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We report the observation of significant enhancement in the transfer of laser-cooled 87Rb atoms between two
vertically separated magneto-optical traps �MOTs� when an appropriately tuned and aligned hollow laser beam
was used. In the experimental setup, the lower MOT was loaded from a continuous flux of atoms ejected from
the upper MOT by a resonant push beam. The observed enhancement appears to be mainly due to a slowing
down of atoms by the hollow beam after being ejected from the upper MOT.
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The magneto-optical trap �MOT� has emerged as a very
convenient source of cold atoms for experimental research in
several areas such as Bose-Einstein condensation �BEC�,
atom optics, quantum optics, cold-atom collisions, degener-
ate Fermi-gases, and quantum metrology �1–17�. To achieve
BEC of alkali metal and alkaline-earth metal atoms, these are
initially cooled in a MOT and then undergo evaporative cool-
ing in a magnetic trap to reach a temperature lower than the
critical temperature for BEC �3�. The vapor cell MOT, in
which atoms to be cooled and trapped are derived from back-
ground atoms, is a very convenient design for the first step.
However, as evaporative cooling is a slow process, the sec-
ond step requires a much better vacuum than that in this type
of MOT to achieve the required trap lifetime. One way to
overcome these conflicting requirements is to use the double-
MOT design �18,19� in which atoms trapped in the vapor cell
MOT are transferred to another MOT in an ultrahigh-vacuum
�UHV� chamber. Various methods such as moving magnetic
coils �20,21�, imbalance of trapping beams forces �22�, or
use of a push beam �18,23,24� are employed to transfer at-
oms from one MOT to another. Efficient transfer of atoms
from one MOT to another is clearly of prime importance in
double-MOT systems. To enhance the transfer efficiency, use
of two-dimensional cooling �23�, guiding magnetic fields
�18�, and guiding laser beams �25� during the transfer has
been reported. Here we report that a hollow laser beam can
be used to enhance atom transfer between two MOTs. A
weakly focused hollow laser beam propagating opposite to
the direction of the ejected atomic flux was aligned such that
both MOTs were in the dark region of the hollow beam.
Significant enhancement in the number of atoms in the lower
UHV MOT was observed in the presence of the hollow beam
when it was tuned near the cooling transition. Since hollow
beams can be easily generated with high efficiency �26�, our
approach may prove to be an easy option to enhance the
number of atoms in a MOT for experiments where the initial
number matters, such as evaporative cooling to achieve
BEC.

Figure 1 shows a schematic of the experimental setup
used. The upper MOT was formed in an octagonal stainless-
steel chamber, while the lower MOT was formed inside a
quartz glass cell �polished but uncoated� connected to the

bottom of another chamber. This chamber was connected to
the upper chamber by a tapered tube �differential pumping
tube �DPT�: inner diameters of 5.0 mm and 12.0 mm at the
ends� which allowed differential pumping and provided con-
venient passage for the converging hollow beam propagating
in an upward direction. The upper MOT and the lower MOT
positions were vertically separated by �340 mm. With suit-
able vacuum pumps, base pressures of �1�10−8 Torr and
�1.2�10−9 Torr were obtained in the upper and lower
chambers, respectively. On heating a Rb getter in the upper
chamber, Rb vapor was generated and the pressure in the
chamber increased to �2�10−8 Torr. The vapor pressure in
the chamber was limited by the getter current and pumping
rate, and was not optimized.

The cooling laser beams for the two MOTs were obtained
from two separate grating-controlled external-cavity diode
lasers and the repumping laser beams were obtained by di-
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FIG. 1. Schematic of the experimental setup. DLB: diode laser
beam. AX: axicon mirror. � /2: half-wave plate. � /4: quarter-wave
plate. PBS: polarizing beam splitter. L1, L2, and L3: lenses of 80
mm, 250 mm, and 300 mm focal length. HB: hollow beam. MB:
MOT beams. PB: push beam. IP: sputter ion pump. G: vacuum
gauge. GC: glass cell. QC: quadrupole coil. DPT: differential pump-
ing tube.
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viding the output from a single laser of a similar configura-
tion. For each MOT, the cooling beam and the repumping
beam were first mixed, and the combined beam was then
expanded and split into three MOT beams, which entered the
chamber. After retroreflection of each of these three beams
by a mirror at the exit of the chamber, the required six MOT
beams were obtained. For the upper MOT, the total power in
the three beams �each of diameter 10 mm� entering the
chamber was �26 mW �with �17 mW in the cooling part
and �9 mW in the repumping part�. For the lower MOT, the
total power in the three beams �each of diameter 7 mm� was
�27 mW �with �18 mW in the cooling part and �9 mW
in the repumping part�. All lasers were locked using hyper-
fine absorption signals generated by saturated absorption
spectroscopy �SAS�. The cooling laser was locked at the side
of the hyperfine absorption peak at the desired detuning us-
ing a suitable reference voltage. The repumper laser was sta-
bilized at the peak using a frequency modulation �FM�
scheme to generate a dispersive-like signal. The cooling la-
sers were locked at �12 MHz to the red of 5S1/2F=2
→5P3/2F�=3 transition of 87Rb, whereas repumper laser
was locked at peak of its 5S1/2F=1→5P3/2F�=2 transition.
The required polarizations of the MOT beams were set using
quarter-wave plates. Quadrupole coils �QCs� generated axial
magnetic field gradients of �12 G /cm in the upper MOT
and �10 G /cm in the lower MOT.

