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Diagnostic technique for Zeeman-compensated atomic beam slowing: Technique and results
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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 collision$S1050-294{®7)03101-9

PACS numbses): 32.80.Pj, 42.50.Vk

I. INTRODUCTION most widely used method is the Zeeman techniffie§].
One of the main advantages of the Zeeman technique over

Deceleration of atoms in a thermal beam using a singl®thers is the ability to slow all atoms from the source into a
beam of counterpropagating laser light has been achieved @gpntinuous beam, and this makes the technique most suitable
many laboratories. In many cases the slowed atoms are us&y collision experiments. It uses an inhomogeneous mag-
to load a magneto-optical trapMOT), for which the capture netic field along the d_eceleration pat_h to tune the resonance
velocity, typically 30 m/s, is well below the thermal velocity fréquency of the moving atoms spatially and thereby main-
of atoms. Then the only requirement for the slowing proces$@in the deceleration process. The TOF method we present
is that it produce enough atoms with a velocity below then€re for sodium has the capability to map out the velocity
capture velocity. Furthermore, since the density in a MOT isdistribution for both hyperfine ground states. Furthermore,
limited by collisions between trapped atoms, increasing thdhis mapping of the velocity distribution can be achieved
flux of slowed atoms in general does not increase the densit§/0ng the entire path of the atoms throughout the solenoid.
in the MOT. umping of atoms in the wrong hyperfine state or losing

In the present paper we explore the optimization of sucttoms during the slowing process therefore can easily be
atom deceleration for the production of a slow and colgdetected and in most cases corrected.
atomic beam for collision experiments. This puts extra re-
quirements on the preparation of the atomic beam. First, the Il. EXPERIMENTAL SETUP
atoms in the beam should be sufficiently monovelocity, i.e.,
the velocity spread of the atoms should be considerably The experimental arrangement is shown in Fig. 1. The
smaller than the average velocityold). Second, since any atoms emerge through an aperture of 1 fnfrom an effu-
collision signal is directly proportional to the flux of atoms, it sive sodium source heated to approximately 300 °C. They
is important to achieve a flux as high as possible. Our study
concentrates on these aspects of the slowing process.

The most common way to measure the slowed velocity E"}\ngﬁn";}s —@
distribution depends on detecting the fluorescence from at-  Profile Magnet
oms excited by a second laser beam propagating at a smalkodium FPMT
angle to the atomic beam. Because of the Doppler shift, the o ,&4-pmte
frequency dependence of this fluorescence provides a mea} emii—- o | Laser 2

sure of the atomic velocity distribution. In this paper we
describe a time-of-fligh{TOF) method to accomplish the

i 80 MHz
M. AOM

same result, however, with a much improved resolution. In s
addition it provides a much more powerful diagnostic of the fomp  Probe
deceleration process. z z z

s < P

Beam slowing requires compensation of the changing oo
Doppler shift to maintain resonance between the decelerating
atoms and the laser beam used for slowing. This has been FIG. 1. Diagram of the apparatus showing the positions of the
accomplished in many different wajs—5|, but the first and magnets and laser beams.
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FIG. 2. Plot of the measured spatial dependence of the magnetic F|G. 3. Measured velocity distributions both with and without
fields at a currentfol A through all windings(dots. The labels  the slowing laser beam. The curve labekeéhdicates the unslowed
A, B, andC indicate the profile, bias, and extraction coils, respec-distribution from the source. Curv@ shows the distribution after
tively. The solid lines represent the field designs. The dashed lingjowing. The arrow indicates the maximum of the velocity capture
shows the idealized square-root form of the profile magnetic fieldrange of the slowing laser. The inset shows an enlarged portion of

The inset shows the magnetic field near the extraction region for thghe figure in which the strong collection of atoms at low velocities
different solenoids. is clearly visible.

