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PHYSICAL REVIEW A VOLUME 58, NUMBER 5 NOVEMBER 1998
Two-dimensional magneto-optical trap as a source of slow atoms

K. Dieckmannt R. J. C. Spreeu,M. Weidemiler," and J. T. M. Walraveh
IFOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
2/an der WaalsZeeman Institute, Valckenierstraat 65-67, 1018 XE Amsterdam, The Netherlands

(Received 2 July 1998

We experimentally study the use of two-dimensional magneto-optical trap®wOT) for the generation
of slow beams of cold atoms out of a vapor cell. A particularly high flux &f19° rubidium atoms/s at a mean
velocity of 8 m/s is obtained using a combination of magneto-optical trapping in two dimensions and Doppler
cooling in the third dimension (2D-MOT). The resulting width of the velocity distribution is 3.3 nifsill
width at half maximumFWHM)] with a beam divergence of 43 mréd8WHM). We investigate the total flux
as a function of vapor cell pressure and determine the velocity distribution of our slow atom sources. For
comparison, we also realized a low-velocity intense so(lté#S), first reported by Liet al.[Phys. Rev. Lett.
77, 3331(1996]. We find that the 2D-MOT yields a significantly higher flux than the LVIS, even when used
with an order of magnitude less laser pow&1050-294®8)04311-X]

PACS numbg(s): 32.80.Pj, 42.50.Vk, 03.75.b

I. INTRODUCTION an order of magnitude less laser power than employed in the
original realization of the LVIS. We realized the LVIS with
Optical cooling and trapping in two dimensions have beerdow laser power, so that we can compare the performance of
applied successfully to the brightening of fast atomic beam&he sources directly.
[1-3]. The atomic beam is compressed and the atomic mo-
tion cooled in the two directions transverse to the beam axis.
This two-dimensional cooling principle has been called an
“atomic funnel,” or also a two-dimensional magneto-optical The experimental setup is based on a two-chamber
trap (2D-MOT). It is less well established that two- vacuum system. A rubidium vapor cell is formed by a rect-
dimensional cooling, besides theighteningof atom beams, angular quartz cuvette (3080X 150 mn?). The vapor
is also a powerful technique for thgenerationof slow pressure is varied between a few ~POmbar and
(<30 m/s) atom beams. The generation of intense sourcesx 10/ mbar by heating a rubidium reservoir connected to
of slow atomic beams is of great interest for experiments orthe vapor cell. The vapor pressure is measured with a cali-
Bose-Einstein condensatidd—6]. One of the earliest and brated photodiode detecting the fluorescence induced by a
most widely used techniques is to slow down atoms from daser beam of 1.4 mW power and 7 mm waist. The atom
thermal oven using the Zeeman-slowing technifiieMore  beam leaves the vapor cell in the upward vertical direction
recently there have been efforts to use optical cooling techthrough a 0.8 mm diameter hole. It then enters an ultrahigh
nigues to extract slow atomic beams from low-pressure vavacuum chamber where it is analyzed. The small hole at the
por cells. The most intense source of this kind so far, thesame time allows for differential pumping.
so-called low-velocity intense sour¢eVIS) [8], is based on The principal part of our experimental setup around the
three-dimensional cooling. vacuum system is shown in Fig. 1. Two sets of coils placed
In this paper we study two-dimensional cooling configu-around the vapor cell are used to produce the desired inho-
rations which extract a beam of slow atoms directly out of amogeneous magnetic fields. A set of four racetrack-shaped
vapor cell. Although a two-dimensional cooling configura- coils generates a cylindrical quadrupole field with a line of
tion seems an obvious geometrical choice for beam generaero magnetic field along the symmetry axis. This quadru-
tion, experimental work has been limited. A two-dimensionalpole field is used for the 2D-MOT and 2ZBMOT configu-
technique achieving a relatively low flux of slow atoms hasrations. A pair of anti-Helmholtz coils generates a spherical
been demonstrated recently by Weyetsl. [9]. A similar  quadrupole field used in the LVIS.
method to generate a very slow beam was recently described The laser system consists of 50 mW diode lasers which
by Berthoudet al. [10]. We report here the experimental are linewidth-narrowed by optical feedback from an external
realization of two vapor-cell based sources for a slow andyrating and frequency-stabilized by electronic feedback from
intense atomic beam, based on two-dimensional trapping aridoppler-free saturated absorption spectroscopy in a Rb cell.
cooling. Our brightest source is based on a combination of &he first, “cooling and trapping,” laser is tuned a few line-
2D-MOT and unbalanced optical molasses in the third, lonwidths to the red of the §,, (F=2)—5P3, (F=3) transi-
gitudinal direction (2D-MOT configuration. It yields a  tion in 8Rb. This laser acts as a master, to which another
flux of slow atoms comparable to the LV([8], but requires low power diode laser is slaved by injection locking, yield-
ing a power of 34 mW filtered into a TEjJ mode. The
second, “repumping,” laser is resonant with th&,p (F
*Present address: Max-Planck-Institut 'r fu Kernphysik, =~ =1)—5P5, (F=2) transition and is used for hyperfine re-
Saupfercheckweg 1, D-69117 Heidelberg, Germany. pumping. The lasers and field coils are used in three different

