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Intense source of cold Rb atoms from a pure two-dimensional magneto-optical trap
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We present a two-dimensioné2D) magneto-optical tragMOT) setup for the production of a continuous
collimated beam of cold#’Rb atoms out of a vapor cell. The underlying physics is purely two-dimensional
cooling and trapping, which allows for a high flux of up to<@0 atoms/s and a small divergence of the
resulting beam. We analyze the velocity distribution of the 2D MOT. The longitudinal velocity distribution of
the atomic beam shows a broad feat(ftél width at half maximum=75 m/s), centered around 50 m/s. The
dependence of the flux on laser intensity, on geometry of the trapping volume, and on pressure in the vapor cell
was investigated in detail. The influence of the geometry of the 2D MOT on the mean velocity of the cold
beam has been studied. We present a simple model for the velocity distribution of the flux based on rate
equations describing the general features of our source.
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I. INTRODUCTION continuous 3D MOT sources. The first significant break-
through for this source type was realized by &ual. who
Cold atomic beams are needed for many applications imleveloped a low velocity intense sourd&/IS) of atoms by
atom optics[1,2] or in the field of atomic clocks based on creation of a dark channel in one of the six MOT laser beams
atomic fountains. In particular, the process of evaporativg12]. It reaches a flux of 510° atoms/s. Generally, a 3D
cooling[3] demands a high atom number as a starting poinMOT with a hole in one of the laser beams creates a narrow
to reach quantum degeneracy. This requires an intense sourisgeam of cold atom$13,14. Due to the imbalance in the
which can efficiently load a magneto-optical tr@dOT) in radiation pressure along one axis a continuous beam of cold
UHYV fast. atoms is coupled out of a trapped cloud. This source provides
For this purpose sources with a small divergence of the small thermal background and a narrow velocity profile at
atomic beam are favorable. The longitudinal velocities in thevelocities below 20 m/s.
beam should be within the capture range of the three dimen- Another approach is two-dimensional magneto-optical
sional(3D) MOT. As long as the cross section of the beam iscooling. This technique was first used to cool and compress
smaller than the spatial capture range of the MOT the figuréransversally atomic beamd5-19. It has been demon-
of merit for optimized loading into a MOT is the total inte- strated that two-dimensional cooling, applied in different
grated flux up to its capture velocity. configurations, produces a beam of cold atoms out of a vapor
Sources that are common in many experiments are cooleckll [20—22. Dieckmannet al. [21] realized a 2D MOT in-
atomic beams in the form of either a chirped sloj&ror a  cluding axial beams which produces a total flux of
Zeeman slowef5]. A Zeeman slower decelerates an intense9x 10° 8’Rb atoms/s. This setup uses small cooling laser
thermal atomic beam along the propagation axis of the beamowers and retroreflection of the laser beams.
by radiation pressure, while the spontaneous emission pro- Pure 2D cooling does not require light on the axis of the
cesses give rise to a transverse heating of the atoms. Thigomic beam compared to a Zeeman slower, a LVIS, or a 2D
emerges in a strongly diverging beam with a flux of up toMOT as in[21]. Hence there is less disturbance of the fol-
10'* atoms/s. The divergence might impose geometricalowing 3D MOT setup. Radial cooling collimates the outgo-
constraints on the arrangement of the Zeeman slower’s outhg beam while the allowed cooling time, which depends on
put and the trapping volume of the 3D MOT. In some caseshe geometry of the cooling region, influences the possible
the slowing light on axis or the magnetic fields involved longitudinal velocities of atoms in the beam. The resulting
disturb the following MOT. flux is comparable to that of a Zeeman slower. Moreover it
In comparison MOT sources provide advantages like affers a small beam divergence.
compact setup, smaller magnets are used, they provide a well The purpose of this paper is to study the total flux of a 2D
collimated beam of cold atoms, and have a reduced backMOT setup at elevated vapor pressures and without retrore-
ground of thermal atoms. Let us first discuss pulsed 3D MOTlecting the cooling laser beams; to study the dependence of
sources. Atoms are collected from a vapor into a 3D MOTthe flux on length, laser power, and pressure in the vapor
and then extracted from it. There are different ways to extractell; and to develop a theoretical model for the description of
the atoms: by letting the atoms fall in grav(§], by a push- the main features of the source.
ing beam[7], or simply by an imbalance in radiation pres- This paper is organized as follows. In Sec. Il we explain
sure[8]; also in combination with a magnetic confinementthe basic principle of a two-dimensional MOT. We discuss
along the transfer tub®], by release into a moving molasses the influence of geometry, laser power, and pressure in the
[10], and by moving magnetic field4.1]. In this pulsed re- vapor cell on the atomic beam. Based on rate equations we
gime an integrated flux of several®.Gtoms/s was achieved. derive a model for the longitudinal velocity distribution. In
Another step in the evolution of cold atom sources areSec. Il we present a detailed description of the setup and the
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MOT beam (e}

_ coid (b) The interaction time of the atoms with the light field
Av atom needs to be long enough so that the trajectory of the atom

hits the entrance of the differential pumping tultiee radial
velocity is sufficiently cooled such that its divergence is
small enough to reach the exit of the tube.