then travel 40 cm to the solenoid. During the flight throughcence, a spherical mirror is placed just below the atomic
the solenoid the atoms are slowed by the counterpropagatifgeam. The photomultiplier detects light in a region of 5 mm,
laser light. To minimize the effect of transverse spreading oko the volume of atoms being probed~is5 mmq.
the atoms during the slowing process, we focus the laser An AOM tunes the frequency of the pump beam 80 MHz
beam on the aperture of the oven. The diameter of the slowbelow that of the probe beam to optically pump the atoms
ing laser at the point where the atoms leave the solenoid isom theFy = 2 to theF; = 1 ground state by exciting them
~ 9 mm. To keep the vacuum low during the slowing pro-to the nearly resonart, = 1 andF, = 2 states. It transfers
cess we honed the interior walls of the solenoid. more than 98% of the population frofy, = 2toFy = 1 as
There are three different magnet windings along the solethe atoms pass through it 0.5 mm width. Since fhe= 1
noid core, all wrapped with 8 1 mm? rectangular copper atoms are too far out of resonan¢e772 MH2 with the
wire. The first one consists of ten layers along the wholegprobe beam, we do not observe fluorescence at the detector
length of the core and it produces a homogeneous bias maguring the time the pump beam is on. Thus the pump beam
netic fieldBy,. The tapered field of the second winding pro- acts as an optical shutter for tig, = 2 atoms.
duces the inhomogeneous profile field and is well described In a similar manner we can use the pump beam as an
by B(z)=B,v1—2/z, except near its endésee Fig. 2,  optical shutter for atoms in theé, = 1 hyperfine ground
wherez, is the solenoid length ardis the distance from the state. To achieve this, we tune the probe laser frequency to
entrance of the solenoid. The thickness of these ZeemaheF, = 1 — F. = 0 transition. Although weaker than the
compensating windings ranges from 28 layers=a0 to zero Fy = 2 — F. = 3 transition, the fluorescence from this
layers at the end where=z,. Directly after the main sole- transition is still strong enough to be detected in our experi-
noid we added the third set of windings composed of twoment. We also rotated the AOM so that it upshifts the pump
small coils to tune the magnetic field in the extraction regionbeam frequency to+80 MHz with respect to the probe
[9]. These 4-cm-long coils are separated by only 1 cm antheam. The pump beam frequency was thus just above the
have an inner diameter of only 2.5 cm in order to be able td&=; = 1 — F, = 2 transition and it transfers atoms effec-
produce a large field gradient. Figure 2 shows the spatiaively from theFy = 1 to theF, = 2 ground state. It there-
dependence of the field. To prevent excessive heating of thiere serves as an optical shutter for fhg = 1 atoms.
solenoids we have placed water cooling on the inner and To measure the velocity distribution of atoms in thg=
outer sides of the windings and between the two small coils2 ground hyperfine state we interrupt the pump laser beam
The magnetic field and the polarization of the deceleratingor a period 10-50us with the AOM. A pulse of atoms
laser are chosen in such a way that the atoms are opticallyasses the pump region in thg = 2 state and travels to the
pumped into the highest hyperfine ground staftg,M), probe beam. The time dependence of the fluorescence in-
which for Na is F4=2,My=2). For the TOF technique we duced by the probe laser gives the time of arrival, and this
have added two laser beams labeled pump and probe afgnal is readily converted to a velocity distribution. The
shown in Fig. 1. Because these beams cross the atomic beatvceleration laser beam is shut off during the free flight of
at 90° they excite atoms at all velocities. The probe beam hathe distance,~ 40 cm between the pump and probe regions
a diameter of 1 mm, is located at a distazgedownstream  to minimize the effects of off-resonance optical pumping or
from the pump beam, and its frequency is tuned to the strondeceleration. Figure 3 shows the measured velocity distribu-
gest transition fy=2—F,=3) to maximize the fluores- tion of the atoms emitted from the oven with and without the
cence from the atomic beam. The fluorescence is collectedecelerating laser present.
on a photomultiplier tube. To enhance the collected fluores- In this method, the velocity resolutiofiv is not limited



55 DIAGNOSTIC TECHNIQUE FOR ZEEMAN-COMPENSATED ... 607

by the natural width of the excited state dy=T'/k (=~ 6 do’

m/s) as in previously described Doppler techniques that Wz_aD
make use of the Doppler shifts of the moving atdm$,10.
Instead, the limit is imposed by the duration of the pump
laser gateAt and the diameted of the probe laser beam
(d<1.0 mm to Av=v(vAt+d)/z,, typically less than 1
m/s. Herek=2=/\ is the magnitude of the optical wave
vector. This provides the capability of measuring the shape

of the velocity distribution with resolutior-10 times better ko — — 5" — E ﬂ 1 6
thanI'/k as compared to the Doppler method. Furthermore, Veq™ 2 7 So~ 4y )
the resolution improves for decreasing velocity Av is

smaller than the Doppler cooling limit of2I'/Mn2~30  which is constant during the slowing process. So the atoms

So
1+so+4(5’+kv’)2/1“2_’7)’ ®)

with §'=6—u'By/%. Here we assumed that<v . In the
stationary situationdv’'/dt=0) we find for the equilibrium
velocity v,

cm/s forv~80 m/s and Na atoms. are surfing in this decelerating frarfieat a constant velocity
and at the end of the solenoid, wherg=0, the atoms can
lll. VELOCITY DISTRIBUTION be extracted at their stationary velocity,,. Note that

OF THE SLOWED ATOMS n>syl(1+sy) requires the acceleration to exceed

8max=apSo/(1+sp), so that the square root remains real.
The atoms are not only decelerated in this frame at a
The deceleration process for the Zeeman technique is deonstant velocity ., but are also cooled towards this veloc-

scribed by Bagnatet al.[8]. The force on the atoms is given ity [8]. We show this by linearizing the force in E¢5)

by around v’ —vg,. We obtain d(v’ —ve)/dt=y(v' —vey,

where the damping ratg is

A. Model

E kI’ So !
(20)= 5 s ¥4l ko - BAETE Y »
8yp7 1-79
y=— V| |51 @
Here 0 n
p'=nrelMeG32p, , Fo=3" Mgl(a 25, F=2)]s (2 and
. . 1 fik?
wherewp is the Bohr magneton, the subscriptande refer =—__ (8)
T4 Tm

