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Abstract. An anisotropic magneto-opticaltrap is studied as the potential source of a
continuousbeamof laser-cooledatoms.Captureefficiency andcloud temperaturearemeasured
experimentallyand found to be lower than in an isotropic situation with the samecooling
parameters.Intensityimbalanceandstaticmagneticfield areinvestigatedaspossibleextraction
mechanisms.While only small drift velocities are inducedby meansof intensity imbalance,
velocitiesof tensof cm s−1 areobservedwith a staticmagneticfield; the shapeof the observed
two-peakedvelocity distributions is related to the averagedepth of local light-shift-induced
potentialwells.

1. Intr oduction

Since its first demonstrationin 1987 [1], the magneto-optictrap (MOT) has becomea
powerful tool for producinglarge numbersof neutralatomsat very low temperatures.The
relatively large capturevelocity of the MOT makesit possibleto capturean appreciable
part of the low-velocity tail in the thermal velocity distribution of a vapour at ordinary
temperatures,and to trap them in a volume much smaller than that determinedby the
laserbeamdiameter. Densitiesup to 1011 atoms/cm3 and temperaturesin the µK range
havebeenreportedfor caesium[2–4]. Most studiesof magneto-opticaltrappinghavebeen
devotedto ‘spherical’MOTswherethemagneticfield increaseslinearly in all directionsfrom
its zero value at the trap centre. Anti-Helmholtz coils typically producethe requiredfield
configuration,with thegradientalongthecoil axisbeingtwice its valuein theperpendicular
directions. The trapping force in such a structureis typically four ordersof magnitude
larger than the atomic weight, with trap depthsof a few tenthsof a Kelvin. Atoms can
thereforebe extractedin a controlledway only after the gradienthasbeenswitchedoff. In
manyapplications,however,cold atomsmustbe outsideof the trap to be usefully probed;
this implies that the cold atomsare alternatelytrappedand released,resultingin a pulsed
operationof thecold atomsource.On theotherhand,manipulationof thermalatomicbeams
hasbeendemonstratedwith two-dimensionalgradientshaving a zero-fieldaxis along the
atomicbeamdirection,resultingin high-brightnessbeams(109 atoms/s) at axial velocities
rangingfrom a few m s−1 to a few tensof m s−1 in continuousoperation[5–7].

In this paper,we presentan experimentalstudy of magneto-opticaltrappingin a two-
dimensionalmagneticfield gradientas a possiblestartingpoint for a continuousbeamof
cold atomsoperatingfrom a thermalvapour. The 2D gradientMOT describedin section2
actsasa normalMOT in thehorizontalplaneandasa molasseswithout a position-dependent
componentof theforcein theverticaldirection. Themainfeaturesof theexperimentalset-up
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andtechniquesarebriefly reviewedin section2. In section3, 3D and2D gradientMOTs are
comparedfor their captureefficiencyanddependenceon trappingparameters:field gradient
and laserintensity. The moderateloss of captureefficiency in the anisotropicstructureis
well explainedby the predictedangulardependenceof the capturevelocity. An interesting
featureof anisotropictraps is that, as a result of the elongatedshapeof the cold atom
cloud,multiple scatteringof the cooling light is stronglyreduced,leadingto a significantly
lower temperaturethanin an isotropictrap in comparableconditions.In the fourth section,
measurementsof the velocity inducedby laserintensityimbalanceandmagneticfield, both
in a3D opticalmolassesandin the2D gradientMOT arecomparedwith theoreticalestimates
obtainedfrom existing1D and2D modelsbestapproachingthe experimentalsituation.