(c) The mean free path in the vapor cell should be larger
than or comparable to the trajectory of the atoms, so that
they are not removed from the atom beam due to collisions.

B. Assumptions for the theoretical model

For the following theoretical model we assume that the
o . 2D MOT is loaded from a thermal atomic vapor obeying a
FIG. 1. Schematic view of the setup. Rectangular coils prOduc‘?\/laxwell-Boltzmann distribution. The cooling volume is ap-

a t\t/_vo-fqlln;ensflor_lgl magtrt:e:;lc qluadrupqe ';"ilhd' Tre line (I)If 'z:ero Madproximated as a cooling cylinder which is oriented along the
netic field coincides with the long axis of the glass cefl. Four per_'[z axis. We neglect the Gaussian beam profile and suppose a
pendicular laser beams with circular polarizations in the usual MO

. . : . . . uniform distribution of laser light within the volume of the
configuration cool the atoms in two dimensions. The atomic beam - . . .
cooling cylinder. The absorption of the cooling laser beams

travels horizontally through a differential pumping tube. Analysis of . . .
the beam is done by a time-of-flight-method. A plug beam shuts off" the vapor cell is also neglected. The heating of atoms due

the atomic beam and a probe laser is shone in perpendicularly to tﬁg spontaneous emission and reabsorption is not considered

beam. The fluorescence is detected by a calibrated photodetectorSiNCe it does not produce a large change in the longitudinal
velocity. Collisions can take place only in the vapor cell.

. L After the atoms leave the cooling cylinder they undergo no
measurement techniques used for the characterization of thg iher collisions in the differential pumping tube.

cold atomic beam. The experimental results are presented in
Sec. IV. We summarize and give an outlook on future steps

: . . C. Influence of geometr
in our experiment in Sec. V. g y

Let us first consider the collisionless regime where the
density is low enough that the mean free path in the vapor
Il. PRINCIPLE OF OPERATION AND THEORETICAL cell is larger than the dimensions of the cell. In this case we
MODEL can assume that the thermal atoms start on the walls and no
collisions take place in the volume. The geometry of the tube
and the glass cell is designed in such a way that the opening
The basic principle of a 2D MOT is laser cooling of an angle of the differential pumping tube does not accept atoms
atomic vapor in two dimensions. The interplay of a finite starting on the sidewalls without being transversely cooled.
cooling time and a geometrical filter allows one to extractIn this configuration thermal atoms are only transmitted if
only slow atoms from a vapor cell. they start on that part of the back wall of the glass cell which
Two orthogonal pairs of counterpropagating laser beam$es within the acceptance angle of the differential pumping
are shone into a vapor cell. In combination with a two-tube. Its choice limits the thermal background. For an under-
dimensional magnetic quadrupole field the light creates standing of the total flux and its dependence on the geometry,
radial restoring force toward the line of zero magnetic fieldthe longitudinal velocity profile of the atomic beam needs to
and thus enclose a finite cooling volume. The geometry ide investigated.
shown in Fig. 1 and a more detailed description is given in The concept of a capture velocity, well known from 3D
Sec. lll. Atoms from the vapor which enter the cooling vol- magneto-optical traps, must be modified to embrace the 2D
ume are slowed down in the two radial dimensions and artMOT configuration. Since the cooling is restricted to trans-
compressed onto theaxis. The velocity of the atoms in the verse velocities, we define a radial capture velocity. In
longitudinal direction is not changed. Hence the atoms trave$pherical 3D MOTSs the capture velocity depends on detun-
on a skewed trajectory into the center of the 2D MOT, whileing, on laser beam size and intensity, and on the magnetic
propagating along the axis. This produces two antiparalleffield gradient. However, in a 2D MOT a finite cooling time is
thin, dense, and well collimated atomic beams. We restrichecessary to collimate the atoms onto the beam axis. Atoms
our treatment to one beam traveling in the positivdirec-  which travel too fast along the direction cannot be suffi-
tion, where it passes through a differential pumping tube intcciently cooled and are filtered out by the aperture. A main
a UHV chamber. parameter is therefore the cooling time=z/v, which is
The atoms in the vapor cell have to satisfy three criteriagiven by the longitudinal velocity, and the distance from
simultaneously in order to contribute to the flux of laser-the tube at which the atom enters the cooling volume of the
cooled slow atoms at the exit of the differential pumping2D MOT. Thus the effective transverse capture velocity be-
tube. comes a function of andv,. For smallv, the radial cooling
(a) The radial component of the initial velocity needs to time dominates and the capture velocity should be simply a
be smaller than the transverse capture velocity of the 2[@onstantv., determined by the parameters of the cooling
MOT. laser beams and the magnetic field gradient. For largéne

