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Wolfgang Petrich, Michael H. Anderson, Jason R. Ensher, and Eric A. Cornell

Joint Institute for Laboratory Astrophysics, National Institute of Standards and Technology and University
of Colorado at Boulder, and Department of Physics, University of Colorado, Boulder, Colorado 80309-0440

Received November 4, 1993; revised manuscript received April 12, 1994

We investigate the behavior of a cloud of atoms in a magneto-optical trap, which—after collection—is
compressed when the field gradients of the trap magnetic field are increased. We measure sizes and shapes
of the atom cloud as a function of laser detuning, magnetic field gradient, and number of trapped atoms. A
transient density increase of more than an order of magnitude has been achieved. Moreover, reproducible
Gaussian density distributions are observed at large detunings and intermediate magnetic-field gradients,

permitting an accurate determination of density.
PACS numbers: 32.80.Pj, 34.50.Rk, 42.50.Vk.

The ability to capture and store atoms from a vapor in
a magneto-optical trap? (MOT) has stimulated a broad
field of research in atomic physics and quantum optics in-
cluding cold collisions and studies of quantum effects in
a dense, cold atom cloud.3-5 Many of these experiments
require high trapped-atom densities. In this paper we
investigate the properties of a trapped-atom sample that
we collected using low magnetic-field gradients and sub-
sequently compressed increasing the gradients of the con-
fining magnetic field. This two-step procedure avoids the
drawback of low collection efficiency associated with high
magnetic-field gradients in the MOT. Hence we are able
to maintain a large number of atoms and to achieve a
transient but substantial increase in the density of the
- atom cloud in the highly compressed magneto-optical trap
(CMOT).

The density and the temperature of optically trapped
atoms have been studied in detail.-® Temperatures well
below the Doppler limit have been observed and asso-
ciated with polarization gradient cooling.’~!! Density
studies have uncovered two density-limiting mechanisms.
For small numbers of atoms the density of the trapped
atom cloud is given by the thermal motion of each indi-
vidual atom in the trapping potential. Considering the
trapping potential to be a simple harmonic well, we see
that this motion causes the atom cloud to adopt a Gauss-
ian density distribution with a root-mean-square radius
(r;) given by the equipartition theorem,

I/ZkBT,' = 1/2Ki<r,')2 N (1)

where T; is the temperature, ks is the Boltzmann con-
stant, «; is the spring constant of the trap, and i = x, y, z.
In MOT’s the cloud is usually treated as being equili-
brated (T = Ty = T, = T), and the spring constants in
the horizontal and the vertical directions fulfill the rela-
tion 2x, = 2k, = k, = k. Hence for N trapped atoms
the peak density n, is given by

N K 3/2
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The second major density limitation arises from the re-
radiation of the photons within the cloud and from the
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attenuation of the laser beams. For large numbers of
atoms the density is determined by the counterbalance
between the force related to these effects and the trapping
force and is calculated!? to be proportional to

K
~—_—
Iop(or — o1)
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n,

where I denotes the laser intensity and oy and o are
the cross sections for absorbing a photon from the laser
field and for absorbing a reradiated photon, respectively.
Note that the density is independent of position r and is
therefore constant inside the cloud.

Collisions between the trapped atoms affect the lifetime
of the trapped atoms and thus the number that can be ac-
cumulated in a MOT. The number of trapped atoms will
in turn affect the density. But since in our experiments
atom collection and density compression are accomplished
at different times, we do not include collisions in our dis-
cussion of density.

From relations (2) and (3) it follows that the maxi-
mum densities in the temperature-limited and in the
reradiation-limited regimes are proportional to «¥? and
K, respectively. Our experimental approach is to modify
the spring constant « to achieve higher densities.

Because the spring constant is proportional to the
magnetic-field gradients 8B/ar;, it is desirable to operate
the trap at large gradients when aiming for high den-
sities. However, Hope et al.'® observed that increasing
the gradients leads to a strong decrease of the loading
rate R ~ (8B/dr;)~¥3 at which atoms are captured from
the vapor gas. They reported a decrease in the number
of trapped atoms from 107 for a normal MOT with field
gradients of the order of 10 G/cm down to 10 atoms for a
vertical gradient of 207 G/cm. In contrast, for the mea-
surements described in this paper we first collect atoms
from the vapor gas, using low field gradients, and then
rapidly increase the field gradients. This separation of
the collection and the compression processes allows us to
achieve high densities for large numbers of atoms.

