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atom as quickly as possible. In the original Zeeman
tuned slo~ing scheme, this is accomplished by using a
polarized laser light to excite resonantly the mF =2 state
in the s manifold to the IF =3 state in the p manifold
(Fig. I ). Dipole radiation selection rules allow spontane-
ous decay of the excited state only back to the original
mI; =2 state. Therefore, after a time on the order of the
spontaneous emission lifetime of the rubidium 5p state
(26 ns) the atom is ready to be cycled again.

During Zeeman tuned slo~ing, atoms pass through a
specially tapered magnetic field which is designed to keep
the atomic transition resonant with the laser by compen-
sating the slowing atom s changing Doppler shift with an

equal and opposite Zeeman shift. The magnetic field
serves a second function: It defines a quantization axis
and reduces the probability that a slowing atom will be
"optically pumped" out of the cycling process to a state
not resonant with the laser. An additional constant field

is frequently added to the tapered field to further discrim-
inate against undesired pumping transitions.

At this level, o. slowing is very similar to a slowing
except that an increasing magnetic field is required for
a slowing in contrast to the decreasing field used in o.

slowing.
An important difference comes in considering the de-

tails of the slowing process and, in particular, the physics
that determines the final velocity of slowed atoms exiting
the magnetic field. The deceleration of an atom due to
laser light detuned from resonance Bv is

where M is the atomic mass, k is the light wavelength, r
is the transition s spontaneous radiation lifetime, and the
laser intensity I]„, is described by the dimensionless satu™
ration parameter of Citron et al. [5], ID =I~.„,/(1.6 m~/
cm ). In cr+ slowing, for atoms traveling down the mag-
net (+z direction) to remain resonant with the laser and
slow, the following "adiabatic" condition must be nearly
maintained:

i (z) =k[p8(z) —av], (2)
where v(z) is the velocity (positive or negative) of slow-

ing atoms at position z, A, is the laser light's wavelength,
8(z) is the magnitude of the magnetic field (positive), p
is the electron magnetic moment divided by Planck's con-
stant, and Av is the detuning of the laser from the zero-
field, zero-velocity atomic resonance. To slow atoms, Av

must be positive and 8(z) must be decreasing along z. A

major di%culty in extracting low velocity atoms from a
slo~ing is as follows. If atoms of near-zero velocity are to
be produced at a finite field value, of necessity, some-
where further downstream, at lower fields, atoms of still
lower velocities and even negative velocities will be reso-
nant with the laser. As a result, it is dificult to produce
very low velocity atoms in o+ slowing —very slow atoms
tend to be turned around. The velocity of atoms that do
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F'jlG. 2. Dependence of velocity of slowed atoms on the tun-

ing of the slowing laser. Dots and the solid line are experimen-
tal and theoretical model results, respectively, for o. slowing.
The dashed curve gives model results for n. + slowing.

get out is found by integrating Eq. (l ). The functional
dependence of the atomic resonant frequency upon mag-
netic field means that for any arrangement of a+ slowing
the problem of very low velocities resonating with the
laser light will arise at some level (Bagnato et al. [61 have
minimized the problem with special field designs).

For the case of a light, the condition on the atoms for
adiabatic slowing is

( (z ) =k [ —p 8 (z ) —A v] .

To slow atoms, 8(z) must increase and Av must be nega-
tive. In a. slowing, atoms are resonant with the laser
until they reach the maximum field, near the exit and
then they stop being resonant. Slower velocity atoms are
not resonant further downstream and hence the cir-
cumstances that tended to turn low velocity atoms around
in o+ slowing do not occur. The velocity of atoms that
come out may still be obtained by solving Eq. (I), but the
result, to first order, is that atoms leave with the velocity
given by Eq. (3) at the field maxima, where they were
last resonant with the laser. The final velocity depends
only weakly on laser intensity [7].

These points are well illustrated by our modeling. We
have studied both kinds of slowing by solving Eq. (I ) for
the experimental parameters of our apparatus. Our ap-
paratus is able to do either kind of slowing; it was actual™
ly designed for a+ slowing. In Fig. 2 we show model re-
sults for the final velocity of atoms as a function of the
slowing laser detuning for the light intensity in our exper-
iment. While, in principle, it is possible to use a. light
to get exactly the right deceleration to produce arbitrarily
slow atoms, the steep slope at low velocities indicates that
atoms traveling less than 50 m/s are very susceptible to
being turned around before they exit —a shift in laser fre-
quency of less than 5 MHz will do it. We find a similar
strong dependence on laser intensity. o. slowing is

much less sensitive to laser parameters down to velocities
as low as IO m/s for the conditions in our experiment.
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We have tried cr slowing on " Rb. A schematic of
the experiment is shown in Fig. 3. A beam of rubidium
atoms from a 175 'C oven passes through an appropriate-
ly tapered magnetic field and into an experimental
chamber. Propagating counter to the atomic beam is a
circularly polarized laser beam to slow the atoms. We
have 12 mW of laser power available; the beam is rough-
ly circular and Gaussian in shape and is focused at the
oven. It has a diameter of about 1.5 cm as it enters the
slowing solenoid magnets. Downstream 75 cm from the
end of the magnets is an observation region. Here the ve-
locity distribution of the atoms after the slowing process
is determined. A weak probe laser that intersects the
atomic beam axis at an angle of 55 is swept in frequen-
cy. The velocity dependence of the Doppler shift allows
the atomic beam fluorescence versus probe laser detuning
to be interpreted as the velocity distribution of the atoms.
We image a fraction of the fluorescence from this probe
region onto a photodiode detector. A computer sweeps
the probe beam's frequency while recording the fluores-
cence signal (see Fig. 4). Simultaneously, Doppler-free
saturated absorption reference spectra are taken from a
Rb cell.