A. Principle of operation
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capture velocity should fall off as d4/. The velocity range ity for losses due to collisions such that a further increase of

between these two asymptotes depends additionally on tHdOT length does not produce a higher flux. In this simple

position z where atoms enter the cooling volume. With in- picture the flux is supposed to saturate as a function of MOT

creasing cooling length one should expect more atoms witkength. The mean velocity should increase since atoms with

high axial velocities to be transversely cooled and transmitsmallv, are more affected by collisions.

ted through the tube. For a given MOT geometry an increasing pressure will
The cooling timer determines the final transverse veloc- decrease the effective length of the cooling volume. There-

ity: vy i—vr = (1m)[oFs,(X(),v(t))dt. Here Fg, is the fore one should expect an optimum pressure for a given ge-

spontaneous scattering foreg,; the initial andv, ¢ the final ~ ometry of the 2D MOT, namely, when the mean free path in

radial velocity, andm the mass of a Rb atom. By that the the vapor cell becomes comparable with the length of the

divergence of the atomic beafif it is not limited by the  cooling volume. In addition higher densities in the vapor cell

acceptance angle of the tybis shaped depending on the lead to absorption of the laser beams, which decreases the

mean length of the cooling volume. Radial cooling within a cooling efficiency.

finite cooling time increases the portion of atoms with small

v, in the beamThis is the reason why the velocity distribu- E. Rate equation model

tion of the atomic beam is nonthermal and is shifted to much

lower values than a thermal distributicat room temperature

v)=275 m/s) although there is no longitudinal cooling. A " . ;
'§3</pi>cal time scz'alle for tghe cooling time |gs 1-2 ms. Asgde-Wh'Ch was introduced ifi23] for vapor-cell MOTs and later

scribed in Sec. I, the usual length of the cooling volume inexpanded for atomic beam sources[#1]. Based on that

our setup is about 60 mm. This gives a rough estimate for thE'0de! for the total flux we derive a model for the longitudi-
mean velocity in the atomic beam between 30 and 60 m/s.nal velocity distribution of the atom flux. .

The transverse beam size, in combination with detuning We define a functior> which describes the integrated
and magnetic field gradient, determines the radial Capturgﬂux per velocity intervalv,,v,+dv,]:
velocity ve. An increase of the longitudinal beam size .
(along thez axis) increases the upper limit of the longitudinal f R(N,v,,2)exp — [ eoy(Nior) 2/v,)dz
velocities that are trappable. Additionally, the size controls - 0
the mean longitudinal velocity in the beam of cold atoms,
which increases with increasing MOT length. Hence the total
flux should grow with the length of the 2D MOT. In the limit

of an infinitely long 2D MOT the longitudinal velocity dis—. Here Iy, is the loss rate out of the trapped cloud due to
tribution of the atom beam becomes equal to a thermal disp, i ground gas collisiond],, determines the outcoupling

tribution. rate from the captured vapor in the 2D MOT trapping region

The_ |_nfluence of the MOT Iaser_mtensny is reflected Minto the atomic beamlL is the total length of the cooling
the efficiency of the transverse cooling. The capture velocmgége

For a theoretical description of the flux of cold atoms
from a 2D MOT source we resort to a simple rate model

@

n, =
v2) 15 Torap(Mio) Tout

should increase with intensity and saturate at some valu olume, nioy is the total density of all Rb isotopes, ands

H 7 H -
when the saturation parameter dominates the spontaneot densny_ofs Rb atorr71$ in the vapor celh(=0.2&h,,). R
force. is the loading rate of’/Rb atoms into the 2D MOT. The

Without collisions the number of trappable atoms angéeffect of light assistgd coIIision§ between the background gas
thereby the flux increases with pressure in the vapor cell. @nd the cold atoms in the atomic beam on the way to the tube
(described by the collision rafé.) is implemented by an
exponential loss term. In our setup the cooling region ex-
. - . tends directly to the differential pumping tub®wv, is the

Let us now discuss the effect of collisions. At higher pres-; o of flight for the atoms through the MOT volume.
sures collisions lead to a thermalization of the atoms in the The total flux, which gives the number of atoms per time
volume of the vapor cell. Thereby atoms can now start nofnterval integrated over_the output area of the source, is

only from the walls but also from within the vapor cell. This iven by the intearal ofb over all lonaitudinal velocities:
increases the background of thermal atoms in the atomid Y 9 9 '

beam. Moreover, background gas collisions in the vapor cel_?pzfg‘p(”'vz)dvz- Only positive values fow, are taken
and light assisted collisions of excited atoms in the beanmnto account.

with the background gas are mechanisms that limit the flux In order to derive the loading rate for a 2D MOT, one
when the MOT length increases. The mean number of collineeds to consider the flux of atoms through the surface of the
sions is given by the product of an ensemble averaged collicooling volume. Since we are interested in the loading flux
sion ratel’=no(v) and the mean time=(z)/v, which the  through the sidewalls, we need to consider only radial ve-
atom spends in the cooling volume.is the density in the locities, weighted with that part of the Boltzmann distribu-
vapor cell,o the collision cross section, an@) the mean tion which is trappable according to the discussion above.
thermal velocity in the vapor cell. The longer the MOT is, The loading rate is proportional to the density in the vapor
the longer becomes the time of propagation that the atomeell and to the surface area of the cooling volume. We define
spend in the vapor cell. Therefore the higher is the probabila loading rate per velocity interval,,v,+dv,]:

D. Influence of collisions
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167 —p2 Tetr~1.8x10 12 cnm?. This value matches within a factor
z . .
R(n,v,,z)=nd 5 ex 5 of 2 with the measurement of Dieckmagnhal. [21].
u N When comparing the theoretical results with the experi-

2 ment, Eqg.(4) needs to be multiplied by an overall scaling

> f%(vz’z)vz exp( i ) do 2) factor. The fit to our measured data yields a scaling factor of
0 ' u? " 2% 102, This might be attributed to the absorption of the

cooling laser in the Rb vapor or to a deviation of our pres-

where d is the diameter of the cooling volumey  syre estimation from the real value. E@) describes the

=\2kgT/m is the most probable velocity of the Maxwell- |ongitudinal velocity distribution in the cold atomic beam. A

Boltzmann distribution wittkg denoting the Boltzmann con- comparison of this model with the measured results will be

stant andr the temperature of the vapor, ang= \/vxz+vy2 is  given in Sec. IV.

the radial velocity. The integral’s upper limit. is the cap-

ture velocity which is generally a function of the longitudinal

velocity v, and of the atom’s distancefrom the aperture. F. Summary
To satisfy the two asymptotic behaviors at law (v Let us summarize the expected general behavior.
—vgo=const) and at highy, (v.>1/v,) we modelv. as (1) An increasing MOT length should lead to the follow-
ing.
ve(v,,2)= Yco _ 3) (a) A higher flux Faster atoms can be captured with in-
o 1+v,/ve creasingL. Due to collisions the expression &f(n,v,) be-

. . . L . comes independent &ffor large values of.. The flux shows
v¢o IS the radial capture velocity which lies usually in the a saturation for lengths above> (v ,)/T o ()
z co .

range of 30 m/su,, is the so-called critical velocity above )" A jncreasing mean velocity in the atomic beam
which the cooling time is limited by the longitudinal motion Above an optimum MOT length every increase in length will

and the capture velocity falls off asul/. The capture veloc- oy 4qq faster atoms to the beam, thus increasing the value
ity is nearly equal taw o belowv.,. We choose, via the o the mean velocity.

equality of the mean longitudinal flight time/(2v.,) and (2) An increasing density of Rb atoms in the vapor cell
the radial cooling time which we approximate Byv .. In' should lead to the following.
this approximation the explici dependence af drops out. (a) A linear increase of the total flux at low pressurége
This results inve,=Lvge/(2d). loading rate is proportional ta/[ 1+ I'yap(n)/T ] Which
This gives for the flux per velocity interval is linear in the density for low pressures. At higher pressures
the term 1I'.,,(n), which is inversely proportional tm,
ci)(n v,)= nd 16\7 vz dominates. For a given length of the MOT beams there exists
’ 1+ Thap(Nio)/ Tour ud Teon(Nior) an optimum pressure above which the flux decreases with
increasing pressure.

L (b) An increasing mean velocity'he necessary momen-
1-ex _rcoll(ntot)v_z tum transfer to be pushed out of the beam is smaller for slow
atoms, leaving a higher fraction of faster atoms in the beam.

_vg
Xex —
u

2
UC — 0
xf vfexp( r). (4) IIl. EXPERIMENTAL SETUP AND DIAGNOSTICS
0 u

The basic geometry of the experimental sefsge Fig. 1
At residual vapor pressures of a few T0 mbar the typical s given by a vapor cell separated from a UHV chamber by a
lifetime of a MOT loaded from atomic beams is about 100differential pumping tube which is also the aperture for the
ms. From that we conclude a collision rdtg,, on the order  output beam of cold atoms. The tube is conically shaped, 133
of 10 s ! for this vapor pressure. As will be discussed in mm long, and has a diameter of 6 mm which widens at the
Sec. IV the typical cooling time is in the range of millisec- UHV end up to 9.6 mm. It maintains a pressure drop of three
onds; therefore the order of magnitude Ty, is 10 s™*.  orders of magnitude between a vapor pressure cell and two
The collision rate for light assisted collisions is given by UHV six-way crosses used as analyzing chambers. Com-
Icon=nw{v)o, where(v) is the mean velocity in the vapor, pared to other setups we use a rather large aperture for the
ando is the effective collision cross section for light assisteddifferential pumping tube. We have implemented a shutter
collisions between the background gas atoms and atoms inside the differential pumping tube on the side of the vapor
the cold beam. Following21,24 we assume that this pro- cell which can be operated by a rotary motion feedthrough.
cess can be described by the resonant dipole-dipole interatlence the UHV cannot be excessively loaded by
tion and follows aC3/R? potential.R is the interatomic dis- thermal atoms. The vapor cell is a glass cuvette
tance. (135 mmx 35 mmx35 mm) whose long axisz(axis) is