In addition it can be advantageous to increase the de-
tuning 6y, of the trapping laser beams. In the reradia-
tion limit large detunings are expected to decrease the
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repelling reradiation forces strongly (~8;~%), while the
decrease of the trapping force only scales as 6, in the
central, low-magnetic-field region of the trap and as 6772
in the outer region.”! Thus for a given number of atoms
the new balance between these forces favors higher densi-
ties. Although in the temperature-limited regime larger
detunings have been found to lead to lower temperatures,
the actual densities depend on the ratio between the tem-
perature and the (detuning-dependent) spring constant
according to relation (2). Steane et al.” suggest that the
densities in the temperature-limited regime are in fact
independent of detuning.

For trapping ®Rb atoms from a vapor gas we employ
the standard configuration of a MOT, i.e., three pairs of
appropriately polarized, counterpropagating laser beams
intersecting in the zero point of a magnetic quadrupole
field, which is created by a pair of coils in an anti-
Helmholtz configuration. Light from a diode laser drives
the 55 2S1s(F = 3) — 5p 2Psp(F' = 4) transition in 8Rb
(natural linewidth T'/27# = 6 MHz) at a wavelength of
780 nm with a peak intensity of 15 mW/cm? in each of
the six beams (FWHM beam size, 7 mm). To provide hy-
perfine pumping we overlap the light emitted from a sec-
ond laser with the trapping laser beams and repump the
atoms on the 5s 2S13(F = 2) — 5p 2Py(F' = 3) transition.
At a measured effective saturation parameter of S = 13
we are able to trap up to 10% atoms with a loading rate of
107 atoms/s. 'The 1/e time constant for atoms to remain
in the trap under these conditions is 9 s. The number of
trapped atoms can be deduced from measuring a known
fraction of the emitted fluorescent light on a calibrated
photodiode. The accuracy in determining the absolute
number of atoms is about *20%, whereas the measure-
ments on relative numbers at a fixed detuning are better
than *5%. Information on the size of the cloud is ob-
tained by observation of the fluorescent light with a CCD
camera and analysis of the obtained video pictures of the
cloud with a computer. (More precisely, we store data
from only the one horizontal line and the one vertical line
that include the peak of the atom cloud.) The resolution
of this detection scheme is better than 20 um.

Initially we set the detuning to —9 MHz and the field
gradient to dB/or,(=28B/dr,,) = 11 G/cm to optimize
the collection efficiency of the MOT. After collection for
typically 0.5 s, the cloud contains 6 X 10° atoms and ex-
hibits horizontal and vertical FWHM sizes of 0.8 and
0.3 mm, respectively, giving a density of 2 X 10° cm™3.
Note that in the uncompressed MOT the shape of the
cloud and hence also the ratio between the horizontal
and the vertical cloud sizes is significantly distorted by in-
tensity inhomogeneities of the trapping laser beams. We
then jump the detuning to various values. One millisec-
ond after having jumped the detuning, we ramp the mag-
netic field in five steps over 5 ms to field gradients 8B/ar,
between 11 and 228 G/cm. After each step the magnetic
field settles within 0.1 ms. Details of stepping time and
step size are not critical unless the gradient is jumped in
a single step; in this case a significant loss of atoms is
observed. After establishing a new magnetic-field gradi-
ent, we allow the cloud to equilibrate for 20 ms before we
measure sizes, shapes, and numbers of atoms of the cloud.

In the measurements described first, we concentrate
on the influence of the laser detuning and do not change
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the field gradients. We collected atoms from the vapor
gas for 0.5 s (—N = 6 X 105 atoms) and then jumped the
laser detuning from the collection detuning §;, = —9 MHz
to values of —19, —32, and —44 MHz at a constant verti-
cal field gradient of dB/dr, = 11 G/cm. We observe that
for these low field gradients the cloud exhibits an irregu-
lar non-Gaussian shape. Hence the measured sizes and
therefore also the densities in this regime have to be con-
sidered estimates. We believe that the irregular shapes
are due to an increased sensitivity to laser field inhomo-
geneities at lower field gradients. When we jump the de-
tuning from —9 to —19 MHz, the cloud sizes decrease to
=0.5 mm (FWHM) in the horizontal plane and ~0.3 mm
(FWHM) in the vertical direction. For larger detunings
the cloud size does not decrease any further. Since the
number of atoms in the trap stays approximately con-
stant as the detuning is jumped, the estimated densities
increase by a factor of 3 in going from —9 to —19 MHz
(Ref. 14) but do not increase for further detuning. The
density’s insensitivity to detuning above —19 MHz coin-
cides with the predictions in Ref. 7 for a cloud that is den-
sity limited by its temperature; i.e., for large detunings
(476, > T) the cloud size should become independent of
the detuning.!s