II. EXPERIMENTAL SETUP AND PRINCIPLE
OF OPERATION
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atomic beam TABLE I. Experimental parameters of the three source configu-
rations: Laser detuning is given in units of the natural linewidth
('~27Xx6 MHz). Magnetic field gradient and waigtadius at

detector . . .
' 1/e? fraction of peak intensityas well as power of the laser beams

refer to the vertical4,7,]) and horizontal f,<) direction.

detection beam

45° mirror MOT beam 2D-MOT  2D*-MOT LVIS

with aperture

Detuningé =17 =3I =3.3r
plug beam s Field gradient:
dB/dz (G/cm) 0 0 13.6
dB/dp (G/cm) 17.7 12.6 6.8
Laser waists:
w, (mm) 7 7 7
w, (mm) 24 24 7
Laser power:
P| (mW): 0 0.64 3.8
P1 (mW): 0 2.1 5.2
P~ (mW): 16.4 15 104

Anti-Helmholtz
coils

The 2D"-MOT is an extension of the 2D-MOT, where we
I apply an additional pair of laser beams in the vertital
? loffe coils direction. The extra pair of beams cools the axial velogity
‘(y and thus enhances the capture of atoms with a laggéhe
X intensities of the two vertical beams are adjusted indepen-
MOT beam dently. The highest atomic flux is found if the upward propa-

FIG. 1. Experimental setup: The rubidium vapor cell from gating beam is more intense than the downward one, so that
which the atomic beam is extracted is located inside the foulgqiation pressure is unbalanced, pushing the atoms upwards