2. Experimental set-up and measuring methods

Theexperimentalset-uphasbeendescribedin detailelsewhere[8]. A specificfeatureof our
MOT is the structurefor the magneticgradient. It consistsof two independentensembles
of four straightconductors,respectively,parallel to the z and the y-axis, eachproducing
a 2D quadrupolefield (figure 1), that leavesthe direction parallel to the wires free of a
gradient.If both structuresareoperatedat maximumcurrentsimultaneously,a 3D gradient
equivalentto the anti-Helmholtzconfigurationis producedwith a maximumx-component
of 15 G cm−1. With this set-up,isotropic and anisotropictrapscan be studied. As a light
sourcewe usea laserdiodespectrallynarrowedin anextendedcavity andfrequencyoffset-
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Figure 1. Scheme of the structure for the magnetic gradient and cooling beams geometry.
Two independent ensembles of four straight wire conductors produce 2D quadrupole fields,
respectively, in the(Oxy) and the(Oxz) plane. The two loops show equivalent anti-Helmholtz
coils when both 2D gradients are on. Four cooling beams at 45◦ with respect toOz lie in the
(Oyz) plane. An additional two-beams pair alongOx is not shown.
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lockedto a saturatedabsorptioncell. The requiredcooling power is obtainedfrom a slave
laserinjection-lockedto the extendedcavity laser.The trap is irradiatedby six independent
laserbeamswith a 1/e diameterof 10 mm. Four beamsareat 45◦ to the vertical z-axis in
the (Oyz) planeandtwo run alongthehorizontalx-axis. All beamsarecircularly polarized
accordingto the requirementsof a magneto-opticaltrap. We load the trap directly from the
caesiumvapourpresentin the vacuumsystem.The repumpingbeam(F = 3 → F ′ = 4) is
mixed to oneof the horizontalbeams.

Temperature measurements. Temperaturemeasurementsare performed by the time-of-
flight (TOF) technique. The 1 cm diameterprobelaserbeamis placed25 cm below the
trap. In a first step107 atomsarecapturedin the magneto-opticaltrap in a loadingtime of
about1 s. For molassesmeasurements,the magneticgradientsare then switchedoff (fall
time < 10 ms). The atomsthermalizein the optical molassesfor an additional5 ms before
the cooling beamsare cut off. This time hasbeenfound to be long enoughto thermalize
theatoms’velocity althoughthespatialdistributiontakesmuchlongerto reachequilibrium.
To analysethe temperatureof the isotropicandthe anisotropictrap, the magneticfields are
switchedoff 1 ms after the cooling beams.The accelerationdue to the magneticgradient
aloneduring the two cut-offs doesnot affect the measuredvelocity distribution.

Drift velocity measurements. Two techniquesare usedto investigatethe influenceof a
static magneticfield or an intensity imbalanceon a molassesand an anisotropictrap. By
measuringtheTOF signal(dN/dt) onecaneasilycalculatetheinitial distributionof velocity
(dN/dv0) along Oz. In all measurements,the measureddrift velocities are smaller than
the averagevelocity

√
2gh gainedby the free fall, resultingin a linear dependenceof the

initial velocity on the measuredfree-fall delay (1 cm s−1 (m s)−1). We definean average
drift velocity by

vd =
∫ +∞
−∞

dN
dv0

v0 dv0∫ +∞
−∞

dN
dv0

dv0

. (1)

The TOF methodcanbe usedfor a molassesaswell asfor magneto-opticaltraps.
The secondtechniqueis specific to the anisotropictrap. It relies on the fact that the

lossrate0t of trappedatomsincreaseswhenatomsareextractedat an averagevelocity vd .
The lossrate is equalto the inverseof the loadingtime of the trap [9], which is asreadily
accessibleexperimentallyas the total numberof trappedatoms,N . However,the loading
time only dependson 0t andgivesa moredirect measurementthanN , which alsodepends
on the capturerateandon its possiblechangeswith the parametersthat determinevd .