When fitting the experimental results with this theoreticalhorizontally aligned.

model we obtainI'y,,/T',=0.012 at a pressure of Electric heating rods around the glass cell provide homo-
10°7 mbar. This agrees well with the observed life- geneous and stable heating thus allowing one to work at
times. For the effective collision cross section we getrelatively high vapor pressures between ~10 and
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3%x10 ® mbar. Four rectangularly shaped, elongated mag- 38
netic coils are placed around the vapor-cell producing a two- : s
dimensional quadrupole field. The axes of both the cell and 4] —
the tube coincide with the line of zero magnetic fietdakis)
which is horizontal. We work with a field gradient of
17 Glem.

Cooling laser light is provided by a Ti:sapphire laser. The
laser is red detuned by T:91'=27 6 MHz) from the 55,,,
F=2—5P;,, F=3 transition. To repump atoms back into

w
e

Capture Velocity [m/s]
w
»

& \

A

H

A\ 4

the cycling transition an external cavity diode laser is em- | / o N\

ployed that is stabilized to theS,, F=1—5P3,, F=2 80 /{ /

transition. For the analysis of the atomic beam another diode 1 J os2|  je BSMHZ

laser is used. This probe laser is locked on resonance to th g : { : : "l ? : .
5Sy,, F=2—5P;,, F=3 transition. 0 50 100 150 200 250

The light of the cooling laser is split into four separate Intsniity: par MOT beam [mw]

beams which are expanded in spherical and Cylindrical tele- FIG. 2. Transverse capture velocity of the 2D MOT. The inset
scopes placed in sequence up to a beam size of roughlows the normalized Doppler spectroscopy signal, i.e., the mea-
95x 15 mn? (horizontal waist radiusv,~25 mm, vertical  syred signal divided by a fitted Gaussian distribution. The width
waist radiusw,~6 mm). Two pairs of horizontally and ver- between the two minima corresponds to twice the capture velocity.
tically counterpropagating beams with orthogonal circularthe main graph shows the dependence of the capture velocity on
polarizations in the usual MOT configuration are overlappedhe intensity in the cooling laser beams. The line serves merely to
in the center of the glass cell. Thus they enclose a coolinguide the eye. The capture velocity saturates at high intensities at a
volume along the axis of zero magnetic field. The repumping/alue of 38 m/s. This is about the linear capture range which is
light is overlapped with two horizontal beams. In order toobtained when equating the frequency shift due to the Zeeman ef-
work at high vapor pressures it is necessary to use four diffect with the detuning of the laser.
ferent laser beams. Retroreflection of the light beams would
lead to a strong imbalance in the light pressure due to the The transverse beam profile is investigated in the UHV
high absorption in the vapor. part of the setup. A probe beam with a diameter of 1 mm is
The center of the 2D MOT laser beams is positioneddirected orthogonal on the atomic beam. Perpendicular to it a
about 40 mm in front of the entrance edge of the differentialcharge-coupled device camera images the fluorescence sig-
pumping tube. The cooling volume extends to the front ofnal. From the increasing full width at half maximum of the
the tube. There is no dark distance which the atoms travel aignal when moving the probe beam along thaxis the
background pressure without being transversely cooled. Thidivergence of the atomic beam is quantified.
upholds the good collimation of the beam until it leaves the The analysis of the longitudinal velocity distribution of
vapor cell. the atomic beam is done by a time-of-fligfitOF) method. A
fraction of the MOT laser intensity is split off and shone into
the vapor cell directly in front of the tube perpendicular to
Diagnostics the atomic beam axis. This beam has a diametet & mm,

The measurement of the Rb pressure in the cell is acconfnd its power was held constant at 150 mW throughout all
plished by absorption measurement. The frequency of measurements. It deflects all atoms with a longitudinal ve-
small laser beam whose intensity is below saturation is sweg@City lower than 130 m/s and hence plugs the atomic beam
across resonance. The measurement is calibrated by the B! all smaller velocities. After a flight distance of 145 mm a
sorption of Rb vapor at room temperature whose vapor predight sheet of 1. mm width from a probe laser is used to
sure is 107 mbar[26]. irradiate the atomic bear_n in the UHV cham_ber prtho_gonal to

Information about the transverse capture velocity of the"€ atom beam. A fraction of the repumping light is over-
2D MOT can be obtained by Doppler spectroscopy perpenI_apped with the probe laser. A calibrated pho_todlode detegts
dicular to the atomic beam in the vapor cell. For that purposd® fluorescence of the atoms. After plugging the atomic
a probe laser beam with a diameter of 1 mm is aligneobeam the fluorescence signal fades out. From this signal in-
through the atomic beam orthogonally to its axis onto a phoforma’[ion about the velocity distribution of the atomic flux
todiode. When its frequency is swept across resonance ttgn be derived according to