ownward beam and 2.1 mW in the upward beam, both
Peams having a waist of 7 mm. Furthermore, the downward
for the LVIS configuration. The vertical MOT beams used for the ﬁ,ropagatlng beam enters tf:e vacuum frqm th.e side and is
2D*-MOT and the LVIS are absent in the 2D-MOT case. After reflec.ted downward by_a 45 f""“”.“””m mirror, in the center
passing through an aperture in a 45° mirror into an uItrahighOf which the 0.8 mm exit hole is drilled. Therefore the down—
vacuum chamber, the atomic beam is detected by means of fluore¥/ard propagating beam contains a shadow along the axis so
cence. that atoms close to the axis are strongly accelerated out of
the capture region by the upward propagating beam. We
o ) would like to notice here that the two vertical laser beams
combinations(2D-MOT, 2D"-MOT, and LVIS), using the  haye equal detunings as the transverse beams. A separate
experimental parameters listed in Table |. detuning of the vertical beams could lead to an enhanced
~ For the 2D-MOT we use two pairs of retroreflected cool- axia| capture velocity and thus a higher atomic flux.
ing beams ¢ — o~ polarization. These beam pairs are per-  For the LVIS, six intensity-balanced circularly polarized
pendicular to each other and to the atomic beam axis, defingdser hbeams are combined with the spherical quadrupole field
by the(vertical line of zero magnetic field of the cylindrical of the anti-Helmholtz coils. Also in the LVIS the downward
guadrupole coils. The laser beams have an elliptical Crosgropagating beam contains a shadow along the axis and at-
section, with the larger waist,=24 mm along the atomic oms are driven out of the capture region by radiation pres-
beam axis and the smaller waigf=7 mm perpendicularto syre from the upward propagating beam. All laser beams
it. Rubidium atoms from the background vapor passinthave a circular cross section Wis 7 mmwaist, limited by
through the cooling fields are cooled and driven towards thehe available laser power. Due to this relatively small waist,
symmetry axis. Their velocity component along the axisis  the optimum magnetic field gradient is relatively large,
conserved, since all cooling beams exclusively propagate igB/dz=15 G/cm, about a factor 3 larger than in the origi-
the horizontal plane. From this two-dimensional version ofpg] experiment by Ltet al. [8].
the magneto-optical trag2D-MOT) two atomic beams
emerge upwards and downwards, respectively, along the IIl. DIAGNOSTICS
symmetry axis. Atoms with a high longitudinal velocity
do not spend enough time in the laser fields to be sufficiently The resulting cold atom beams are analyzed by detecting
cooled in the transverse direction. These atoms are filterethe fluorescence from a resonant probe laser beam located
out by the 0.8 mm aperture. Because of this “filtering” for 130 mm above the exit hole. The probe has a power of 1 mW
short interaction times, the longitudinal velocity of atoms inand a waist of 0.3 mm. A second, overlapping, beam with a
the beam is small compared to the average velocity of atomgower of 80 uW is used for hyperfine repumping. The fluo-
in the background of 270 m/s. rescence is measured using a calibrated photomultiplier tube

coils are used for the three-dimensional quadrupolar field necessa
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(Hamamatsu 928 The photomultiplier signal is a measure 2.51{a
for the local density of atoms passing through the probe 2.0
beam. By translating the position of the narrow detection 1.5 1
beam, the transverse density profile of the atomic beam can 1.0 1
be resolved, and thus the divergence can be determined. 051 ;
The longitudinal velocity distribution of the atomic beam 00{% B
is measured using a time-of-flight method, by suddenly 0 10 20 30 40 50 60
switching off the atomic beam. This is accomplished by velocity [m/s]
switching on an additional resonant “plug” laser beam that 1)
pushes the atoms away from the axis before they reach the
exit aperture. From the time dependence of the decaying
fluorescence sign&( r) after switching off the atomic beam,
the longitudinal velocity distributiorb (v) can be deduced.
Since the atom beam propagates vertically, the velocity dis-
tribution changes under the influence of gravity. The velocity
distribution of the atom flux at the position of the plug beam

——2D-MOT
--------- 2D-MOT modet

flux distribution
o(v) [10°/m]

N

vy

flux distribution
o(v) [10°/m]

(=

0 10 20 30 40 50 60
velocity [m/s]

1)

is qi 4
is given by § T ) — s
I ~
7 dS(7) L g7 £2 2
d(v)=———— with ==+ —. 1 a =
(== =5, v=—+ 1) 27
2 ¢ 0]
Here 7 is a calibration factor of the detection systeim, 0 10 20 30 40 50 60
=135 mm is the distance between the plug and detection velocity [m/s]
b%amsa ang is tthhe "’Ec‘t"’:‘l'?{at"?” dt“e tc; gravity. The integral - ¢ 5 Velocity distributionsb (v) of the flux. (a) Comparison
J®(v)dv gives the total flux in atoms/s. of 2D-MOT and our simple modelp) 2D*-MOT, (c) LVIS. The
data are obtained by taking the derivative of the time-resolved pho-
IV. BEAM PROFILES AND VELOCITY DISTRIBUTIONS tomultiplier signal[Eg. (1)]. The curves were measured at different

