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Efficient transfer in a double magneto-optical
trap system
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We demonstrate the transfer of potassium atoms from a vapor-cell type magneto-optical trap (MOT) to a sec-
ond MOT up to 75 cm away with the use of a spatially narrow push laser that generates a 40-m/s atomic beam.
By adding two-dimensional MOT’s (atomic funnels) along the transfer path to generate transverse cooling and
compression of the beam, we can consistently transfer 78610% of the atoms. © 1998 Optical Society of
America [S0740-3224(98)01711-1]
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1. INTRODUCTION
Experiments involving the cooling and trapping of neu-
tral atoms have matured to the point where the environ-
ment in which the atoms are initially confined can be in-
compatible with performing a high-precision experiment
owing to the uncaptured and contaminant atoms in the
trapping vessel. This has been recently shown with ex-
periments involving Bose–Einstein condensates1–3 and
nuclear-decay experiments involving trapped radioactive
isotopes4–8 where the transfer of atoms to an ultrahigh
vacuum (UHV) environment is necessary for these experi-
ments to succeed.

Vapor-cell magneto-optical traps9 (MOT’s) load only
the low-velocity tail of the Maxwell–Boltzmann distribu-
tion, typically less than 1% of the vapor present in the
cell. Beam-loaded traps rely on Zeeman slowing10 or
chirped cooling11 to slow atoms in a thermal atomic beam
below the trap capture velocity, but even these methods
do not slow the entire velocity distribution. These un-
trapped atoms are either present in the vapor and limit
the trap lifetime and the trap population or they stick to
the cell or chamber walls.

Transfer from the collection MOT to a second MOT in a
UHV system allows for multiple loadings and higher
populations. Long trap lifetimes and large trap popula-
tions are desirable for the start of the evaporative-cooling
process leading to Bose–Einstein condensation. In
radioactive-decay experiments, background signals are
reduced with the absence of untrapped atoms, and long
trap lifetimes increase the fraction of decays that occur
from atoms in the trap. Transfer to a second, beam-
loaded MOT adds distance from the radioactive source, al-
lows for placement of shielding to further reduce back-
grounds, and allows detection of the low-energy (;500-
0740-3224/98/112641-05$15.00 ©
eV) nuclear recoils from b decay, which is incompatible
with vapor-cell walls.

The transfer of atoms into a UHV MOT requires gen-
eration of a low-velocity, cold atomic beam passing
through a tube or an aperture to allow differential pump-
ing of the low- and high-vacuum sections of the system.
For high efficiency the beam needs to have minimal trans-
verse expansion during the transfer to maximize the
number of atoms within the capture area of the second
trap, so it is desirable to have atoms that are cold and
traveling at close to the capture velocity of the second
trap.

Several methods have been used to transfer atoms or to
generate a suitable atomic beam. Cold atoms have been
dropped vertically into a second MOT with ;20%
efficiency.12 Moving optical molasses in a MOT has been
used to load a second MOT13 and magnetic trap14 and has
also been used to generate slow, cold atomic beams by use
of a two-dimensional MOT or an atomic funnel.15,16

Transfer with a push beam that polarizes the atoms and
uses magnetic confinement has been demonstrated with
90% efficiency with a 40-cm separation between traps.17

Methods that use an unbalanced trapping beam to gener-
ate the transfer force have been demonstrated to generate
a low-velocity atomic beam18 and also in a pyramidal fun-
nel used to transfer atoms to a UHV MOT with ; 6% ef-
ficiency, over a 35-cm path.19

The geometry of our system (see Fig. 1) precludes copy-
ing the low-velocity intense source technique,18 in which
the push beam is derived from an unreflected portion of
the trap beam and thus directed along a trapping-beam
axis. Producing the fields required for magnetic confine-
ment of the atomic beam presents possible limitation on
the transfer. In Ref. 17, resistive heating of wires lim-
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ited the transfer rate to one load every ;2 s, which is far
too long to be useful with short-lived radioactives. The
duty cycle was improved by adding permanent magnets
whose presence might unnecessarily complicate the polar-
ization required in the planned study6 of the b–n correla-
tion in 37K. Adapting the pyramidal trap20 into a
funnel19 requires special machining of mirrors. Here we
describe our transfer system, using a push beam, easily
implemented and with more flexibility than these other
methods.

