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By the moving molasses technique we have extracted laser-cooled cesium atoms in a continuous way
directly from an optical molasses. The mean launching velocity is precisely tunable from 1 to 12 m/s. The
atomic beam has a flux of 2@L0° atom/s at 7 m/s and a longitudinal temperature of ZR, which repre-
sents the highest flux and lowest velocity spread obtained so far in a continuous beam of cold atoms. These
features makes it well suited for atomic fountains. The atomic flux can be slightly increased in a two-
dimensional magneto-optical trap operatioh40%). A simple model accounts for the observed dependence

of the flux with the magnetic-field gradied§1050-294®9)51212-2

PACS numbe(s): 32.80.Pj, 42.50.Vk

I. INTRODUCTION beam can be focused, an effect that is consistent with our

The technique of laser cooling of atoms has stimulatedbservations.
several developments in the production of slow and bright
atomic beams for many applications in atomic spectroscopy,
collision studies, atom optics, atomic interferometry, and

Il. EXPERIMENTAL SETUP

atomic frequency standards. The first demonstrations of cold Cesium atoms are cooled in@&'— ¢~ 3D OM loaded
beams were achieved by slowing thermal beams byrom a thermal vapor (10® mbar). Our beam geometry
frequency-chirped laseril] or by Zeeman tuning?2]. In uses four independent cooling beams in @z plane ata
order to increase the atomic density, the slowed beam was =45° with respect to the vertical direction and one re-
compressed by a two-dimensiordD) magnetic field gradi- troreflected beam parallel to ti@&x axis (Fig. 1). Each cool-
ent[3,4]. Various techniques have been used to extract atom#®g beam (red-detuned from thé==4—F’'=5 hyperfine
continuously from magneto-optical tradOTs) loaded in a  transition of the CsD, line, A=852.1 nm) is Gaussian

vapor cell. By a controlled unbalanced light pressure in con-
tinuous operatiof5] or in a pulsed modg6], atomic fluxes

up to 5x 10° atom/s were measured, but with comparatively
high mean velocityf7—20 m/g and velocity spreaf?—3 m/s

full width at half maximum(FWHM)]. Continuous beams of
cold atoms were produced from a 2D MOT with a magneto-
optical extractior[7,8]. The atomic flux (1.%10° atom/s)
was smaller than if5], but the launching velocity was lower
(0.7-3 m/$, and the typical velocity spread was as small as
0.26 m/s FWHM[8]. The moving molasses technique is also
suitable for extracting cold atoms continuously, as first dem-
onstrated on a small flux (£0atom/s) in[7].

In the present work we load a cold atomic cesium trap
directly from a vapor cell, and we extract continuously cold
atoms with the moving molasses technique. We report ex-
perimental results on atomic beams produced either from a
2D MOT, or simply from an optical molass€3D OM), in
which case the magnetic-field gradient is switched off. The
flux intensity is 1.3<10° atom/s in a 3D OM operation, and
only slightly increased in a 2D MOT operation-@0%).
Moreover, that no-magnetic-field environment leads to much
lower beam temperature (72K or 0.15 m/s FWHM veloc-
ity spread and allows a more precisely tunable launching
velocity than in[4] (1-12 m/s, both adjustable and propor-

FIG. 1. Experimental setup: 1, cooling beafdswngoing(up-

tional to the moving molasses frequency detuning to bettegoing beams are frequency shifted hyv| (—|Av|) with respect

than 0.02 m/s _ _ to Ox beam$; 2, 2D magnetic gradient wires; 3, optical pumping
To understand the dynamical behavior of extracted atomgeam ¢,= —20 mm); 4, pushing beanz{= —86 mm); 5, probe

in the 2D MOT, we have developed a simple 2D model ofpeams ¢;=—393 mm); 6, atomic fluorescence light; 7, removable
the extraction process, taking into account the transversdiaphragm (5<3 mn¥); 8, cold atomic source; 9, cold atomic

