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Realization of an intense cold Rb atomic beam based on a two-dimensional magneto-optical trap:
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We discuss the implementation and characterization of the source of a slow, intense, and collimated beam of
rubidium atoms. The cold atomic beam is produced by two-dimensional magneto-optical trapping in directions
transverse to the atomic beam axis and unbalanced Doppler cooling in the axial direction. The vacuum design
allows use of relatively low laser power and a considerably simplified assembly. The atomic beam has a high
flux of about 2 X 10'” atoms/s at a total cooling laser power of 55 mW. It has a narrow longitudinal velocity
distribution with mean velocity 15 m/s with full width at half maximum 3.5 m/s and has a low divergence of
26 mrad. The high flux enables ultrafast loading of about 10'° atoms into a three-dimensional (3D) magneto-
optical trap within 500 ms. The variation of the atomic beam flux was studied as a function of the rubidium
vapor pressure, cooling laser power, transverse cooling laser beam length, detuning of the cooling laser, and
relative intensities of the cooling beams along the atomic beam axis. We also discuss a detailed comparison of

our measurements of the cold atomic beam with a 3D numerical simulation.
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I. INTRODUCTION

Cold atomic beams are of increasing significance in a va-
riety of experiments and applications such as atom optics [1],
atom interferometry [2], the study of cavity QED effects [3],
atom lasers [4], the production of Bose-Einstein condensa-
tion, etc. The desirable features for cold beams of neutral
atoms are high flux at low average velocity, small diver-
gence, tunability of flux and velocity, and robustness and
stability in the beam parameters.

In order to produce a large BEC and an atom laser, a high
initial atom number in a magneto-optical trap (MOT) is es-
sential as a starting point for evaporative cooling so that
there would be enough atoms remaining even after the losses
during evaporative cooling. Loading a MOT from the back-
ground thermal atoms using a getter source is a simple and
convenient way to produce cold atomic samples but this pro-
cedure does not produce a high equilibrium atom number.
Typically, such traps produce clouds containing less than 108
atoms when the background vapor pressure is about
10~ mbar, that too in a loading time of about 10 s. The
conflicting requirements of UHV below 107! mbar for mag-
netic trap BEC’s and the need to have a large number of
atoms in the trap are usually resolved by a double-MOT
arrangement or its variations, set up in two vacuum cham-
bers with a differential pumping port in between. More re-
cently, the advantages of the more compact and efficient ar-
rangement with two-dimensional (2D) magneto-optical
trapping are recognized. A high number of atoms can be
loaded very fast into a 3D MOT if loaded from a continuous
source of a cold atomic beam with high flux.

There has been remarkable progress in the recent past in
producing high-flux, low-velocity atomic beams for various

*Electronic address: wrishi @tifr.res.in
"Electronic address: sanjukta@tifr.res.in
*Electronic address: unni@tifr.res.in

1050-2947/2006/74(2)/023406(11)

023406-1

PACS number(s): 32.80.Pj, 39.10.+j

applications. Zeeman slowers [5] are still widely used to ob-
tain a high flux of atoms (about 10'' atoms/s) by decelera-
tion of a thermal atomic beam along its propagation axis
using radiation pressure. Zeeman slowers give a high flux of
atoms at the expense of a relatively large divergence of the
atomic beam. The recent trend is to generate the atomic
beam from a magneto-optical trap itself, operated at a higher
vapor pressure, without a Zeeman slower. A low-velocity
intense source (LVIS) [6] was realized by Lu er al. with
narrow longitudinal velocity distribution with mean velocity
14 m/s and flux of 5X 10° atoms/s by creating a narrow
dark column at the center of one of the six MOT laser beams.
A pure 2D MOT was realized by Schoser et al. [7] where a
2D quadrupole magnetic field was used with transverse op-
tical cooling along the two axes orthogonal to the atomic
beam. A high flux of 6X 10" atoms/s was obtained with
mean longitudinal velocity of 50 m/s, using a high laser
power of 160 mW per beam for cooling. A configuration in
which two-dimensional magneto-optical trapping is comple-
mented with a pair of laser beams in the axial direction for
optical molasses cooling is referred to as a 2D* MOT. A 2D*
MOT source of cold atoms with a flux of 9 X 10° atoms/s at
a mean velocity of 8 m/s was produced by Dieckmann et al.
[8]. A similar approach was used by Conroy et al. [9] to
produce a source of cold atoms for loading into a magnetic
guide. To further narrow the longitudinal velocity distribu-
tion, two-dimensional magneto-optical trapping along with
cooling by a moving molasses along the third direction was
done by Cren et al. [10]. A cold atomic beam can also be
produced by extracting a continuous jet of cold atoms from a
magneto-optical trap using a thin laser beam [11] or from a
pyramidal magneto-optic trap [12]. A dual 2D MOT that
serves as the source for a double-beam matter interferometry
device has been completed recently at the University of Han-
nover [2]. The choice of the method for producing the cold
atomic beam depends on the specific requirements of the
subsequent experiment.