In order to calculatethe dependenceof 0t on vd , we assumethat atomsare captured
at an arbitrary, but uniform rate over the length L of the trap. A secondassumptionis
that all atomsdrift with the sameaveragevelocity vd ; it amountsto neglectingmomentum
diffusion, which is justified sincethe lifetime of the atomsin the trap (10−2–1 s) is much
longer than the momentumcorrelationtime (∼ 10 µs or less). Under theseassumptions,
the relationbetweenlossrateandvelocity is found to be

0t(vd) = 0c

1 − (vd/0cL)(1 − exp[−0cL/vd ])
'

{
vd/L if vd � 0cL

2vd/L if vd � 0cL
(2)

where0c is the collisional rate with thermalatoms. Using equation(2), the drift velocity
is deducedfrom measurementsof the loading time 0−1

t obtainedby fitting the recorded
transientfluorescenceafter trap turn-onwith (1 − exp[−0t t ]).
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3. Capture efficiency, cloud shapeand temperature

3.1. Capture efficiency

In this section,our goal is to comparethe captureefficiency of an anisotropicmagneto-
optical trap to that of an isotropic one. In a previouswork [8], we studiedthe capture
processboth theoreticallyand experimentallyin an isotropic trap. We showedthat under
the assumptionof its isotropy, a three-dimensionalmagneto-opticaltrap can be described
by an entirely 1D modelthat takesinto accountthe magneticfield gradient.Although most
of the atomsenter the trap off-axis, it is shown that if typical 3D features—suchas the
power broadeningdue to the transversebeamsand the mixing of the populationof the
Zeemansublevelsby the changingmagneticfield and laser polarization—aretaken into
account,the captureprocessandthe influenceof the magneticfield on it may be described
by consideringthe on-axiscaseonly.

To make a theoreticalcomparisonbetweenthe numberof trappedatomsin the two
configurations,we study the capturevelocity in the Oxz planeusing a 2D model [10]. In
this planeboth the isotropyandtheanisotropyof themagneticfield canbeeasilymodelled.
With this 2D modelwe calculatefor atomsmoving towardsthe centreof the trap how the
capturevelocity dependson the anglebetweenthe velocity at the entranceof the trapping
zoneand the z-axis. The resultsof thesecalculations,shownin figure 2, indicatethat in
an isotropic trap the capturevelocity dependsonly slightly on the incidenceangle. On the
other hand, in an anisotropicconfigurationthe capturevelocity decreasesby about 20%
as the direction of propagationof an atom changesfrom Ox (trappingaxis) to Oz. From
the resultsof figure 2, one can easily computethe capturerate of both traps [8]. With
typical trappingconditions(δ = −20, I = 2Is , dBx/dx = 10 G cm−1) the capturerate of
an anisotropictrap is only 20% smallerthan that of an isotropic one. If in both casesthe
lossesare due to collisions betweenhot and cold Cs atoms[8, 9], one would expectthe
numberof trappedatomsto be 20% smallerin the anisotropicconfiguration.
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Figure 2. Calculated capture velocity versus angle between the velocity at the entrance of the
trapping zone and thez-axis in the case of a 2D isotropic and anisotropic trap in the(Oxz)

plane. For the anisotropic configurationOx is the trapping axis. The trapping parameters are
δ = −20, I = 2Is and dBx/dx = 10 G cm−1.
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Figure 3. Comparison between the number of trapped atoms in a 2D and 3D gradient trap versus
(a) cooling intensity and(b) thex-component of the magnetic field gradient. Open circles (◦ )
represent the experimental results of the isotropic 3D trap, full squares (�) stand for those of
the anisotropic 2D trap. For clarity the experimental values are joined by smoothed curves. For
both graphs the detuning is held constant at−20. In (a) dBx/dx = 10 G cm, in(b) I = 1.1Is

whereI is the intensity averaged over 1/e2 andIs = 2.2 mW cm−2.

In addition, the 2D model shows that the number of atoms in the anisotropic trap
depends on the magnetic gradient, the laser detuning and intensity in the same manner as
in the isotropic trap.