Doppler profile reveals a Gaussian shape due to the thermal » | ds
velocity distribution of the atoms with two dips symmetri- D(v,)= S — (5)
cally centered around the maximum. Atoms of the velocity dprobe vz dt

classes corresponding to the dips have been cooled and

therefore the height of the central part corresponding to tha&vhere S is the fluorescence signal from the photodiode,
cold atoms increases. Division by the fitted Gaussian profilel .y is the width of the probe beam light sheétis the
shows this structure clearlfFig. 2). Half of the width be- distance between plug beam and probe beam yaceohtains
tween the minima corresponds to the capture velocity. calibration parameters of the detection system.
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— T70mW

8

Atomic Flux [10 atoms/m]
-
Atomic Flux [1010 atoms/s]
®
[

0 20 40 6IO 8IO 12)0 1I20 1:10 1%30 1I80
Laser Power [mW]

20 60 100 140 180 FIG. 4. Dependence of the total atomic flux on the cooling laser
velocity [m/s] power per beam. The total flux in atoms/s is given by the area under
the curves in Fig. 3. It ranges fromx110* to 6x10'° atoms/s.

The total flux depends strongly on laser power and saturates at

alues of 160 mW per laser beam.

FIG. 3. Distribution of the atomic flux versus the longitudinal
velocity. The laser power in the cooling beams was varied fro
30 mW to 170 mW. The pressure for this measurement is

6 ) : .
1.6x10 ”.‘ba“ the Iength Is 92 mm. A small shift .Of t.h'.e mean steady state when the atoms are transversely cooled and
velocity to higher values with increasing laser power is visible. The

LT e ; loser in resonance with the probe laser than with the MOT
velocity distribution is centered around 50 m/s and has a width of; . S - .
about 75 mis. ight. The 1£ time qf this increase is abou'g 2 ms. This gives
the characteristic time scale for the cooling process. From
that we estimate the value for the outcoupling rBtg; in
IV. EXPERIMENTAL RESULTS Eq. (4) to be on the order of fos L.

First we give information about the characteristics of the The emerging atomic beam is well collimated. From our
2D MOT: its loading time and its capture velocity. This is transverse beam profile measurement we deduce a beam di-
followed by a discussion of the properties of the atomicvergence of 32 mrad. This is about a factor of 2 less than the
beam. The influence of laser power, length of the coolingdivergence geometrically allowed by the differential pump-
volume, and the pressure in the vapor cell is studied. ing tube of 59 mrad. This means that the beam of cold atoms
is not hindered by the aperture. It is possible to further sup-
press the thermal background by diminishing the aperture of
the differential pumping tube without decreasing the flux of

The two-dimensional laser cooling produces a line aboutold atoms in future experiments.

2 mm wide and 90 mm long of high intensity fluorescence
light in the glass cell along the axis of zero magnetic field, B. Velocity distribution
which is clearly visible at low vapor pressures.

A measurement of the radial capture velocity in the way,,
described above yields the maximum transverse capture Ve
locity veo In EQ. (3). The capture velocity depends on the
intensity of the laser beams, the detuning, and the magnet
field gradient. Figure 2 displays the dependencegfon the
laser intensity. The inset shows the Doppler spectroscop
signal from which the capture velocity is inferred. In the
intensity range which we apply, it extends from 28 m/s to 3
m/s. For high laser powers above 160 mW per béaimch

A. Characteristics of the 2D MOT

The time-of-flight measurements give information about
e distribution of the atomic flux versus velocity. A typical
et of velocity distributions is depicted in Fig. 3. The varied
arameter for the single curves is the power in the laser
eams. We observe a relatively broad feature with a peak
velocity of around 50 m/s and a width of roughly 75 m/s. An
thcrease of the peak velocity with increasing laser power is
visible. The transverse cooling works more efficiently with
increasing laser intensity. Therefore atoms with a higher ve-

ds t intensity L7 mw/cn? locity in the z direction contribute to the beam. The integral
corresponas 1o an average intensity el / mWicnt per ¢ yna fiyx distribution gives the total flux of atoms per unit

beam it saturates at a value of 38 m/s. This value matche%me_ This is displayed in Fig. 4. The total flux saturates for

well with an estimate from equating the frequency shift duelaser powers above 160 mW per laser beam. We observe a
to the Zeeman effect with the detuning of the laser, WhiChmaximum flux of 6<10'° atoms/s at a laser power of

gives the linear capture range—in our case 35 m/s.
For measuring the loading time of the 2D MOT we di- 168(; {g\!\é r;:ﬁ)rarlaser beam and at a vapor pressure of

rectad a 1 mmthick probe laser beam through the center of
the atomic beam onto a photodiode. When the 2D MOT

cooling light was switched on the absorption decreased C. Length dependence

abruptly because the=2—F =3 transition is driven by the In addition to the field gradient and the detuning, the size
MOT laser. The absorption increases again and reachesathe MOT beams determines the capture range of the MOT.
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FIG. 6. Dependence of the total flux on the length of the cooling
volume. The experimental parameters are the same as in Fig. 5. The
squares show the theoretical and the circles the experimental data.

