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Compression of a cold atomic cloud
by on-resonance laser light
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We analyze the light-induced atom–atom interactions in optically thick atomic clouds and show that, when the
laser frequency is on-resonance with the atomic transition, they become attractive. On the basis of this analy-
sis we propose and demonstrate a novel scheme to compress a cold and dense atomic cloud with a short on-
resonance laser pulse. The compression force arises from attenuation of the laser light by the atomic cloud.
The following free propagation of the atoms shows a lenslike behavior that yields a transient density increase
at the focal time, where neither laser nor magnetic field perturbations exist. A cooling pulse, which is applied
at the focal time of this lens, restores the initial temperature of atoms, and hence the phase space density is
increased. Finally, we adopt our compression scheme to a quasi-steady-state mode by temporally chopping it
with the cooling and trapping beams of a magnet-optical trap. © 1999 Optical Society of America
[S0740-3224(99)01905-0]
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1. INTRODUCTION
The ability to capture, cool, and store atoms in a magneto-
optical trap1 (MOT) has stimulated a broad field of re-
search in atomic physics and quantum optics.2 The MOT
typically yields densities of the order of ;1011 atoms/cm3

and temperatures of the order of 50 mK. For many ex-
periments, in particular those involving cold collisions
and quantum statistics effects, higher trapped-atom den-
sities are needed. This need stimulated many studies of
the physical mechanisms that limit the trapped-atom
densities and of ways to overcome them.

For small numbers of trapped atoms the MOT can be
accurately described according to a single-atom picture,
where the light forces define the temperature and the
spring constant of the trap, which determine its density.
As the number of trapped atoms increases, light-induced
atom–atom interactions become important.3 These re-
pulsive interactions arise by reabsorption of spontane-
ously scattered photons (radiation trapping), where pho-
ton momentum exchange between the atoms pushes them
apart. An additional effective interaction between the
atoms arises owing to attenuation of the laser beams by
the atomic cloud. These laser-attenuation effects were
discussed theoretically for clouds with both small4 and
arbitrary5 optical thickness. They were shown to induce
an attractive atom–atom interaction that tends to com-
press the atoms. Unfortunately, under typical MOT con-
ditions the repulsive interactions are stronger than the
attractive ones, and their net result is an upper limit on
the density.3

The steady-state density is determined by a balance be-
tween the spring constant of the trap and the repulsive
atom–atom interactions.3 One can therefore increase it
either by increasing the spring constant or by suppressing
the atom–atom interactions. One can obtain an in-
creased spring constant by increasing the magnetic-field
gradient of the MOT.6 Since strong field gradients im-
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pede the loading rate of atoms into the MOT, they were
only applied transiently.

Suppression of atom–atom interactions was achieved
by two methods. In the first method, known as a dark
MOT,7 the atoms are confined mainly in a dark hyperfine
ground state, which does not interact with the trapping
light, and thus they almost do not repel each other. Both
a spatial and a temporal version of the dark MOT method
were demonstrated as yielding comparable perform-
ances.7,8 A second method one can use to suppress the
atom–atom interaction is by reducing the intensity of the
trapping light and/or increasing its detuning, again de-
creasing the scattering rate of photons.9,10

Finally, in magnetic traps and far-detuned optical di-
pole traps, where scattering rates of photons are negli-
gible, atom–atom interactions are much smaller and at
densities of ;1012 atoms/cm3 atoms behave nearly accord-
ing to a single-atom picture. Under such conditions com-
pression can be simply obtained by cooling.11

In this paper we analyze the light-induced atom–atom
interactions in optically thick atomic clouds. We show
that when the laser frequency is on-resonance with the
atomic transition the forces that arise from these interac-
tions change their sign and become attractive. We calcu-
late these forces as a function of the laser beam’s inten-
sity and detuning and the atomic-density distribution and
show that compression of the atomic cloud and large den-
sity increase are possible. We propose a transient
scheme to realize such compression, using a short on-
resonance pulse of the laser light and demonstrate it us-
ing either one, two, or six compression beams on rubidium
atoms that are released from a MOT. Finally, we dem-
onstrate how these transient compression schemes can be
combined with cooling to obtain not only a density in-
crease but also a net increase in the phase-space density.

