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Diagnostic technique for Zeeman-compensated atomic beam slowing: Technique and results
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~Received 25 March 1996; revised manuscript received 26 June 1996!

We have developed a diagnostic tool for the study of Zeeman-compensated slowing of an alkali-metal
atomic beam. Our time-of-flight technique measures the longitudinal velocity distribution of the slowed atoms
with a resolution below the Doppler limit. Furthermore, it can map the position and velocity distribution of
atoms in either ground hyperfine level inside the solenoid without any devices inside the solenoid. The
technique reveals the optical pumping effects and shows in detail how the slowing within the solenoid pro-
ceeds. We find for Na that most atoms in the chosen hyperfine state are decelerated in the slowing process. The
width of the velocity distribution is determined mainly by inhomogeneities in the slowing laser beam. Using
the central most uniform part of an expanded laser beam, the width is reduced to 2.5 m/s, corresponding to 3.2
mK. Finally, we discuss and show a method to produce a beam with two-velocity components for the study of
head-tail low-energy collisions.@S1050-2947~97!03101-6#

PACS number~s!: 32.80.Pj, 42.50.Vk
g
d
us

ty
es
he
i
th
s

c
old
re
th
.e
b

it
ud

cit
a
m
th
e
e

. I
he

in
ti
e

over
a
able
ag-
nce
in-
sent
ity
re,
ed
oid.
ing
be

he

hey

the
I. INTRODUCTION

Deceleration of atoms in a thermal beam using a sin
beam of counterpropagating laser light has been achieve
many laboratories. In many cases the slowed atoms are
to load a magneto-optical trap~MOT!, for which the capture
velocity, typically 30 m/s, is well below the thermal veloci
of atoms. Then the only requirement for the slowing proc
is that it produce enough atoms with a velocity below t
capture velocity. Furthermore, since the density in a MOT
limited by collisions between trapped atoms, increasing
flux of slowed atoms in general does not increase the den
in the MOT.

In the present paper we explore the optimization of su
atom deceleration for the production of a slow and c
atomic beam for collision experiments. This puts extra
quirements on the preparation of the atomic beam. First,
atoms in the beam should be sufficiently monovelocity, i
the velocity spread of the atoms should be considera
smaller than the average velocity~cold!. Second, since any
collision signal is directly proportional to the flux of atoms,
is important to achieve a flux as high as possible. Our st
concentrates on these aspects of the slowing process.

The most common way to measure the slowed velo
distribution depends on detecting the fluorescence from
oms excited by a second laser beam propagating at a s
angle to the atomic beam. Because of the Doppler shift,
frequency dependence of this fluorescence provides a m
sure of the atomic velocity distribution. In this paper w
describe a time-of-flight~TOF! method to accomplish the
same result, however, with a much improved resolution
addition it provides a much more powerful diagnostic of t
deceleration process.

Beam slowing requires compensation of the chang
Doppler shift to maintain resonance between the decelera
atoms and the laser beam used for slowing. This has b
accomplished in many different ways@1–5#, but the first and
551050-2947/97/55~1!/605~10!/$10.00
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most widely used method is the Zeeman technique@5–8#.
One of the main advantages of the Zeeman technique
others is the ability to slow all atoms from the source into
continuous beam, and this makes the technique most suit
for collision experiments. It uses an inhomogeneous m
netic field along the deceleration path to tune the resona
frequency of the moving atoms spatially and thereby ma
tain the deceleration process. The TOF method we pre
here for sodium has the capability to map out the veloc
distribution for both hyperfine ground states. Furthermo
this mapping of the velocity distribution can be achiev
along the entire path of the atoms throughout the solen
Pumping of atoms in the wrong hyperfine state or los
atoms during the slowing process therefore can easily
detected and in most cases corrected.

II. EXPERIMENTAL SETUP

The experimental arrangement is shown in Fig. 1. T
atoms emerge through an aperture of 1 mm2 from an effu-
sive sodium source heated to approximately 300 °C. T

FIG. 1. Diagram of the apparatus showing the positions of
magnets and laser beams.
605 © 1997 The American Physical Society
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606 55MOLENAAR, van der STRATEN, HEIDEMAN, AND METCALF
then travel 40 cm to the solenoid. During the flight throu
the solenoid the atoms are slowed by the counterpropaga
laser light. To minimize the effect of transverse spreading
the atoms during the slowing process, we focus the la
beam on the aperture of the oven. The diameter of the sl
ing laser at the point where the atoms leave the solenoi
' 9 mm. To keep the vacuum low during the slowing pr
cess we honed the interior walls of the solenoid.

