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Enhanced loading of a magneto-optic trap from an atomic beam
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We demonstrate enhanced loading of a "Li magneto-optic trap by broadening the frequency spectrum of the
laser trapping light with a resonant electro-optic modulator. We achieve an ~20-fold improvement in the
loading rate over that obtained without a broadened spectrum when directly capturing atoms from a divergent

atomic beam.

PACS number(s): 32.80.Pj

Efficient capture of atoms from a thermal atomic source is -

the first step in many laser cooling schemes [1,2] and is of
paramount importance for experiments relying on laser-
cooled and trapped atomic sources. Examples of such experi-
ments include current efforts aimed at observation of quan-
tum many-body effects in dilute atomic vapors [3], laser-
cooled atomic time standards [4,5], and precision atom
interferometry experiments [6,7].

Currently employed methods for capture fall into two
classes. In the first class, a thermal atomic beam is slowed by
a counterpropagating laser beam [8]. In order to ensure that
the laser light remains resonant with the Doppler-shifted
atomic transition as the atom decelerates, either the fre-
quency of the light is altered (with a frequency chirp [9] or a
white-light laser source [10]), or an external field (magnetic
[11] or electric [12]) gradient is applied to shift the atomic
transition into resonance with the light. In the second class,
the low-velocity tail of the Maxwell-Boltzmann distribution
is directly captured from a thermal atomic source [13,14].

In the approach described below for 7Li, atoms in the
low-velocity tail of the Maxwell-Boltzmann distribution are
captured and loaded directly from an atomic beam .into a
magneto-optic trap. We achieve high loading rates by (i)
minimizing the distance between the atomic oven nozzle and
the trapping region and (ii) broadening the frequency spec-
trum of the trapping light. This method is closely related to
the white-light scheme of Ref. [10].

Loading rates that are comparable to those obtamed by
other methods may also be achieved by locating the nozzle
of an atomic-beam oven close to the trapping region [15].
Although traditional methods efficiently reduce the speed of
atoms along the propagation axis of the slowing light, they
do so at the expense of increasing the divergence (transverse
spreading) of the atomic beam. Placing the nozzle close to
the trap, on the other hand, reduces losses due to transverse
spreading while curtailing the potential effectiveness of lon-
gitudinal slowing. An analysis similar to that for a vapor-cell
loaded trap [13] predicts a loading rate R~Cuv%d?/I>. Here,
C is a constant, v, is the maximum atomic velocity which
can be captured by the trap, d is the diameter of the trapping
beams, and [ is the distance from the oven nozzle to the trap
center. This expression is strictly valid when d<t/ and
v.<+kpT/m. The geometric factor of d%/1* accounts for the
spatlal localization of the atomic source. As [—d, the load-
ing rate becomes comparable with the optimal rates obtained
using field-gradient slowing techniques.
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Our experimental geometry is shown in Fig. 1. The oven
nozzle was set back /~20 cm from the trap center and d was
~1 cm. An atomic-beam shield was located ~6 cm from the
center of the trapping region between the oven nozzle and
the trap center. The shield was mounted on a continuously
adjustable stage, which allowed it to be translated from a
position that completely blocked the atomic beam to one that
fully transmitted the beam. This permitted the shield to be
adjusted to a mid-range position where it blocked fast atoms
from direct collision with trapped atoms (which typically
accumulated in a 200—500-xm-diam ball near the center of
the trapping beams, while sacrificing a factor of ~2 in load-
ing rate.

There are at least two important differences between the
above geometry and a vapor cell-loaded trap [13]. First, the
vapor cell geometry requires the entire vacuum apparatus to
be heated to a temperature high enough to yield a partial
vapor pressure higher than the background gas pressure. This
is awkward for elements like Li, where, for example, this
temperature is ~200-300 °C. Second, the localization of the
atomic source in the beam geometry permits the trap to be
shielded from direct collisional impact from h1gh—ve1001ty
atoms originating from the source.