A survey of different experimental setups has motivated
us to make a new design for a 2D* MOT source in which a
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FIG. 1. (Color online) The schematic diagram of the experimen-
tal arrangement to produce cold atomic beam which loads atoms
into a 3D MOT.

cold atomic beam with flux of about 2 X 10'” atoms/s with
mean longitudinal velocity of 15 m/s could be produced us-
ing a total laser power less than 55 mW at relatively low
rubidium vapor pressure in the 2D* MOT chamber. Remark-
ably, when the beam parameters are well optimized, we are
able to load a 3D MOT with a large number of atoms (1.2
% 10'%) in less than 500 ms. This ultrafast loading rate of
about 2 X 107 atoms/ms is several thousand times faster than
the MOT loading rate in a single-UHV-chamber getter-based
system, and it is about 100 times faster than in typical
double-MOT systems. Our setup has the added advantage of
the simplest design of the 2D* MOT vacuum chamber with
double-sided antireflection- (AR-) coated windows and of
the optics configuration for the 2D cooling. In subsequent
sections, we describe our experimental setup, its aspects, the
measurements used for the diagnostics of the atomic beam,
the details of the 3D numerical simulation to model the
atomic beam characteristics, and the comparison between the
experimental and simulation results.

II. EXPERIMENTAL SETUP

The primary focus in the design of our 2D* MOT source
[8] was the production of an intense cold atomic beam using
relatively low laser power and low Rb vapor pressure in a
vacuum chamber that allows simple and reliable assembly of
large AR-coated optical windows. It is desirable to have a
vacuum design in which one could use easily replaceable
double-sided AR-coated glass windows so as to enable ret-
roreflection of the cooling laser beams without appreciable
power imbalance or loss. Also, avoiding UHV glues or metal
seals increases reliability and considerably improves the ease
of implementation compared to many earlier designs of such
sources. The experimental setup consists of a two-chamber
vacuum system connected through a differential pumping
hole as shown in Fig. 1. One is a cuboid chamber of size
16.4 cm X4 cm X4 cm, operating in the vacuum range 3
X 1078-1X 107° mbar, in which the 2D* MOT is produced.
The other is a multiport spherical square UHV chamber
(Kimball Physics) where the 3D MOT is produced with the
atoms captured from the cold atomic beam from the 2D*
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MOT source. The atomic beam passes to the UHV chamber
through the differential pumping hole. Since the base
vacuum requirement at the HV chamber where the atomic
beam is produced is only of the order of 6 X 10~® mbar, we
have used viton seals to attach the glass windows, broadband
AR coated around 780 nm on both sides, to the cuboid
chamber using steel cover plates. Viton o-ring seal is used on
both sides of the glass windows, resulting in reliable seals
which ensured zero breakage of the glass windows.