There are three different magnet windings along the s
noid core, all wrapped with 331 mm2 rectangular coppe
wire. The first one consists of ten layers along the wh
length of the core and it produces a homogeneous bias m
netic fieldBb . The tapered field of the second winding pr
duces the inhomogeneous profile field and is well descri
by B(z)5BpA12z/zs, except near its ends~see Fig. 2!,
wherezs is the solenoid length andz is the distance from the
entrance of the solenoid. The thickness of these Zee
compensating windings ranges from 28 layers atz50 to zero
layers at the end wherez5zs . Directly after the main sole-
noid we added the third set of windings composed of t
small coils to tune the magnetic field in the extraction reg
@9#. These 4-cm-long coils are separated by only 1 cm
have an inner diameter of only 2.5 cm in order to be able
produce a large field gradient. Figure 2 shows the spa
dependence of the field. To prevent excessive heating o
solenoids we have placed water cooling on the inner
outer sides of the windings and between the two small co

The magnetic field and the polarization of the decelerat
laser are chosen in such a way that the atoms are optic
pumped into the highest hyperfine ground state (Fg ,Mg),
which for Na is (Fg52,Mg52). For the TOF technique we
have added two laser beams labeled pump and prob
shown in Fig. 1. Because these beams cross the atomic b
at 90° they excite atoms at all velocities. The probe beam
a diameter of 1 mm, is located at a distancezp downstream
from the pump beam, and its frequency is tuned to the str
gest transition (Fg52→Fe53) to maximize the fluores
cence from the atomic beam. The fluorescence is colle
on a photomultiplier tube. To enhance the collected fluor

FIG. 2. Plot of the measured spatial dependence of the mag
fields at a current of 1 A through all windings~dots!. The labels
A, B, andC indicate the profile, bias, and extraction coils, resp
tively. The solid lines represent the field designs. The dashed
shows the idealized square-root form of the profile magnetic fi
The inset shows the magnetic field near the extraction region for
different solenoids.
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cence, a spherical mirror is placed just below the atom
beam. The photomultiplier detects light in a region of 5 m
so the volume of atoms being probed is' 5 mm3.

An AOM tunes the frequency of the pump beam 80 MH
below that of the probe beam to optically pump the ato
from theFg 5 2 to theFg 5 1 ground state by exciting them
to the nearly resonantFe 5 1 andFe 5 2 states. It transfers
more than 98% of the population fromFg 5 2 to Fg 5 1 as
the atoms pass through it 0.5 mm width. Since theFg 5 1
atoms are too far out of resonance~1772 MHz! with the
probe beam, we do not observe fluorescence at the dete
during the time the pump beam is on. Thus the pump be
acts as an optical shutter for theFg 5 2 atoms.

In a similar manner we can use the pump beam as
optical shutter for atoms in theFg 5 1 hyperfine ground
state. To achieve this, we tune the probe laser frequenc
theFg 5 1→ Fe 5 0 transition. Although weaker than th
Fg 5 2 → Fe 5 3 transition, the fluorescence from th
transition is still strong enough to be detected in our exp
ment. We also rotated the AOM so that it upshifts the pu
beam frequency to180 MHz with respect to the probe
beam. The pump beam frequency was thus just above
Fg 5 1 → Fe 5 2 transition and it transfers atoms effe
tively from theFg 5 1 to theFg 5 2 ground state. It there
fore serves as an optical shutter for theFg 5 1 atoms.

To measure the velocity distribution of atoms in theFg 5
2 ground hyperfine state we interrupt the pump laser be
for a period 10–50ms with the AOM. A pulse of atoms
passes the pump region in theFg 5 2 state and travels to th
probe beam. The time dependence of the fluorescence
duced by the probe laser gives the time of arrival, and t
signal is readily converted to a velocity distribution. Th
deceleration laser beam is shut off during the free flight
the distancezp' 40 cm between the pump and probe regio
to minimize the effects of off-resonance optical pumping
deceleration. Figure 3 shows the measured velocity distr
tion of the atoms emitted from the oven with and without t
decelerating laser present.

In this method, the velocity resolutionDv is not limited

tic

-
e
.
e

FIG. 3. Measured velocity distributions both with and witho
the slowing laser beam. The curve labeledA indicates the unslowed
distribution from the source. CurveB shows the distribution after
slowing. The arrow indicates the maximum of the velocity captu
range of the slowing laser. The inset shows an enlarged portio
the figure in which the strong collection of atoms at low velociti
is clearly visible.
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55 607DIAGNOSTIC TECHNIQUE FOR ZEEMAN-COMPENSATED . . .
by the natural width of the excited state toDv5G/k (' 6
m/s! as in previously described Doppler techniques t
make use of the Doppler shifts of the moving atoms@5,6,10#.
Instead, the limit is imposed by the duration of the pum
laser gateDt and the diameterd of the probe laser beam
(d<1.0 mm! to Dv5v(vDt1d)/zp , typically less than 1
m/s. Herek[2p/l is the magnitude of the optical wav
vector. This provides the capability of measuring the sh
of the velocity distribution with resolution'10 times better
thanG/k as compared to the Doppler method. Furthermo
the resolution improves for decreasing velocityv; Dv is
smaller than the Doppler cooling limit ofA\G/MNa'30
cm/s forv'80 m/s and Na atoms.

III. VELOCITY DISTRIBUTION
OF THE SLOWED ATOMS

A. Model

The deceleration process for the Zeeman technique is
scribed by Bagnatoet al. @8#. The force on the atoms is give
by

F~z,v !5
\kG

2

s0
11s014@d1kv2m8B~z!/\#2/G2 . ~1!