The trap capture velocity plays an important role in deter-
mining the net loading efficiency. We estimate the capture
velocity with the following trap model [16], which we in-
voke in order to provide a means to assess the relative gains
achieved with spectrally broadened trapping lasers. An atom
of initial velocity v will be captured if, during its flight
through the trapping beams, its velocity is reduced to v=0
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FIG. 1. A schematic illustration of the apparatus. Atoms are
loaded directly from the oven into the magneto-optic trap without a
precooling (slowing) stage. Laser trapping beams are taken to lie
along the (1,0,0), (0,1,0), and (0,0,1) axes, and the oven is located
along the (1,1,1) axis.
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FIG. 2. (a) Modeled loading rate as a function of laser power
and beam diameter for single-frequency loading. (b) Loading rate as
a function of laser power and beam diameter for comb loading. In
both cases, power specifies the total laser power in three beams. A
saturation intensity of 5.2 mW/cm? was used for these plots.

by the scattering force. For simplicity, we treat the atom as a
two-level system in counterpropagating light fields. We ap-
proximate the scattering force as
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where A. =Ag*K.4 v is the Doppler-shifted detuning (Aq
is the detuning of the laser frequency from the atomic reso-
nance and k. is the effective propagation vector for the light
field), S(x)=1(x)/I, is the ratio of the laser intensity at
position x to the saturation intensity of the atomic transition,
and vy is the natural linewidth of the trapsition. In our experi-
ment the propagation axes of the trapping beams lie along
the (1,0,0), (0,1,0), and (0,0,1) axes, while the mean atomic
velocity is along the (1,1,1) axis to a good approximation.
We incorporate this geometry into a one-dimensional model
by combining each beam’s contribution to the net scattering
force into a mean force acting parallel and another acting
antiparallel to the mean atomic flight path. This amounts to
taking | k.| ~#/+/3. In making the above approximation, we
neglect polarization gradient-type forces and stimulated
forces. Furthermore, we neglect the Zeeman shifts due to the
presence of the magnetic fields. To find the capture velocity
we integrate the one-dimensional classical equation of mo-
tion using the force law specified in Eq. (1).

Two experimentally adjustable parameters significantly
influence the magnitude of the capture velocity v.: laser
beam power and laser beam diameter. Using the model de-
scribed above, we have numerically explored these depen-
dencies within experimentally accessible limits of laser beam
power and diameter. These results are summarized in Fig.
2(a), where we calculate loading rate R as a function of beam
diameter and power. In obtaining R we have approximated
the tragping light fields as being confined to a cube of vol-
ume d° oriented with the entrance face perpendicular to the
mean atomic velocity, and have taken a flat-top intensity dis-
tribution for the laser beams [17]. Figure 3(a) illustrates the
velocity dependence of the slowing force.

FIG. 3. Calculation of acceleration vs velocity for various laser
beam powers for (a) single-frequency loading and (b) comb loading
for I/1,,=0.1, 1, and 10 (/ is the combined intensity for three laser
beams). For our geometry, @, =k «/2mT. The inset shows the
optical heterodyne between the comb beam and 816-MHz repump-
ing sideband of the single-frequency trapping beam. The comb pa-
rameters (modulation index and sideband separation) are those used
to obtain the curves shown in Fig. 2(b). The arrow corresponds to
the relative frequency of the —5.5-MHz detuned single-frequency
trapping beams.

Our magneto-optic trap was of the standard design [18].
Two anti-Helmholtz coils generated a magnetic-field gradient
of 6 G/cm along the symmetry axis of the coils. The base
pressure of the vacuum system was typically 2 X 107? torr at
an oven temperature of 380°C [19]. The 671-nm output
of a dye laser was frequency stabilized to the ‘Li
28,4 ,F=2—2P3,,F=3 optical resonance with a saturated
absorption locking technique. A resonant electro-optic modu-
lator, driven at 816 MHz, was used to generate a repumping
sideband resonant with the 2S,,,F=1—2P;, transitions.
The first-order sidebands each had 30% of the power of the
carrier. The 1/e? laser beam diameter was fixed at 1.1 cm and
its frequency was detuned —5.5*+0.5 MHz from the
28ip,F=2—2P3,,F=3 resonance (the natural linewidth
for this transition is 5.8 MHz). To measure the number of
atoms we first simultaneously turned off the trapping beams
and the magnetic field after a preset loading interval, then
waited 2 msec before pulsing on the trapping beams at 40
mW/cm? intensity [20]. (In this and subsequent references to
measured intensity or power, we refer to the intensity or
power of the carrier plus both of the 816-MHz sidebands.)
We determined the number of atoms from the integrated
fluorescence imaged onto a charge-coupled-device (CCD) ar-
ray during a 100-usec exposure.

