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Improved magneto-optic trapping in a vapor cell
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We have captured 3.6 x 101" cesium atoms in a magneto-optic trap loaded from a vapor cell. The 300-fold in-

crease in the number of trapped atoms compared with that of previous research was accomplished by using

larger laser intensities and 4-cm-diameter laser beams. The loading time constant was as short as 0.2 s.

A sample of trapped atoms is an ideal starting point
for many experiments. For example, precision mi-
crowave spectroscopy' and atom interferometry 2

based on an atomic fountain begin with the collec-
tion of a large number of atoms in a magneto-optic
trap.3 Similarly, studies of collisions of ultracold
atoms with each other4 and with surfaces,5 and ef-
forts to reach Bose condensation of a weakly inter-
acting gas, would benefit if the number of trapped
atoms could be increased.

In the first demonstration of the magneto-optic
trap,3 -107 atoms were trapped. The atoms were
first precooled by slowing atoms in an atomic beam
to velocities of =20 m/s before they were captured.
Recently Monroe et al.6 have shown that atoms can
be trapped without the precooling step by embed-
ding the magneto-optic trap in a vapor cell and cap-
turing atoms in the low-velocity tail of the thermal
distribution. In their experiment as many as
1.8 X 107 Cs atoms were trapped. More recently
Grison et al.7 have trapped 108 Cs atoms. Here we
show that 3.6 x 1010 Cs atoms can be loaded directly
into a vapor cell trap in a time as short as 0.2 s.

In the vapor-cell trap, atoms with velocities less
than a capture velocity v, are slowed sufficiently af-
ter entering the intersecting laser beams so that
they can be loaded into the magneto-optic trap.
The rate at which these slow atoms enter this vol-
ume is6

nd'u.4
R dv. (1)

Here n is the background Cs density, d is the circu-
lar laser beam diameter, and u = (2 kT/m) 12 is the
most probable speed (190 m/s for Cs at T = 300 K).
The v,4 dependence occurs on integrating the Boltz-
mann flux distribution, which is proportional to v3

for v << u.
The capture velocity and the laser beam diameter

in relation (1) are related. Atoms are decelerated
by scattering r photons/s, where each scattered pho-
ton slows the atom by a recoil velocity Vrc, 3.5 mm/s
for our case. The distance required to stop an atom
of velocity v, is then d = vc2 /2rVrc. Thus the load-
ing rate R is proportional to d4. The scattering rate
is r = p/[ 2 (l + p)Tn], where 7,, is the excited-state
natural lifetime (1/1n= = = 2,w X 5 MHz) and p
is the saturation parameter given by p = (I/II)/

(1 + 4A2 /y,2). Here I is the laser intensity, Is is the
atomic saturation intensity, 1.1 mW/cm2 for the case
of the Cs 6S 1121F = 4, mF = 4)- 6P3/21F = 5,
mF = 5) transition, and A is the laser detuning that
includes the Doppler shift. Because the laser must
be nearly resonant with atoms at velocity v,, the de-
tuning must be increased if the beam diameter is
increased. To maintain the same saturation pa-
rameter for the trapped atoms, I must be increased
as I acc2 x d. Hence, for the loading rate to remain
proportional to d4, the required laser power must in-
crease as d3.

Monroe et al.6 have shown that the number of
trapped atoms is independent of the background
density n. This occurs because both the loading
rate and the dominant loss mechanism, collisions
with background Cs atoms at a rate P, = nou, are
both proportional to n. Thus solving the steady-
state rate equation aN/at = R - FrN = 0, we get
the steady-state number of trapped atoms,

R d' (vc 4
N Fc= r\U/ (2)

Here a- is the cross section for a background gas col-
lision that ejects a trapped atom. Because atoms
scattered by weak collisions may be again slowed by
the laser beams and recaptured, oa is expected to
have a slight dependence on v,; a Cc vC-213 for a
trapped atom in an excited state.8

