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We have experimentally studied and numerically simulated the behavior of cold atomic clouds and Bose-
Einstein condensates passing through a far red-detuned Gaussian beam. Several exotic phenomena such as the
focusing and advancement of atomic clouds have been exhibited. The cooling effect and the effective interac-
tion length of the dipole potential to the atoms have also been discussed.
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I. INTRODUCTION

Currently, laser cooling and evaporative cooling tech-
niques have made it easy to obtain ultracold atomic clouds
and Bose-Einstein condensates �BECs� at the temperature
order of 100 nK �1–3�. This kind of ultralow temperature
atomic cloud is suitable as a medium in atom optics studies
�4,5�. Especially for BECs, the macroscopical atomic wave
packet easily exhibits wave characteristics such as interfer-
ence and diffraction �6–9�. Several kinds of atom-optical el-
ements have been developed. Reflection and focusing have
been achieved through magnetic mirrors and lenses �10–12�.
The focusing dynamics have also been investigated; specifi-
cally, the isotropic three-dimensional �3D� focusing of atoms
with a single-impulse magnetic lens �13�. Atom-optical ele-
ments based on magnetic fields are advantageous for coher-
ent atom-optic research owing to their extremely high optical
quality. However, it is difficult to build flexible optical sys-
tems because magnetic atom-optical elements have a large
scale. Laser beams are often used to build atomioptical ele-
ments because of their interaction with atoms �14�. They
have a small scale and are scalable. For example, atom-
optical lenses can be achieved through red-detuned Gaussian
beams or blue-detuned doughnut beams �5,15–19�, atomic
mirrors made by nonuniform laser wave fields �20�, and grat-
ings constructed by standing waves �21�. There are other
ways to achieve an atom-optical lens, such as through the use
of radiation-pressure force �22,23�, near-field light �24,25�,
and far-detuned and resonant standing wave fields �26�. It is
easy to obtain Gaussian beams in experiments. If the fre-
quency detuning is negative �i.e., red detuning�, then the di-
pole force is toward the maximum intensity region. Hence, a
focused Gaussian laser beam with red detuning can be used
as an atom-optical lens. Early experiments demonstrated this
kind of atomic beam focusing using the dipole force
�5,15,16,27,28�. The focusing dynamics of a trapped BEC
interacting with laser pulses have also been investigated �29�.
Aberration-free atom-optical lenses based on the optical di-
pole force have also been proposed �30,31�. Recently, an

increasing number of research groups have shown interest in
standing wave optical diffraction grating �32�, that is, the
optical lattice, a lensing effect that has also been observed by
experimentalists �33�. Released atoms from a magneto-
optical trap �MOT� guided by a red-detuned Gaussian beam
have also been investigated. Heating and cooling effects
caused by an adiabatic compression and expansion when the
cold atomic cloud is close to or far from the focus of the
Gaussian beam, respectively, have likewise been found �34�.
However, as far as we know, there has been no report on the
study of ultracold atomic clouds �whose temperature is
around the Bose-Einstein transition temperature� passing
through a Gaussian beam along its radial direction. Low-
velocity atomic clouds will be focused within a short dis-
tance with the appropriate parameters. If the de Broglie
wavelength of the atoms can be compared to the scale of the
laser beam, diffraction will happen.

In this paper, we have experimentally studied the behavior
of ultracold 87Rb atoms passing through a red-detuned
Gaussian beam in gravity. Focusing and cooling in the trans-
verse direction and advances along the motional direction of
atomic clouds have been observed. Based on the two-level
atom model interacting with a light field, we have performed
a numerical simulation, which agrees with the experiment.

II. THEORY AND NUMERICAL SIMULATION

In Fig. 1, we consider a model describing an atomic cloud
as it traverses a far red-detuned focused Gaussian laser beam
under the gravity field. As shown in the figure, x is the di-
rection of the laser beam’s propagation.

Then we study the figure under two conditions. One case
is where the temperature of the atomic cloud is higher than
the phase transition temperature. All atoms in the atomic
cloud are doing thermal motions without correlations with
each other. Here, we use the direct simulation Monte Carlo
�DSMC� approach �35� to simulate the condition. The other
case is where the phase transition has occurred and atoms
have accumulated in the quantum state with the lowest en-
ergy. We describe this condition via the quantum mechanical
method.