to ground and excited stateyeye is the Landeg factor for
that level, andd= waser— waom IS the detuning of the laser
frequency wj,er from the atomic transition frequency Hereyyp is the maximum damping rate obtainable in Doppler
wa0om- Note that for Na we have’ = ug. The saturation cooling and we see that the damping rate in the Zeeman
parametes, is given bysy=1/l,, with | the intensity of the slowing process is just a fraction afy. Furthermore, one

slowing laser and, the saturation intensity given by observes that the damping rate becomes small for both small
and larges, so for the optimum damping we have to choose
rﬁwg so=2 and=0.5.
IO:W' (©)) The cooling during the slowing in the Zeeman technique

has similarities with cooling in Doppler optical molasses. In
Doppler molasses, the atoms are cooled towards zero veloc-
ity by the combined action of two counterpropagating laser
beams. Atoms moving to the right are Doppler shifted closer
to resonance with the laser beam coming from the right and
out of resonance with the laser beam coming from the left
B(z)=By+B,\V1-2/z, (4 and therefore are slowed down. The opposite holds for atoms
moving to the left. In the Zeeman technique, where there is
Here B,=%kvs/u’ is related to the maximum velocitys  only one laser beam, this balancing between the laser beams
that can still be decelerated in the solenoid. Since the deceis replaced by the action of the profile field, which tunes
eration can never exceeghy=7#KI'/2M, the minimum length  atoms moving too fast into resonance and atoms moving too
of the solenoid iz =v2/2a, and we can define the fraction slowly out of resonance. Since both the damping coefficient
n=2zplz,. and the diffusion constants are comparable in both cases, one
Equation(1) cannot be solved exactly; however, we canexpects that the width of the velocity distribution in the Zee-
make an informative approximation by transforming theman technique, in principle, will be comparable to the Dop-
equation of motion for the atoms in the solenoid to a noninpler widthvy= VAI'/M.
ertial frameR that decelerates at= — nap . The velocity is One of the drawbacks of this treatment is that it is valid
then given byvz=v¢\/1—2/z.. For this frameR, the Dop- only as long a$;éq<vR. Although this condition is fulfilled
pler shift at the velocity 5 is just compensated by the Zee- during most of the slowing process, it is no longer valid near
man shift of the magnetic field profile, and one obtains forthe end of the solenoid, and this is just the position at where
the velocityv’ =v —v measured in this frame final velocity of the atoms is determined.

For the 3%S,;,,— 3 2Py, transition of sodium), = 6 mW/
cm?. In the present discussion we will assume an ideal mag
netic field
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It is important to realize that the ideal magnetic field does 20
not even produce a constant decelerafiéh This is easily

seen by differentiating the resonance condition 270 -
kv = wp+ wp\Z— 6= wp\Z- &', 9 §2605— E
2 E
where wy, ,=u'By, /% andz=(1-2/z;). The deceleration § mé_ 3
satisfying the resonance condition is then :s’ -3
Py 2402— —
a=—nap| 1- 10 g 3
740 wpﬁ (10 230F X . \ . \ . L]
0 2 ¢ 8 ( 8 P 12 14
. . i Intensity (units of ;’
using @/dt)VZ=v(d/dz)yZ. In the usual operating condi- ’
tion to extract slow atoms from the solenoi#l,<0 [see Eq. 201 . . . . . . .

(6)]. Thenz eventually becomes small enough that maintain-
ing the resonance condition requires the magnitude of the
deceleration to exceedl,,x. The atoms then drop out of the
process and emerge from the solenoid as desired. Only for &
e . £
6'=0 is the deceleration constant. s 10
x
£

B. Experimental results

From the measured velocity distribution of Fig. 3 we can
obtain three quantities: the central velocity, the width, and i
the peak area. In Fig. 4 we have plotted these quantities as a "0 ' , ' ' . : '

function of the slowing laser intensity. For the central veloc- 2 ) Interslsity(unitsaof i) " * "
ity we see that it varies approximately with the square root of

the intensity{dashed line in Fig. @)], in agreement with the 250 ; ' ' ' - ' ]
model presented in Sec. llIA. However, the width of the R ]