The cuboid chamber is connected to the UHV chamber
through a CF 35 port. A copper rod with a centered hole was
inserted in the port between the cuboid and the UHV cham-
ber. The hole size is 2 mm up to a length of 1 cm starting
from the 2D cooling chamber and then its size is 3 mm up to
a length of 3 cm ending at the UHV chamber side. The
copper rod has a 45° cut with respect to the axis on one end
and this was hand-polished for 90% reflectivity at the front
surface in order to allow an axial light beam inside the
cuboid chamber for retardation and Doppler cooling of the
atoms in the axial direction. This copper rod with the hole
doubles up as a differential pumping separator and a mirror.

We have used a circularly polarized light beam expanded
using a pair of cylindrical lenses (horizontal waist size of
around 96 mm and vertical waist size of 9 mm) for the trans-
verse cooling and trapping so as to have a large cooling
volume. In order to avoid using large A/4 plates we have
retroreflected the transverse cooling beams using long right-
angled prisms with base dimensions 10 cm X 2.5 cm (Astro-
Optics Industries, Mumbai), where the light gets retrore-
flected after two total internal reflections, preserving the
helicity of the circularly polarized light as required for the
magneto-optical trapping. This eliminated the need for inde-
pendent beams and their independent expansion. This optical
design without large or multiple wave plates also reduces the
cost significantly.

Cooling in the longitudinal direction reduces the mean
velocity and the width of the velocity distribution, and al-
most all the atoms in the resulting beam have velocity less
than the capture velocity of a standard three-dimensional
MOT. This enables the efficient loading into a 3D MOT
without any further cooling. Moreover, due to longitudinal
cooling, the atoms spend more time in the transverse cooling
beams, so their transverse velocity and hence divergence are
reduced and the beam density is enhanced, increasing the
probability of their passing through the small differential
pumping hole into the UHV chamber. The divergence of the
atomic beam in the UHV chamber is determined by the size
of the differential pumping hole and the length of the hole
through the copper rod.

A pressure of 4X 1078 mbar could be maintained in the
2D cooling chamber using a 20-1/s ion pump. Rubidium
metal (in an ampule) is used as the source of rubidium at-
oms. The glass vial containing the ampule of 5 g Rb was
kept in a tube connected to the cuboid chamber through an
in-line valve and it was broken in vacuum. The background
rubidium pressure in the 2D chamber could be varied by
heating the tube containing the ampule as well as by control-
ling the opening of the inline valve. There were some pieces
of graphite rod inserted in the pumping path between the Rb
source and the ion pump, to help in reducing the corrosion
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inside the ion pump. The UHV vacuum chamber for the 3D
MOT and other experiments is maintained at less that 3
X 107!° mbar with a 75-I/s ion pump. At higher pressures
around 3 X 1077 mbar in the 2D* MOT chamber, the pressure
in the 3D MOT UHV chamber could be maintained below
6 X 1071 mbar (an additional sublimation pump would bring
this down below 107!° mbar for BEC experiments).

The cooling laser beam was derived from a 780-nm ex-
ternal cavity diode laser (ECDL: Toptica DL100). We pro-
duce beams of 3°Rb as well as 5’Rb, depending on the ex-
periment. For the 8Rb beam, the laser frequency was 2.2I"
detuned from the S, nF= 37 P, F=4 transition. The re-
pumping beam was derlved from a 795-nm ECDL and the
transition °S k= 27 Py, F=3 was used for the repump-

ing. For producing the %Rb beam the laser frequency is
detuned 2T" from the S, nF= 273 P, F=3 transition. The
repumpmg beam was derlved from a 795-nm ECDL and the
transition °S k= 17 Py, F=2 was used for the repump-
ing. Cooling and repumping laser beams are first indepen-
dently expanded with telescopes into a circular cross section
with waist 9 mm. After mixing the cooling and repumping
beams, the circularly polarized beams were expanded along
the axis of the 2D cooling chamber using a pair of cylindrical
lenses with focal lengths —30 mm and 200 mm. The advan-
tage of large cooling volume is twofold. First, a large number
of atoms are captured by the magneto-optical potential and,
second, the atoms with higher axial velocities also get suffi-
cient time in the cooling volume to get transversely cooled
enough to get transmitted through the hole.

