normalized so that the empty
resonant cavity contains h2�k2 photons on average. With
atoms, the mean photon number in the cavity depends
on the effective atom number, Neff �

P
j c2��rj�, via the

term A2 � �gk 1 g2
0Neff 2 DaDc�2 1 �Dak 1 Dcg�2,

with Dc � vl 2 vc the detuning from the empty-cavity
resonance. A calculation analogous to Ref. [10] yields
the dipole force on atom j:

�Fj � 22h̄� �=gj�h2Dagj�A2. (1)

An expression for the momentum diffusion coefficient,
Dj � Dse

j 1 Ddf
j , is derived similarly. It consists of a

term due to the spontaneous emission (se) and a term re-
sulting from the dipole fluctuations (df):
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Dse
j � h̄2k2g2

j h2g�A2, (2)

Ddf
j � h̄2� �=gj�2h2

∑
g 1

4Dag2
j �Dak 1 Dcg�

A2

∏ ¡
A2.

(3)

We emphasize that for each atom j both �Fj and Dj de-
pend on the local coupling of all the other atoms to the
cavity mode, thereby making the system a genuine many-
particle system.

The experimental setup has been described in detail
in Ref. [8] and is shown in Fig. 1. Using an atomic
fountain as a cold-atom source easily allows �30 ms
atom-field interaction time. Other parameters of our ex-
periment are �g0, k, g� � 2p 3 �16, 1.4, 3� MHz. In a
typical measurement cycle, 107 rubidium-85 atoms are
collected in a magneto-optical trap (MOT). A moving
molasses launches the �5 mK cold atoms towards the
high-finesse cavity. Moving upwards, the atoms pass two
horizontal light beams. In the first beam, atoms can be
illuminated to measure their number from the observed
fluorescence. In order to have well-defined initial con-
ditions, this light is also used to deflect the atomic beam,
preventing the cavity field from being perturbed by atoms
before the actual measurement starts [8]. The second
beam optically pumps the atoms into the F � 3, mF � 3
Zeeman sublevel of the 52S1�2 ground state. The orien-
tation of the atomic spins is maintained by an externally
applied magnetic bias field. The cavity has a finesse of
�4.3 3 105 and a length of 116 mm, which is actively
stabilized with the exception of the few ms of the mea-
suring interval, when atoms can be present in the cavity.
The cavity field is externally driven by a circularly po-
larized TEM00-mode laser beam, near resonant with the
52S1�2, F � 3 $ 52P3�2, F � 4 transition of the atoms
with a wavelength of l � 780 nm. The light transmitted
through the cavity is focused onto a sensitive detector.

Figure 2 shows an observed transmission spectrum of
the atoms-cavity system (squares) and simulated spectra
(curves) for Da � Dc. The vertical axis shows the
intracavity photon number which is proportional to the
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FIG. 1. Experimental setup, showing the atomic fountain and
the high-finesse optical cavity.
transmitted intensity. The measured transmission spec-
trum of the empty cavity (not shown) is a Lorentzian with
a width of 2p 3 1.4 MHz (HWHM), centered around
Dc � 0. Its peak transmission of 4 pW corresponds
to about h2�k2 � 4.9 intracavity photons on average.
With atoms in the cavity, the resonance splits into two
normal-mode peaks. Their widths and heights are larger
and much smaller, respectively, than the empty-cavity
resonance. In addition, the position of the maxima is
clearly asymmetric. These effects will now be discussed
quantitatively.

The normal-mode splitting of a weakly excited cavity
mode filled with two-level atoms can be treated quantum
mechanically following the Tavis-Cummings model [11].
However, for many atoms and increased cavity excitation,
the quantum model becomes very complex because of the
growing number of populated energy levels and the cav-
ity-mediated atom-atom interactions. We therefore first
use a semiclassical description [6,8] to calculate the trans-
mission spectrum neglecting forces. The result is shown
as the dashed line in Fig. 2. It is computed by solving
the bistability state equation [12] for various spatial dis-
tributions of N atoms, placed randomly in a large cylin-
der centered on the cavity axis. The cylinder was chosen
to be so large that this corresponds to �Neff� � 2.5. In
this paper �Neff� always denotes the time averaged Neff
neglecting forces. For each distribution of the atoms, a
spectrum is calculated. The fluctuations in the spatial dis-
tributions of the atoms broaden the normal-mode peaks and
reduce their heights. The spectra obtained in this way have
peaks at �6g0

p
�Neff� in the limit of small pump parame-

ter h. The spectra are intrinsically symmetric but predict
the widths (�2p 3 13 MHz) and heights (�nmax� � 0.2)
of the normal-mode peaks in the measured spectrum well.