2. EXPERIMENT
The transfer tests were carried out with stable 41K, gen-
erated as a 2.5–4-keV ion beam, neutralized6 and coupled
into a dry-film-coated cell. Our collection MOT is a stan-
dard six-beam trap21 with three retroreflected 4.5-cm
beams, ;140 mW per beam, detuning of 25G, and a
magnetic-field gradient dB/dz 5 20 G/cm, which traps
;5 3 105 atoms. The cell is a 5-cm cube with 6-mm en-
trance and exit holes drilled into the edges with a narrow
window located opposite the exit hole to accommodate the
push beam. The second trap (detection MOT) uses two
retroreflected beams, one each in the horizontal (15-mm)
and vertical (20-mm) directions, with a total power of
;160 mW. The horizontal beam passes through both
axes of the trap before being retroreflected, as shown in
Fig. 1, and has a higher intensity (3:1) than the vertical.
The beams are from a commercial Ar1-ion laser-pumped
Ti:sapphire ring laser locked to a D2 (4S1/2 → 4P3/2)
Zeeman-dithered saturation spectroscopy signal22 and
frequency shifted with acousto-optic modulators (AOM’s).
To allow for flexibility in frequency selection, the beam is
split, and independent pairs of AOM’s shift the Ti:sap-
phire frequency to the trapping frequencies, as shown in
Fig. 2. Because of the narrow (17-MHz) 4P3/2 hyperfine
splitting of 41K, the laser, which is tuned to the red of the
F 5 2 → F8 5 3 trapping transition, must be detuned to
the red of all three possible (F 5 2 → F8 5 1, 2, 3) tran-
sitions. This results in strong optical pumping to the F
5 1 ground state and requires nearly equal power in
both the trap (F 5 2 → F8 5 1, 2, 3) and the repump (F
5 1 → F8 5 0, 1, 2) beams, as demonstrated in Ref. 23.

The transfer of the atoms is generated by introducing a
narrow push beam through the collection MOT and di-

Fig. 1. Layout of the double magneto-optical trap system.
With a single atomic funnel the separation between trap centers
is 48 cm. This is increased to 75 cm with the addition of a sec-
ond funnel.
rected along the tube connecting the collection chamber
and the detection chamber. The tube is 1 in (2.5 cm) in
diameter at the inlet and the outlet with 1.5-in (3.8-cm)-
diameter components along the transfer path. A few mil-
liwatts of laser power is split off, frequency shifted, and
then focused in a telescope to create a slowly diverging
beam ;1 mm in diameter at the position of the first trap
(;2-mm FWHM in size). The large imbalance in scatter-
ing rates is enough to force atoms out of the trap and cre-
ate a low-velocity atomic beam that can be captured.
The small size of the push beam imposes a geometrical
limit to the divergence of the atomic beam so that atoms
with large transverse velocities will move out of the push
beam before exiting the trap volume in a fashion similar
to that in Ref. 18. These atoms will interact with the
trapping beams and continue to be confined, cooled, and
available for transfer.

Because the push beam can disrupt loading of the sec-
ond MOT, the push beam is intentionally misaligned a
few millimeters so that it misses the center of the second
MOT. The push beam was typically aimed above the
center of the detection MOT so that gravity would tend to
deflect the atoms back to the center of the trap. The
gravitational drop in a 20-ms transit time is ;2 mm.

This basic method was shown to transfer atoms over a
48-cm path with a single-pulse transfer efficiency of a few
percent. This is thought to be limited by deflection of at-
oms at the edge of the trap caused by intensity imbal-
ances in the trapping beams and a large divergence angle
arising from the low transfer velocity owing to the retard-
ing forces of the trap beams at full intensity.

To improve the transfer efficiency, we operate the sys-
tem in pulsed mode. The trap power is lowered to ;10%
of normal during the push, which allows the transfer to
behave more like a one-dimensional, single-beam push
and minimizes any steering effects at the trap edge. In
addition to lowering the intensity we shift the frequencies
;10 MHz closer to resonance in an effort (along with the
intensity change) to lower the trap temperature and help
counteract heating from the push beam. Another im-
provement is the addition of two-dimensional MOT’s
(atomic funnels) in the vacuum system along the transfer
tube, which cause spatial compression and cooling of the
atoms during the transfer.24,25 We use 15-mm beams
split from the detection MOT beams with an intensity of
3–10 mW/cm2 for the funnel(s) with a 6-G/cm quadrupole

Fig. 2. Laser schematic. The beams for the first and the sec-
ond magneto-optical traps (MOT’s) and for the push are indepen-
dently tunable with acousto-optical modulators (AOM’s), which
allow both the trapping and transfer efficiencies to be maxi-
mized.
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magnetic-field gradient generated by rectangular anti-
Helmholtz coils.

The narrow excited-state hyperfine structure that
causes the strong optical pumping present in 41K results
in some behavior that would not be present in other alkali
atoms. Our single-frequency push beam is detuned to
the blue of the F 5 2 → F8 5 3 resonance in order to
minimize the rate at which pumping to the F 5 1 ground
state takes place. Even under these conditions the atoms
still spend a considerable fraction of the time in the F
5 1 ground state and the push requires more power than
would be required for an atom where optical pumping was
much weaker. Once the atoms leave the trapping region,
the absence of the repumping frequency ensures that the
push interaction switches off after only a few additional
scatters. It was found that the detection MOT was more
efficient in capturing atoms from the transfer beam with
a larger amount of power (;2:1) in the F 5 2 → F 8 5 3
transition, unlike in the vapor-cell collection MOT.