magneto-optical force. The model predicts that the atomideam.
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shaped and has a power of up to 20 mW and a diameter at 10 T T T 290

e 2 of 25 mm. An additional repumping beam+84' tran- 7 R s &
sition) is added to th@dx beams. This geometry leaves the = ° "g
vertical direction in which an atomic beam is producede S 6 ]
Sec. lll) free of any superimposed laser beam. This 3D OM é g
configuration can be transformed into a 2D MOT configura- s 4 2
tion by applying an additional magnetic-field gradient pro- § 5
duced by opposing currents in four vertical copper wires. g 2 S
The effect of this gradient is discussed in Sec. IV. Three sets o kel

of Helmholtz coils provide the required compensation for the o 1 2 3 4 5 6 7 8
earth’s magnetic field. Moving molasses frequency detuning [MHz]

Most atoms leaving the 3D OM or the 2D MOT are in the B
F=4 state, but, due to optical pumping by the fluorescence FIG. 2. Mean launching velocity, (O) and longitudinal tem-
light of the trap, the population of the=3 state increases peraturel; (O) of the atomic beam vs moving molasses frequency
during the fall. A total population inversion can be forced atdetuningA». The beam is extracted from the optical molasses. The
the exit of the trap by preparing all extracted atoms in theinear fit totally agrees with the theoretical predictibm, (m/s
dark F=3 state with a depumping beam-44’ transition.  =0.003+1.206A» (MHz)]. Errors bars fow, are smaller than the
Below we have implemented a pushing laser beam: 4 open circles’ diameter.
transition mixed with a repumping beam (34’ transition
for diagnostic purposes. Finally we detect the cold atoms by _ ) )
fluorescence in a retroreflected probe laser beam-%4  estimates. Fow;=6 m/s the time spent by an atom in the
transition just below a removable diaphragm. The pushingmMoving molasse¢s mg becomes comparable with the Dop-
and probe beams can be used in a time-of-fligi@F) mea-  Pler cooling time and not all atoms reach the sub-Doppler

surement mode, allowing velocity and longitudinal tempera-c00ling capture velocity. Therefore the longitudinal tempera-
ture measurements. ture is expected to increase with initial velocity, a trend that

is indeed observed.
As we investigate the continuous beam in a range of small
initial velocities (v,<6 m/s), the parameters optimizing the
In order to extract cold atoms continuously either frombeam flux are close to those maximizing the capture rate of
the 3D OM or from the 2D MOT, we use the moving mo- the trap(18 mW per laser-cooling beam, global frequency
lasses technique. By shifting the frequency of the downgoingletuningé= —2.5I', wherel'=27x5.3 MHz is the natural
(upgoing -laser beams by an amoupiv| (—|Av|) with width of the cooling transition We estimate the atomic
respect to the frequency of ti@x beams, atoms are cooled beam flux by measuring the signal-to-noise rat®N) of
in a reference frame moving downwards. The atomic meathe fluorescence light in the probe region. This method has
launching velocity is 7,=()\/c05a)Av where M cosa the advantage of being totally mdependent of.the calibration
=1.205 um is the relevant wavelength of the interference©f the fluorescence detec.tlon eff|C|ency,' provided that more
pattern in the vertical directiofv]. than one photoelectron is ge_nerate_d in th_e_ phptode_tector
. = for each atom of the beam. Since this condition is fulfilled
The mean launching velocity; can be calculated from

th d TOF sianal of i f the atomic b in our detection setup, the atomic flux detected is
€ measure signal of a slice of the atomic beam reC'I>=2(S/N)2, where S is the photocurrent dc value andl