Townsend et al.9 suggested that a density increase may
take place during steady-state MOT operation when the
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frequency of the trapping laser is tuned close to the
atomic resonance, but they did not observe it experimen-
tally. Since our scheme is transient, we could tune the
laser frequency exactly on-resonance and also turn off the
MOT nonuniform magnetic field to create the necessary
conditions for compression.

2. ATTRACTIVE AND REPULSIVE LIGHT-
INDUCED FORCES
For a qualitative analysis of the light-induced atom–atom
interaction we consider first an optically thin cloud of two-
level atoms (where multiple scattering of photons can be
neglected), illuminated by a single laser plane wave of in-
tensity I. When coherences, population trapping, and
Doppler shifts are neglected, the repulsive force between
the atoms owing to reabsorption of scattered photons
obeys the relation3 ¹ • FR 5 ^sR&^sL&In/c, where n is
the atomic density and c is the speed of light. ^sR& and
^sL& are the average cross sections for absorbing scat-
tered photons and incident laser photons, respectively.
Similarly, the attractive force that arises from laser-beam
attenuation inside the atomic cloud obeys the relation3

¹ • FA 5 2^sL&2In/c. Therefore the sign of ^sR&/^sL&
2 1 determines the sign of the total atom–atom interac-
tion. For typical steady-state MOT parameters,
^sR&/^sL& 2 1 is positive owing to ac Stark shifts,12 and
therefore the maximum density is limited by this
radiation-trapping effect.3,9

This picture can be inverted by bringing the laser fre-
quency exactly on resonance with the atoms. In this case
the weak-probe absorption profile takes on negative
values,13 and the atomic cloud becomes more transparent
for reradiated photons than for the incident laser pho-
tons. This effect mostly occurs at high laser intensities
(I . Isat , where Isat is the saturation intensity of Rb14).
The calculated dependence of ^sR&/^sL& 2 1 on laser in-
tensity for different detunings d of the laser frequency
from resonance is shown in Fig. 1. Two configurations

Fig. 1. Average absorption cross sections of rescattered photons
(^sR&) and laser photons (^sL&) calculated for a two-level atom in
a plane wave (solid curves) and a standing wave (dashed curves)
as a function of average laser intensity for three different laser
detunings. Above ^sR&/^sL& 2 1 5 0 there is a repulsive re-
gime, which applies for typical MOT parameters, and below it
there is an attractive regime where our experiments were per-
formed.
are presented for each detuning: a plane wave (solid
curve in Fig. 1), and average cross sections for a standing
wave (dashed curves in Fig. 1). While some differences
exist between the results for the two configurations, they
are not significant for our analysis. For the plane-wave
case, ^sR& is calculated by the integral

^sR& 5 E s ~n!F~n!dn, (1)

where F(n) is the fluorescence spectrum12 and s (n) is the
absorption spectrum,13 both in the presence of a strong
pump. The standing-wave case is complicated by the fact
that different atoms are subjected to different pump in-
tensities and hence have distinguished absorption and
fluorescence spectra. Since the typical distance for a
scattered photon to be absorbed is much larger than the
period of a standing wave, we can neglect any correlation
between the location of the scattering atom and that of
the absorbing atom. We therefore use Eq. (1) to calculate
^sR& (and similarly for ^sL&), where F(n) and s (n) are
now the averaged fluorescence and absorption spectra,
respectively.15

The first curve in Fig. 1, of d 5 21.5g (g is the atomic-
transition linewidth), shows the case of typical steady-
state MOT operation. It indicates repulsive forces be-
tween the atoms for all intensities. The second curve,
with d 5 2g, is close to the border between attractive
and repulsive interactions. For the third curve, with d
5 0, ^sR&/^sL& 2 1 is negative for all intensities, and
strong compression should be obtained. Note that at d
5 0 laser cooling and magneto-optics trapping are no
longer effective, so the compression has to be performed
transiently.

When the optical thickness of the atomic cloud is large,
the laser-beam intensity is considerably attenuated dur-
ing its passage through the cloud, and the small-
absorption approximation that was used above is no
longer valid. We therefore calculate numerically the po-
sition and time-dependent attractive (compression) force
under realistic assumptions. In particular, we are inter-
ested in deviations of the force from a linear dependence
on distance, which can be viewed as aberrations from an
ideal focusing lens.