A. Cold atomic clouds

When an atomic cloud’s temperature is higher than the
phase transition temperature, each atom in the cloud does a

*wpzhang@phy.ecnu.edu.cn
†yzwang@mail.shcnc.ac.cn

PHYSICAL REVIEW A 80, 033411 �2009�

1050-2947/2009/80�3�/033411�5� ©2009 The American Physical Society033411-1

http://dx.doi.org/10.1103/PhysRevA.80.033411


noncorrelative thermal motion. Every atom can be consid-
ered as a classical particle moving in an external potential
composed by the gravity field and the potential well induced
by the laser field

V =
����r���2

4�� + i�/2�
+ mgz , �1�

where m is the mass of the atom, ��r�� describes the dipole
coupling of atoms with the laser field, �=�L−�a is the de-
tuning between the laser frequency and the transition fre-
quency of the atom, and � represents the decay rate of the
atomic excited state owing to spontaneous radiation. For a
focused Gaussian laser beam, the Rabi frequency spatially

depends on ��r��=�0e−��y − y0�2+�z − z0�2�/wL
2
, where �0 is deter-

mined by the intensity in the center of the Gaussian beam
and wL is the waist size of the Gaussian beam.

Since there are a large number of atoms in the cold atomic
cloud, we use the DSMC approach to simulate it. We assume
that the initial position distribution and velocity distribution
satisfy the Maxwell-Boltzmann distributions. Considering
the collision between atoms, the motion of a thermal atomic
cloud can be expressed as an ensemble average of many
particles’ motional trajectories. In comparison to the follow-
ing experimental results, the parameters in the simulation are
found to be identical with those obtained in the experiments.

The result of the numerical simulation is shown in Fig. 2,
in which Fig. 2�a� plots the image of cold atomic clouds with
a different initial temperature. It explicitly shows that the
atomic cloud has been focused with a background. With the
decrease in temperature, the background atomic cloud be-
comes smaller and smaller, while the number of focused at-
oms increases. Figure 2�b� presents the corresponding cross
curves along the y axis at the widest part of the atomic cloud.

It is interesting to note that there is one-dimension cooling
in the direction perpendicular to that of the gravity and light
beam �shown in Fig. 3�. However, in comparison to the ini-
tial velocity distribution along the y and z directions, we find
that the one-dimension cooling occurs in the y direction
while heating and acceleration occur in the z direction. The
sum of kinetic energy and gravitational potential energy of
all atoms has no change before and after atomic clouds pass-
ing through the Gaussian beam, which ensures the energy

conservation law. This effect shows that the Gaussian beam
plays the role of redistributing kinetic energy of cold atomic
clouds.

Figure 4 is the cross curve along the z axis �gravity direc-
tion�. We find that when the atomic cloud passes through the
light beam, there is a spatial advancement comparable to that
in free flying. The physical reason for the advance phenom-
enon can be explained by a classical picture. A focused far
red-detuned Gaussian beam corresponds to a potential well.
When an atomic cloud traverses it, according to the energy
conservation law, the average velocity of atoms is larger than
that of freely flying atoms over the same region without laser
field. Therefore an advance of atomic cloud in space is ex-
hibited.

FIG. 1. �a� Experimental setup scheme. An atomic cloud inter-
acts with a red-detuned focused Gaussian light field in the gravity
filled while another probe beam plays the role of absorption image
in the far field. �b� Cross section. Focusing is observed when the
atomic cloud passes the Gaussian filed.

FIG. 2. �Color online� Left panels: Images of the simulated cold
atomic clouds after traversing through a red-detuned Gaussian
beam. Right panels: Corresponding cross section of the atomic
cloud along the y axis at the widest part of the atomic cloud. From
top to bottom, the corresponding temperatures are T=1.5, 0.48, and
0.08 �K, respectively. Here, the Rabi frequency is �0 /2�
=100 MHz, the detuning is � /2�=−50 GHz, the waist length wL

=46 �m, the flying time before optical field is t1=7 ms, and the
flying time after the optical field is t2=9 ms.