Experimental data confirm these predictions. Figure 3(a) and (b) indicates that, for
identical conditions of irradiation, the dependences of the number of trapped atoms on the
laser intensity and the magnetic gradient are not modified when the magnetic field becomes
anisotropic. This figure also shows that for the same value of(dBx/dx), the number of
atoms in an anisotropic trap is about one half that of a spherical trap. This is somewhat
lower than expected from the 2D model and can be explained as follows. In the anisotropic
trap, the 1Dσ+–σ− optical molasses presents a great sensitivity to imperfections such
as local residual intensity imbalances (this is especially true during the capture process
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Figure 4. Image of a typical column of atoms in an anisotropic trap. The
picture has been taken along they-axis. The length of the cylindrical cloud
is about 10 mm, its diameter is less than 1 mm.

where the Doppler regime dominates); these imperfections may lead to important atomic
drift along this preferential direction. The loading time is identical in both geometries,
indicating that the losses occur during the capture rather than by vertical diffusion of trapped
atoms.

3.2. Elongated clouds of cold atoms

Figure 4 shows an elongated cloud of cold atoms in our anisotropic magneto-optical trap.
The picture has been taken along they-axis with a CCD camera. We observe a spurious
structure in the cloud. First, one can see that the atoms are arranged in a ‘furrow’ that
oscillates spatially in an irregular way around the verticalz-axis. The amplitude of these
oscillations is of the order of 0.2–0.5 mm. Second, the atoms accumulate at several positions
along thez-axis. Both features are hardly affected by a change of the cooling parameters
such as laser detuning, intensity or relative phase of the laser beams. On the other hand
they depend on the imperfections of the irradiation system such as laser misalignement,
relative displacement of the beams or their unsmooth spatial profile. We conclude that the
main reason for the observed structures is the local deviation from the Gaussian profile
of the cooling beams. We tested this hypothesis by introducing an intensity imbalance
between two counterpropagating beams of a trap. The observed displacement is in line
with the predictions of a full quantum 2D model [11] and the measured deviations (∼10%)
from a Gaussian intensity distribution. The observed structures can considerably alter the
directivity of a cold atom beam extracted from the anisotropic trap.

3.3. Temperature measurements

We investigated the cloud temperature in both optical molasses and magneto-optical traps.
More particularly we have compared the values of an isotropic trap and the anisotropic
situation as shown in figure 5: for these measurements, we changed the laser detuning
and measured the number of trapped atoms while the laser intensity was kept constant.
Our purpose is to determine the temperature of the traps for irradiation conditions close to
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Figure 5. Temperature measurements in an isotropic trap (◦ ) and an anisotropic trap (�) for
different detunings. The cooling laser intensity is the same for all data(I = 2 Is).

those that optimize the capture process. The rather high temperatures that we obtain can be
explained by the relatively strong laser intensity (I = 2Is).

Plotted against the dimensionless parameterN1/30/δ, the temperature of both traps show
a linear law. As pointed out by Cooperet al [12], this linear dependence can be explained
in terms of multiple scattering of photons. Moreover, the fact that the temperature of the
anisotropic trap is lower than that of the isotropic one can also be understood within the
multiple scattering picture. As shown by Cooperet al, the heating of atoms due to multiple
scattering is proportional to the optical thicknessf = nσ l of the trap. Let us calculate
the ratio between the optical thickness of the two traps. LetNs , ns (resp.Na, na) be the
number of trapped atoms and the density in the spherical (resp. anisotropic) trap: we define
two coefficientsα and β such asNa = αNs and na = βns . A simple calculation of the
optical thickness ratio shows that

fa

fs

=
(

1

3
π2αβ

rs

L

)1/2

(3)

wherers is the radius of the spherical cloud andL the length of the elongated one. To obtain
equation (3), it has been assumed that the angle-averaged diameter of the elongated cloud
is given by l̄a = πra wherera is its radius. Equation (3) shows that for our experimental
conditions (L = 10 mm, rs = 0.3 mm andβ < 5), fa < 0.5 fs . This means that the
heating due to multiple scattering of photons is significantly smaller in an anisotropic trap,
in agreement with experimental data.