Another complication of the optically thick cloud is that
multiple scattering of photons leads to strong radiation
trapping.16 This may increase the light-induced repul-
sive forces beyond the optically thin case treated above.
In our model we nevertheless neglect repulsion forces al-
together. This is a good assumption for relatively high
laser intensities (where ^sR& ! ^sL&; see Fig. 1) and for
not too high optical thickness (where the enhancement of
repulsive forces owing to multiple scattering is small).

The average scattering force for an on-resonance (d
5 0) laser plane wave propagating along the x direction
is given by

^F~x, t !& 5 1/2\kg
s~x, t !

s~x, t ! 1 1
, (2)

where
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s~x, t ! 5
I~x, t !/Isat

1 1 4~kn~x, t !/g!2

is the saturation parameter and n(x, t) is the atomic ve-
locity. I(x, t) is the light intensity, which obeys the fol-
lowing equation:

1

I~x, t !

dI~x, t !

dx
5

2^sL
0 &E

2`

x

n~x8, t !dx8

1 1 I~x, t !/Isat 1 4@kn~x, t !/g#2 , (3)

where ^sL
0 & 5 1.66l2/2p is the weak-probe absorption

cross section for the linearly polarized laser photons14 and
n(x, t) is the one-dimensional (1-D) atomic-density distri-
bution. We limit ourselves to short laser pulses so that
the Doppler shift induced by the final velocities is smaller
than ;g for most atoms. According to Fig. 1 this ensures
that the condition ^sR&/^sL& 2 1 , 0 remains valid
throughout most of the compression pulse. We numeri-
cally integrate the equations of motion for the atoms, us-
ing Eqs. (2) and (3) over the pulse duration T and find the
final velocity n f (xf , T) and spatial distributions of the at-
oms. Note that Eq. (3) has to be integrated again for
each time step, because it contains n (x, t) and n(x, t),
which change in time. We also include the effects of ini-
tial temperature and of heating by the fluctuations of the
scattering force in a Monte Carlo approach.

In Fig. 2, 1-D atomic-velocity distributions immediately
after a 100-ms compression pulse are shown as a function
of position in the cloud for three incoming laser intensi-
ties: I/Isat equal to 1, 2.5, and 10. The general linear
slopes to the curves represent ideal (infinite) compression,
where their inverse estimates the focal time T focus where
maximal compression is expected. The initial 1-D den-
sity distribution was Gaussian with 1/e diameter of 0.27
cm, a temperature of 13 mK, and a weak-probe absorption
of exp(211), as measured in the cloud center of our ex-
periment. For I/Isat 5 1 the laser intensity is attenu-

Fig. 2. Distribution of calculated velocities of atoms as a func-
tion of position inside a 1-D atomic cloud [an initial 1/e diameter
of 0.27 cm and optical thickness of exp(211)] immediately after a
100-ms compression pulse for three incoming laser intensities.
Spherical aberration is manifested by the amount of distortion
from the general linear slope to the velocity curves, and heating
is manifested by the noiselike fluctuations.
ated rapidly and nearly half of the atoms do not feel any
force, so good compression is not expected. For I/Isat
5 2.5 (the middle curve in Fig. 2) the absorption distance
of the laser beam is comparable to the size of the atomic
cloud, resulting in approximately linear dependence of
the final velocities on propagation distance, and large
compression is therefore expected. For I/Isat 5 10 the
velocity distribution also has approximately linear depen-
dence on position, but velocity fluctuations owing to heat-
ing dnheat are larger. Also, T focus is much larger than for
I/Isat 5 2.5 so the heating contribution to the compressed
cloud size ;dnheatT focus is even further increased.

In Fig. 3 the atomic trajectories are presented as a
function of time, after a 100-ms compression pulse with
optimal intensity was applied. After focal time T focus
; 600 ms the maximal compression is obtained. The
spherical aberration is seen from the difference in the fo-
cal position of the atomic trajectories. Additional sources
of aberrations are the initial temperature of the atoms
and heating that is due to the compression pulse.

We calculated the maximal density compression ratio C
and the focal time T focus by direct integration of the free
space propagation of the atoms after the compression
pulse. The maximal compression ratio of ;7 is obtained
at I/Isat 5 2.5 for the atomic cloud with parameters de-
scribed above. The reduction in C for larger and smaller
intensities is expected from the discussion of Fig. 2.17 If
the heating that is due to the compression pulse is omit-
ted from the simulation, C slightly increases to ;8 at
I/Isat 5 2.5, but the decrease of C at higher pulse intensi-
ties is much slower. The initial temperature effects on C
for typical molasses temperatures are negligibly small.