The push beam was a continuous-wave Gaussian laser
beam resonant with a 5S1/2F=2→5P3/2F�=3 transition of
87Rb. It was focused to a 1 /e2 size of �100 �m at the upper
MOT position, which corresponded to a push beam intensity
at the upper MOT of �103 mW /cm2 and at the lower MOT
of �13 mW /cm2 for a power of �150 �W. Atoms ejected
from the upper MOT by the push beam were captured in the
lower MOT. A weakly focused hollow laser beam propagat-
ing vertically upwards was aligned such that both MOTs
were in its dark central region. The hollow beam was gener-
ated using a homemade metal axicon mirror �AX�, as re-
ported earlier �26�. As shown in Fig. 2, the peak-to-peak
intensity diameter and ring width �full width at half maxi-
mum �FWHM�� of the hollow beam were, respectively,
�14.3 mm and �1.4 mm at the lower MOT and �3.2 mm
and �1.24 mm at the upper MOT. This corresponds to peak
intensities at the lower and upper MOT planes of
�50 mW /cm2 and �230 mW /cm2, respectively, for a
beam power of 30 mW.

We estimated the number of atoms in the two MOTs by
analyzing fluorescence images obtained with a digital
charge-coupled device �CCD� camera as reported earlier
�27�. The number of atoms �N� was obtained using the rela-
tion �28�
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��6
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where Nc is the total number of counts in the image, texp is
the CCD exposure time, � is the CCD quantum efficiency,
Isat is the saturation intensity, I0 is the intensity of each cool-

ing beam in the MOT, �=2��6 MHz is the 87Rb natural
linewidth, � is the detuning of the cooling beam, and � is a
solid angle for the collection of fluorescence by the CCD.

In the absence of the push beam and the hollow beam, the
upper MOT had �1.4�106 atoms, whereas the lower MOT
did not have a measurable number of atoms. After switching
the push beam on, atoms were ejected from the upper MOT
and trapped in the lower MOT. The number of atoms in the
lower MOT varied with push beam power �ranging from
10 �W to 200 �W�, and the maximum number of trapped
atoms was achieved for power �160 �W.

Upon switching the hollow beam also on, the number of
atoms in the lower MOT changed significantly and the
change depended on both the power as well as the frequency
of the hollow beam. Figures 3�a� and 3�b� show the observed
variation of number of atoms in the lower MOT with hollow
beam frequency detuning �	� from the cooling transition for
two powers of the hollow beam and a constant push beam
power of 160 �W. The horizontal lines in the figure show
the atom number in the lower MOT in the absence of the
hollow beam. As can be seen from Fig. 3, a significant en-
hancement in the number of atoms in the lower MOT was
observed for certain ranges of both positive and negative
detunings of the hollow beam frequency. The cold-atom
cloud was destroyed when the frequency was resonant with
F=2→F�=2,3 transitions. To know whether the hollow
beam had any effect on the upper MOT, we also measured
the number of atoms in the upper MOT in the presence of the
hollow beam after blocking the push beam. The observed

FIG. 2. Intensity profiles of the hollow beam at different posi-
tions: �a� at the upper MOT, �b� at 5 mm below the upper MOT, and
�c� at the lower MOT.
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variation of the number of atoms in the upper MOT with
detuning of the hollow beam �for a power �28 mW� is
shown in Fig. 4.

The experimental results thus showed enhancement in the
number of trapped atoms in both MOTs in the presence of
the hollow beam. In a earlier work on the Cs MOT �29�, the
increase in the number of trapped atoms in the MOT due to
the presence of an auxiliary control beam aligned within the
capture volume was reported. In this work, it was suggested

that the enhancement was due to optical pumping by the
control beam among Zeeman sublevels, which removed the
inaccessibility of atoms to the trapping beams occurring due
to large Zeeman shifts at positions away from the MOT cen-
ter. As the hollow beam diameter at the upper MOT was
smaller ��3.2 mm� than the size of the trapping region
��10 mm�, we believe that a similar optical pumping
mechanism could be responsible for the increased number of
atoms in the upper MOT. In contrast to the results in Ref.
�29�, we observed the destruction of the atom cloud with a
very small number of atoms remaining there �see Fig. 4�
when the hollow beam was resonant to the atomic transi-
tions.