A linearly polarized pushing light beam of the circular
cross section with waist 9 mm was aligned along the atomic
beam axis towards the UHV chamber. Also a similar retard-
ing light beam was introduced into the chamber from the
opposite direction by reflection from the 45° copper mirror
as shown in Fig. 1. The hole in the center of the copper
mirror produces a shadow at the center of the retarding
beam. The pushing and retarding beams provide the longitu-
dinal cooling of the atomic beam, reducing the width of the
longitudinal velocity distribution. The imbalance of the ra-
diation pressure of the longitudinal cooling beams on the
atoms due to the hole in the retarding beam is used to push
the atomic beam through the differential pumping hole into
the UHV chamber to load the 3D MOT.

Mild heating of the source chamber with heater tapes to
about 50 °C provides enough quantity of rubidium to oper-
ate the 2D* MOT and to optimize it. Usually the heating is
kept off during operation, with an occasional boost in heating
at 40-50 °C lasting a few minutes, and the 2D* MOT beam
operates in optimized condition at around a pressure of 3
X 1077 mbar, close to the room-temperature vapor pressure
of rubidium. The transverse magnetic field gradient is pro-
duced using two pairs of racetrack coils in anti-Helmholtz
configuration. The requirement is to have both the field and
field gradient to be zero along the symmetry axis of the
chamber. A current of 1.5 A. per coil produces a transverse
field gradient of 15 G/cm. The transverse cooling beams
were circularly polarized appropriately according to the mag-
netic field directions. By fine-tuning the currents in the coils
independently, the transverse position of the 2D* MOT can
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FIG. 2. A fluorescence picture of the atoms in the 2D* MOT in
the 2D cooling chamber taken with a charge-coupled-device (CCD)
camera when the pushing and the retarding light beam powers are
almost balanced (a partial view of the copper reflector is also visible
at the left end).

be shifted to maximize the flux through the differential
pumping hole.

The transverse velocity distribution of the atoms in the
cold atomic beam is limited by the differential pumping hole
diameter apart from the transverse cooling factors. The at-
oms with high transverse velocities are filtered out by the
2-mm hole in the differential pumping tube. Hence a well-
collimated beam with small transverse temperature can be
obtained with small divergence so as to efficiently load a 3D
MOT. A fluorescence image of the cold atoms in the 2D*
MOT is shown in Fig. 2. The longitudinal velocity distribu-
tion of the atoms in the beam is determined by the position at
which the atoms enter the cooling volume and hence get
decelerated to different extents along the atomic beam axis.

A number of measurements were done to characterize the
cold atomic beam. The longitudinal velocity distribution,
atomic beam flux, divergence of the atomic beam after the
differential pumping hole into the UHV chamber, loading
rate into a 3D MOT, dependence of the atomic beam flux on
the rubidium vapor pressure, cooling laser power, detuning,
and the dimensional extent of the transverse cooling beams,
etc., were measured. Most of the measurements presented in
this paper were done for 85Rb, though comparisons were
made with a 5’Rb beam as well, especially the measurements
of the atomic beam flux and its dependence on the Rb vapor
pressure as well as the measurement of the longitudinal ve-
locity distribution. Since these measurements were then
compared with the results from a numerical simulation of the
setup, we discuss the numerical simulation first before de-
scribing the details of the measurements.

III. DESCRIPTION OF THE NUMERICAL SIMULATION

A numerical simulation was done to model the atomic
beam characteristics. This simulation integrates the equation
of motion of the atoms captured from the background vapor
in the 2D cooling chamber into the atomic beam, which then
passes through a hole into the other UHV chamber where the
flux is measured.

The initial positions of the atoms are chosen randomly
from within the 2D cooling chamber. The initial velocities
are chosen according to Maxwell-Boltzmann distribution at
300 K temperature using the Box-Muller transformation [13]
and Monte Carlo method [14]. The trajectories of the atoms
in the presence of the radiation force F due to the laser
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beams, in the magnetic field used for the magneto-optical
trapping, are integrated using the Runga-Kutta method.