We now describe measurements in which we ramp
the field gradient after we jump the laser detuning to
—44 MHz. For this detuning and for vertical field gradi-
ents of up to 60 G/cm all atoms are compressed into a nar-
row peak that exhibits a Gaussian shape, permitting an
accurate determination of the densities. For oB/or, >
60 G/cm, however, this narrow peak (central feature) is
surrounded by a diffuse cloud of atoms. While the posi-
tion and the shape of the diffuse cloud strongly depend on
the alignment and the imbalance of the laser beams, the
position, the shape, and the size of the central feature are
relatively insensitive to slight misalignment. The exis-
tence of the two parts of the atom cloud and their differ-
ing behavior is predicted in Refs. 7 and 11. This result
is consistent with a picture of the central feature’s being
compressed by a strong, position-dependent polarization
gradient force, which has been found to be the dominant
trapping force for low magnetic fields, i.e., in the trap cen-
ter. On the other hand, in the large magnetic fields be-
yond the trap center this force is suppressed, and only
the spontaneous force remains, which allows the atoms to
spread into a sparse cloud. In addition, even the force
of the magnetic field on the magnetic moments of the
atoms may be nonnegligible in this region. The precise
roles of the individual forces, however, require further in-
vestigation. Figure 1(a) shows the FWHM of the central
feature in the horizontal and the vertical directions as
a function of the vertical field gradient 8B/dr, for the
detuning of §;, = —44 MHz. The data follow the depen-
dence expected from Egq. (1) for a constant temperature,
ie., (r;) ~ (3B/ar;)"V2, and the ratio of the sizes in the
horizontal and the vertical directions is close to v2 (see
the dashed curves in Fig. 1). The fraction of atoms in
the central feature can be estimated from the video data,
and the total number of atoms in the trap is deduced from
the photodiode signal. For the detuning of —44 MHz we
observe no measurable decrease of the total number of
atoms during compression, and the lifetime of the atoms
in the CMOT is found to be of the order of seconds. Al-
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Fig. 1. (a) Horizontal and vertical sizes, (b) number of atoms,
and (c) peak densities shown as a function of the vertical mag-
netic field gradient dB/dr, (=20B/dry,y). The detuning was set
to —44 MHz. The filled symbols in (b) and (c) represent the
actual parameters of the cloud, and the open symbols are an
estimate of the fraction of atoms in the central feature and the
peak densities connected to this estimated fraction (see text).
The dashed curves in (a) are a fit to an inverse-square-root
dependence with a forced ratio of +/2 between the radial and
the axial sizes.

though the total number of atoms stays approximately
constant as the magnetic-field gradient changes, the frac-
tion of atoms in the central feature starts to decrease for
gradients larger than 60 G/cm [Fig. 1(b)]. Knowing the
total number of atoms, the Gaussian width of the central
feature, and having estimated the fraction of atoms in the
central feature, we calculate the peak density n, shown in
Fig. 1(c) as a function of the vertical magnetic-field gradi-
ent. For fields smaller than 60 G/cm, peak densities as
high as 5 X 10! cm™3 have been achieved. This corre-
sponds to an increase in density of more than an order of
magnitude compared with the density of a normal MOT
(np = 2 X 10'° ¢cm™3). We point out that for this large
detuning the CMOT exhibits high densities with long life-
times and Gaussian density distributions; therefore it is
an ideal tool to use in studies that require high densi-
ties and for which a precise knowledge of this density is
desirable, such as investigations of cold collisions.?
Analogous measurements have been performed with
smaller detunings of ~9 (i.e., the normal MOT detun-
ing), —19, and —32 MHz. In general we find lower den-
sities and less Gaussian-shaped curves in these cases.
The FWHM’s deviate significantly from the magnetic-field
gradient dependence expected for the temperature-limited
sizes ~(3B/ar;)~V2 as well as for reradiation-limited sizes
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~(3B/ar;)"3. On the other hand, we observe that the
sparse cloud surrounding the central feature diminishes
with decreasing detuning. In addition, we find that the
total number of atoms remaining in the trap after com-
pression also decreases; for the smallest detuning and the
largest field gradient this loss amounts to 65%. The loss
of atoms occurs on two time scales: a rapid loss of atoms,
which is not yet understood, is observed mainly during
compression, followed by a slow decay with time constants
between =50 ms (8B/dr, = 228 G/cm, &, = —9 MHz)
and seconds (both the rapid loss and the slow decrease be-
come less pronounced with larger detunings and smaller
gradients). The slow loss of atoms is likely to be caused
by intratrap collisions, which are dependent on the laser
detuning in a manner consistent with light-assisted
collisions.’® In any case the lifetime of the CMOT would
be plenty long enough to allow for the transfer of the com-
pressed atom cloud to a purely magnetic trap, in which
there would be no light-assisted collisions and where
further cooling, for instance, by evaporation,!” seems
feasible.