. . background pressure in order to optimize the respective[ i

The measured transverse density profiles of the atomi§(y)], The small dip towards negative flux ib) aroundp =17 m/s
beams can well be fitted by a Gaussian. In the 2D-MOT angk an artifact resulting from a fluctuation of the time-of-flight signal.
the 2D"-MOT we observe atomic beam divergences of 46
mrad and 43 mradFWHM), respectively. In the LVIS we  proader than that of the 2DMOT. In both cases we observe
find a smaller beam divergence of 27 m@&WHM). In all 5 requction of the width of the velocity distributions with
cases the value of the beam divergence seems to be limitgqcreasing pressure, i.e., with decreasing radiation pressure.
geometrically by the angle subtended by the 0.8 mm exit The flux distribution of the 2D-MOT is entirely different,
hole as seen from the trapping region. Note that in our appecause in this case there is neither longitudinal cooling nor
paratus the distance from the edge of the trapping region tg, acceleration out of the trapping region. The velocity dis-
the exit hole is the same for the 2D-MOT and QWQT’ tribution here is determined by theansverseather than the
but about twice as large for the LVIS, as we use differentiongitudinal cooling process. The basic features of the distri-
waists for the transverse laser beafhable ). bution are reproduced by a simple transverse cooling model,

The measured velocity distributions of the fld(v) at 5 will be discussed below.
the level of the plug beam are shown in Fig. 2. For the
2D"-MOT and LVIS the distributions are cl_ose_ to Gaussian, \, ToTAL FLUX AND INFLUENCE OF COLLISIONS
centered at a nonzero value. These distributions are deter-
mined by thelongitudinal cooling process and subsequent The total flux of each of the three atomic beam sources
acceleration out of the trapping region, by radiation pressurenas been measured as a function of the rubidium vapor pres-
There is a striking difference in average velocity—the mearsure. The pressure was varied up to the saturated vapor pres-
value of the distributiond®(v)—between the beams pro- sure at room temperature of about 4.80° ' mbar. The re-
duced by the 2D-MOT (8 m/9 and LVIS (26 m/9. Thisis  sults are shown in Fig.(8). In the absence of collisions the
due to the different intensities of the upwards propagatingotal flux should be proportional to the rubidium pressure. In
beams used in both cases, by which the atoms are accelerat@tithree cases this is indeed observed at low vapor pressure.
out of the trapping regiofiTable ). In both cases we observe In this regime the LVIS configuration produces a higher
a slight decrease of the mean velocity with increasing vapoatomic flux than the 2D-MOT and 2DMOT. The LVIS
pressure. If the pressure is increased, the atomic beam berorks more efficiently because of the presence of an optical
comes optically dense. Thus, the radiation pressure from theonfinement in all three directions. Atoms in the beam which
upward propagating beam is reduced, which accelerates th® not travel collinear with the shadow of the downwards
atoms traveling in the shadow of the downward propagatingropagating beam enter the light field again. Due to the re-
beam. The width§FWHM) of the velocity distributions of storing force in all directions these atoms will be driven to
the 2D"-MOT and the LVIS are 3.3 m/s and 6.3 m/s. As the the center again. Because of thécycling effect, almost all
radiation pressure accelerating the atomic beam is higher iatoms, once captured, eventually are extracted via the exit
case of the LVIS, the velocity distribution of the LVIS is hole[8]. By contrast, such atoms in the beam which do not
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b
5