In our experiments we apply a compression pulse on an
atomic cloud with 3-D Gaussian density distribution
n(x, y, z), whose optical thickness is proportional to
*n(x, y, z)dx and therefore is also Gaussian. Since the
maximal compression ratio, the optimal pulse intensity,
and T focus all depend strongly on the optical thickness,
they vary across the transverse directions and reduce the
average density compression as compared with the 1-D
cloud. Figure 4 presents the averaged compression ratio
Caverage

18 as a function of laser intensity (solid curve; the

Fig. 3. Atomic trajectories as a function of time are shown, after
a 100-ms compression pulse with optimal intensity was applied to
an atomic cloud with a Gaussian initial distribution. A maximal
compression is observed at T focus ; 600 ms.
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experimental points in the figure are discussed below).
The maximal Caverage is ;2 times smaller than C for the
1-D cloud and has a similar dependence on the
compression-pulse intensity.

3. EXPERIMENTAL RESULTS FOR PULSE
COMPRESSION
Our compression experiments consisted of five stages.
The first, second, and third stages prepared the cold and
optically dense atomic cloud, while optimizing the num-
ber, density, and temperature of the atoms, respectively.
The forth stage was the pulse compression, and the fifth
stage was detection. A schematic diagram showing our
experimental setup is presented in Fig. 5.

In the first stage 85Rb atoms were loaded from the va-
por cell (vapor pressure of ;3 3 1029 torr) into a MOT.
During 500 ms, ;4 3 108 atoms were captured and
cooled. The MOT was composed of three orthogonal
beams emerging from a frequency-stabilized Ti:sapphire
laser (1/e diameter of 2.1 cm) retroreflected with a cats-
eye configuration. The intensity of each beam was 10
mW/cm2, and the laser frequency was detuned 217 MHz
from the rubidium 5S1/2,F 5 3 → 6P3/2,F 5 4 line. A
12-mW diode laser locked to the 5S1/2,F 5 2 → 6P3/2,F
5 3 line of rubidium was used as a source of the repump-
ing light. The magnetic quadrupole field was supplied by
an anti-Helmholtz configuration with a field gradient of 6
G/cm, and stray magnetic fields were compensated by
three orthogonal Helmholtz coils.

In the second stage, we increased the density of the
trapped atoms by decreasing the trapping-beam intensity
to 1.5 mW/cm2, increasing their detuning to 230 MHz,
and also by applying the temporal dark MOT scheme.7,8

By detuning the repumping laser by approximately 2150
MHz from the 5S1/2,F 5 2 → 6P3/2,F 5 3 line, we re-
duced the bright (F 5 3) ground-state fraction to p
; 0.2. After 30 ms of the weak and dark MOT stage the
atomic-cloud density was increased to a nearly isotropic
Gaussian shape with a 1/e diameter of 0.27 cm (measured

Fig. 4. Calculated dependence of the average compression ratio
for a 3-D atomic cloud18 on incoming laser intensity. The cloud
1/e diameter is 0.27 cm, the maximal optical thickness is
exp(211), and the compression-pulse duration is 100 ms. The
scatter graph shows experimental measurements in the one-
beam configuration. Each data point is taken at T focus , which is
different for each intensity.
in all three dimensions with calibrated CCD cameras and
an image-processing unit), without any loss of atoms.
The resulting peak density of ;3 3 1010 atoms/cm3 was
also verified by a probe absorption measurement with an
accuracy of ;20%. The optical transmission of the trap
for a weak, linearly polarized and on-resonance probe was
exp(211). We determined the on-resonance optical
transmission by fitting the theoretical weak-probe ab-
sorption spectrum to a measured one, as in Ref. 7.

In the third and final preparation stage, the magnetic
field was shut down (within less than 500 ms), and the at-
oms were further cooled for 3 ms with polarization-
gradient cooling.19 A final temperature of 13 mK was
measured with a time-of-flight technique, without any
density decrease.