In a further series of measurements the collection time
7 and hence the total number of atoms is varied from 7 =
0.1 s to 7 = 30 s, corresponding to 3 X 10 = N = 8 X 107,
After collection of the atoms the detuning is jumped to
81 = —32 MHz, and the magnetic field gradient is ramped
to 0B/dr, = 85 G/cm. We find that both the sizes r;
[Fig. 2(a)] and the number of atoms in the central feature
N¢ [Fig. 2(b)] increase for small total numbers of atoms
N in the trap. Analyzing the data yields a dependence
of r; ~ YN, which is expected in the reradiation-limited
regime according to relation (8); in fact, the densities de-
rived from the shown sizes and numbers are approxi-
mately equal and amount to n = 2 X 101 em™3 [Fig. 2(c)].
For N = 2 X 107 any additionally loaded atoms are dis-
persed into the sparse cloud around the central feature,
so the number of atoms in the central feature as well as
its size do not increase any further. We believe that the
limit on the size of the central feature, and therefore on
the number of atoms compressed therein, arises from a
suppression of polarization gradient forces for large radii.
As is mentioned above, the dominant role of these forces
in the center of an ordinary MOT is pointed out in Refs. 7
and 11. Steane et al.” suggest that the high gradients,
however, give rise to Larmor frequencies, which then be-
come comparable with the optical pumping rate and the
ac Stark shifts at radii small enough to be inside the ac-
tual cloud. The occurrence of large magnetic fields close
to the trap center will inhibit the polarization-gradient
forces even at these small radii, and in this way could lead
to a limitation of the size of the strongly compressed cen-
tral feature. We find the size limit of the central feature
and the existence and properties of the diffuse cloud an
intriguing problem worthy of further theoretical as well
as experimental studies.

In summary, we have investigated the behavior of an
atom cloud in a magneto-optical trap that is suddenly ex-
posed to high magnetic-field gradients. We have studied
sizes and shapes of the atom cloud as a function of the
amplitude of the magnetic-field gradient, of the laser de-
tuning, and of the total number of atoms. For large de-
tunings and intermediate field gradients, peak densities
as high as 5 X 10! em™3 are achieved, corresponding to a
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the observation of collective effects such as Bose—Einstein
condensation of the weakly interacting atom sample.?
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Fig. 2. Properties of the central feature shown as a function
of the total number of atoms N collected in the trap. (a) The
horizontal and vertical sizes, (b) the number of atoms in the
central feature N, and (c) the peak densities are displayed.
For these measurements the detuning of the CMOT is —32 MHz,
and the vertical magnetic field gradient is 85 G/ecm. The dashed
line in (b) illustrates the behavior if all atoms were in the central
feature (Ner = N). Note the apparent limit on the sizes and
numbers of atoms in the central feature for N = 2 X 107,

density increase of more than an order of magnitude com-
pared with the density of a normal MOT. Although this
density increase is in principle of a transient nature, we
observe lifetimes of the order of seconds for large detun-
ings. Moreover, we find that the density distribution in
this highly compressed MOT is purely Gaussian for large
detunings and intermediate field gradients. Therefore in
this regime the CMOT appears to be an ideal tool for in-
vestigations that require an accurate knowledge and high
values of the density, such as studies of cold collisions.
Furthermore, first measurements indicate that the trans-
fer of atoms from the normal MOT into a magnetic trap
can be significantly improved by this method of compres-
sion. The resulting high densities in the magnetic trap
are an important step toward the goal of evaporative cool-
ing in the magnetic trap, which might eventually lead to

many useful discussions with Carl E. Wieman.
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