expected to saturate for a cooling volume above an optimum
length which is given by the mean velocity and the collision
ratel" ., (n) as discussed in Sec. Il. However, for the pres-
sure range of this measurement no saturation of the flux is
visible even at the maximum MOT length of 92 mm. Con-
firming the discussion in Sec. Il, we observe that the maxi-
mum velocity shifts toward higher values when the MOT
% 50 75 100 125 150 175 length increases. Our model is in good agreement with the
velocity [m/s] measurements and predicts the essential features that we ob-

serve. Only the width of the velocity distribution is not ac-
FIG. 5. Dependence of the atomic flux on the length of the MOTcurater described.

beams. The upper graph shows the prediction by our model. The
experimental result is plotted in the lower graph. The power per
laser beam is held constant at 21 mW and the Rb pressure is 1.6
% 107% mbar. The peak of the velocity distribution is shifted to ~ The variation of the Rb vapor pressure is done by chang-
higher values for a longer cooling volume. The atomic flux in- ing the temperature of the glass cell in a controlled way. It is
creases with the length of the cooling volume. In this measuremenpossible to raise the vapor pressure froix 107 mbar to
an increasing part of the MOT beams is blocked while the lase3x 10°¢ mbar. Figure 7 demonstrates the dependence of the
power is adjusted so that the total laser power incident on the atomge|ocity distribution on the vapor pressure. The upper part
stays constant. shows the behavior as described by our theoretical model;
the lower graph displays the TOF measurements. The flux
As discussed in Sec. Il the length of the cylindrical MOT increases with increasing pressure, reaches a maximum at
beams strongly influences the flux of cold atoms. Figure 5L.5x 10 ® mbar, and decreases again for higher pressures.
shows the distribution of the atomic flux versus velocity In the high pressure regime the mean free path of Rb atoms
when the length of the beams is varied. The upper part showis the vapor cell is of the order of a few centimeters and is
the result of our theoretical model. The lower part displayscomparable to the dimensions of the atomic beam in the 2D
the TOF results. This measurement was done by successivelyOT. This means that collisions start to limit the atomic flux
blocking a part of all four cylindrical MOT beams starting on as is discussed in Sec. Il. Above the optimum pressure value
the back side of the glass cell. The laser power per beam fahe total flux decreases again. The optimum pressure depends
the full-length 2D MOT was 50 mW. Therefore the total flux on the length of the 2D MOT. The longer the 2D MOT, the
for the maximum length is about 3BL0'° atoms/s. While  smaller is the value for the optimum pressure. Our value for
decreasing the length of the 2D MOT we simultaneouslythe optimum pressure agrees well with the prediction of Vre-
increased the laser power per beam so that the power shinirtenbregtet al. [25].
on the atoms was kept constant. Thus it is ensured that we The maximum velocity of the distribution shifts toward
see the pure influence of the MOT length at a given constarttigher values with increasing pressures. This is revealed in
available laser power. With increasing length the flux growsthe experiment and also in the theoretical curves. Atoms with
and the maximum velocity shifts to higher values, whicha small longitudinal velocity are more affected by collisions
agrees with our predictions in Sec. Il. Figure 6 shows thebecause a small transverse momentum transfer already pro-
total flux as a function of the MOT length. The total flux is duces a large enough divergence so that the atoms collide

Atomic Flux[10 atoms/m]
P

0.5F

D. Pressure dependence
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? N = 3 1¢'mbar circles describe the experimental results. The measurement was
S 5 done at full length of the MOT laser beart® mn) and at a laser
,,g 4 power of 170 mW. At low pressures the atomic flux increases lin-
= early whereas it finds a maximum at about 20" mbar and de-
53 creases for higher values. The mean free path in the cell reaches the
!‘L_; value of the length of the MOT at the pressure for the maximum
E2 flux—a clear hint that collisions limit further increase of the atomic
< ] flux. The theoretical model agrees well with the experimental data.
T E. Pushing beam
. , , In addition to the Doppler-cooling laser light we shone in

100
velocity [m/s]

150 200

FIG. 7. Distribution of the atomic flux versus the longitudinal

velocity. The pressure in the vapor cell was varied from “1Gnbar

to 3.5<10°% mbar. The upper graph shows the results of our
model. The experimental results are plotted in the lower graph. The
model describes an increase in the peak velocity with increasing
pressure and also a growing flux with higher pressures, which is in
accordance with the experimental results. Above an optimum pres:
sure the flux decreases again. This is also visible in the dashed lin
both in the model and in the measurement.

atoms/m)
o~

8

with the tube. A higher pressure leads to a larger mean ve
locity in the atomic beam.

The total flux as a function of vapor pressure is shown in
Fig. 8. The linear increase of the flux at low pressures and
the existence of an optimum pressure are well described b
our model.