Ieasegl bY a shor'f interruptiod. ms of the pqshing beim. is the white-noise spectral density due to the atomic shot
Considering gravity only, the mean launching velocity noise[9]. In Fig. 3 we have plotted againﬁ the atomic

plotted against the moving molasses frequency detuing ¢, extracted from the 3D OM and detected at the probe
yields an affine regressmr{v, (M/9=0.19+ 1.18%» level. It reaches®=1.3x10° atom/s atv,=7 m/s. For
(MH2z)]. The calculated velocity offset d&tv=0 cannot be — . . .
accounted for by either uncertainties in the geometrical setu 1=0.2 m/§ th? atomic Ioss.rate of the trap is dominated by
(beam heights and alignmehtsn the timing, or in the re- e extra'ctlc_)n'lnto the continuous beam, and therefore the
sidual magnetic field. However, we have noticed that thdOt@l fluxis limited by the capture rate of the trap. The beam
TOF distributions are increasingly affecte@enter and divergence angle becomes smaller\asincreases, so the
width) as the fluorescence light from the trap is allowed todetected fraction of the total flux becomes greater and ap-
become stronger. We have measured this fluorescence ligRtoaches the capture rate. However, as mentioned above, for
intensity and we have recalculated the atomic motion forv=6 m/s the capture rate decreases due to uncompleted
eachAv value including the corresponding light pressureDoppler and sub-Doppler cooling processes, which results in
force. The corrected linear regressidfig. 2 totally  the observed flux reduction. FOE:3_6 m/s (typical
agrees with the theoretical predictiopy;, (m/9=0.003 launching velocity for an atomic fountairthe flux density
+1.206Av (MHz)]. through the calibrated diaphragm X3 mn?) is 2

The longitudinal temperatur&, of the atomic beam is x10° atom/scm?, 90 ms away from the trap, which cor-
inferred from the TOF distribution width. In Fig. 2 we notice responds to a tenfold increase over the results obtained with
that it is about 70uK for launching velocities between 2 the magneto-optical extractidi8]. In comparison with 7],
and 6 m/s. Outside this range, TOF signals are very wealvhere a cold continuous beam is also produced by the mov-
and somewhat asymmetric, leading to inaccurate temperatuieg molasses technique but from a 2D MOT, our atomic flux

IIl. CONTINUOUS BEAM FROM A 3D OM
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— FIG. 5. Optimal 2D magnetic gradient,,, maximizing the
FIG. 3. Atomic flux ® vs mean launching velocity,. The P g g opt g

beam is extracted from the optical molasses at optimal Iase?.tomlc flux @ for different mean launching velocitieg; . Open

cooling power(18 mW per beamand global frequency detuning circles (O) are experimental data and open squafej gre Monte
(5=—2.51). Carlo simulation data.

nown transverse magneto-optical forde=—av— kX

here the damping and restoring coefficieatsand « are
alculated analytically in the induced-orientation theory for a
=1—J'=2 transition in one dimensiofl.0]. For the typi-

cal operational parameters of our experiment, calculated val-
ues are a=3.4x10 %! kg/s and k=100 kg/s’ (mT/

IV. ATOMIC FLUX FROM A 2D MOT m)~ for a global frequency detuning= — 2.5I". In the trap,

the longitudinal velocity is assumed to be equal to that of the
moving molasses; the initial transverse position and velocity
. as well as the height of the atom entering the trap are random
maximum atb=5 mT/m, and drops very sharply above. arameters in the range of the laser beam diameter and cap-
The flux is even five times smaller =125 mT/m than at ;e yelocity. The equation of motion of the atom in the trap
b=0 mT/m, which is counterintuitive, since the transversejs gq|ved numerically, yielding transverse position and veloc-
magnetic gradient is expected to reduce the atomic beaqﬂ, at the exit of the trap. Ab=<125 mT/m the atomic tra-
diameter at the level of the source, and consequently to INectories are always overdamped, but the time spent in the

crease the detected flux. In order to explain this unexpectegdygjing beams is not sufficient for atoms to reach their equi-
behavior we have developed the following two-dimensionalipjy,m position. At this stage a random transverse velocity
Monte Carlo simulation of atomic trajectories inside and out-, {he range of the measured longitudinal temperafyrés

side the trap. . . , added to take into account a transverse temperature of the
An atom entering the MOT is subjected to the well- hoam Then the atomic trajectories outside the trap are de-
duced from ballistic laws with the calculated initial condi-

is greater by two orders of magnitude in the same veIocit;k
range. The main differences between the two experiment
are the beam geometry (45° instead of 14°), a bigger bea
diameter, and a better beam homogené&tical fibers.