Here

m85mB@meg~3 2P1/2 ,Fe53!2mgg~3 2S1/2 ,Fg52!#, ~2!

wheremB is the Bohr magneton, the subscriptsg ande refer
to ground and excited states,g(level) is the Lande´ g factor for
that level, andd5v laser2vatom is the detuning of the lase
frequency v laser from the atomic transition frequenc
vatom. Note that for Na we havem85mB . The saturation
parameters0 is given bys0[I /I 0, with I the intensity of the
slowing laser andI 0 the saturation intensity given by

I 05
G\v0

3

12pc2
. ~3!

For the 32S1/2→3 2P3/2 transition of sodium,I 0 5 6 mW/
cm2. In the present discussion we will assume an ideal m
netic field

B~z!5Bb1BpA12z/zs. ~4!

HereBp5\kvs /m8 is related to the maximum velocityvs
that can still be decelerated in the solenoid. Since the de
eration can never exceedaD[\kG/2M , the minimum length
of the solenoid iszD[vs

2/2aD and we can define the fractio
h[zD /zs .

Equation~1! cannot be solved exactly; however, we c
make an informative approximation by transforming t
equation of motion for the atoms in the solenoid to a non
ertial frameR that decelerates ata52haD . The velocity is
then given byvR5vsA12z/zs. For this frameR, the Dop-
pler shift at the velocityvR is just compensated by the Ze
man shift of the magnetic field profile, and one obtains
the velocityv85v2vR measured in this frame
t

e

,

e-

g-

el-

-

r

dv8

dt
52aDS s0

11s014~d81kv8!2/G2 2h D , ~5!

with d8[d2m8Bb /\. Here we assumed thatv8!vR . In the
stationary situation (dv8/dt50) we find for the equilibrium
velocity veq8

kveq8 52d82
G

2
AS 12h

h D s021, ~6!

which is constant during the slowing process. So the ato
are surfing in this decelerating frameR at a constant velocity
and at the end of the solenoid, wherevR50, the atoms can
be extracted at their stationary velocityveq8 . Note that
h.s0 /(11s0) requires the acceleration to excee
amax5aDs0 /(11s0), so that the square root remains real.

The atoms are not only decelerated in this frame a
constant velocityveq8 but are also cooled towards this velo
ity @8#. We show this by linearizing the force in Eq.~5!
around v82veq8 . We obtain d(v82veq8 )/dt5g(v82veq8 ),
where the damping rateg is

g5
8gDh2

s0
AS 12h

h D s021 ~7!

and

gD5
1

4

\k2

m
. ~8!

HeregD is the maximum damping rate obtainable in Dopp
cooling and we see that the damping rate in the Zeem
slowing process is just a fraction ofgD . Furthermore, one
observes that the damping rate becomes small for both s
and larges0, so for the optimum damping we have to choo
s052 andh50.5.

The cooling during the slowing in the Zeeman techniq
has similarities with cooling in Doppler optical molasses.
Doppler molasses, the atoms are cooled towards zero ve
ity by the combined action of two counterpropagating la
beams. Atoms moving to the right are Doppler shifted clo
to resonance with the laser beam coming from the right
out of resonance with the laser beam coming from the
and therefore are slowed down. The opposite holds for ato
moving to the left. In the Zeeman technique, where there
only one laser beam, this balancing between the laser be
is replaced by the action of the profile field, which tun
atoms moving too fast into resonance and atoms moving
slowly out of resonance. Since both the damping coeffici
and the diffusion constants are comparable in both cases
expects that the width of the velocity distribution in the Ze
man technique, in principle, will be comparable to the Do
pler width vD5A\G/M .

One of the drawbacks of this treatment is that it is va
only as long asveq8 !vR . Although this condition is fulfilled
during most of the slowing process, it is no longer valid ne
the end of the solenoid, and this is just the position at wh
final velocity of the atoms is determined.
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It is important to realize that the ideal magnetic field do
not even produce a constant deceleration@7#. This is easily
seen by differentiating the resonance condition

kv5vb1vpAz̃2d5vpAz̃2d8, ~9!

wherevb,p5m8Bb,p /\ and z̃[(12z/zs). The deceleration
satisfying the resonance condition is then

a52haDS 12
d8

vpAz̃
D ~10!

using (d/dt)Az̃5v(d/dz)Az̃. In the usual operating condi
tion to extract slow atoms from the solenoid,d8,0 @see Eq.
~6!#. Thenz̃ eventually becomes small enough that mainta
ing the resonance condition requires the magnitude of
deceleration to exceedamax. The atoms then drop out of th
process and emerge from the solenoid as desired. Only
d850 is the deceleration constant.

B. Experimental results

From the measured velocity distribution of Fig. 3 we c
obtain three quantities: the central velocity, the width, a
the peak area. In Fig. 4 we have plotted these quantities
function of the slowing laser intensity. For the central velo
ity we see that it varies approximately with the square roo
the intensity@dashed line in Fig. 4~a!#, in agreement with the
model presented in Sec. III A. However, the width of t
distribution is much larger than the expected Doppler wi
vD'30 cm/s. Also there is a strong intensity dependence
the width, which is not the case for a Doppler cooling pr
cess.