We verified the results of the TOF technique with the
method of Doppler spectroscopy directly on the atomic
beam. For that purpose another light sheet from the probe
laser was aligned counterpropagating to the atomic beam at

Atomic Flux [10

o

-

a laser beam of the same detuning with a diameter of 5 mm
on the axis copropagating with the atorfmishing beam

The longitudinal velocity distribution in this case is shown in
Fig. 9. A narrow(width ~7.5 m/s) and intense peak at low

i

velocity [m/s]

an angle of 3.5° to it. When scanning the laser frequency one FIG. 9. When a laser beam is shone on the axis copropagating
obtains Doppler profiles that confirm the longitudinal veloc-with the atomic beam, the longitudinal velocity distribution changes
ity profiles of the beam obtained by the TOF measurementgiramatically. A narrow peak arises at velocities between 20 m/s and
In this measurement we could verify that the integrated flux0 M/s. Its width and position on thg axis depend on the intensity

of thermal atoms transmitted by the differential pumping'n the pushing beam. Atoms at very low velocities below 15 m/s are

tube is only about 10% of the flux of cold atoms.

023410-8
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velocities(centered around 25 my/arises. The width of this  optain 7.5< 103 atoms/s sr. Also, for low laser powers and a
feature increases and its position is shifted toward highegomparable configuration of the 2D MOT we observe a
values when the power in the pushing beam is increasegroad velocity distribution as shown in Fig. 3, which differs
Since there is no magnetic field gradient on the axis, thgrom that of[21]. The length of the 2D MOT provides good
axial beam addresses only a certain velocity class of atomgollimation resulting in a divergence of 32 mrad, which is
The data indicate that a group of atoms propagating in th@ot geometrically limited by the differential pumping tube.
negativez direction is slowed down and their direction of  This alternative source of atoms provides a total flux com-
propagation is turned around to the positwelirection. At  parable to that of a Zeeman slower with less total length, less
the same time the very slow atoms are pushed out of thgnaterial throughput, and without disturbing light and mag-
beam. The velocity distribution shows almost no atoms ahetic fields for a consecutive MOT in a UHV system. It
velocities below 15 m/s. The total flux stays nearly constaniakes a fast and efficient trapping of a large number of
when the pushing beam is shone in. Only for high powersitoms in a magneto-optical trap feasible and therefore pro-
(above 15 mW in the pushing beam is the 2D MOT too vides a very good starting point for further laser and evapo-

much disturbed and the flux decreases as is shown by th@tive cooling experiments and Bose-Einstein Condensate
curve for 30.7 mW in Fig. 9. A different detuning in the axial generating apparatyg7,28.

beams from the usual MOT laser beams could address the |n a consecutive experiment we loaded the atom beam
high velocity classes and increase the number of slow atomigto a 3D MOT with a capture velocity of about 50 m/s in a
in the beam. This slowing effect can be used to increase thgHV environment of background pressure in the lower
flux at low velocities, which might be useful when loading 10! mbar range. Using a laser power of 75 mW per beam
conventional 3D MOT configurations with capture rangesywe obtain a flux of X 10°° atoms/s and load of about 6

around 30 m/s. X 10'° atoms withn 5 s loading time. When the shutter be-
tween the low vacuum and the UHV chamber was closed,
V. SUMMARY AND OUTLOOK lifetimes of the magnetically trapped atoms of up to 90 s

were observed.
Additionally we presented an analytical model for de-
QEribing the longitudinal velocity distribution and the depen-

We realized and investigated a 2D MOT source of cold
Rb atoms using four independent transverse laser beams f

cooling. The underlying physics is pure two-dmensmnaldence of the total flux on geometry and pressure in the vapor

cooling and trapping. To reach a high flux with a small di- cell. As discussed in Sec. IV our model is in good agreement

;/_ergefn;]e \1ve W?c_rklgt h'gz vapor g.rﬁessurtesl and h!gh :n:)ensixith the experimental results. The theoretical model and its
I;ersgd'a?n;?rrtr:zt S't?gct:iﬁoast (I)fetrr?en;?or?”nusnggl‘?adu'netﬁ xperimental verification will be helpful for the design of
ge d X ! tense sources in future laser-cooling experiments.

2D MOT. This results in a different form of the velocity
distribution compared to that if21]. We observe a higher
mean velocity of about 50 m/s and a higher total flux. The
total flux is in the range of several fatoms/s. A maxi- This work was supported by the Schwerpunktprogramm
mum flux of 6x 10 atoms/s was obtained at a 2D MOT “Wechselwirkung in ultrakalten Atom- und Molékyasen”
length of 90 mm, laser intensity of 160 mW per beam, and SPP 111pof the Deutsche Forschungsgemeinschaft and by
vapor pressure in the glass cell of X860 ® mbar. If we the European Research Training Network “Cold Quantum
integrate the brightness over the output area of our source weases” under Contract No. HPRN-CT-2000-00125.
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