Transfer efficiency of the system was measured by com-
paring the decrease in the population of the collection
MOT with the population present in the detection MOT
after a single transfer pulse of 20 ms, which couples
;50% of the trapped atoms into the transfer beam. Trap
populations were measured by collecting fluorescence sig-
nals with charge-coupled device cameras shielded by a
1-nm FWHM interference filter. Results were compared
with a model in which the atomic beam, assumed to have
a two-dimensional Maxwell–Boltzmann distribution of
velocities, expands over the transfer path. It is com-
pressed and cooled in the presence of the atomic funnel(s),
and the atoms are captured in the detection MOT if inci-
dent within the area of the trapping beams.

The mean velocity of the atoms during transfer was de-
duced with a time-of-flight measurement. With the de-
tection MOT light turned off, the push beam was switched
on for 5–10 ms. After a delay, the detection MOT was
then turned on and the fluorescence was measured. At-
oms that had already traversed the detection MOT region
were not captured. These measurements of the detection
MOT population were fit to a function that models the
pushed beam of atoms as a series of point sources emitted
for the duration of the push pulse. Each point in the
beam has the same mean drift velocity and velocity
spread.16 The atoms are accelerated in the trap region
and then drift to the detection MOT.

3. RESULTS AND DISCUSSION
Transfer efficiencies were measured for two different
separations between the collection and detection MOT’s.
At a trap separation of 48 cm and without the atomic fun-
nels the efficiency was measured to be 55%69%. This is
consistent with the 63% predicted by expansion of a beam
at a temperature of 1 mK, the estimated transverse tem-
perature of the atoms after interaction with the push
beam. When the separation was increased to 75 cm, the
efficiency dropped to 40%65%, agreeing with the pre-
dicted 38%. With the push beam aligned to miss the de-
tection MOT below trap center by 8 mm, the poor overlap
of the atomic beam profile with the detection MOT re-
duced the efficiency to 21%63%. The predicted efficiency
in this alignment is 24%.

One of the effects of the funnels is to steer the atomic
beam toward the center of the detection MOT, minimizing
losses from large alignment offsets of the push beam.
Another is the spatial compression and cooling of the
atomic beam, predicted by calculating the spatial and the
velocity compression time constants26 and calculating the
effect on the atomic-beam profile and temperature during
the transit of the 15-mm funnel laser beams. At the
48-cm trap separation the addition of one funnel im-
proved the efficiency of 78%614%, with the model pre-
dicting 86%. Increasing the trap separation to 75 cm ne-
cessitated the addition of a second funnel to maintain
performance. The transfer efficiency in this case was
78%610%, compared with the predicted value of 77%.

Time-of-flight data were taken to determine the veloc-
ity of the atoms in the transfer beam. A sample fluores-
cence signal and the resultant fit from the model are
shown in Fig. 3. The mean transfer velocity was deter-
mined to be 4062 m/s with a velocity spread (1/e Gauss-
ian width) of 6.761.4 m/s for the normal detuning of
147 6 2 MHz and a push-beam power of 3.2 mW. The
velocity spread is consistent with a one-dimensional push,
where the atoms acquire a velocity distribution such that
Doppler identification of the fast and the slow atoms in
the beam is limited by G, the linewidth of the transition.11

For the 6.2-MHz linewidth of K, one expects a velocity
spread of order Dv 5 G/k 5 4.8 m/s FWHM, where k is
the wave number of the transition.

The variation of beam velocity with push power is
shown in Fig. 4. Owing to saturation of the transition,

Fig. 3. Fluorescence signal from the detection trap used in time-
of-flight analysis (3). The solid curve is a fit to the data that
yields the mean velocity and the velocity spread.

Fig. 4. Transfer-velocity variation with push-beam power at
147 6 2 MHz detuning. Saturation of the transition reduces
the effects of changes in power.
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the scattering rate does not change significantly as power
is increased, and little change in efficiency is seen with
push powers above ;1 mW. The variation with detuning
for both circular polarizations of the push beam, matching
and opposing that of the trapping beams, is shown in Fig.
5.

For the push-beam helicity that matches the ingoing
trap beams the slow variation of velocity with detuning is
consistent with the 30-MHz broad (FWHM) transfer effi-
ciency curve shown in Fig. 6. As the transfer velocity
drops with smaller detunings the expansion of the trans-
fer beam is consistent with the decrease in efficiency.
With the higher speeds present at larger detunings some
of the atoms should be traveling at speeds larger than the
detection MOT is able to capture. Maximum efficiency
occurs at different frequencies for the two polarizations
owing to the Zeeman shifts present in the MOT.

4. CONCLUSIONS
We have demonstrated an efficient means of transporting
atoms in a double-MOT system. Because the push-beam
frequency can be tuned independently of either trap, it is
possible to maximize the transfer efficiency without com-
promising the trapping efficiency of the vapor-cell collec-
tion MOT. This technique should prove useful where a
multiply loaded UHV MOT is required for a successful ex-
periment.
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