distribution is much larger than the expected Doppler width 200
vp~30 cm/s. Also there is a strong intensity dependence of
the width, which is not the case for a Doppler cooling pro-
cess.
In order to understand these measurements we have madé’ 100
a numerical simulation of the deceleration process, where weg
numerically integrated the equation of motion of the atomsto [
find the final velocity at the exit of the solenoid. In this way .
we avoid the approximations we had to make in order to ot . . . . . . .
obtain the analytical results of Sec. Ill A. At the same time 0 2 4 6 & 10 12 4
.o . . Intensity (units of I,")
we can account for the real magnetic field, as plotted in Fig.
e F_urthermore, th's_ allowed us to a_lccount for the |nF(_an$Ity FIG. 4. Intensity dependence for a fixed laser frequency for the
profile of the Gaussian laser beam since both the eqL““bmmthree quantities(a) central velocity,(b) width of the velocity dis-
S . :
veIo_C|ty Ueq and the drop out conditioa>an., depend on tribution, and(c) the peak area. The dots indicate the measured data
the intensity. _ . _ points. The solid lines represent the calculated intensity depen-
The numerical integration to calculate the atomic trajeCgence, using a Gaussian slowing beam profile. The dashed line
tories was done for several valuessgfto find the intensity  indicates the result of E¢6). The intensity is determined at the end
dependence of the final velocity(sp). In order to compare of the solenoid and is given in units of the saturation intenkjty
this result with the experimental results, we calculate a
weighted average af(sp) over the intensity profile of the tensity dependence of the width, peak area, and center of the
slowing beam. To find the weighting function, we make thefinal velocity distribution.
transformation of the radial intensity profilg(p) of the Our calculations are presented together with the measure-
slowing beam to an area intensity functiéifs,) such that ments in Fig. 4. The agreement between the calculations and
F(sp)dsy is proportional to the area of the slowing beamthe experimental data is quite good; only at low intensities
with intensity betweeis, ands,+ dsy. For a Gaussian inten- some minor discrepancies are found. The reason for these
sity profile with a beam waist we find F(sg) = 7w?/s, for  discrepancies might be found in the choice of a Gaussian
0=<sp=s; > ands;y™is the maximum intensity in the center slowing beam profile. Calculations with different intensity
of the laser beam. In our calculations, the lower limisgfis  distributions might result in even better agreement.
the intensity at the edge of the beam where it is cut off by an  Given this sensitivity of the properties of the slowed atom
aperture. Using the calculated intensity dependence of thdistribution to the intensity profile of the slowing laser beam,
final velocity v¢(sg) and the calculated area intensity func- we changed our optics such that the slowing laser beam pro-
tion F(sp), it was straightforward to determine the laser in- file was flatter, by accepting only its central part with a di-
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« . . . . | v TABLE |I. Some of the residual velocity-broadening mecha-

6f ] ] nisms for atoms with a velocity of 140 m/s. These effects lead to a
2 . Instrumental Resolution minimum width on the order of 1.6 m/s.
L= I 4
S 7 o
g 4 ' . Effect Width (m/s)
% I P finite gate time(10 w9 0.42
r 2. s .. .
E o ) J finite gate width(0.5 mm 0.16
< |, residual magnetic-field inhomogeneities 0.8
KA spectral distribution of the slowing beam 0.6
0’ A diffusion due to spontaneous emission 1.2
/7 o el 0
LA o (IS

125 130 135 140 145 150 155 , , .
Velocity (m/s) the calculated intensity dependence convolved with the flat-

tened slowing beam area intensity functibgs,) having a
FIG. 5. One of the measured velocity distributions with the flat-rms width of about 18%shown by the solid line in Fig.)6
tened laser beam profile. The experimental width of approximatelhut not by an intensity dependence convolved with an area
1/6(T'/K) is shown by the dashed vertical lines between the arrowsintensity function having the measured 5% width discussed
from further variations in the intensity caused by passage of
ameter of 6 mm after expanding it with a telescope. This ledhe beam through the window of the vacuum system that
to a drop in available slowing power, so that measurementsould produce distortions and interference patterns.
could be performed only at relatively low intensity. Although  There are other broadening mechanisms that we did not
the Gaussian character of the slowing beam was flattened otake into account in the previous discussi@ee Table )l
significantly, small optical imperfections still resulted in re- We neglected the broadening of the slowed atom velocity
sidual spatial intensity variations. These variations had 5%flistribution caused by the heating resulting from the random
rms scattefmeasured outside of the vacuum systemd the  direction of the spontaneously emitted photons. Widths re-
area intensity functiofir (sy) had an approximately Gaussian sulting from this heating lie on the order of 1.2 m/s, which is
character centered at the average intensity. typical for a Doppler cooling process. Another broadening
Figure 5 shows the final velocity distribution for one of mechanism derives from the spectral distribution of the
the measurements with this much flatter beam intensity proslowing laser of approximatelfv, = 1.0 MHz. Since the
file, giving a full width at half maximuniFWHM) of 3.0 m/s  final velocity of the atoms that emerge from the Zeeman
at a central velocity of 138 m/s. We note that the width isslower is directly related to the frequency of the lagsze
about one-half of'/k; however, it is still 4 times larger than Eq. (6)], fluctuations in the slowing laser frequency will di-
the Doppler limit. Our measurements of the intensity depenrectly affect the final velocity distribution. The resulting
dence of the width of the velocity distribution using the flat- broadening is calculated usinfyi=Av.A=~ 0.6 m/s. Fur-
ter profile (Fig. 6) show a much weaker increase with in- ther, there are effects from changes of the magnetic field at
creasing laser intensity than Fig. 4. This can be fitted witHocations displaced from the symmetry axis of the magnet.
Near the point where the extraction takes place, the axial
field curvature in the component of the magnetic fieR), is
8 l ' ' ' ] 1/2(d?B,/dz?)~ 25 G/cn?. From an expansion of the field
I 1 near this point{11] we obtain to second order the radial
6L . ] curvature of B,: 1/2(d?B,/dp?)=—1/4(d’B,/dZ*)~
1 —12.5 Glent. (The radial componerB, is zero to second
] order) Therefore atoms that propagate at the edges of the
- slowing laser beaniwith radius 3.0 mm experience a mag-
] netic field that iSAB = 1.1 G smaller than at the center.
] Consequently, there will be a spreAd;=u’'AB/fik=~ 0.8
. m/s in velocity resulting from thid B. All of these broaden-
] ing mechanisms add to the velocity spread of the atoms
emerging from the Zeeman slower. Consequently, the mini-
0 1 2 3 4 5 mum achievable width in our experiment is around 1.6 m/s.
Intensity (units of I,") The minimum widths of the velocity distributions that we
measured in the experiments-2.5 m/9 are therefore still
FIG. 6. Intensity dependence of the width of the cold atom peaklominated by the intensity inhomogeneities in the laser
for the spatially expanded slowing beam. On the horizontal axis thdeam.
average intensity of the slowing beam is represented. For the cal-
culations we assumed the area intensity funckgs,) to be Gauss- IV. MAPPING OF THE PHASE SPACE
ian. The dashed curve gives the calculated result for the experimen-
tally determined distribution with rms fluctuations of 5%; the solid ~ The different and important capability of our apparatus is
line gives a fit to the data, using an intensity distribution functiona very much more powerful and informative scheme of data
with rms fluctuations of 18%. acquisition that results from shutting off the slowing laser