The pulse compression was performed next, after a
delay of 200 ms. The atoms were illuminated from
above for 100 ms by an additional, linearly polarized
laser beam on-resonance with atomic transition and
I 5 7.5 mW/cm2. The size of the beam (1.4-cm 1/e diam-
eter) was much larger than the atomic cloud, so the atoms
felt a nearly uniform intensity. After a variable delay
the MOT beams were turned on for 100 ms, and the fluo-
rescence signal was imaged to the CCD camera (looking
from the side) that measured the size of the atomic cloud
and also the peak atomic 1-D integrated density.18

Figure 6 shows the atomic 1-D integrated density pro-
file (the central scan of the CCD fluorescence image) as a
function of the delay between the compression and the de-
tection pulses. As seen, the atomic density first in-
creases as the atoms are compressed, reaches a maximum
at T focus 5 700 ms, and then decreases. The width of the
atomic cloud decreases as the peak intensity increases, to
reach a minimum at T focus . The shape of the cloud sig-
nificantly distorts only at times longer than T focus .

We repeated the experiment with different intensities
and durations of the compression pulse, and we measured
T focus for each case and the compression of the atomic den-
sity at T focus . The results for that maximal compression
are shown in Fig. 4 together with the theoretical predic-
tion that is presented above. As seen, the experiment re-
veals the same trend as theory, namely, the existence of
an optimal intensity for the compression pulse, with good
agreement for the value of that optimum. However, the
maximal theoretical compression is ;3.5, while in the ex-
periment we obtained compression of only ;2.2. We at-

Fig. 5. Schematic diagram of our experimental setup.



706 J. Opt. Soc. Am. B/Vol. 16, No. 5 /May 1999 L. Khaykovich and N. Davidson
tribute this reduction to repulsive-force action at low in-
tensities, in particular at the last stages of the
compression pulse where the Doppler shifts approach g.
For our experimental parameters, the probability of
reabsorbing a scattered photon is larger than 0.5 for
I , 2Isat . Therefore we expect that multiple scattering
at that regime even further enhances repulsive forces,
and their neglect in the model is even less justified.

We also checked the sensitivity of the focal time and
the maximal compression to other experimental param-
eters. First, we found that the compression ratio is rela-
tively insensitive to the duration of the compression
pulse, yielding nearly optimal compression over the range
30–200 ms. The focal time did depend on the pulse du-
ration and increased as the latter decreased, as was also
confirmed by our calculations. At pulse durations
shorter than 30 ms the focal time is long enough for the
maximal compression to degrade because of the initial
temperature of atoms. When the pulse duration was
.200 ms the focusing occurred during the compression
pulse and thus prevented its measurement.

Second, to verify that the compression we observed is
related to optical thickness of the atomic cloud, we de-
creased the number of atoms in the MOT by ;1000 (to
;5 3 105). The resulting optical density of the atomic
cloud reduced to 1.6, and the compression effect almost
disappeared (maximal compression ratio ;1.1), while the
laser intensity that maximized compression also reduced
(from 2.5Isat to 0.5Isat), in agreement with our calcula-
tions. The reduction in the optimal laser intensity for
small optical densities is expected by the arguments of
Section 2 and is also predicted by our numerical calcula-
tions. The reduction of the maximal compression ratio
therefore results from the large repulsive forces that exist
for these small laser intensities (see Fig. 1).

Third, we measured the dependence of the maximal
compression as a function of compression-pulse frequency
detuning. This dependence is shown as an inset in Fig.
720 and is in agreement with the theoretical model of Fig.
1, which predicts that for detunings larger than ;g the
net light-induced interaction between the atoms is repul-
sive.