Our Cs vapor cell was similar to that described in
Ref. 6, except that larger windows with a 4-cm clear
aperture were used. A Ti:sapphire laser supplied
three sets of orthogonal laser beams to the cell with
1/e2 diameters of 5.5 cm and peak intensities of
25 mW/cm2. A diode laser was combined with the
three trapping beams and supplied 20 mW of light
resonant with the 6S,12F = 3 -- 6P3, 2F' = 4 transi-
tion to repump atoms from the F = 3 to the F = 4
ground-state level. After traversing the cell, the
circularly polarized trapping and repumping laser
beams were focused by =30-cm focal-length lenses
and retroreflected by a mirror placed slightly before
the focus to compensate for the reflection losses
from the cell windows. Quarter-wave plates were
inserted before the mirrors to maintain the helicity
of the light after retroreflection. Both lasers had
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0 The optimal trap parameters depended on the
0 0 laser beam diameters. By aperturing the trapping

beams at a fixed detuning, field gradient, and beam
intensity, we measured the scaling law N,, x dO and
determined that 18 = 3.65 with a fitting uncertainty
of ±0.14. For beam diameters of <2 cm, 10-G/cm
gradients and detunings of 10-15 MHz gave the
most trapped atoms, which is consistent with previ-

I , , , , | , , , ous results.6 '7 For larger beams, however, larger de-

lO 1 l5 20 ~25 tunings and smaller gradients trapped the largest
2 number of atoms. With 4-cm-diameter laser beams,

LSity (mW/cm ) a 7.7-G/cm magnetic field gradient, a 20-MHz de-
versus trapping laser intensity tuning corresponding to 4y,, and a trapping inten-
n axial magnetic field gradient sity of 22 mW/cm2 in each laser beam (see Fig. 1)

gave the most trapped atoms.
The capture velocity for our trap was considerably

Id were frequency locked to higher than that of previous traps. With a back-
ances. We controlled the ground Cs density of n = 2.1 X 10i cm-' (main-
with acousto-optic modula- tained by a cold finger at -20OC) and a background
itters. We also used a tun- collision rate of F, == 2.5 so', relations (1) and (2)

e the trapped atoms, gave v, = 35 m/s, which corresponds to a Doppler
) parameters, we trapped shift of 41 MHz. Uncertainties in the background
g. 1). By using a CCD cam- Cs density and unknown geometric factors in rela-
FWHM of the trap fluores- tion (1) may change the calculated loading rate by a
.e trap was spherical, with a factor of =2. This, however, only produces an
ity distribution of 3.6 x -20% uncertainty in the calculated vC.
onance optical transmission The magnetic field gradient affected both the
)ed atoms emitted 16 mW of loading time constant Fc-' and the steady-state popu-
the trap loading followed the lation of the trap. With the large laser beams, Fc
.ce Nss[l - exp(-rFt)]. increased for smaller field gradients (i.e., smaller
ods to determine the trap trap depths), which implies a larger loss rate from
st method, we used a 1-ms the trap owing to background gas collisions. At
.g beams and measured the higher field gradients, the loading rate R decreased,
is intensity. The fluores- which decreased the steady-state number of trapped
hin a known solid angle by atoms while the density remained constant. The
diode and preamplifier. By large field gradients impede the slowing mecha-
Saturation parameter for all nisms because, several centimeters from the trap
iblevels, we calculated the center, the Zeeman shifts of the magnetic sublevels
trap. are larger than the laser detuning. To allow a pe-
ion method, we measured riod of slowing in zero magnetic field followed by a
k probe beam versus detun- period of trapping with a field gradient, we modu-
7 = 5 transition. By using lated the magnetic field gradient. However, we ob-
)rption cross section (1.5 X served no increases in trap population.
'ound-state sublevels and the From relation (1) it might seem as if the loading
alculated a trap population. rate would continue to increase with increasing

st precise method, we opti- laser power and detuning. We believe that the ob-
into the F = 4 ground state. served finite optimal detuning and power (for a
se of light nearly resonant given d) are partially a consequence of the three-
4 transition, we hyperfine- dimensional nature of the cell trap. Atoms that are

rn the F = 4 to the F = 3 being slowed from velocity v, to 0 are excited not
cted the fluorescent pulse only by the counterpropagating laser beam but also
uring this optical pumping. by the transverse laser beams, which do not slow the
is emission branching ratio atoms. Increasing the intensities above those
5, each atom emits an aver- shown in Fig. 1, or increasing the detuning, raises the
.ng this hyperfine-pumping relative rate of transverse-to-counterpropagating
integral of the fluorescence excitations. Consequently atoms are slowed less ef-
)portional to the number of ficiently, v, decreases, and the number of atoms de-
signal was independent of creases. Further experimental and theoretical