FWHM (m/s)
>
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1200 T T T . There is much to be learned from Fig. 7. The most obvi-
] ous information in Fig. @) is that atoms are strongly con-
5 centrated at velocities just below that of the resonance con-
= ] dition, as predicted by E@6). This corresponds to the strong
800 ' b peak of slow atoms shown in Fig. 3. The buildup of atoms in
. this region of phase space is indeed strong and begins even at
600 3 very high speeds. However, at the same time it is evident that
= the width of the velocity distribution is already large during
; ] the slowing process, i.e., that the final width of the velocity
(a) ; . distribution is not caused by the extraction of the atoms from
: " . the slowing process. This is consistent with our claim that
-50 o 5 100 the width is determined mainly by the inhomogeneity in the

Position (cm)

laser beam.

1000F

Velocity (m/s)

400

-4a

-

200

A. Optical pumping

We note the strong buildup &f; = 2 atoms over a wide
velocity range centered near 700 m/s at the entrance of the
solenoid, as shown in Fig.(&, and a corresponding deple-
tion of F; = 1 atoms, as shown in Fig.(5). This strong
optical pumping occurs between the oven and the magnet
where the slowing laser light is very intense because it is
focused on the oven. For typical values of 30 mW laser

Velocity (m/s)

, I ) - 9 power and a beam diameter 6100 um, the intensity of
-50 0 80 100 3% 10° mW/cm? broadens the absorption line from its natu-
Poshtion; (cm) ral width of 10 MHz to about 2 GHz, more than enough to

FIG. 7. Cont f th d velocity and it fcompensate the Doppler shift of the entire velocity distribu-
- f. Lontour map of The measured velocity anc posiion Ok, “since the detuning is 50 MHz above resonance for the
atoms in the solenoid fof@) Fq = 2 atoms andb) Fy = 1 atoms.

The dashed line indicates the resonance frequency for Ehe ( Ff% :t'z - 'I::e :_ itr?nSItIOB, thei Opt;](.:fatll gubmpzlhng IS rlno§t
Mg)= (2, 2 — (3, 3 cooling transition. The density of atoms per eriective onr4 = 1 atoms, Doppler shiited by their veloci-

unit phase-space aréay Az has been indicated with different gray ties near 1000 m/s, not far from the peak of the d|str|.but|on
levels. at 700 m/s. Of course, atoms ky = 2 can also be excited,
but they are farther from resonance, so that the net transfer of
population is fromFy, = 1 — Fy = 2.

As the atoms enter the solenoid this effect is partially
versed. Figure(d) shows a decrease of tiig, = 2 popu-
ation near 700 m/s in the rising edge of the magnetic field,
while Fig. 7b) shows a corresponding increasefgf = 1
atoms. In this field region, the excitations from thg = 2,
signal contains information not only about the velocity of thegﬁcu|ar|ylr;o?ér§r;z4(ﬁ)le"\$f (fn::i iti;esoflnpepirrcl){aorlitgofor
detectgd atoms, but also abput their po§|lm(1= Zs T Zoc  nance with the lase(see Fig. 8 In the relatively large mag-
—Az) in the magnet at the t|me_the slowing laser light WaSnetic field in this region400 < B < 1100 G the excited
shut off. (Herez,~25 cm is the distance from the end of the eigenstates have changed because of the hyperfine uncou-

séqlenoig to th? ngsitiondwhere fthﬁ pump b?a;n Iids.plali)ced. ling in such a way that the spontaneous decay from those
Ince the spatial dependence of the magnetic field IS knowg, o goes predominantly viemg= —1. The atoms there-

(Fig. 2), both the field and atomic velocity at that position fore do not gain angular momentum in absorption-decay

can be determined and the TOF signal is proportional to th%ycles and do not reach the slowing transitiéh ) (2,2

number of atoms in that particular region of phase space.”, (3,3, but instead stay trapped in one of fhg = 1 states,