Our measurements of the loading rate as a function of
beawn power, shown in Fig. 4(a), are in good agreement with
power scaling predicted by the model presented above. The
loading rate was determined by taking the ratio of the num-
ber of atoms loaded into the trap to the loading time, in a
regime where the number loaded was linear with loading
time.

Further gains are possible by spectrally tailoring the laser
trapping light. An increase in spectral width increases the
capture velocity by allowing the laser light to efficiently
couple to the Doppler-shifted resonances of faster atoms. For
our experiment we used an electro-optic modulator to
broaden our light source. The electro-optic modulator was



50 ENHANCED LOADING OF A MAGNETO-OPTIC TRAP FROM AN ...

) o N P
g 5(éﬁ—ru |fr:|'{ru.| T T T
2 1
g e
©

s
GO - U e pww
g 150 (B T =T L I-I- “'. T
s 3 =
=) =
£
B ) o .
(o] .
9 0 _ud:.L. PETEETEN AR I -

0 25 50 75 100

Power (mW)

FIG. 4. Observed loading rates for (a) single-frequency loading
and (b) comb loading. Power refers to the total laser power in three
beams.

resonantly driven at 12.5 MHz to produce a comb of side-
bands, ranging nominally in frequency from 134 MHz (mi-
nus fifth order) to 9 MHz (plus fifth order) below the
2812, F=2—2Psp, F=3 transition. B
We incorporate the comb into our model for loading efﬁ-
ciency by modifying the expression for the scattering force
to reflect the presence of the additional spectral components
in the radiation field. In the low-intensity limit each sideband
contributes a force component given by Eq. (1), yielding a
net force '
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where the index i ranges over the sidebands in the comb,
S;(x) is the saturation parameter associated with the intensity
in the ith sideband, and A. ;=Aq;* K v is the Doppler-
shifted detuning of the ith sideband. Figure 3(b) shows a plot
of Eq. (2) for the frequency parameters used in our experi-
ment at various laser beam powers. The resulting loading
rates are shown in Fig. 2(b).

Experimentally we infer as much as a factor of 22 im-
provement in loading rate over the maximum rate observed
with single-frequency loading [21]. For these observations a
second beam of 1.3 cm 1/e? diameter, with the comb fre-
quency spectrum described above, was made to copropagate
with the original single-frequency trapping beams. The six
single-frequency beams were detuned from resonance by
—5.5 MHz and each had a peak intensity of 100 xW/cm?.
The observed loading rate, shown in Fig. 4(b) as a function
of total power in three (of six) comb beams, is in good agree-
ment with the simple models. These models predict a factor
of ~17 improvement for 64-mW power and a 1-cm beam
diameter. (For comparison with theory, the measured powers
need to be scaled to account for the fraction of power in the
nonresonant 816-MHz sideband. In this case 64 mW is the
power in the carrier and the resonant repumping sideband
corresponding to the measured 80-mW total power.) Ex-
trapolating our single-frequency loading data in Fig. 4(a) to
80 mW power (neglecting the predicted saturation in loading
rate), we infer a factor of 22 improvement. We characterized
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FIG. 5. Normalized trap loss rate (1/N)dN/dt as a function of
total trap intensity (i.e., the combined intensity for six trapping
beams). The loss rate was measured in a ~10-msec interval just
following the extinction of the comb beam.

the frequency spectrum of the comb with an optical hetero-
dyne between the comb beam and an unmodulated reference
beam [see inset of Fig. 3(b)].

The use of two sets of beams gave us independent control
over the trap loading parameters, determined to a large extent
by the comb beams, and the trap cooling parameters, which
were set by the single-frequency beams. With two sets of
beams, for example, we were able to load the trap with both
sets on, then turn the comb beams off, leaving the single-
frequency beams to cool and compress the loaded atoms.