Fig. 6. Time developments of the 1-D integrated density profile
(the central line scan of the CCD fluorescence image) of the
atomic cloud after the compression pulse is switched off. At
T focus 5 700 ms the peak reaches its maximum and then de-
creases, while the width of the atomic cloud minimizes at T focus .
The one-beam compression scheme was inherently
asymmetric and indeed tended to distort the MOT at long
delay times. To prevent such distortions and to improve
the compression ratio, we retroreflected the compression
beam so as to illuminate the atoms from the opposite di-
rection. A small misalignment of the retroreflected beam
prevented it from being largely attenuated by its first
pass through the atomic cloud. This two-beam configu-
ration yielded an improved maximal compression of ;3.5
(as opposed to ;2.2 for the one-beam case) and also
caused less distortions of the atomic cloud. Otherwise,
the two-beam configuration behaved in a way similar to
the one-beam configuration and showed similar depen-
dence on total beam intensity, detuning, and pulse dura-
tion. We applied our simulations to the two-beam con-
figuration and found a factor of ;2 increase in the
maximal compression ratio over the one-beam configura-
tion (Cmax 5 8 instead of 3.5). However, since the two-
beam configuration involves multi-photon transitions,
which are not included in our theoretical model, such an
agreement may be accidental. The simulations neglect
the standing-wave pattern but include mutual influence
between the two beams through saturation of atoms. We
did this by solving Eq. (3) for each beam in iterations,
while replacing I(x, t) on the right side of the equation by
I1(x, t) 1 I2(x, t). The iterations were repeated until a
self-consistent solution was found for both I1(x, t) and
I2(x, t).

Finally, we utilized our compression scheme in a three-
dimensional (3-D) configuration to receive high 3-D den-
sities in the atomic cloud. The same six beams that were
used for the MOT in this case provided the compression
pulse. Again, we observed the fluorescence induced by
the detection pulse with two CCD cameras located at or-
thogonal directions to determine the size of the atomic
cloud in all three dimensions (which was found to be
nearly uniform) and also its 3-D density. The increase in
3-D density of atoms in the compressed cloud was derived
from the ratio of the peak fluorescence and the size mea-
surements and is defined as the 3-D compression ratio.
In Fig. 7 the dependence of compression on the average

Fig. 7. Peak density compression ratio in the six-beam configu-
ration with d 5 0 as a function of average laser intensity. The
symbols are our experimental data, and the connecting lines are
only to guide the eye. The inset shows the dependence of the
compression ratio on detuning of the laser frequency from reso-
nance at ^I&/Isat 5 4.
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laser intensity for a 100-ms compression pulse is shown.
As seen, it is qualitatively similar to that of the 1-D case
yielding a maximal compression of ;3.5 for the optimal
average intensity of 12 mW/cm2. Our best results, with
compression of 4, were obtained with a 170-ms pulse du-
ration, yielding a final atomic density of ;1.2
3 1011 atoms/cm3, which is comparable with other
schemes to increase density, such as increasing the mag-
netic field. That optimal intensity is ;2 times larger
than for the 1-D case. Part of that factor can be attrib-
uted to the lack of average optical pumping in the compli-
cated interference pattern of the six beams, which would
tend to increase Isat .14 As for the two-beam configura-
tion, the six-beam configuration is potentially more com-
plex than the one-beam configuration, and direct compari-
son with theory is not straightforward.

4. COMBINING COOLING WITH
COMPRESSION
The increase in density in our compression scheme is ex-
pressed at the expense of heating. In order to increase
the phase-space density we utilized a cooling of atoms
when they approach the center of the atomic cloud at
T focus . The cooling pulse, which was produced by red-
detuned MOT beams (d 5 230 MHz), was applied at
T focus of the two-beam compression scheme. It consisted
of two parts: the first one was optimized for Doppler
cooling with a high-velocity capture range (I
5 20 mW/cm2), and the second one with reduced inten-
sity (I 5 3 mW/cm2) significantly decreased the tempera-
ture of atoms owing to the polarization-gradient cooling
scheme. In Fig. 8 we show the time development of the
cloud size with and without a cooling pulse. The com-
pression pulse was 50 ms long, while Doppler cooling was
200 ms long and the polarization gradient was 100 ms.
We found that under these conditions the cooling at the
focus can restore the initial temperature of atoms, and
therefore the phase-space density increased by the same
amount as the density (;33 in this case).