This tephnique thereforg giV(_es a mapping of thg a.tomicf/vhich are far from resonance. Similar optical pumping
population in the two-dimensional phase space within theschemes can be used to explain the appearance and disap-

solenoid. P P :
. . C _ pearance of other population islands in Fig. 7, as well as in
Suc_h a mapping of f[he veI(_)C|ty distribution within the other data sets taken with different laser detunings.
solenoid is a powerful diagnostic of the Zeeman compensat-

ing scheme for atomic beam deceleration. The contours of
Figs. 1a) and 71b) represent the strength of the TOF signal
for each of the two ground-state hyperfine levels, and thus One of the main advantages of the Zeeman compensation
the density of atoms, at each velocity and position in themethod over others is the production of a continuous beam
magnet. The dashed line shows the velocityof slow atoms and the deceleration of almost all the atoms
v(2)=[u'B(2)/% — 6]/k for which the magnetic field tunes emitted by the source. This efficiency is compromised, how-
the atomic transition K,mg)=(2,2)—(3,3) into resonance ever, by the further deceleration and broadening of the ve-
with the decelerating beam. locity distribution as the atoms travel outside of the magnet.

beam a variable time beforethe short shutoff of the pump
beam. Then the atoms that pass through the pump regior%
during the short time when the pump beam is off aIreadw
have traveled a distancAz=v(z)r [at constant velocity
v(z) because the slowing laser was Joéind their time of
arrival at the probe laser &,/v(z)=2z,7/Az. Thus the TOF

B. Extraction coils
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FIG. 9. Measured velocity distribution with the auxiliary coils
both operating at positive current. The figure clearly shows the
multiple peaks that arise from them.

MNP T R T
0 200 400 600 800 1000 1200 of collisions in a trap probe the region around 1 m/s and
Magnetic Field (Gauss) allows little variation in velocities since increasing the tem-
, . ) _ perature in a trap decreases the density. Study of collisions
FIG. 8. Plot of optical transition frequencies vs magnetic field resulting from crossing a MOT with a cold atomic beam
for ¢t light. The labels at the lines represent the atomic transition%/iems information in the range 100—400 m/s. Information in
in the !"g'.t f‘:r B;o n tlhe nIOtat'c,’tr.] ﬁ:@l’MM 9)_H2(F28'Me) .3Tr;e the intermediate rangd—100 m/§ can be obtained if one is
arrow indicates the cycling transitiorF(Mg) = (2,2 — (3, 3 ap10 45 generate two velocity classes in one single beam and
used for slowing. The frequency scale is with respect to the zero-Study head-tail collisionL2]. In this way the velocity of the
field value of theF;=2—F.=0 transition. The dashed line indi- - . )
atoms can still remain larg@00 m/g, so that the transverse

cates the Doppler-shifted frequency of the slowing laser for atom di . L Th | isite t hi this i
moving at 700 m/s and a laser frequency tuned 80 MHz abgve spreading remains small. The only requisite to achieve nis Is

2 . F, = 3. In the rising edge of the magnetic field the atoms firstthe ability to generate two, well-defined velocity classes in

come into resonance with the otheg— M, transitions originating one beam. o
from Fy = 2 — Fo = 3. We have made an attempt to study such a possibility by

using two extraction coils, as shown in Fig. 1. When tuning

Shutting off the slowing beam ameliorates this problem ofthe current through these coils we have found unexpected
course, but the price is the loss of the advantages citeff@tures that could not be explained by our careful study of
above. In order to preserve both of these advantages, wepPtical pumping effects, magnetic-field imperfections, mag-
have placed additional coils at the end of the solenoid td'€tiC forces, or other phenomena. These features manifested
tailor the field profile and thereby enhance the extraction off€mselves as multiple peaks, approximately equally spaced,
the atoms from the solenoid. The position of these coils i€S Shown in Fig. 9. We speculated that they arose from atoms

shown in Fig. 1 and their effect on the axial magnetic fieldthat had dropped out of resonance all along the beam path
profile is shown in Fig. 2. because they were near the edge of the Gaussian laser beam

The function of the extraction coils is to give a strong and are thus subject to lower intensity than those at the cen-

detuning to the atoms from the slowing laser when they€" Such atoms were lost to the main deceleration process,
come to the end of the main solenoid. The first one of thé?ut may have undergone a little further deceleration as they
extraction coils increases the magnetic field sharply to acPassed through the field of the extraction coils.

complish the detuning. The atoms then stop absorbing light The speculation mentioned above about the source of the
and propagate freely. The reduction of the field to zero istdditional peaks in Fig. 9 is clearly supported by both the
done by the second of the small coils, which generates thB'€asurements shown in Fig.(&and our simulations pre-
same magnetic field, but in the opposite direction, by applySented in Fig. 1®). In the measurement we deliberately
ing a reverse current. This produces a large magnetic-fielfisaligned the slowing beam so that there is a wide range of
gradient between the two coils, which prevents the atom#ensities within its diameter. Furthermore, we reversed the
from scattering much light when they pass through reso€urrent throug.h. the seco_nd extraction coil to demonstrate
nance. Both the measured and the calculated drop in velocig€2'ly the additional slowing of the atoms that have dropped
at this point are small enough to be neglected. Such an exQut earlier in the deceleration process. Figuréal@learly
traction scheme is similar to the -slowing schem¢d7], shows that atoms begin dropping out in substantial numbers
where the atoms are extracted from the maximum in thétZ = 110 cm and that this dropout finds its maximum near