R
b) o =mexq - I‘bearrtout)- (2)

g
1=

In this equationR is the rate at which the trap captures
atoms out of the background vapaiy,,, is the loss rate out
of the trap due to background collisions, afgl; is the con-
stant outcoupling rate of atoms from the cloud into the beam.
& 70246 810 Both RandI,,are proportional to the background rubidium

Rb pressure [1E-8 mbar] . . . . .
Ag densityng,. The extension here is the inclusion of an expo-
® nential loss factor exp{lpeantoud - It represents the decay
- Af . A 2oMOT of the flux due to background collisions as the atoms
A . ® 20"-MOT travel towards the exit hole with ratyeq.»ngy, during a
d o ;‘:;Smodel time t,,~1 ms. By fitting Eq.(2) to our LVIS data, as
—A L d ° X LVIS of [8] shown in Fig. 8b), we determine the effective collision
L o cross section for loss out of the beamy;=1I pean/ MR

— =2.3x10"12 c?, with v =270 m/s the average thermal
0 _ .1 2 3 4 5 6 7_7 8 9 velocity of the background Rb.
rubidium vapor pressure [10" mbar] This value agrees well with a calculation assuming that
) o atoms in the beam interact with background Rb atoms
FIG. 3. Flux of the atomic beam versus rubidium vapor pres'through aC3/R3 potential (resonant dipole-dipole interac-

sure: (@) Comparison between the three experimental configuraﬁon)' Adapting the approach described k2] for loss out of
tions. At low vapor pressure the flux increases linearly with thea beam rather than a 3D trap, we find

density in the background vapor. The flux of the 2MOT con-

T
[ J
atomic flux [1E+8 atoms/s]
n [\
=} 1)

»
o
o o

atomic flux [10° atoms / s]

O =2 N W s Ot O N O O O
T
X
o
3

figuration generated by means of 34-mW laser power exceeds that C 2/3
of the original LVIS[8], using 500 mW.(b) Compa_rlson Qf the Ooii=6.5 8 ~3X10° 12 cn?. 3
measured pressure dependence of the LVIS flux with a simple rate MV g5

model described by Ed?2).
Herem is the mass of &'Rb atom and the escape velocity

pass through the exit hole are lost in the 2D-MOT andVes¢=0-4 m/s is the estimated transverse velocity kick
2D*-MOT cases. needed to make an atom miss the exit hole.

At higher vapor pressure the measured curves deviate
from a linear relationship. This shows that collisions play a VI. MODEL FOR THE 2D-MOT

very important role in both the 2DMOT and the LVIS, The velocity distribution of the flux as well as the total

cau_sing the total flux to decrease as t_he pressure exceeds A of the 2D-MOT can be understood from a simple model
opt|m171m value. The LVIS reaches its maximum flux of of the transverse cooling process. The model uses a number
3x 10" atoms/s at a vapor pressure 0k20 ° mbar. The  of simplifications. The atomic transition is approximated by
vapor pressure of 13610~ " mbar. This flux is comparable | andeg factorg=1. For the light force we take simply the
to the original LVIS source reported by Let al. [8], but  sum of two spontaneous scattering forces from a counter-
requires an order of magnitude less laser power. Thus, for gropagating beam pair, accounting for Zeeman and Doppler
given laser power and optimized vapor pressure, the flushifts. It has been argued by Lindquital. [13] that satu-
from the 2D -MOT surpasses the one from the LVIS. ration effects in an inhomogeneous magnetic field can be

