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Measurements of capture velocity in a magneto-optical trap for a broad range of light intensities
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We use a dark-spot Zeeman-tuned slowing technique to measure the capture velocity in a sodium magneto-
optical trap as a function of the trapping laser intensity. We expand on previous work by measuring the capture
velocity over a broad range of light intensities. We observe that the capture velocity reaches a maximum value
and then decreases with increasing light intensities, which might imply a minimum in the trap-loss rate. This
observation supports a recently published explanation of the dependence of the trap-loss rates, at low intensi-
ties, based mainly on the escape velocity.

DOI: 10.1103/PhysRevA.65.015402 PACS nuntber32.80.Pj, 33.80.Ps, 34.50.Rk, 34.80.Qb

Experiments involving exoergic cold collisions are impor- and extended here allows one to measure the capture velocity
tant to understand the role of these processes in the finalf a MOT basically in any operating condition.
number and density of atoms in a magneto-optical trap In this paper we provide a brief description of our experi-
(MOT). The study of these collisions has been quite inten-mental technique followed by our most recent measurement
sive in the last decadd], motivated primarily by the desire of v., which covers a much broader range of intensities. We
for large samples of cold and dense atd@js Such a sample observe that the capture velocity of our MOT, as a function
allows a great number of interesting and diverse applicationgf increasing trap laser intensity, increases to a maximum
such as high-resolution spectroscopy, metrology, and studieslue and then decreases. We offer an explanation for the
of quantum-degenerate gases. An important parameter usetdserved behavior, based on the saturation of the damping
in the analysis of the trap-loss rate is the escape velagity force in a MOT. This paper should be considered as a
which is usually defined as the minimum velocity that ancomplement to our previous wofk].
atom has to achieve in order to escape from the trap. This To load our sodium MOT we use a cold atomic beam
velocity is normally obtained through numerical simulationsproduced by a Zeeman slower where a dark spot is placed in
of the trajectory of a single atom within the intersection of the center of the slowing laser beam, producing a shadow on
the trapping light forces. These simulations have been usefuhe position of the trap. This technique, described in detail in
in many case$3], but real measurements are important toRef. [6], allows a large accumulation of atoms in the MOT,
reveal effects not included in those models, especially in thelue to the minimum disturbing effect of the slowing laser on
high-intensity regime. The direct measurementgfwould  the atoms in the MOT region. Scanning the slowing laser
be ideal, but so far nobody has devised a direct scheme tioequency, different velocity distributions appear in the out-
perform such an experiment. So what has actually been megoing cold beam of atomis]. These distributions are nar-
sured is either the trap depth, using a method of repulsiveow, with a width v, and the peak velocity,,; depends on
states excitatiof4], or the so-called capture velociiy [5].  the slowing laser frequency, basically obeying the relation
The capture velocity is defined as the maximum velocity ofkv,,;=—A [7], whereA is the slowing laser detuning arkd
an atom traversing the trap volume that can still be captured the wave vector of light. The output velocity distribution
into the trap. The value af; is related to the value af, and  from the slowing process is close to a Gaussian distribution
v can be considered as an upper limit igr. g(v)=Aexd —(v+A/k)%20?%], where A is a normalizing