magnetic field rather than in the minimum field. z = 119 cm where the magnetic field attains its maximum
gradient (23 G/cm). After this point the dropout rate de-
V. TWO-VELOCITY BEAM creases as the magnetic field gradient decreases. The remain-

ing atoms then decouple from the fieldzat 123 cm where
In collision physics much is to be learned from the studyit has decreased to its minimum of 320 G. Those atoms lose
of collision cross sections over a broad velocity range. Studgome more velocity when they come into resonance between
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FIG. 11. Atom flux observed at the detector for atoms coming
from different positions in the solenoid for both ground hyperfine
states. The solid line on the lower right-hand side of the figure
represents the measured flux of laser-cooled atoms ifrthe 2
state. The dotted line is the result of the calculations discussed in
the text.
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100 o Posmfj,”(cm) 130 " as in Fig. 10, while the other half is slowed in the conven-
tional way. After this first slowing stage we would put a

FIG. 10. Contour map of the velocity and position of atoms in S€cond, short Zeeman slower for the atoms that have
the solenoid showing the origin of the multiple peaks structuresdropped out, producing an effect similar to shown in Fig.

visible in Fig. 9.(a) shows the measured results gl shows the 10(a). The field tur_ling of thi_s second Zeeman_slower can be
result of the simulations discussed in the text. The dashed linedsed to tune the final velocity of those atoms independent of

show the velocity for the atoms in resonance with the cooling tranthe other atoms that are far off-resonance at this point.
sition (F,Mg) = (2, 2 — (3, 3.

. . . VI. ATOM FLUX
the two extraction coils{ = 129 cm, but the velocity

change at the passage through resonan@e=atl33 cm is One of the important parameters in collision physics using
negligible because the field gradient is so large. beam techniques is the flux of atoms. The signal in a colli-
Some of the atoms that had dropped out earlier in thesion experiment is directly proportional to the flux and in the
slowing process come into resonance with the magnetic fieldase of studying collision within one beam the signal de-
again at the extraction coils. Near the field maxima of thosgends quadratically on the flux. In a slowing process of at-
coils, the field gradient is small enough for the atoms tooms having a hyperfine structufeuch as sodium loss of
remain resonant for a relatively long distance and they thereatoms can be caused among other things by two mecha-
fore experience a large drop in velocity. This results in thenisms: (i) Atoms can fail to be kept resonant with the laser
depleted areas in phase space just downstream near thsd(ii) atoms are pumped to the wrong hyperfine state, i.e.,
maxima of the field from the extraction coils. Compensatingthe state not coupled to the slowing laser. In a conventional
areas of increased density appear just below the maxima d&&chnique of measuring the velocity distribution, the effect in
those extraction coils as can be seen in Fig. 10. Those struboth cases would be a small signal. Furthermore, it is not
tures are projected as multiple peaks in the velocity distribupossible to determine the cause of the loss of signal. Since
tion from the Zeeman slowing process as shown in Fig. 9. the conventional techniques do not allow detection of the
Our simulations for this additional slowing effect are loss during the slowing process, it is hard to make an assess-
shown in Fig. 10b). We calculated the atomic trajectories ment of the problem.
for a distribution of intensities within the slowing beam. We  The technique reported here enables us to monitor the
used the force given by E@l) to calculate the trajectories of atom flux in each ground hyperfine state throughout the
the atoms. We averaged these trajectories assuming a Gaus&wing process as shown in Fig. 11. The flux of slowed
ian laser area intensity functidh(sy), which is centered at atoms, originating from a certaiwariable positionz, can be
the averages, = 3.5 and having a widtiAs,=3.0. As can  separated from the total atom flux, by taking the atoms
been seen by comparing Figs.(d0and 1@b) the simula-  within a narrow velocity range around the locally resonant
tions contain all the essential features of the experiments. velocity. This gives an indication of the number of atoms
In principle, the effect that produces the multiple velocity slowed down during the entire process.
peaks could be used more systematically to generate two To relate the flux for thé&y = 1 andF, = 2 ground states
specific final velocities with a selectable velocity difference.to each other we assumed that at the left edge of Figz11 (
By tuning this difference between the two groups, we could< —40 cn) the atoms leave the oven with the expected
have a superb tool for the study of head-tail collisions. Westatistical weights of 3/8 and 5/8 for tig, = 1 andFy = 2
would let half of the atoms drop out of the slowing processstates. This is a reasonable assumption since atoms that ap-
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pear to come from positiors<< —40 cm emerged from the the transverse width of the atomic beam during the slowing
ovenafterthe slowing beam was shut off. Consequently, oneprocess. The geometrical probabiliBy, for the atoms at
does not expect a deviation of the statistical weights of the to be detected at, is given by
ground-state populations.