For a quasi-steady-state operation we also investigated
a combination of (on-resonance) compression pulses with
the cooling and trapping (off-resonance) MOT beams.
First, we tried to add the compression beams (either one,
two, or six beams) continuously in addition to MOT
beams. No compression was observed for a wide range of
MOT and compression-beam parameters. Next, we
chopped the MOT and compression beams so they would
not illuminate the atoms simultaneously. The peak den-
sity was measured, as in the pulsed compression experi-
ments, by the image of the fluorescence induced by a
probe pulse. Best compression was obtained for chop-
ping cycles of 200 ms that included 180 ms of MOT beams
(at I 5 10 mW/cm2 and d 5 217 MHz) and 20 ms of com-
pression beams (at I 5 1.1 mW/cm2 per beam and d 5 0).
For compression to MOT times ratio larger than ;0.2 a
substantial reduction in the number of atoms was ob-
served. The peak density as a function of compression-
beam detuning is shown in Fig. 9 for two counterpropa-
gating compression beams. As seen, the maximal (quasi)
steady-state compression was C 5 1.6. The existence of
a maximum at exactly d 5 0 is a clear evidence of the
attenuation-induced compression.21
We compared the temperature of the atoms with and
without the compression beam and observed no heating
owing to compression beams. We also found that the
compression was quite insensitive to the MOT beam pa-
rameters. Its sensitivity to the compression-beam inten-
sity was similar to that of the pulse-compression case.
Finally, we extended the 1-D quasi-steady-state compres-
sion into the 3-D case by using six compression beams
(each overlapping one of the MOT beams) in the same
temporal chopping sequence as in the two-beam case.
Results nearly identical to those of the 1-D case were ob-
served, in particular a maximal compression of C 5 1.5.
We attribute such a decrease in (quasi) steady-state com-
pression in comparison with a pulsed scheme to a repul-
sive force, which is presented during a MOT operation,
and possibly also to the presence of the MOT quadrupole
magnetic field that stayed on continuously (unlike the
pulsed scheme).

5. CONCLUSIONS
In summary, we analyzed the light-induced atom–atom
interactions in an optically thick and cold atomic cloud

Fig. 8. Time dependence of size of the atomic cloud after the
compression pulse is switched off without (j) and with (m) cool-
ing pulse that is applied at T focus .

Fig. 9. Dependence of the two-beam compression ratio in quasi-
steady-state realization on detuning of the compressed laser fre-
quency from resonance. The symbols are our experimental
data, and the connecting lines are only to guide the eye.
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and found that for relatively strong and on-resonance la-
ser light they change sign and become attractive. This is
in contrast to the common experimental case in laser cool-
ing, where such interactions are repulsive and thus tend
to hinder high atomic densities. On the basis of our
analysis we proposed and demonstrated a novel scheme to
compress the atomic cloud using a short on-resonance la-
ser pulse. We showed that owing to laser-beam attenu-
ation the scattering force applied on the atoms by the
compression beam decreases approximately linearly with
distance (provided that the beam intensity is properly
chosen). This results in a lenslike behavior for the
atomic motion that yields a transient increase in the peak
density at the focal time T focus .

We implemented our new compression scheme with
one-beam, two-beam, and six-beam configurations, yield-
ing maximal compressions of 2.2, 3.5, and 4, respectively,
in the atomic density. The one-beam configuration was
used to ease comparison between experiment and theory,
whereas the latter configurations yielded improved com-
pressions. The cooling of the compressed cloud at the fo-
cus time was utilized where the original temperature was
restored, and a 33 increase in phase-space density was
observed. Finally a (quasi) steady-state version for our
compression scheme was also demonstrated, where either
two or six (on-resonance) compression beams were tempo-
rally chopped with the (red-detuned) MOT beams. Only
a moderate (1.63) increase in peak density was observed
but without any observed heating or loss of atoms.

The compression scheme may be improved in several
ways. First, the compression pulse can be made nonuni-
form (in space and/or in time) so as to reduce the spheri-
cal aberration of the focusing. Our simulations indicate
that a 23 increase in the compression ratio can be
thereby achieved. Second, the six-beam configuration
can be replaced by three consecutive two-beam configura-
tions that are expected to yield higher compression ratios.
Third, the compression may be applied to a quasi 1-D dis-
tribution of atoms, such as a one-beam dipole trap. For
such configurations the scattered photons have a much
smaller probability to be reabsorbed within the trap than
for an isotropic configuration, and thus their repulsive
(and heating) effects are further reduced.22

The results presented in this paper can be utilized in
two respects. Practically, they enable a transient in-
crease in the density of cold atomic clouds in completely
free space without any laser and magnetic fields. Alter-
natively, careful investigation of the dynamic of the cold
and optically dense atomic cloud in the presence of a
strong pump can yield more information on the light-
induced atom–atom interaction. New effects such as am-
plification of spontaneous emission and photon localiza-
tion can be observed and analyzed.23
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