In a previous publication[5] we reported using a constant andr= dv is obtained from previous investigations
magneto-optical trap loaded from a dark-spot Zeeman-tunelb, 8.
slower[6] to measure the capture velocity for trap laser in- To obtain the capture velocity we measure the number of
tensities ranging from 0 to 27 mW/&nAt that point, due trapped atoms in the MOT as the slowing laser frequency is
to technical limitations, we were restricted to this relatively scanned within a range 6f 150 MHz around the slowing
small range that covers only one part of the interesting retransition. The frequency ramping speed4§ MHz/s. This
gion when one is dealing with trap-loss measurements. Reate was observed to be slow enough to allow a sufficient
cently, collision experiments have been carried out at higherequilibration in the number of trapped atoms in the MOT for
intensity ranges and the prediction for trap loss in thoseeach frequency of the slowing laser. If the laser frequency is
ranges requires a knowledge of. The high-intensity re- far to the red, the atoms cross the trap volume too quickly
gime, however, is a difficult one to simulate, because effectand will not be captured. When the frequency is such that
such as fluctuations, polarization imperfection, the multilevelsufficiently small velocities are present in the outgoing ve-
nature of atoms, beam-saturation effects, etc., are difficult téocity distribution, atoms start to accumulate in the trap. As-
include in the calculation. Therefore, measurements.ah suming that all the atoms below the capture velocity are
this range are important because they are related, faal-  trapped into the MOT, the number of captured atoms at each
lowing for a better understanding of the results of the mostaser detuning is well represented by the expression below
current collision experiments. The technique presentéélin  [5],
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capture velocities. As the capture velocity increases, the
curves forN.(A) are shifted towards higher values of nega-
tive detunings. To determine., we have fitted the rising
part of the measured spectrum with the best value.ofThe
process was repeated for several intensities @andas ob-
tained as a function of trap laser intensity. We used a trap
laser detuning of~10 MHz and a MOT field gradient of
dB/dz~10 G/cm. In Fig. 2 we show the obtained results
for the capture velocity. The dot line is only for eye guid-
v =20 15 10 mss e . . ;
/ /- ance. The uncertainties shown in the experimental points
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Y come from the statistical deviation of the best fittings values,
. T due to the scatter of the data for subsequent measurements.
/ s The behavior ofy; in the low-intensity regime is as pre-
< viously reported 3,5], v, goes to zero at zero intensity and
_blo ' _4'_0 ) _2'0 ' 0 increases at a decreasing rate as the intensity increases. The
characteristic feature presented here is thatreaches a
Slowing Laser Frequency A (M HZ) maximum value for_a given int_ensity and starts to dec_regse
slowly after that point. The existence of a maximum is in
FIG. 1. Theoretical curves showing the number of trapped atSontrast with the previous idea that the capture velocity
oms as a function of the slowing laser frequency. As the capturdVould either always increase or saturg®es|. In our case,
velocity is increased, the curves shift to higher values of negativdh€ maximum seems to occur around 50 mW/ci@ince
detuning. this is the total laser intensity, when the six beams are con-
sidered, the maximum im. is taking place at about
8 mWi/cnt per beam(close to the saturation intensity for
ve sodium. This result seems to confirm the discussions in Ref.
Nc:f g(v)dv, (1) [9], that the capture process might depend more on the
0 damping part of the radiation pressure than on the restoring
force of the trap. In this case, the maximum capture would
e correspond to the situation of optimum balance between the
NC(A)=AJ exd — (v+A/k)?/20%]dv, (2 beams. And any further increase in intensity oversaturates
0 the transitions and the power broadening thereafter compro-
. o mises the atom'’s ability to distinguish between the two coun-
where this integral can be expressed as a combination Qf, onagating laser beams. In such a situation the damping
error functions, which provides an analytical expression forgefficient starts to decrease and the same happens to the
N_C(A). This function is, howev_er, very dependentqn In capture velocity.
Fig. 1 we showNc(A) normalized for several considered  This hehavior agrees qualitatively with simulations based
i i i i on the model presented in RdE], that considers only a
30- i two-level atom. However, according to the simulations, the
peak velocities occur at much higher intensities. We believe
this discrepancy is due to the limitations of the model at high
intensities. Previous worKs], that consider to some extend
% the multilevel aspects, have limited their discussion to inten-
---- % i sity ranges up te-100 mW/cn?, where the resulting calcu-
""" lated velocities always tend to increase with intensity. There-
fore, the measurements shown here call to attention an
important feature of the capture velocity, and maybe of the
1 escape velocity as well, that has not really been considered.
A natural question is: How important is the restoring force
for determiningv,? To answer this question, we measured
the capture velocity for some different values of the
T . T . y . — magnetic-field gradient. Since the restoring force is propor-
100 200 300 400 tional to dB/dz, the dependence af, on this gradient re-
veals the importance of this force ep. What we observed
Total Intensity (mw/cmz) is thatv, is weakly dependent odB/dz for gradients in the
range 5—-10 G/cm, where we typically operate. This seems to
FIG. 2. Measured capture velocity as a function of trapping lasefndicate that the main contribution comes from the damping
intensity for a detuningA~—10 MHz, half waist of the Gaussian part of the optical force. Perhaps the main conclusion of the
beam of 4.5 mm, andB/dz=10 G/cm. The dotted line is just for observations presented here is that the escape velogity
guiding the eye. might follow a similar pattern. Such a behavior for the es-
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cape velocity, with respect to the trapping laser intensityoverall operation of the trap and, therefore, a more compre-
would mean that the effective trap depth of a MOT has alsdiensive study is still necessary.

a maximum. This maximum in the trap depth would imply  The authors wish to thank Dr. John Weiner and Dr. Kris-
the existence of a minimum in the trap-loss rate, not necesjan Helmerson for their critical reading of the original
sarily at the same laser intensity. This is consistent with thenanuscript. This work received financial support from Bra-
recent alternative interpretatid®] of the behavior of the zilian research funding agencies FAPESP and CNPg-Pronex,
loss rate coefficient at low intensities. We should emphasizeand it was carried out at Center for Research in Optics and
however, that such a dependence is very much related to tHhotonics, CePOF.
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