FIG. 3. �Color online� �a� The theoretical velocity distribution in
the y-z plane. �b� The velocity distribution along the vy direction in
the cross section of vz=15.68 cm s−1.
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B. Bose-Einstein condensates

The atoms in a BEC cannot be distinguished. Thus, it can
be expressed by a single wave function. A high-density con-
densate, in the mean field level, can be described via the
nonlinear Schrödinger equation

i�
��

�t
= −

�2�2

2m
� +

����r���2

4�� + i�/2�
� + mgz� + gaN���2� ,

�2�

where ga=4��2as /m is the atom-atom interaction, as is the
s-wave scattering length, and N is the total number of atoms.

Based on Eq. �2�, we performed numerical simulations
with the BECs. The result is shown in Fig. 5. Similar to the
classical situation, BECs have also been focused by the
Gaussian beam. Their shapes became narrow and the ad-
vanced propagation in gravity direction was also observable
�not shown in the figure�.

III. SETUP AND EXPERIMENTAL RESULTS

Our experimental setup consists of two magneto-optical
traps �36�. Up-MOT is a low-velocity intense source MOT
�LVIS-MOT�, in which atoms are captured directly from

atomic vapor. Cold atoms become a slow atomic beam under
radiation pressure and are transferred into the second
ultrahigh-vacuum MOT �UHV-MOT�. About 6	108 atoms
can be trapped in the UHV-MOT at the best conditions. After
the atomic number in the UHV-MOT reached a stable value,
we did optical molasses and then loaded atoms into a
quadrupole-Ioffe-configuration �QUIC� trap with trapping
frequencies of 2�	210 Hz in the radial direction and 2�
	21 Hz in the axial �x� direction. Evaporative cooling of
the atoms was performed by rf-induced spin flips. We swept
the rf frequency from 25 MHz to a final value of around 1.6
MHz over a period of 28 s. Atomic clouds with various tem-
peratures from about 1 �K to below the transformation
point were obtained by setting different final rf frequencies.
The cold atomic cloud was then ballistically expanded after
the magnetic trap was switched off. The direction of propa-
gation of the focused Gaussian beam and the probing beam
was parallel to the long axis of the QUIC trap. Therefore,
both cold atomic clouds and BECs were symmetrically dis-
tributed in the probing plane before traversing the Gaussian
beam. We acquired the distribution of atomic clouds from
absorption images, as shown in Fig. 6�a�. The waist size was
w0�46 �m and the Rayleigh length was about 8.5 mm.
Since the Rayleigh length was far longer than the scale of the
atomic cloud while it was passing the light beam, we could
approximate that the laser beam provided a two-dimensional
Gaussian potential. The power of the focused Gaussian light
beam was between 40�45 �w with a red detuning � /2�
=−40�−80 GHz. When evaporative cooling was finished,
we released the BEC from the QUIC trap and turned on the
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FIG. 4. �Color online� The simulated advance effect along the z
direction. The dashed curve plots the cold atomic cloud’s freefall in
the gravity field, while the solid curve shows the atomic cloud as it
traverses through the Gaussian light beam in the gravity field.

FIG. 5. �Color online� �a� Theoretical imaging of BECs after
traversing through the light beam. �b� Corresponding cross section
of the BECs along the y axis at the widest of the atomic cloud.
Other parameters are the same as in Fig. 2.

FIG. 6. Results from the experiment. Here, the Rabi frequency
is �0 /2�=100 MHz, the detuning is � /2�=−50 GHz, and the
waist length wL=46 �m. �a� From left to right, atomic clouds with
temperature T=1.5 �K, 480 nK, and less 80 nK, respectively. The
flying times of the atomic clouds at the top of Fig. 5�a� are t
=6 ms and t=16 ms at the bottom. �b� Cross curves of optical
depth. From top to bottom, the temperatures of atomic clouds are
T=1.5 �K, 480 nK, less 80 nK, respectively.
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Gaussian beam. After the atomic cloud had passed through it,
we turned off the Gaussian beam and waited for several mil-
liseconds. All information regarding the atomic cloud were
derived from the absorption images.