The number of atoms loaded into the trap after a fixed
time depends not only on the loading rate, but also on the
rate at which atoms are ejected from the trap. Three impor-
tant collision-induced ejection mechanisms are background
gas collisions with thermal atoms, fine-structure changing
collisions, and radiative escape collisions [22]. The net ejec-
tion rate depends on the collision rate pertinent to each
mechanism, the kinetics of the collision mechanism, and on
the depth of the trap. It has recently been noted that the
fine-structure ejection mechanism for lithium traps can be
suppressed for sufficiently deep traps [23,24]. In the fine-
structure  changing  collision, Li(2S;;,)+Li*(2P5;)
—Li(2S1) +Li*(2P1;) + AEgs. The resulting kinetic en-
ergy AFEgg corresponds to a final velocity of vgg=24 m/sec
for each interacting atom (the atoms are nearly at rest before
the collision), which can be smaller than the capture velocity
of the magneto-optic trap. Thus the collision products may
be recaptured. The situation is different for the heavier alkali
metals such as Cs and Rb, where the fine-structure splitting
is much greater than the 10-GHz interval of Li.

We have experimentally characterized the collision-
induced loss processes by observing the decay in the number
of trapped atoms as a functjon of trap depth. We varied trap
depth by changing the intensity of the trapping beams. For
these measurements, we first loaded the trap with the comb
on and a fixed intensity for the single-frequency trapping
beams. After loading ~6X 107 atoms into the trap, the comb
beams were turned off and the single-frequency trapping in-
tensity was switched to the level for the decay measurement.
By monitoring the decay in fluorescence, we extracted the
normalized number loss rate, (1/N)dN/dt (N is the number
of trapped atoms), for the time interval immediately follow-
ing the extinction of the comb beams. At low intensities, the
loss rate increases linearly with intensity and the number of
trapped atoms in the 2Pj, state, as shown in Fig. 5. At
higher intensities the trap becomes sufficiently deep to recap-
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ture fine-structure-changing collision products. We can make
a crude estimate of trap depth using methods similar to those
used above to estimate loading efficiency. In general, the
threshold intensity for recapture will depend on the angle of
ejection relative to the propagation axes of the trapping
beams. If we consider flight along the (1,1 1) axis, we esti-
mate a recapture intensity of ~20 mW/cm? for our trap
parameters, in reasonable agreement with the data.

The success of the comb-loaded Li trap may hinge on its
ability to recapture decay products. In general, the presence
of nearly resonant, red-detuned light produces fine-structure
changing collisions by inducing transitions to excited mo-
lecular states [22]. For Li this collision rate varies only
weakly with detuning for the detuning range used to generate
the comb light [25]. If the trap were not deep enough to
recapture fine-structure collision products, the presence of
the comb light might induce a trap loss which could prevent
a significant buildup of atoms. These collisions may have
been responsible for the failure of earlier efforts to trap with
broadband laser sources, where the work was done with
heavier alkali metals [16,26]. The comb technique might be
used for other species if the central area of the comb beam
profile is blocked, thus producing a region where trapped
atoms can accumulate without suffering additional comb-
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induced losses [27,28]. We note, however, that the excited-
state hyperfine structures of the heavier alkali metals are sig-
nificantly different from Li. Finally, loss rates due to
background gas collisions and radiative escape should also
be reduced due to the substantial increase in trap depth.

In addition to improving the trap loading rate with the
comb scheme, we have also observed improvements in trap
density. Under the conditions described above, we have ob-
served densities as high as 273x 10" atoms/cm?®. We deter-
mined the density by measuring the absorption of a weak
probe beam at several detunings from the 25;,— 2P, tran-
sition. We checked the density measurement with our CCD
imaging system by analyzing the spatial intensity distribution
of scattered light during the detection pulse.

In conclusion, we have increased capture efficiency and
trap density by frequency modulating the laser trapping
beams, and have suggested a likely failure mechanism for
earlier experiments along these lines.
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