4. Drift velocities

4.1. Intensity imbalance

We measured the velocity of the drift induced by an intensity imbalance between up- and
down-going beams, in an anisotropic trap and a 3D optical molasses. As in [13] the intensity
imbalance is defined by the parameterw = I+−I−

I++I−
, whereI+ (resp.I−) is the intensity of
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Figure 6. The drift velocity versus intensity imbalancew between up- and down-going beams.
Open circles (◦ ) represent the results of an anisotropic trap (loading time measurement), full
squares (�) stand for the TOF measurements in a 3D molasses. For clarity the experimental
values are joined by smoothed curves. The laser detuning and intensity per beam are given by
δ = −30 andI = 2Is .

the up- (resp. down-) going beams. We ensured that this measurements were not influenced
by the residual static magnetic field in the trapping zone. The good agreement between
these two velocities (see figure 6) shows that, as far as an intensity imbalance alongOz is
concerned, thez-axis—free of trapping—of the anisotropic trap is equivalent to that of a
3D optical molasses. The presence of the transverse magnetic gradient does not alter the
effect of an intensity imbalance alongOz. Also, this figure shows that the drift velocity
is very small (vd 6 2 cm s−1) for a wide range of imbalance. Such an insensitivity to
intensity imbalance was known to be characteristic of sub-Doppler optical molasses [14].
Our measurements show that the transverse magnetic field in the 2D trap does not change
the drift velocity induced by an intensity imbalance. In addition, the drift induced in a 2D
trap exihibits a double slope. This double slope could not be observed in a 3D molasses
because of the important decrease of the TOF signals when|w| > 0.3. To evaluate the
potential for extracting atoms with an intensity imbalance, we represent in figure 7 the
total number of atoms that cross the probe beam, when they are pushed away from the
3D molasses. This number, which corresponds to the integral of the TOF signal, decreases
very quickly with increasing imbalancew. By measuring the number of trapped atoms, we
found that the loss of signal is almost entirely due to the decrease of the capture efficiency
induced by the intensity imbalance. The TOF signals do not show any broadening and are
only slightly distorted for the extreme values ofw.

4.2. Magnetic field

We also measured the drift velocity along thez-axis as a function of the static magnetic field
(figure 8). The average velocities are 18 cm s−1 G−1 for 3D molasses, 18 cm s−1 G−1 for
the anisotropic trap measured by the loading time and 22 cm s−1 G−1 for the anisotropic trap
by the TOF method. The measured velocities are not significantly different, showing that
the horizontal gradient field does not appreciably perturb the drift induced by the vertical,
homogenous field. The same is true for the irregular density distribution, which is observed
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Figure 7. The integral of the TOF signal of an 3D molasses (◦ ) and the number of trapped
atoms (�) versus intensity imbalancew between up- and down-going beams. For clarity the
experimental values are joined by smoothed curves. The laser detuning and intensity are given
by: δ = −30 andI = 2Is .
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Figure 8. The drift velocitiy versus the static magnetic fieldBz. The results of the anisotropic
trap are represented with full symbols (� for the TOF,• for the loading time method), open
circles (◦ ) stand for the TOF measurements in a 3D molasses. The laser detuning and intensity
are given byδ = −30 andI = 2Is .

only in the 2D gradient trap. However, as shown in figure 10, the TOF signals are not only
shifted along the time axis, they are also distorted and reduced in amplitude. In contrast
with the case of the intensity imbalance, the loss of signal shown in figure 9 cannot be
attributed to a decrease of the capture process efficiency: for|Bz| = 1.5 G, the number
of trapped atoms is only 30% smaller than the number atBz = 0 G. This shows that the
drift velocity of the atoms also has non-vertical components. These effects already occur
for very small values of the magnetic field (Bz ∼ 0.2 G). In all cases the temperature is
consistent with the sub-Doppler regime.

9



-3 -2 -1 0 1 2

In
te

gr
al

 o
f 

th
e 

T
O

F
 s

ig
na

l
(α

 #
 o

f 
at

om
s)

N
um

ber of trapped atom
s

B
Z
 [G]

Figure 9. The integral of the TOF signal of a 3D molasses (◦ ) and the number of trapped
atoms (�) versus vertical magnetic fieldBz. For clarity the experimental values are joined by
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Figure 10. TOF signals of a 3D molasses for different static magnetic fields along the vertical
z-axis. The signal forBz = 0 is divided by a factor of 2. The arrival time of the atoms having
an initial velocityv0 = 0 is 242 ms. By an initial velocity of 1 cm s−1 the arrival time changes
by 1 ms. The laser detuning and intensity are given byδ = −30 andI = 2Is .