We have measured the atomicﬂdxas a function of the
2D magnetic gradiertt (Fig. 4). Forv,=3.6 m/s, the flux is

12 tions. It is to be noted that the magnetic deflection due to the

10 field gradient below the trap is negligible. The computed
T atomic beam flux is proportional to the number of atoms
S 0.8 crossing the probe laser beam, where we take into account
LA | the finite dimensions of the detection area.
= 06 | In Fig. 4 we note the good agreement of our simple model
3 [ with the experimental data. We have assumed a constant
2 o4l transverse temperature of 1Q0K, which is the mean lon-
S [ gitudinal temperature of the beam in our range of magnetic
< 4o f gradient. The beam flux ratio between 0 and 5 mT/m de-

I pends on the transverse temperature. With 100, our
00 L model predicts a 60% flux increase, which slightly overesti-

0 20 40 60 80 100 120 mates the experimental val(€0%). We interpret the behav-
ior of the atomic flux with the 2D magnetic gradient as a
focusing effect of the atomic beam, which has been observed

FIG. 4. Atomic flux® vs 2D magnetic gradiert. Open circles ~ with numerical simulation. Forb=5 mT/m and v,
(O) are experimental data and the noisy full curve is a Monte Carlo=3.6 m/s, the atomic beam “waist” is located at the probe
simulation of atomic trajectories including the magneto-opticallevel. For weaker magnetic gradient the atomic trajectory
force in the trap and gravitation. The mean launching velocity isangles are smaller, which corresponds to a more distant focus
v,=3.6 mis. point, and also to a smaller detected beam flux. On the other

2D magnetic gradient [mT/m]
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hand, at higher magnetic gradient the atomic beam “waist’posed laser beam, whose undesirable effects are thus
moves closer to the source, which also reduces the atomgtrongly reducedlight shifts of energy levels, beam accel-
flux measured at the probe level. eration, and heatingAll the above characteristics make the

In order to confirm our model we have repeated the prepresent setup particularly suitable for high-precision mea-

vious measurement for different launching velocitigs In ~ Surementgatomic interferometry, atomic spectroscopy, col-
Fig. 5, we have plotted the magnetic gradibgp—which lision studies, and frequency standards particular, the
corresponds to the maximum flux value—agaiﬁsi Both low velocity range and the low longitudinal temperature are

simulated and experimental data show a steady increase }%ell suited to the atomic fountaifi.1].

L S N The atomic flux can be slightly increased in a 2D MOT
bopt With v, which is understandable again with the beamq e ation(4096. A simple 2D simulation of atomic trajecto-

focusing effect. As the TOF decreases with the magnetic  ries inside and outside the trap supports experimental obser-

gradient must be increased to always focus the atomic beaations that the atomic beam can be focused by adjusting the
at the probe level. magnetic gradient intensity and the launching velocity.

Further improvements of the continuous beam technique

V. CONCLUSION are possible: preliminary measurements show that additional

We h q irated that th . | i transverse cooling at the exit of the trap is a promising tech-
_ e have demonstrate at the moving molasses ec'?ﬁque to further reduce the beam divergeiiespecially for
nique is very efficient for producing a continuous beam of

. ; the 3D OM and thus increase the atomic flux density after a
laser-cooled cesium atoms. The atomic beam has a flux of M y

to 1.3x10® atom/s in a 3D OM operation, a longitudinal L\Bng travel time(atomic fountain{11).
temperature of 70uK (0.15 m/s FWHM velocity spread
and a launching velocity precisely tunable from 1 to 12 m/s.
In contrast to the continuous beam describe5il) the 45° This work was supported by the Swiss National Science
beam geometry leaves the atomic beam free of any superinfFoundation and by the Federal Office of Metrology.
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