In order to understand these measurements we have m
a numerical simulation of the deceleration process, where
numerically integrated the equation of motion of the atoms
find the final velocity at the exit of the solenoid. In this wa
we avoid the approximations we had to make in order
obtain the analytical results of Sec. III A. At the same tim
we can account for the real magnetic field, as plotted in F
2. Furthermore, this allowed us to account for the intens
profile of the Gaussian laser beam since both the equilibr
velocity veq8 and the drop out conditiona.amax depend on
the intensity.

The numerical integration to calculate the atomic traj
tories was done for several values ofs0 to find the intensity
dependence of the final velocityv f(s0). In order to compare
this result with the experimental results, we calculate
weighted average ofv f(s0) over the intensity profile of the
slowing beam. To find the weighting function, we make t
transformation of the radial intensity profiles0(r) of the
slowing beam to an area intensity functionF(s0) such that
F(s0)ds0 is proportional to the area of the slowing bea
with intensity betweens0 ands01ds0. For a Gaussian inten
sity profile with a beam waistw we findF(s0)5pw2/s0 for
0<s0<s0

max ands0
max is the maximum intensity in the cente

of the laser beam. In our calculations, the lower limit ofs0 is
the intensity at the edge of the beam where it is cut off by
aperture. Using the calculated intensity dependence of
final velocity v f(s0) and the calculated area intensity fun
tion F(s0), it was straightforward to determine the laser i
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tensity dependence of the width, peak area, and center o
final velocity distribution.

Our calculations are presented together with the meas
ments in Fig. 4. The agreement between the calculations
the experimental data is quite good; only at low intensit
some minor discrepancies are found. The reason for th
discrepancies might be found in the choice of a Gauss
slowing beam profile. Calculations with different intensi
distributions might result in even better agreement.

Given this sensitivity of the properties of the slowed ato
distribution to the intensity profile of the slowing laser bea
we changed our optics such that the slowing laser beam
file was flatter, by accepting only its central part with a d

FIG. 4. Intensity dependence for a fixed laser frequency for
three quantities:~a! central velocity,~b! width of the velocity dis-
tribution, and~c! the peak area. The dots indicate the measured d
points. The solid lines represent the calculated intensity dep
dence, using a Gaussian slowing beam profile. The dashed
indicates the result of Eq.~6!. The intensity is determined at the en
of the solenoid and is given in units of the saturation intensityI 0.
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55 609DIAGNOSTIC TECHNIQUE FOR ZEEMAN-COMPENSATED . . .
ameter of 6 mm after expanding it with a telescope. This
to a drop in available slowing power, so that measureme
could be performed only at relatively low intensity. Althoug
the Gaussian character of the slowing beam was flattened
significantly, small optical imperfections still resulted in r
sidual spatial intensity variations. These variations had
rms scatter~measured outside of the vacuum system! and the
area intensity functionF(s0) had an approximately Gaussia
character centered at the average intensity.

Figure 5 shows the final velocity distribution for one
the measurements with this much flatter beam intensity p
file, giving a full width at half maximum~FWHM! of 3.0 m/s
at a central velocity of 138 m/s. We note that the width
about one-half ofG/k; however, it is still 4 times larger than
the Doppler limit. Our measurements of the intensity dep
dence of the width of the velocity distribution using the fla
ter profile ~Fig. 6! show a much weaker increase with i
creasing laser intensity than Fig. 4. This can be fitted w

FIG. 5. One of the measured velocity distributions with the fl
tened laser beam profile. The experimental width of approxima
1/6(G/k) is shown by the dashed vertical lines between the arro
The Gaussian fit through the data yields a FWHM of 2.97 m/s.

FIG. 6. Intensity dependence of the width of the cold atom p
for the spatially expanded slowing beam. On the horizontal axis
average intensity of the slowing beam is represented. For the
culations we assumed the area intensity functionF(s0) to be Gauss-
ian. The dashed curve gives the calculated result for the experim
tally determined distribution with rms fluctuations of 5%; the so
line gives a fit to the data, using an intensity distribution functi
with rms fluctuations of 18%.
d
ts

ut

o-

-

h

the calculated intensity dependence convolved with the fl
tened slowing beam area intensity functionF(s0) having a
rms width of about 18%~shown by the solid line in Fig. 6!,
but not by an intensity dependence convolved with an a
intensity function having the measured 5% width discus
above ~dashed line!. This difference may possibly resu
from further variations in the intensity caused by passage
the beam through the window of the vacuum system t
could produce distortions and interference patterns.