5. Discussion

5.1. Theoretical predictions

In order to understand qualitatively our experimental results, we developed a theoretical
1D model using the transitionJ = 1 → 2 to study the effect of both intensity imbalance
and longitudinal magnetic field on aσ+–σ− molasses. We are aware that our experimental
situation cannot be fully described by this simple 1D model. Our purpose, here, is to point
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out amongall the experimentalfeaturesthosewhich can be easily understood.Using the
proceduredescribedby Dalibard et al [15], we calculatethe cooling force at small laser
intensityfor anyvalueof theatomicvelocity, while taking into accountthemodificationsin
the atomicdensitymatrix inducedsimultaneouslyby an intensity imbalanceor a magnetic
field. As alreadypredictedby Werneret al [16] for an intensityimbalanceandby Walhout
et al [17] for the magneticfield, the net effect of sucha perturbationis to shift the velocity
for which the force vanishesto a non-zerovalue. This modelallows us to distinguishtwo
different regimesof drift. The first onecorrespondsto small valuesof intensity imbalance
(w � 1) and magneticfield (µBggB � h̄0′, wheregg = 0.25 is the Land́e factor of the
Cs groundstate,µB is the Bohr magnetonand0′ is the rate of optical pumping). This is
the sub-Dopplerregime: for our cooling parameters,the velocitiesof the drift inducedby
an intensity imbalancew anda magneticfield B arethengiven by(

kvd

0

)SD

w

= −1

3

0

δ

I

Is

w (4)(
kvd

0

)SD

B

= ggµBB

h̄0
(5)

wherek, δ, I are the wavenumber,the detuningand the intensity of the cooling beams,
respectively;Is = 2.2 mW cm−2 is the intensity for which the Rabi angularfrequencyis
equal to 0 for the |F = 4, mg = 4〉 → |F ′ = 5, me = 5〉 transition. For higher values
of the imbalance(w > 0.3) and the magneticfield (µBggB > h̄0′) the regime becomes
Dopplerandthe drift velocitiesarethengiven by(

kvd

0

)D

w

= − δ

20
w (6)(

kvd

0

)D

B

' geµBB

h̄0
(7)

where ge = 0.4 is the Land́e factor of the Cs excited state. Let us also point out
that for intermediatevaluesof the intensity imbalance(w ∼ 0.3) and the magneticfield
(µBggB ∼ h̄0′), the forcevanishesfor threedifferentvaluesof thevelocity. By solving the
correspondingFokker–Planckequation,onecanshow[16, 17], that thevelocity distribution
is no longerGaussian:it becomesa distributionwith two peaksmoreor lessresolved.

For weak intensity imbalances(w � 1), Werner et al [16] calculatedthat the drift
velocity usinga F = 4 → 5 transitionis eighttimessmallerthanthatgivenby equation(4).
We usethis factorto obtaintheimbalancedrift coefficient in cell B3 of table1 from cell B2.
The boundariesbetweenthe Doppler and sub-Dopplerregimesas w and B vary are not
known in the F = 4 → 5 case.

As mentionedby Steaneet al [13] and Werneret al [16] a more completedescription
must take into accountthe three-dimensionalcharacterof the cooling and the real atomic
transition involved (i.e. F = 4 → 5). Such a model was developedby Castin et al
[18] using the so-calledMonte Carlo wavefunctiontechniqueto calculatethe effect of
an intensity imbalanceand a static magneticfield on a 2D optical molasses.Thesefully
quantummechanicalcalculationswere madewith cooling parameters(δ = −30, I = Is)
closeto our experimentalconditions.Its resultsareshownin row 4 of table1.