In the simulation, the velocity-dependent force on the at-
oms was imparted by four transverse cooling laser beams
elongated along the longitudinal direction and a pair of lon-
gitudinal cooling beams along the atomic beam axis. All the
laser beams were chosen to have Gaussian intensity profiles
truncated to the size of the AR-coated windows of the cham-
ber along with appropriate polarizations and directions for
magneto-optical trapping. The position dependence of the
force was incorporated by the quadrupole magnetic field pro-
duced by the four rectangular coils given by

B=(gx’_gy’0)’ (1)

where g is the magnetic field gradient along the transverse
(x-y) directions and the field is zero along the z direction
which signifies the absence of trapping along the atomic
beam axis. Since we used two pairs of coils symmetrically
around the cuboid chamber, the gradients in the two direc-
tions have the same magnitude.

We have considered a simplified model of the atomic tran-
sition utilized for the cooling process as |g,Jg=O>
e,J,=1) since this model works for any J,«J,=J,+1
transition as well. |g) and |e) are the ground state and the
excited state, respectively, of the transition. A similar ap-
proach has been described in [11].

For the description of the motion of the atoms in a
magneto-optical trap [15], we considered the radiative force
on the atoms in the low-intensity limit. The total force on the
atoms is given by F=F,+F_, where

AkI So
Fi = * PR (2)
2 148+ (28T

—

I" is the natural linewidth of the atomic transition, A=h/2,
where & is Planck’s constant, k is the wave vector of the
laser beam, Sy=1/1,, is the on-resonance saturation param-
eter for the cooling laser, where [ is the intensity of the laser
beam used for the atomic transition, and /,,, is the saturation
intensity for the transition (I, for the D, resonance line in
Rb is 1.6 mW/cm?).
The detuning &, for each laser beam is given by

8,=07k-vu'Blh. 3)

Here ¢ is the detuning of the laser beam from the atomic
resonance, v is the velocity of the atoms, u'=(g,m,
—ggm,)up is the effective magnetic moment for the transi-
tion used, subscripts g and e refer to ground and excited
states, g, , is the Lande g factor, up is the Bohr magneton,
and m, , is the magnetic quantum number. B= \E'B)ZC+B§ is the
magnitude of the local magnetic field. At the periphery of the
cooling volume of the 2D MOT the detuning due to the
magnetic Zeeman shift (20—30 MHz) is comparable to the
mean value of the Doppler shift as the atoms start to get
trapped by the cooling light (=30 MHz for atoms with a
velocity of about 20 m/s). Though the Doppler term be-
comes much smaller, of the order of a few MHz, once the
atoms are effectively trapped in the 2D MOT and their trans-
verse velocity is reduced below a few m/s, the Zeeman term
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FIG. 3. Simulated trajectories of 100 atoms captured in the 2D*
MOT and transferred to the atomic beam (lengths in meters).

also becomes negligible since the field decreases towards the
symmetry axis of the trap (about a gauss at 1 mm from the
symmetry axis). Heating due to spontaneous emission is ne-
glected in the simulation since its effect on the atomic mo-
tion is much smaller than the radiation pressure force. Also
we neglect the small dipole force on the atoms due to the
gradients in the light intensity.

One of the longitudinal cooling beams propagating to-
wards the atomic beam direction (+z direction) was truncated
according to the hole size of 2 mm as it reaches the hole
meant for the passage of the atomic beam. Also the intensity
of the retarding beam traveling in the —z direction was put to
zero along the cylindrical region of diameter 2 mm at its
center so as to create a radiation imbalance in that region
simulating the shadow at the center of the retarding beam.

Starting with an initial sample of 5 X 10* atoms, we have
computed their individual trajectories and obtained the frac-
tion of atoms being captured and transferred into the atomic
beam. To calculate the atomic beam flux, the initial atom
number was scaled up according to the rubidium vapor pres-
sure in the 2D cooling chamber. We have also simulated our
various measurements of the atomic beam characteristics like
the variation of the atomic beam flux with the rubidium va-
por pressure, cooling beam power, and the transverse cooling
beam length. The trajectories of 100 atoms calculated by 3D
numerical simulation are shown in Fig. 3.