There are other broadening mechanisms that we did
take into account in the previous discussion~see Table I!.
We neglected the broadening of the slowed atom velo
distribution caused by the heating resulting from the rand
direction of the spontaneously emitted photons. Widths
sulting from this heating lie on the order of 1.2 m/s, which
typical for a Doppler cooling process. Another broadeni
mechanism derives from the spectral distribution of t
slowing laser of approximatelyDnc 5 1.0 MHz. Since the
final velocity of the atoms that emerge from the Zeem
slower is directly related to the frequency of the laser@see
Eq. ~6!#, fluctuations in the slowing laser frequency will d
rectly affect the final velocity distribution. The resultin
broadening is calculated usingDv f5Dncl' 0.6 m/s. Fur-
ther, there are effects from changes of the magnetic fiel
locations displaced from the symmetry axis of the magn
Near the point where the extraction takes place, the a
field curvature in thez component of the magnetic fieldBz is
1/2(d2Bz /dz

2)' 25 G/cm2. From an expansion of the field
near this point@11# we obtain to second order the radi
curvature of Bz : 1/2(d2Bz /dr2)521/4(d2Bz /dz

2)'
212.5 G/cm2. ~The radial componentBr is zero to second
order.! Therefore atoms that propagate at the edges of
slowing laser beam~with radius 3.0 mm! experience a mag
netic field that isDB 5 1.1 G smaller than at the cente
Consequently, there will be a spreadDv f5m8DB/\k' 0.8
m/s in velocity resulting from thisDB. All of these broaden-
ing mechanisms add to the velocity spread of the ato
emerging from the Zeeman slower. Consequently, the m
mum achievable width in our experiment is around 1.6 m
The minimum widths of the velocity distributions that w
measured in the experiments ('2.5 m/s! are therefore still
dominated by the intensity inhomogeneities in the la
beam.

IV. MAPPING OF THE PHASE SPACE

The different and important capability of our apparatus
a very much more powerful and informative scheme of d
acquisition that results from shutting off the slowing las

-
ly
s.

k
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TABLE I. Some of the residual velocity-broadening mech
nisms for atoms with a velocity of 140 m/s. These effects lead t
minimum width on the order of 1.6 m/s.

Effect Width ~m/s!

finite gate time~10 ms! 0.42
finite gate width~0.5 mm! 0.16
residual magnetic-field inhomogeneities 0.8
spectral distribution of the slowing beam 0.6
diffusion due to spontaneous emission 1.2
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610 55MOLENAAR, van der STRATEN, HEIDEMAN, AND METCALF
beam a variable timet beforethe short shutoff of the pump
beam. Then the atoms that pass through the pump re
during the short time when the pump beam is off alrea
have traveled a distanceDz5v(z)t @at constant velocity
v(z) because the slowing laser was off# and their time of
arrival at the probe laser iszp /v(z)5zpt/Dz. Thus the TOF
signal contains information not only about the velocity of t
detected atoms, but also about their positionz (5zs 1 zc
2Dz) in the magnet at the time the slowing laser light w
shut off.~Herezc'25 cm is the distance from the end of th
solenoid to the position where the pump beam is place!
Since the spatial dependence of the magnetic field is kn
~Fig. 2!, both the field and atomic velocity at that positio
can be determined and the TOF signal is proportional to
number of atoms in that particular region of phase spa
This technique therefore gives a mapping of the atom
population in the two-dimensional phase space within
solenoid.

Such a mapping of the velocity distribution within th
solenoid is a powerful diagnostic of the Zeeman compen
ing scheme for atomic beam deceleration. The contour
Figs. 7~a! and 7~b! represent the strength of the TOF sign
for each of the two ground-state hyperfine levels, and t
the density of atoms, at each velocity and position in
magnet. The dashed line shows the veloc
v(z)5@m8B(z)/\2d#/k for which the magnetic field tune
the atomic transition (F,mF)5(2,2)→(3,3) into resonance
with the decelerating beam.

FIG. 7. Contour map of the measured velocity and position
atoms in the solenoid for~a! Fg 5 2 atoms and~b! Fg 5 1 atoms.
The dashed line indicates the resonance frequency for theF,
MF)5 ~2, 2! → ~3, 3! cooling transition. The density of atoms pe
unit phase-space areaDvDz has been indicated with different gra
levels.
on
y
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e
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There is much to be learned from Fig. 7. The most ob
ous information in Fig. 7~a! is that atoms are strongly con
centrated at velocities just below that of the resonance c
dition, as predicted by Eq.~6!. This corresponds to the stron
peak of slow atoms shown in Fig. 3. The buildup of atoms
this region of phase space is indeed strong and begins ev
very high speeds. However, at the same time it is evident
the width of the velocity distribution is already large durin
the slowing process, i.e., that the final width of the veloc
distribution is not caused by the extraction of the atoms fr
the slowing process. This is consistent with our claim th
the width is determined mainly by the inhomogeneity in t
laser beam.

A. Optical pumping

We note the strong buildup ofFg 5 2 atoms over a wide
velocity range centered near 700 m/s at the entrance of
solenoid, as shown in Fig. 7~a!, and a corresponding deple
tion of Fg 5 1 atoms, as shown in Fig. 7~b!. This strong
optical pumping occurs between the oven and the mag
where the slowing laser light is very intense because i
focused on the oven. For typical values of 30 mW las
power and a beam diameter of'100 mm, the intensity of
33105 mW/cm2 broadens the absorption line from its nat
ral width of 10 MHz to about 2 GHz, more than enough
compensate the Doppler shift of the entire velocity distrib
tion. Since the detuning is 50 MHz above resonance for
Fg 5 2 → Fe 5 3 transition, the optical pumping is mos
effective onFg 5 1 atoms, Doppler shifted by their veloc
ties near 1000 m/s, not far from the peak of the distribut
at 700 m/s. Of course, atoms inFg 5 2 can also be excited
but they are farther from resonance, so that the net transfe
population is fromFg 5 1→ Fg 5 2.