The observed asymmetry (22p 3 5 MHz) cannot be
caused by hysteresis, because of the low light intensity.

FIG. 2. Transmission spectrum. The experimental data
(squares) show a clearly asymmetric normal-mode splitting.
The dashed line is a calculation neglecting forces but including
a small atom-cavity detuning Dc 2 Da � 2p 3 0.5 MHz,
leading to a negligible asymmetry. The solid line is the result of
a Monte Carlo simulation for many-atom trajectories including
forces. The pump parameter was h2 � 4.9k2, and the atoms
passed the cavity with a vertical velocity of 2.5 m�s. The data
are recorded for an effective intracavity atom number �Neff� �
2.5 at Dc 2 Da � 2p 3 0.5�5� MHz.
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Moreover, the experiment is pulsed, with the detunings
fixed for each data point. Therefore, any effects associated
with optical bistability can safely be neglected. Also, the
experimental accuracy of all detunings (62p 3 0.5 MHz)
cannot explain the observed asymmetry. In particular, the
dashed line in Fig. 2 includes a 2p 3 0.5 MHz detuning
in Dc 2 Da, with negligible effect. To explain the asym-
metry, mechanical effects on the atoms have to be consid-
ered. For a blue-detuned light field (Da . 0), the dipole
force repels the atoms from the antinodes of the standing
wave, thereby pushing them to the weak-coupling regions
(nodes). On average, this leads to a spatial distribution
of the atoms with a weaker effective coupling constant.
Therefore, the normal-mode peak at the blue-detuned side
(the “blue peak”) shifts towards the atomic resonance. On
the red-detuned side of the spectrum the effect is reversed:
atoms are pushed towards the antinodes, increasing the
coupling and shifting the “red peak” further away from
Da � 0.

We emphasize that, in addition to the dipole force, mo-
mentum diffusion must also be taken into account. In order
to find the balance between the localizing dipole forces and
the delocalizing diffusion in this intrinsically many-body
problem, we performed a Monte Carlo simulation, extend-
ing our previous work on single atoms [9]. Incorporating
the full motional dynamics was necessary to get quantita-
tive agreement with the data.

Our simulation treats the atomic motion classically. The
atoms experience the dipole force according to Eq. (1)
plus a stochastic force, which mimics the diffusion pro-
cess, characterized by Eqs. (2) and (3) as explained in
Ref. [9]. Atoms are injected randomly in the rectangle
�y, z� � �22w0 . . . 2w0, 0 . . . l�4� at x � 22w0 with their
dominant velocity in the positive x direction. The injection
probability is chosen so that without the forces the aver-
age effective atom number would be �Neff�. The atoms are
propagated through the cavity until x . 2w0, where they
are removed. The whole spectrum is obtained by averag-
ing the calculated intracavity photon number over 1 ms
for each detuning. In the experiment, the initial velocity
along the (horizontal) cavity axis is very small, but not
known exactly. We therefore varied this parameter in the
simulation and found best agreement with all experimen-
tal data for 1.2 cm�s, which is expected, considering the
angle between the cavity mirrors and the initial direction of
the atoms that is allowed by the gap between the mirrors.
Results are shown as a solid line in Fig. 2. The asymmetric
position, the width, and the height of the two peaks agree
remarkably well with the experimental data.

We also tried to simulate the measured spectra by cal-
culating single-atom trajectories. However, the agreement
of the results (not shown) was poor. This could have been
expected, because the dipole force is large only if the laser
frequency coincides with a normal-mode peak, whose fre-
quency depends on the distribution of atoms. In particu-
lar, a single atom passing through an antinode can shift
4070
the normal modes to much larger detunings. Depending
on the laser frequency, this can increase or decrease the
intracavity photon number by orders of magnitude [7,8],
thereby turning on or off the light force on all the atoms.
This demonstrates the intrinsic many-particle character of
the problem.

According to the Tavis-Cummings model [11], the dis-
tance between the symmetric normal-mode peaks should
grow with

p
�Neff�. By changing the trapping and launch-

ing parameters of the atomic fountain, the density of atoms
in the cavity can be altered. The change in the effective
atom number �Neff� is monitored by the fluorescence sig-
nal from the upgoing atoms. Figure 3 shows, encoded in
the gray level of the contour plot, the transmission of the
cavity as a function of Da � Dc and �Neff�. Note that
for �Neff� . 1 the height of the normal mode peaks is al-
most constant (�1�20 of the empty cavity transmission).
The reason is that when the normal-mode splitting is much
larger than their line width, the dispersion of the medium
dominates the atomic absorption. The index of refraction
changes with density, thereby shifting but not attenuating
the normal-mode peaks.