In the 2D-MOT collisions play only a minor role. The neglected, because one beam of each counterpropagating pair
deviation from linearity is small, and the flux steadily in- is always closer to resonance.
creases even at the saturated vapor pressure. This markedThe resulting force depends only on the combination
difference is probably due to the absence of a pushing laset+v,7 of horizontal positionx and velocityv,, where 7
beam for the extraction of the atoms. The atoms that leave=0.5 ms is a characteristic time constant. This force is lin-
the 2D-MOT no longer interact with the laser beam. In theearized aroun&+v,7=0 and truncatedF (x+uv,7)=0 if
2D*-MOT and LVIS, on the other hand, the extracted atomgx+v,7|>X.=8 mm. The resulting damped harmonic os-
are in the light field of the extraction laser beam. It is well cillator is underdamped for our experimental conditions,
known that collisions in the presence of near-resonant lighwith oscillation frequencys/27=310 Hz and damping rate
can have a very large cross sectidri], due to the strong y/27=266 Hz. The spatial profile of the laser beams is ig-
resonant dipole-dipole interaction, described l9dR3 po-  nored, assuming a uniform intensity inside the beams and
tential. Another reason why the 2D-MOT should be less afzero outside.
fected by collisions is that the atoms spend a shorter time in  Atoms enter the cooling region according to a Maxwell-
the light field because their longitudinal velocity is left un- Boltzmann distribution. They enter the cooling region either
changed. transversely or longitudinally“funneling” ). We take the

In order to include the effect of collisional loss in the axial velocityv, as a conserved quantity. The transverse mo-
extracted beam of the LVIS, we extend the simple rate moddion of an atom that enters the light field at positiaris
for the atomic flux® given in[8]: cooled during a transit timel - z)/v,, with | the position
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where the light field ends. After the atom leaves the lightby Vredenbreget al.[14]. Their proposal predicts a velocity
field atz=1 with transverse position and velocitx,p,), it  distribution that peaks at much higher velocities than we

may traverse to the exit hole, z&1 +h, during a timeh/v,. observe. The transverse capture of atoms was ignored and
The atom can exit through the hole |ik+v,h/v,|<R;, only funneled atoms were taken into account. In contrast, our
whereR,, is the radius of the hole. model shows that most of the flux in our experiment is a

The velocity distribution resulting from this model is result of transverse capture, with only the high velocity tail
shown in Fig. 2a). Based on the model we find that the arising from funneling. The reduced presence of atoms with
velocity distribution of the 2D-MOT flux is determined by high velocities is essentially due to the fact that the time
three main processes. First, the main share of slow atomsayailable for transverse cooling falls off &%, .
with velocity lower than about 20 m/s, results from trans-
verse capture. Atoms_ enter the light flgld ina direction trans- VIl. CONCLUSION
verse to the axis, their transverse motion is damped and they
leave along the axis. Atoms that are faster than about 20 m/s The two-dimensional trapping geometry is very useful to
spend insufficient time in the light field for the transverseproduce slow atomic beams with low divergence out of a
cooling to be effective. The value of 20 m/s thus depends owapor cell. The continuous and transient character of the cap-
the spatial extent of the laser fields along the axis of thdure process reduces collisional loss from the background, so
transverse laser beams. Second, the tail of relatively fast athat high atomic flux can be achieved by increasing the back-
oms,=20 m/s, is due to “funneling,” i.e., atoms that enter ground vapor pressure. Especially the 2DIOT employing
the light field in the longitudinal direction, through the end additional cooling in the longitudinal direction yields a very
cap of the cylindrical cooling region. Third, the absence ofhigh flux of aimost 1&° atoms/s at 8 m/s and a narrow width
atoms at very low velocity is due to the finite transverseof the velocity distribution of 3.3 m/¢FWHM). This was
temperature reached by the 2D cooling field. The distanceealized by means of comparatively low laser power. This
between the light field and the exit hole is about 20 mm. Assource can be used for loading a magneto-optical trap, and
the atoms traverse this distance, their finite transverse velothus provides an attractive alternative to loading from a
ity leads them astray from the axis. As the correspondingZeeman-slower or current double-MOT system. It may also
beam divergence is comparatively high for slow atoms in thdind promising application in atom interferometry, atom op-
longitudinal direction, slow atoms are filtered from the beamtics, and atomic clocks based on fountains.
by the exit aperture.

The model predicts that collisional loss is essentially un-
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