In order to comparethe experimentalresultswith the availabletheoreticalpredictions
it is also useful to recall the characteristicsof the cooling beamgeometriesinvolved. All
theoreticalpredictionsare madefor drift velocities along one pair of σ+–σ− polarized
beams(k ‖ Oz), the drift velocity being inducedeither by unequalintensitiesor by a
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Table 1. Summaryof the theoreticalandexperimentaldrift-inducedvelocities.

A B
vd/B vd/w

(cm s−1 G−1) (cm s−1)

Doppler 1D model
1 δ = −30 48 680

Sub-Doppler 1D model
2 J = 1 → J ′ = 2 29 87.4

δ = −30, I = 2Is

Sub-Doppler 1D model
3 F = 4 → F ′ = 5 29 11

δ = −30, I = 2Is

2D quantum model
4 F = 4 → F ′ = 5 18 21

δ = −30, I = Is

Experiment 3D molasses
5 δ = −30, I = 2Is TOF mean velocity 18 9

Experiment
6 Anisotropic trap Loading time 18 9(|w| < 0.25)

δ = −30, I = 2Is TOF mean velocity 22

magnetic fieldBz. In 2D molasses calculations, the additional pair of beams propagating
along Oy adds two plane standing waves polarized linearly parallel toOx (σx) and Oz

(π ), respectively. In our experimental configuration the two pairs of beams are rotated
aroundOx by 45◦, giving rise to the same three components: aσ+–σ− pair propagating
along ±Oz, and two standing waves ofσx and π polarizations. An important difference
between the two configurations is that the wave vectors alongOy andOz which are equal
to k = 2π/λ in the ‘straight’ configuration, becomek = k/

√
2 in the 45◦ configuration.

As a consequence, the sub-Doppler drift velocities predicted for a straight configuration
(equations (4) and (5)) are expected to be

√
2 higher in 45◦ beams, so that rows 2 to 4 of

table 1 should be multiplied by
√

2 in order to apply to the present experimental situation.

5.2. Effect of an intensity imbalance

The experimental values (cells B5 and B6 of table 1) agree with each other and lie
significantly lower than any of the theoretical predictions for small values of the relative
imbalance (w < 0.25) (9 cm s−1 for w = 1 as compared to 11

√
2 = 15 cm s−1 for

the 1D sub-Doppler model and 21
√

2 = 30 cm s−1 for the 2D quantum model). We
verified experimentally that, as described by equation (4), the drift coefficient increases with
increasing saturation parameterI/Is . For w > 0.25, the drift velocity in the anisotropic
trap increases rapidly. The velocities are still too small to result from Doppler processes,
but the behaviour of the curve would suggest the onset of such a regime. The range ofw

values where the transition from sub-Doppler to Doppler regimes takes place is consistent
with numerical calculations made (forδ = −40 and I = Is/4, however) by Werneret al
[16] on theF = 4 → 5 Cs transition. The transition observed nearw = 0.25 also coincides
with a sharp drop in the number of trapped atoms and in the total number of atoms detected
in the TOF measurements in figure 7, which are both due to a loss of atoms during their
capture phase.
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5.3. Effectof the magneticfield

As shownin cellsA5 andA6 of table1, theexperimentaldrift velocity (18–22cm s−1 G−1)
induced by a vertical magnetic field on an optical molassesor an anisotropic trap is
significantlylower thanthe29

√
2 = 41 cm s−1 predictedby the1D sub-Dopplermodel[19].

This discrepancycanbe explainedby the effect of additionallaserbeamswhich carry other
polarizationcomponentsthanthe σ+–σ− configurationof the 1D model. This reducesthe
anisotropycreatedby theopticalpumpingwhich is at theorigin of theorientationalcooling
mechanism[15]. The fully quantummechanicalcomputationof Castin[11] indeedpredicts
such a reduction(cell A4 of table 1) and is in reasonableagreementwith the measured
values.