Since we have studied the variation of the atomic beam
flux with Rb vapor pressure up to 1.5X 107 mbar, we have
also taken into account the effect of collisional losses which
become significant at pressures above 3 X 10~/ mbar in a
2D* MOT where the time scale for collisions of atoms in the
beam with the background gas becomes smaller than the
time spent by the atoms in the beam until they reach the
differential pumping hole. The collisional losses from the
atomic beam due to collisions with the background rubidium
atoms and cold collisions between the atoms in the cold
atomic beam are accounted for by an exponential factor [16].
Hence the atomic beam flux ¢ is given as
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FIG. 4. The schematic diagram of the experimental arrangement
to characterize the cold atomic beam in the UHV chamber.

¢ = ¢06Xp|:— (Fcoll + Bf nz(r)d3r> <ta>:| b (4)

where ¢, is the simulated atomic beam flux without consid-
ering the collisional losses. I',,;,=ng,0,Av) is the collisional
loss rate due to collisions of the atoms in the beam with the
background rubidium atoms, (z,) is the average time the at-
oms spend in the beam, n(r) is the position-dependent
atomic density in the beam, and S is the two-body loss rate
coefficient which describes the cold collisions between the
atoms in the cold atomic beam. ng, is the thermal rubidium
atom number density, o, is the effective collision cross sec-
tion, and (v) is the mean velocity of the thermal rubidium
atoms. We have neglected the three-body collisional losses
which are significant only at much higher densities (e.g., in
tight magnetic traps or BEC) as compared to the densities
obtained in a MOT.

IV. MEASUREMENTS OF ATOMIC BEAM PROPERTIES

Both the atomic beam flux and velocity were measured
using fluorescence detection of the atomic beam in the UHV
chamber.

To measure the flux of the atomic beam, a 300-uw ret-
roreflected probe beam with circular cross section and waist
1 cm was aligned orthogonal to the atomic beam, inside the
UHV chamber, and the laser frequency was swept across the
resonance. The resonance fluorescence signal from the atoms
in the atomic beam passing through the probe beam was
detected using a large-area Si detector connected to a cali-
brated power meter (Newport Model 1835-C). The schematic
diagram of the experimental setup for the atomic beam flux
measurement is shown in Fig. 4. Usually, the atomic beam
flux is optimized before the measurement by adjusting the
position of the line of zero magnetic field by adjusting the
current in the individual coils so as to ensure the passage of
the atomic beam through the differential pumping hole with
minimum geometric losses.

Though it is possible to obtain significant increase in the
S/N ratio in the detection signal using phase-sensitive tech-
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FIG. 5. A typical fluorescence signal obtained in the experiment
sketched in Fig. 4, from which the instantaneous number of atoms
in the atomic beam from the 2D* MOT is determined.

niques, as we demonstrated recently with the time-of-fight
(TOF) signals of probe absorption [17], the signal obtained
from the high flux beam is large enough to be detected with
high S/N using only a high-pass filter.

From the fluorescence signal, the instantaneous number of
atoms at the probe volume is determined. Knowing the probe
volume and the mean velocity of the atoms, the atomic beam
flux is calculated according to Eq. (7). A typical fluorescence
signal used for the determination of the atomic beam flux in
a 2D* MOT is shown in Fig. 5.

To measure the mean longitudinal velocity and the veloc-
ity distribution of the atomic beam, the circular probe beam
of 1 cm waist was aligned through the atomic beam at 45°
with respect to the atomic beam axis and retroreflected. The
laser frequency was swept across the resonance, and the fluo-
rescence signal was detected. The experimental arrangement
is shown in Fig. 6.