As the atoms enter the solenoid this effect is partia
reversed. Figure 7~a! shows a decrease of theFg 5 2 popu-
lation near 700 m/s in the rising edge of the magnetic fie
while Fig. 7~b! shows a corresponding increase ofFg 5 1
atoms. In this field region, the excitations from theFg 5 2,
mg 5 21, 0, and11 levels to the states appropriate f
circularly polarized (s1) light (DmF511) come into reso-
nance with the laser~see Fig. 8!. In the relatively large mag-
netic field in this region~400 , B , 1100 G! the excited
eigenstates have changed because of the hyperfine un
pling in such a way that the spontaneous decay from th
states goes predominantly viaDmF521. The atoms there-
fore do not gain angular momentum in absorption-dec
cycles and do not reach the slowing transition (F,mF) ~2,2!
→ ~3,3!, but instead stay trapped in one of theFg 5 1 states,
which are far from resonance. Similar optical pumpi
schemes can be used to explain the appearance and d
pearance of other population islands in Fig. 7, as well as
other data sets taken with different laser detunings.

B. Extraction coils

One of the main advantages of the Zeeman compensa
method over others is the production of a continuous be
of slow atoms and the deceleration of almost all the ato
emitted by the source. This efficiency is compromised, ho
ever, by the further deceleration and broadening of the
locity distribution as the atoms travel outside of the magn

f
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Shutting off the slowing beam ameliorates this problem
course, but the price is the loss of the advantages c
above. In order to preserve both of these advantages
have placed additional coils at the end of the solenoid
tailor the field profile and thereby enhance the extraction
the atoms from the solenoid. The position of these coils
shown in Fig. 1 and their effect on the axial magnetic fie
profile is shown in Fig. 2.

The function of the extraction coils is to give a stron
detuning to the atoms from the slowing laser when th
come to the end of the main solenoid. The first one of
extraction coils increases the magnetic field sharply to
complish the detuning. The atoms then stop absorbing l
and propagate freely. The reduction of the field to zero
done by the second of the small coils, which generates
same magnetic field, but in the opposite direction, by app
ing a reverse current. This produces a large magnetic-fi
gradient between the two coils, which prevents the ato
from scattering much light when they pass through re
nance. Both the measured and the calculated drop in velo
at this point are small enough to be neglected. Such an
traction scheme is similar to thes2-slowing scheme@7#,
where the atoms are extracted from the maximum in
magnetic field rather than in the minimum field.

V. TWO-VELOCITY BEAM

In collision physics much is to be learned from the stu
of collision cross sections over a broad velocity range. St

FIG. 8. Plot of optical transition frequencies vs magnetic fie
for s1 light. The labels at the lines represent the atomic transiti
in the limit for B→0 in the notation (Fg , Mg) → (Fe ,Me). The
arrow indicates the cycling transition (F,MF) 5 ~2, 2! → ~3, 3!
used for slowing. The frequency scale is with respect to the z
field value of theFg52→Fe50 transition. The dashed line indi
cates the Doppler-shifted frequency of the slowing laser for ato
moving at 700 m/s and a laser frequency tuned 80 MHz aboveFg 5
2→ Fe 5 3. In the rising edge of the magnetic field the atoms fi
come into resonance with the othermg→Me transitions originating
from Fg 5 2→ Fe 5 3.
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of collisions in a trap probe the region around 1 m/s a
allows little variation in velocities since increasing the tem
perature in a trap decreases the density. Study of collis
resulting from crossing a MOT with a cold atomic bea
yields information in the range 100–400 m/s. Information
the intermediate range~1–100 m/s! can be obtained if one is
able to generate two velocity classes in one single beam
study head-tail collisions@12#. In this way the velocity of the
atoms can still remain large~200 m/s!, so that the transvers
spreading remains small. The only requisite to achieve thi
the ability to generate two, well-defined velocity classes
one beam.

We have made an attempt to study such a possibility
using two extraction coils, as shown in Fig. 1. When tuni
the current through these coils we have found unexpec
features that could not be explained by our careful study
optical pumping effects, magnetic-field imperfections, ma
netic forces, or other phenomena. These features manife
themselves as multiple peaks, approximately equally spa
as shown in Fig. 9. We speculated that they arose from at
that had dropped out of resonance all along the beam
because they were near the edge of the Gaussian laser
and are thus subject to lower intensity than those at the c
ter. Such atoms were lost to the main deceleration proc
but may have undergone a little further deceleration as t
passed through the field of the extraction coils.