1D models of magnetic-field-induceddrift predict, as in the case of an intensity
imbalance,a double-peakedvelocity distribution in the intermediaterange of magnetic
field. The distortedvelocity distribution in the TOF signalsof figure 10 cannot,however,
beexplainedin suchterms: thefull spreadis too small to originatefrom Dopplerprocesses.
In addition,a comparisonwith experimentalresultson the effect of a longitudinalmagnetic
field on a 1D molasses[19] showsthat, in the rangeof magneticfield consideredin our
experiment,the drift velocity arisesexclusivelyfrom sub-Dopplermechanisms.We believe
that the distortionof the TOF signalsis mainly dueto the presenceof small local potential
wells in the z direction. At small magneticfields a part of the atoms is held in these
potentialwells anddoesnot acquireany drift velocity. As canbe seenfrom figure 10, the
fraction of theseatomsdecreasesif the magneticfield is increased.As alreadypointedout,
a multiple-beamσ+–σ− molassesaddsa structureof two-dimensionalstandingwavesto
the σ+–σ− molasses.The potentialwells dueto light shifts areperiodic in the drift (Oz)
direction as well as in the horizontal directions. The atomstrappedin thesewells may
accountfor the side peaknearv = 0 in the TOF spectraof figure 10. The depthof the
potentialwells is proportionalto E2/δ, whereE2 is the squareof the total electricfield due
to the laserbeams.As an estimateof the potentialwell depth,we calculatethe modulation
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Figure 11. Open circles (◦ ), ratio of v = 0 to v 6= 0 peak heights in the TOF spectra of 3D
molasses in a vertical magnetic field versus ellipticity of the four (Oyz) cooling beams (0◦ →
lin ‖ lin; 45◦ → σ+–σ−). Full curves, average depth (in theOz direction) of potential wells,
estimated by the peak-to-valley difference ofE2, averaged overy and over the relative phase
of the two 45◦ molasses beam pairs.
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amplitude1E2 of E2(y, φ) alongOz (φ is therelativephasebetweenthe two beampairs).
The depthof the wells for atomstravelling in the Oz direction is thenan averageof 1E2

over y andφ. The resultingaverageis plotted in figure 11 as a function of the ellipticity
of the polarizationof the four beams.The measuredrelativenumberof atomsat v = 0 is
in goodqualitativeagreementwith the estimatedwell depth.

As far as the continuousextractionof atomsis concerned,our measurementsindicate
thatthedrift inducedby a verticalmagneticfield with two pairsof beamsat 45◦ with respect
to the z-axis, doesnot dependon the magneticfield in such a simple way as in the 1D
configurationwherethe appliedfield is parallel to the pair of laserbeams.The usefulness
of the magneticfield for extractingatomsfrom an anisotropictrap is thus restrictedto a
moderaterangeof magneticfields (B 6 0.2 G) andvelocities(vd 6 10 cm s−1).

6. Conclusion

We haveinvestigatedan anisotropicmagneto-opticaltrap asa potentialtool for producing
a continuousbeamof laser-cooledatoms. We studiedthe captureefficiency andthe cloud
temperatureasa function of the cooling parametersandcomparethe resultswith valuesof
the isotropic situation. The anisotropictrap showsa captureefficiency which is typically
one half that of an isotropic trap. The temperatureof the elongatedcloudsis found to be
lower thanthe temperaturein 3D traps.This differencecanbeexplainedin termsof excess
heatingdueto multiple scatteringof photonsbetweenlaser-cooledatoms,which is expected
to be higher in an isotropiccloud of cold atomsthanin an anisotropicone.

We further examinedan intensity imbalanceand a static magneticfield as meansfor
extractionof atomsfrom an anisotropictrap. We demonstratethat atomscanbe pushedout
of sucha structureusing thesetwo methods.However,the low sensitivityof sub-Doppler
molassesto intensityimbalanceyields someobstaclesfor this methodto producevelocities
of the order of tens of cm s−1. A static magneticfield is more likely to induce such
velocitiesto atomscooledin a anisotropictrap. The measureddrift coefficient is slightly
lower thanthe 1D predictionbut is in agreementwith a full quantum2D calculation.

Other drift mechanismssuchas moving molasses,in possiblecombinationwith dark
channels,arepromisingalternativesto the simplemethodsdescribedhereandwill alsobe
investigated.
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