As the atoms exit the slowing region they may be opti-
cally pumped by the slowing laser to one of the states in
the F=l hyperfine level of the ground-state manifold.
To be detected they must be returned to the F =2 level.
This is done by a third, "repumping" laser beam that is
tuned to the F =1 to F =2 transition between the ground-
and excited-state manifolds, respectively.

We used the technique of Dahmani, Hollberg, and
Drullinger [8] to reduce the linewidths of the slowing and
probing lasers from their nominal "free-running" values
of around 50 MHz to "optical-feedback-narrowed" val-
ues of under 5 MHz.

Two 60-cm-long solenoidal magnets, a "bias" magnet
and a "profile" magnet, are used to generate the fields
that Zeeman tune the atoms. The bias magnet provides a
constant 800-G field over the region in which slowing
occurs. It provides a well-defined quantization axis and
shifts the frequency of the light used for slowing far from
the zero-field resonance. Hence atoms do not scatter
light from the slowing laser once they exit the slowing
magnets. The profile magnet generates a tapered field
designed to slow atoms with a constant deceleration. In

our apparatus, we can do regular n. + slowing by energiz-
ing the two magnets such that their fields add. Reversing
the current in just the bias field achieves two conditions
necessary and suScient to implement o. slowing. First,
the direction of the quantization axis is changed. Second,
the magnitude of the net field now increases in exactly
the fashion required for constant acceleration cr slow-
ing.

The strength and length of the profile field determine
what fraction of the initial velocity distribution of the
atoms coming from the oven are slowed. We typically
slow to very low velocities atoms that leave the oven with
speeds of less than about 200 m/s. The peak of the oven
distribution occurs at a velocity near 350 m/s.

Our experimental results are summarized in Figs. 2
and 4. An important result is that o. slowing does work.
This result was by no means certain, a priori, considering
the need to successfully cycle the transition tens of
thousands of times and the potential sensitivity of the
process to the differences in the optical pumping rates be-
tween o.+ slowing and a slowing. To our knowledge,
however, the simple two-level model described above con-
tains all the relevant physics of the slowing process. We
have studied the slowing by varying the frequency of the
slowing laser and measuring the velocity distribution of
the atoms downstream. Figure 4 shows a series of such
measurements. Figure 2 compares the model predictions
of slowed atom velocities with velocities of the slowed
atom peaks taken from the experimental data. The only
free parameter was an overall shift in the frequency scale
which was needed because we do not know bias field to
the precision necessary for this comparison. The experi-
mental data in Fig. 2 are a collection of measurements
truly representative of day-to-day operation. The scatter
is consistent with that expected from frequency drifts of
the slo~ing laser as the data are acquired. We have simi-
larly studied a+ slowing.

Our experimental data are in harmony with the
theoretical picture suggested by Fig. 2. Specifically, our
o.+ slowing calculations indicate a high sensitivity to
laser frequency and intensity for atoms with velocities less
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FIG. 3. The experimental apparatus.
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FIG. 4. Fluorescence signals for three slowing laser tunings.
Curves 8, 8, and C correspond to slowed atom velocities of 60,
40, and 200 m/s, respectively.
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than 50 m/s. Experimentally, we find that the best we
can do with o+ slowing is to produce very small numbers
of 40-m/s atoms. With a light, slowing to 40 m/s is

easy; in fact, we are able to get atoms as slow as 10 m/s.
Again, this is consistent with the theoretical picture sug-
gested by Fig. 2.

The detection eSciency of our light measurement sys-
tem is known to within a factor of 2 and, consequently,
we can estimate absolute numbers of slowed atoms. The
40-m/s peak shown in Fig. 4 corresponds to a beam inten-

sity of 2x10 atomscm s '. While we made modest
attempts at maximizing this, we expect that higher slow-

atom beam intensities may be readily obtained by work-

ing with a more intense initial beam, slowing atoms from
the peak of the velocity distribution, or merely measuring
closer to the exit of the slowing magnets.

As Fig. 4 suggests, for very low velocities we find a
fairly sharp decrease in the number of slowed atoms seen
in the detection region as the exit velocity approaches
zero. This may be explained partly by spreading of the
atom beam due to the transverse velocities of the atoms
as they drift toward the detection region. However, we
suspect that part of the decrease is caused by defocusing
of the atomic beam by the magnetic-field gradients at the
exit of the slowing region and are investigating this nu-
merically.

In conclusion, we have demonstrated that it is possible
to implement Zeeman tuned slowing using o. polarized
light. We find experimental results consistent with a
two-level description of the slowing. Our studies of the
process, both modeling and experimental, indicate that it
is superior to a+ slowing in the sense that it can produce
larger quantities of slower atoms and reduces the sensi-
tivity of the velocity of the slowed atomic sample to the
frequency and intensity of the laser light. We feel that,
because of the latter feature, the most important applica-
tions may involve the slowing of "exotic" species (nonal-

kalis) for which available laser power is insuScient to
saturate the slowing transition or is subject to large Auc-
tuations. Finally, it may be possible to "retrofit" many
existing experiments by simply changing the field direc-
tion in one of the magnets.
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