The maxima of simulated normal-mode spectra are dis-
played in Fig. 3 as squares. The solid line is a square-root
fit to the peak positions in the results of the simulation.
In order to take the asymmetry into account, we fitted the
square roots with two separate prefactors: one for red, one
for blue detuning. The measured �Neff� was calibrated at
this point by scaling the experimental data to fit the calcu-
lated curves. Although the asymmetry in the spectrum is
new, the well-known

p
�Neff� dependence seems to be con-

served for both the red and the blue detuned normal-mode

FIG. 3. Transmission spectrum of the coupled atoms-cavity
system for different effective atom numbers �Neff�. The
transmission is encoded logarithmically in the gray-level of
the contour plot, where white indicates �nmax� , 0.04 and
black �nmax� . 3. The squares indicate the maxima of spectra
from a Monte Carlo simulation. The solid curve consists of
the functions Dc � 21.20g0

p
�Neff� fitted to the Monte Carlo

results for Dc , 0 and Dc � 0.78g0

p
�Neff� for Dc . 0. Other

parameters are the same as in Fig. 2. In the hatched areas no
data were available. Here the contour lines are extrapolated.
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peaks separately, at least up to �Neff� � 4. Note though,
that the asymmetry should disappear for very large detun-
ing, because the forces on atoms become weaker with in-
creasing detuning ( �F ~ 1�Da and D ~ 1�D2

a) so that at
some point they are too weak to significantly alter the atom
distribution in the time needed to cross the cavity mode.

To investigate the asymmetry further, we measured its
dependence on the excitation power of the cavity. For sim-
plicity, the peak positions are obtained by fitting the experi-
mental data with two Gaussians, one for each normal-mode
peak. The results are plotted as triangles in Fig. 4 for
�Neff� � 1. Several features can be distinguished: First,
the asymmetry vanishes at low intensities. Second, the
asymmetry grows with intensity. Third, the blue peak
is shifted more than the red peak. The first feature can
be explained easily: in the low-intensity limit, the ini-
tially flat distribution of atoms is hardly altered so that the
normal-mode splitting is symmetric. In order to under-
stand the two other features, we now run our simulation
for different values of the pump intensity. The calculated
peak positions are indicated in Fig. 4 as solid lines. All ex-
perimental observations are reproduced by the simulation:
the positions of both the red and the blue normal-mode
peaks tend to 6g0

p
�Neff� for very low intensities. With

increasing pump intensity the peaks are both redshifted
due to the dipole force. This shift is larger for the blue
peaks than for the red peaks. To explain this, note that a
higher pump power always reduces the normal-mode split-
ting. This effect can be interpreted as a dynamic Stark shift
of the dressed energy levels [13]. Classically it is a conse-
quence of the bleaching of the atomic medium. For large
pump intensities we would therefore expect that the blue
peak is further shifted to the red while the force-induced
redshift of the red peak is counterbalanced by a Stark shift
towards the blue. Such a counterbalance might be visible
in the experimental data for red detuning at larger pump
powers. Note that we did not include this Stark shift in
the simulation, because, to the best of our knowledge, ex-
plicit quantum-mechanical expressions that would apply
to our experimental parameters (Dc � Da fi 0) have not
been derived. This might explain the slight deviation be-
tween simulation and experiment for higher pump power.

In conclusion, many-atom light forces have been ob-
served in the transmission spectra of many atoms in a
high-finesse cavity. We find that these light forces are al-
ready significant for an average intracavity photon number
much less than 1. Future studies could perhaps reveal spec-
troscopic evidence for cavity-mediated molecule formation
[14], or exploit these cavity-mediated forces to couple dis-
tant intracavity qubits [2]. The strong dependence of the
FIG. 4. Position of the normal-mode peaks as a function of
the normalized pump power h2�k2. The maximal intracavity
photon number �nmax� at a normal-mode peak is indicated at
the right. The triangles are experimental data for �Neff� � 1.
The solid lines display results of a many-atom Monte Carlo
simulation.

light force on the number of atoms might be used to con-
struct quantum-logic gates for atoms.
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