,ity, and detuning over more investigation is needed to understand fully the
tude change in power and a three-dimensional slowing process.
0 MHz. As an additional In addition to increasing transverse excitations,

rfine pumped the atoms us- the detuning also affects the optical thickness of the
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trap. For our trap with a 20-MHz detuning, the op-
tical thickness was 0.5. At smaller detunings the
trap would be thicker, which would cause laser at-
tenuation forces9 and repulsive radiation pressure
forces' 0 to become important.

As an atom is slowed to zero velocity, it shifts out
of resonance with the slowing beam. It has been
suggested that sidebands might increase the number
of trapped atoms in a vapor cell.6 We have tried
adding sidebands and chirping the laser frequency
to keep light on resonance with the atoms as they
are slowed in an effort to decrease the slowing dis-
tance, increase v,, and collect more atoms. We
added one and two sidebands to the trapping laser
beam by using an acousto-optic modulator and an
electro-optic modulator, respectively. For all pa-
rameter regimes explored, including frequency dif-
ferences 8 as large as 40 MHz, the sidebands only
significantly decreased the number of trapped
atoms." Chirping the frequency to keep the laser
on resonance with atoms as they were slowed also
only decreased the number of trapped atoms.

Steane and Foote'2 have shown that polarization-
gradient cooling occurs in a magneto-optic trap.
Polarization gradients with multiple-frequency com-
ponents have not yet been studied, and we speculate
that the coherent beating of the standing waves at
the sideband frequency may inhibit the polarization-
gradient cooling of atoms to v = 0. We note that a
single sideband causes a temporal modulation of the
ac Stark shifts at any point in space. Also, for side-
bands created by an electro-optic phase modulator
and frequency-difference wavelengths c/8 on the or-
der of the distance from the trap center to the
retroreflection mirror, the standing wave spatially
oscillates on the scale of the optical wavelength at
the sideband frequency 8. Experimentally, when
the frequency of the two laser beams along the coil
axis was detuned by >100 kHz from the four beams
in the perpendicular plane, the trap size increased
and the population fell dramatically. This may fur-
ther suggest the importance of polarization-gradient
cooling because the frequency difference of the axial
trapping beams produces a rapid modulation of the
three-dimensional polarization gradients.

A vapor-cell magneto-optic trap with a high back-
ground Cs density could be used as a source of cold
atoms. In Fig. 1, 3.6 X 1010 atoms were collected
with a time constant rF-j of 0.19 s. If the trap were
repeatedly loaded for 0.19 s and the atoms launched
into a high-vacuum chamber, these results indicate
that this pulsed atomic beam would produce a flux
of 10"1 atoms/s. The number of trapped atoms in-
creases as d4, and it increases less dramatically
above half the optimal intensity as shown in Fig. 1.
Therefore given finite laser power it is more effi-
cient to use larger laser beams, even though the
laser intensity may be less than optimal. Thus,
with higher background Cs densities and larger
(7-cm) laser-beam diameters, one might expect a

flux of 1013 cold atoms/s. This would be a bright
source of cold atoms that would be useful for pulsed
atomic-beam experiments and for loading a second
magneto-optic trap in high vacuum.'3

Similarly, an atomic funnel" 4 could also be con-
structed in a vapor cell. The loading rate and hence
the flux of cold atoms could be greatly increased by
increasing the background Cs density [see rela-
tion (1)]. The optimal flux should be obtained at
the highest background Cs density for which most of
the cold atoms did not undergo a background gas col-
lision before entering a high-vacuum chamber.
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