Figure 6�a� is a typical experimental result about atomic
clouds passing through the red-detuned Gaussian beam. In
this experiment, the focused Gaussian beam overlapped in
the center of the atomic cloud while it was being released
from the QUIC trap at 7 ms. The top pictures in Fig. 6�a�
show the symmetric distribution of cold atomic clouds and
BECs before they passed through the Gaussian beam. The
bottom pictures in Fig. 6�a� show the distribution after they
had passed through it. Their flying times were 6 and 16 ms,
respectively. There were focused and unfocused parts in the
atomic clouds. The ratio of focused parts increases with the
decrease in temperature. Figure 6�b� is the cross curve of the
optical depth along y axis at the widest part of the atomic
cloud. With the dropping of the temperature, the scale of the
atomic clouds reduces. After the transition from the gas
phase to the Bose-Einstein condensed phase has occurred,
we can only find the focused peak.

After passing through the red-detuned Gaussian beam,
aside from being focused, the atomic clouds advanced along
the motion direction �gravity direction�. Figure 7 is the com-
parison between with and without the red-detuned Gaussian
beam. We can see an obvious advanced motion. In this pic-
ture, the atomic cloud is a BEC. In fact, advance phenomena
still exist when an atomic cloud’s temperature is higher than
the phase transition point. However, the small scale of BECs
makes this effect more easily observable. We have measured
the advanced value versus the flying time after the atomic
clouds have passed through the Gaussian beam. Before pass-
ing through the Gaussian beam, the BECs have already
flown 4 ms. They then fly 8�14 ms after passing through it.
The advanced values are between 37�44 �m.

One-dimension cooling phenomenon has also been ob-
served. We have analyzed images in different flying times
after cold atomic clouds have been focused. The one-
dimension temperature along y axis of the focused part is
below 120 nK. In comparison, the background temperature
without dipole potential is 660
20 nK. No obvious change
of temperature was observed in the other two dimensions.

We have also measured the ratio of focused parts to the
entire atomic clouds. Since the Rayleigh length of the laser

beam is far longer than the scale of atomic clouds, K is
relative to the action length of the Gaussian beam to atoms in
the transverse direction. Assuming the atomic cloud’s density
is a Gaussian distribution with a standard deviation �atom
when it passes through the laser beam and the effective scat-
tering region for atoms is also a Gaussian profile in the y
direction with a standard deviation �dipole, the total atomic
number can be expressed as

N = �
−�

�

n�0�e−y2/2�atom
2

dy = 	2�n�0��atom. �3�

The number of scattered atoms is

Nsca = �
−�

�

n�0�e−y2/2�atom
2

e−y2/2�dipole
2

dy

= 	2�n�0�
�atom�dipole

	�atom
2 + �dipole

2
. �4�

Therefore, the ratio of focused part to the entire atomic cloud
is

K =
Nsca

N
=

�atom�dipole

	�atom
2 + �dipole

2
. �5�

The action length of the Gaussian beam to atoms is

�dipole =
K�atom

	1 − K2
. �6�

Obtaining �atom and K from experiments, we figure out the
action length. Since the total scattering cross section of the
Gaussian beam to atoms is in direct proportion to U0

2 / p2,
where momentum p=mv, the �dipole is in direct proportion to
U0 /v.

Figure 8 shows the �dipole versus the corresponding U0 /v.
Many parameters, such as the atomic clouds’ temperature,
the Gaussian beam’s time of passing, and the intensity and
detuning of the Gaussian beam, have changed in the experi-
ments. However, the linear relationship of �dipole vs U0 /v is
still valid.

IV. CONCLUSION

In conclusion, we have studied some phenomena of an
atomic cloud traversing a red-detuning Gaussian laser beam,

FIG. 7. Advance phenomena along the motion direction. The
black line indicates the phenomena with the Gaussian beam and the
gray line represents the phenomena without it.

FIG. 8. �dipole vs corresponding U0 /v.
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such as focusing and advance propagation. Based on the
model of an atomic cloud traversing a far red-detuned Gauss-
ian light beam, we performed numerical simulations via the
DSMC method for the thermal atom cloud and the nonlinear
Schrödinger equation for the BECs wave packet, respec-
tively. The numerical results were consistent with those in
the experiments.

Abundant phenomena of atom optics were exhibited di-
rectly. A Gaussian beam with a small diameter can focus
atomic clouds within a short distance. This indicates that a
Gaussian beam is an effective element in the study of both
coherent and incoherent atom optics. It is a method for ob-
taining ultracold atomic beams. However, some interesting
problems, such as transverse cooling, should be studied fur-
ther.
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