The observed enhancement in the number of trapped at-
oms in the lower MOT could be partly a result of more
trapped atoms in the upper MOT, but cannot be fully ex-
plained by this. Comparison of Figs. 3 and 4 shows that
while the maximum enhancement is �28% for the upper
MOT, that for the lower MOT is �71%. Also, a mechanism
similar to that responsible for more atoms in the upper MOT
is unlikely to be important for the lower MOT as the size of
the hollow beam at the lower MOT ��14.3 mm diameter�
was much larger than the trapping region diameter
��7 mm�. We believe that the observed additional enhance-
ment for the lower MOT could be a result of a slowing down
of atoms ejected from the upper MOT by the counterpropa-
gating hollow beam. A similar cooling mechanism was sug-
gested to be responsible for the observed enhancement in a
MOT loaded using a dark center slowing beam in a Zeeman
slower setup by Miranda et al. �30�. We note that although
the peak-to-peak intensity diameter ��3.2 mm� of the hol-
low beam at the upper MOT position was much larger than
the upper MOT cloud size ��0.54 mm FWHM�, there was a
finite intensity in the central region because of diffraction
effects as can be seen from the intensity profiles in Fig. 2.
Destruction of the upper MOT by a hollow beam resonant to
the atomic transition seems a result of this intensity profile.
At the push beam intensity of �103 mW /cm2 used in the
experiments, the estimated scattering rate is �1.85
�107 Hz and the corresponding acceleration of atoms is
�1.1�105 m /s2. This acceleration is expected to act on at-
oms only up to a distance of 5 mm below the upper MOT
center because beyond this distance repumping beams cease
to exist, so the atoms would be lost to the F=1 hyperfine
ground state and would not scatter either the push beam or
the hollow beam. Neglecting the upper MOT trapping force,
the action of above acceleration of the push beam up to
�5 mm distance is expected to raise the speed of an atom to
�33 m /s after ejection from the upper MOT. This speed is
slightly higher than the estimated value of �25 m /s for the
capture velocity of the lower MOT �31�. Thus some atoms
which have a speed greater than the capture velocity of the
lower MOT will not be trapped. In the presence of the hol-
low beam, however, these atoms would acquire a lower
speed as a result of a reduced net accelerating force after
ejection and, hence, may be trapped in the lower MOT. We
note that for very low power of the hollow beam
��0.6 mW�, enhancement of the number of atoms in the
lower MOT was observed only for some negative 	 values
which is consistent with the asymmetry of the Doppler cool-

FIG. 3. Measured variation of number of atoms in the lower
MOT with detuning of the hollow beam frequency �a� at a hollow
beam power of 23 mW and �b� at a hollow beam power of 28 mW.
The squares show the measured values, and dashed curves are for
guiding the eye to the measured data. The horizontal lines show the
number in the absence of a hollow beam.

FIG. 4. Variation of the number of atoms in the upper MOT with
detuning of the hollow beam frequency. The squares show the mea-
sured values and the dashed curve is to guide the eye to the mea-
sured data. The horizontal line shows the number in the absence of
a hollow beam.
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ing process with respect to laser detuning. The asymmetry
was not evident at higher hollow beam powers as is the case
for the results shown in Fig. 3. We believe that at higher
powers, additional effects such as a reduction in the diver-
gence of the atom flux because of a finite transverse force
associated with the converging hollow beam and guiding for
positive detunings may come into play, enabling more atoms
to reach the capture volume of the lower MOT.

To conclude, the results of experiments to investigate the
effect of a hollow beam on the performance of a double-
MOT setup with two vertically separated MOTs have been
presented. Significant enhancement in the number of atoms
in both MOTs was observed for appropriate alignment of the
hollow beam and for both negative and positive hollow beam
frequency detunings from the cooling transition. The ob-
served increase was much larger for the lower MOT, sug-
gesting an increase in the transfer efficiency. It is suggested
that the increase was due to a decrease in the average speed
as well as an increase in the number of atoms reaching the
capture volume of the lower MOT. This is believed to be a

result of a slowing down of atoms after ejection from the
upper MOT by the oppositely traveling hollow beam and a
reduction in the divergence of the atomic flux because of
transverse cooling and guiding effects. However, to under-
stand these results better further work is required. For ex-
ample, it may be useful to model the MOT potential in the
presence of a hollow beam to understand the enhancement in
the upper MOT. Similarly, reversing the propagation direc-
tion of the hollow beam or using the hollow beam in the
same configuration, but with larger detuning and higher
power than used here, may resolve the contribution of dipole
guiding by a hollow beam during atom transfer to the ob-
served enhancement in the lower MOT. These may be future
experiments which will require some modifications in the
present setup.
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