Directly after the atoms leave the oven£ —40 cm), a
transfer from theFy = 1 to theF, = 2 state takes place, geo
caused by the high intensities of the focused slowing beam in
this region. Some of the atoms are optically pumped back t@he flux contributions from a given point in the Zeeman
theF4 = 1 state in the rising part of the magnetic figid= slower can be obtained by multiplying this geometrical prob-
10 cm, where theFy = 2, my = —1, 0, and+1 states ability Py, by the calculated number of atoms that is col-
successively come into resonance with the ligigte Fig. 3. lected from the source distribution at this point. Figure 11

The collection of slowed atoms starts at=z +40 cm, shows the result of this calculation combined with the ex-
where the fastest atoms come into resonance with the slovperimentally observed slowed atom flux. Clearly, the result
ing light and start to be decelerated as indicated near thef our model agrees quite well with the measurements.
bottom right of Fig. 11. The flux of atoms in the cold peak Finally, we have made also two independent estimates for
increases from this point since in the decreasing magnetithe total flux of slowed atoms. Since there is transverse
field atoms with lower initial velocities also come into reso- spreading of the slowed beam, estimating the total flux from
nance with the light. The maximum flux observed in thisthe peak intensity in Fig. 3 and a detector efficiency is not
slowed peak is found a& = 95 cm, where the decelerated easily done. First, we used the flux from the source calcu-
atoms have a longitudinal velocity, of 550 m/s. At this lated from its temperature and nozzle size. In a typical setup
point 35% of the atoms emerging from the source in thethis was+ 101" atoms si ! s~ 1. In the angular width of the
direction of the detector are collected in the narrow peak otlowing laser beam~ 1 mrad we therefore had a flux of
cooled atoms and reach the detector. Ater95 cm, the approximately 5< 10 atoms s ..
decrease of the longitudinal velocity of the atoms and the This is corroborated by a second independent estimate
increase of the transverse spreading of the slowed beawsing the loss of slowing light flux. Though weak, the fluo-
caused by the transverse heating resulting from repeata@éscence from background sodium atoms near the oven could
spontaneous emissions starts to reduce the observed flux lo¢ measured. When we slowed the atoms Wit 30 mw
slowed atoms at the detector, which is placed-atl90 cm.  of laser power, we lost approximatefi= 20% of the inci-
This continuous decrease of the observed flux at the detectadent light, compared to the situation of no slowing. If we
stops when the deceleration and the transverse heating of thgsume an average atom to be slowed\by~ 500 m/s, it
atoms stops near the extraction coils. So from the position ofyst have scatterel = 1.7 X 10* photons since, = 3
the extraction coils, the flux observed at the detector remaing,/s Thus we expect a slow atom flfx= gp/mm -1.1
constant since both the transverse and the longitudinal velog; 1412 5toms s'1. From both estimates we conclude that

ity remain constant. _ _ _ the slow atom fluxF is approximately 16% atomss?, in
We made a model, based on geometric considerations, g

v /v, 2

Z—Zy

(13

. ood agreement with the numbers presented by other groups
verify the apparent decrease of the slowed atom flux on th 3). Using optical compression in the final stage to con-

detector due to longitudinal deceleration and the transversganse the slowed beam to a diameter of 0.1 mm would result
spreading of the beam. Atoms decelerated in the Zeemag density of 18° atoms/cn? s, more than sufficient for
slower are slowed primarily in the longitudinal direction many collision experiments.

(v of the velocity. The transverse componemt increases

at the same time because of repeated spontaneous emission
of light in random directions. Thus the divergence of the
atomic beam increases, leading to a drop of atom flux at the |n conclusion, we have presented an alternative diagnostic
detector. The width of the final transverse velocity distribu-technique for the study of the slowing process using Zeeman
tion dv | resulting from the scattering ™ photons is given  compensation. It enables us to obtain complete information

VIl. SUMMARY

by [13] on the velocity and position of the atoms during the slowing
process without requiring complicated devices. This tech-
Sv| = \/aerN, (11 nique is hyperfine state selective, so that we obtain informa-

tion about both thd-; = 2 andF, = 1 ground states. Two
with v, the recoil velocity(3 cm/s for sodiumande« a factor  conspicuous features can be distinguished in the measure-
to account for the projection of the recoil of the spontane-ments. First, we see a strong buildup of atomic phase-space
ously emitted photons on the transverse directions. For isadensity just below the velocities where the atoms are in reso-
tropic radiation we havex=1/3 and for a dipole pattern nance with the magnetic field. Second, we see a transfer of

directed along the longitudinal axis we hawe= 3/10. atomic population from one hyperfine state to the other at
The total transverse velocity spread at a given position specific places in the solenoid, which indicates optical pump-

is obtained from ing effects in the local magnetic field.
With our hyperfine selective TOF method we were able to
dv, = 5vu)2+ (6v))2, (12 measure the longitudinal velocity spread of the atoms with a

resolution that is better than in all previous works on the
with év; , the initial transverse velocity spread arising from Zeeman slower. The resolution of those other techniques is
the finite collimation of the source. In our model we neglectlimited to Av=T"/k~ 6 m/s, whereas our technique has an
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intrinsic resolution better than the Doppler limit of 30 cm/s to residual inhomogeneities in the slowing laser beam.

and improves with decreasing velocity. The velocity spread

for the s_Ipwed atoms was caused mainly by intensity inho- ACKNOWLEDGMENTS
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