The speculation mentioned above about the source of
additional peaks in Fig. 9 is clearly supported by both t
measurements shown in Fig. 10~a! and our simulations pre
sented in Fig. 10~b!. In the measurement we deliberate
misaligned the slowing beam so that there is a wide rang
intensities within its diameter. Furthermore, we reversed
current through the second extraction coil to demonstr
clearly the additional slowing of the atoms that have dropp
out earlier in the deceleration process. Figure 10~a! clearly
shows that atoms begin dropping out in substantial numb
at z 5 110 cm and that this dropout finds its maximum ne
z 5 119 cm where the magnetic field attains its maximu
gradient ~23 G/cm!. After this point the dropout rate de
creases as the magnetic field gradient decreases. The rem
ing atoms then decouple from the field atz 5 123 cm where
it has decreased to its minimum of 320 G. Those atoms l
some more velocity when they come into resonance betw
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FIG. 9. Measured velocity distribution with the auxiliary coi
both operating at positive current. The figure clearly shows
multiple peaks that arise from them.
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the two extraction coils (z 5 129 cm!, but the velocity
change at the passage through resonance atz 5 133 cm is
negligible because the field gradient is so large.

Some of the atoms that had dropped out earlier in
slowing process come into resonance with the magnetic fi
again at the extraction coils. Near the field maxima of tho
coils, the field gradient is small enough for the atoms
remain resonant for a relatively long distance and they th
fore experience a large drop in velocity. This results in
depleted areas in phase space just downstream nea
maxima of the field from the extraction coils. Compensat
areas of increased density appear just below the maxim
those extraction coils as can be seen in Fig. 10. Those s
tures are projected as multiple peaks in the velocity distri
tion from the Zeeman slowing process as shown in Fig.

Our simulations for this additional slowing effect a
shown in Fig. 10~b!. We calculated the atomic trajectorie
for a distribution of intensities within the slowing beam. W
used the force given by Eq.~1! to calculate the trajectories o
the atoms. We averaged these trajectories assuming a G
ian laser area intensity functionF(s0), which is centered a
the averages̄0 5 3.5 and having a widthDs053.0. As can
been seen by comparing Figs. 10~a! and 10~b! the simula-
tions contain all the essential features of the experiment

In principle, the effect that produces the multiple veloc
peaks could be used more systematically to generate
specific final velocities with a selectable velocity differenc
By tuning this difference between the two groups, we co
have a superb tool for the study of head-tail collisions. W
would let half of the atoms drop out of the slowing proce

FIG. 10. Contour map of the velocity and position of atoms
the solenoid showing the origin of the multiple peaks structu
visible in Fig. 9.~a! shows the measured results and~b! shows the
result of the simulations discussed in the text. The dashed l
show the velocity for the atoms in resonance with the cooling tr
sition (F,MF) 5 ~2, 2! → ~3, 3!.
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as in Fig. 10, while the other half is slowed in the conve
tional way. After this first slowing stage we would put
second, short Zeeman slower for the atoms that h
dropped out, producing an effect similar to shown in F
10~a!. The field tuning of this second Zeeman slower can
used to tune the final velocity of those atoms independen
the other atoms that are far off-resonance at this point.

VI. ATOM FLUX

One of the important parameters in collision physics us
beam techniques is the flux of atoms. The signal in a co
sion experiment is directly proportional to the flux and in t
case of studying collision within one beam the signal d
pends quadratically on the flux. In a slowing process of
oms having a hyperfine structure~such as sodium!, loss of
atoms can be caused among other things by two me
nisms:~i! Atoms can fail to be kept resonant with the las
and~ii ! atoms are pumped to the wrong hyperfine state,
the state not coupled to the slowing laser. In a conventio
technique of measuring the velocity distribution, the effect
both cases would be a small signal. Furthermore, it is
possible to determine the cause of the loss of signal. S
the conventional techniques do not allow detection of
loss during the slowing process, it is hard to make an ass
ment of the problem.

The technique reported here enables us to monitor
atom flux in each ground hyperfine state throughout
slowing process as shown in Fig. 11. The flux of slow
atoms, originating from a certain~variable! positionz, can be
separated from the total atom flux, by taking the ato
within a narrow velocity range around the locally resona
velocity. This gives an indication of the number of atom
slowed down during the entire process.

To relate the flux for theFg 5 1 andFg 5 2 ground states
to each other we assumed that at the left edge of Fig. 11z
, 240 cm! the atoms leave the oven with the expect
statistical weights of 3/8 and 5/8 for theFg 5 1 andFg 5 2
states. This is a reasonable assumption since atoms tha
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FIG. 11. Atom flux observed at the detector for atoms com
from different positions in the solenoid for both ground hyperfi
states. The solid line on the lower right-hand side of the fig
represents the measured flux of laser-cooled atoms in theFg 5 2
state. The dotted line is the result of the calculations discusse
the text.
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pear to come from positionsz, 240 cm emerged from the
ovenafter the slowing beam was shut off. Consequently, o
does not expect a deviation of the statistical weights of
ground-state populations.

Directly after the atoms leave the oven (z 5 240 cm!, a
transfer from theFg 5 1 to theFg 5 2 state takes place
caused by the high intensities of the focused slowing beam
this region. Some of the atoms are optically pumped bac
theFg 5 1 state in the rising part of the magnetic field~z 5
10 cm!, where theFg 5 2, mg 5 21, 0, and11 states
successively come into resonance with the light~see Fig. 8!.

The collection of slowed atoms starts at z5 140 cm,
where the fastest atoms come into resonance with the s
ing light and start to be decelerated as indicated near
bottom right of Fig. 11. The flux of atoms in the cold pe
increases from this point since in the decreasing magn
field atoms with lower initial velocities also come into res
nance with the light. The maximum flux observed in th
slowed peak is found atz 5 95 cm, where the decelerate
atoms have a longitudinal velocityvz of 550 m/s. At this
point 35% of the atoms emerging from the source in
direction of the detector are collected in the narrow peak
cooled atoms and reach the detector. Afterz595 cm, the
decrease of the longitudinal velocity of the atoms and
increase of the transverse spreading of the slowed b
caused by the transverse heating resulting from repe
spontaneous emissions starts to reduce the observed flu
slowed atoms at the detector, which is placed atz5190 cm.
This continuous decrease of the observed flux at the dete
stops when the deceleration and the transverse heating o
atoms stops near the extraction coils. So from the positio
the extraction coils, the flux observed at the detector rem
constant since both the transverse and the longitudinal ve
ity remain constant.

We made a model, based on geometric consideration
verify the apparent decrease of the slowed atom flux on
detector due to longitudinal deceleration and the transv
spreading of the beam. Atoms decelerated in the Zee
slower are slowed primarily in the longitudinal directio
(v i of the velocity!. The transverse componentv' increases
at the same time because of repeated spontaneous em
of light in random directions. Thus the divergence of t
atomic beam increases, leading to a drop of atom flux at
detector. The width of the final transverse velocity distrib
tion dv'8 resulting from the scattering ofN̄ photons is given
by @13#

dv'8 5Aav r
2N̄, ~11!

with v r the recoil velocity~3 cm/s for sodium! anda a factor
to account for the projection of the recoil of the spontan
ously emitted photons on the transverse directions. For
tropic radiation we havea51/3 and for a dipole pattern
directed along the longitudinal axis we havea53/10.

The total transverse velocity spread at a given positioz
is obtained from

dv'5A~dv i ,'!21~dv'8 !2, ~12!

with dv i ,' the initial transverse velocity spread arising fro
the finite collimation of the source. In our model we negle
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the transverse width of the atomic beam during the slow
process. The geometrical probabilityPgeo for the atoms at
z to be detected atzd is given by

Pgeo;Fv i /dv'

z2zd
G2. ~13!

The flux contributions from a given point in the Zeema
slower can be obtained by multiplying this geometrical pro
ability Pgeo by the calculated number of atoms that is co
lected from the source distribution at this point. Figure
shows the result of this calculation combined with the e
perimentally observed slowed atom flux. Clearly, the res
of our model agrees quite well with the measurements.

Finally, we have made also two independent estimates
the total flux of slowed atoms. Since there is transve
spreading of the slowed beam, estimating the total flux fr
the peak intensity in Fig. 3 and a detector efficiency is n
easily done. First, we used the flux from the source cal
lated from its temperature and nozzle size. In a typical se
this was61017 atoms sr21 s21. In the angular width of the
slowing laser beam (' 1 mrad! we therefore had a flux o
approximately 53 1011 atoms s21.

This is corroborated by a second independent estim
using the loss of slowing light flux. Though weak, the flu
rescence from background sodium atoms near the oven c
be measured. When we slowed the atoms withP 5 30 mW
of laser power, we lost approximatelyj5 20% of the inci-
dent light, compared to the situation of no slowing. If w
assume an average atom to be slowed byDv i' 500 m/s, it
must have scatteredN̄ 5 1.7 3 104 photons sincev r 5 3
cm/s. Thus we expect a slow atom fluxF 5 jP/N̄\v 5 1.1
3 1012 atoms s21. From both estimates we conclude th
the slow atom fluxF is approximately 1012 atoms s21, in
good agreement with the numbers presented by other gro
@13#. Using optical compression in the final stage to co
dense the slowed beam to a diameter of 0.1 mm would re
in a density of 1016 atoms/cm2 s, more than sufficient for
many collision experiments.

VII. SUMMARY

In conclusion, we have presented an alternative diagno
technique for the study of the slowing process using Zeem
compensation. It enables us to obtain complete informa
on the velocity and position of the atoms during the slowi
process without requiring complicated devices. This te
nique is hyperfine state selective, so that we obtain inform
tion about both theFg 5 2 andFg 5 1 ground states. Two
conspicuous features can be distinguished in the meas
ments. First, we see a strong buildup of atomic phase-sp
density just below the velocities where the atoms are in re
nance with the magnetic field. Second, we see a transfe
atomic population from one hyperfine state to the other
specific places in the solenoid, which indicates optical pum
ing effects in the local magnetic field.

With our hyperfine selective TOF method we were able
measure the longitudinal velocity spread of the atoms wit
resolution that is better than in all previous works on t
Zeeman slower. The resolution of those other technique
limited to Dv5G/k' 6 m/s, whereas our technique has
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intrinsic resolution better than the Doppler limit of 30 cm
and improves with decreasing velocity. The velocity spre
for the slowed atoms was caused mainly by intensity in
mogeneities of the slowing laser beam. When we chan
the setup so that the intensity inhomogeneities in this be
were reduced, we observed widths down to 2.5 m/s. A f
ther reduction of the width could not be realized, due mai
ev
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to residual inhomogeneities in the slowing laser beam.
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