A photon with wave vector k appears to have a frequency

oscilloscope RO TR é detector

<> lens
copper rod probe bea‘.m
direction of pushing with hole (for velocity
> measurement)

2D+MOT

mim;f\\

FIG. 6. The schematic diagram of the experimental arrangement
to determine the longitudinal velocity of the atoms in the cold
atomic beam.
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o' =w-Kk-v (5)

to an atom moving with velocity v. Hence, the mean longi-
tudinal velocity is given by

Av N
(vy=—"

: (6)

where \ is the probe laser wavelength and Ay, is the Dop-
pler shift, measured from the relative frequency shift be-
tween the fluorescence spectra from the probe beam aligned
at an angle 6 with respect the atomic beam direction and the
probe beam aligned orthogonal to the atomic beam direction.

From the shift of the peak of the Doppler profile from the
resonance frequency, the longitudinal velocity of the atoms
in the atomic beam can be calculated taking into account the
45° angle between the atomic beam and the direction of the
probe laser beam. The longitudinal velocity distribution can
be determined from the width of the Doppler profile after
deconvolution of the contribution of the natural linewidth of
the atomic transition to the width of the signal.

The atomic beam flux ¢ can be calculated as

_ 47TSd<Uz>

= . 7
dQL,Rhv @

Here, S, is the signal at the detector due to the fluorescence
signal from the atomic beam (when the probe laser is reso-
nant), d() is the collection solid angle of the detector, (v.) is
the mean longitudinal velocity of the atomic beam, L,, is the
diameter of the probe beam aligned orthogonal to the atomic
beam axis, A4 is the Planck’s constant, v is the rubidium D,
transition frequency, and R, is the rate of photon scattering
by individual atoms where R, is given by

rs,

Ry.= 2(1—+SU) (8)

where I' is the natural linewidth of the rubidium D, reso-
nance line and S, is the on-resonance saturation parameter
for the probe laser.

The dependence of the atomic beam flux and its velocity
characteristics on the detuning of the cooling laser was also
investigated. Such a study was done for the case of the de-
tuning of the pushing laser beam for a slow atomic beam
produced from a 3D MOT by Wohlleben et al. [11]. In our
case the 2D cooling laser beams and the pushing and retard-
ing laser beams are all derived from the same laser, and the
experimental situation is different from, and in fact simpler
than, the one in [11]. We see a critical dependence of the flux
on the detuning of the laser, though the region of stable high-
flux operation extends over about 3 MHz, allowing good sta-
bility.

To determine the divergence of the atomic beam produced
by the 2D* MOT, the variation of the fluorescence signal
from the atomic beam with the resonant probe beam aligned
perpendicular to the atomic beam axis was studied as a func-
tion of the size of the probe beam. This gave the measure of
the width of the atomic beam at the position of the probe
(7.5 cm away from the 3-mm hole in the copper rod). The
divergence was determined with respect to the 3-mm hole
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FIG. 7. A typical fluorescence signal obtained in the experi-
ments shown in Fig. 6. The velocity distribution of the atoms in the
2D* MOT beam is estimated from this signal.

through which the atomic beam enters the UHV chamber
since the hole limits the initial divergence of the atomic
beam in the UHV chamber.

V. RESULTS AND DISCUSSION

A typical fluorescence signal, as the laser frequency is
scanned over several MHz across the resonance from blue-
detuning to red-detuning of the laser with respect to the
5S1,2! F:3—>SS3/2, F=4 transition of *Rb, for the measure-
ment of the atomic beam velocity (schematic shown in Fig.
6) of the 2D MOT is shown in Fig. 7. The corresponding
fluorescence signal for the pure 2D MOT (when the laser
beams along the longitudinal direction are blocked) is shown
in Fig. 8. Two peaks are observed in the fluorescence signals

1.2

o o g @ —
[\ N (=2 o] o

Fluorescence signal [arb. units]
o
o

o
)
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Detuning of the probe laser [MHz]

FIG. 8. A typical fluorescence signal for the determination of the
atomic beam velocity distribution in the case of a pure 2D MOT.
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in Figs. 7 and 8. The peaks occur symmetrically on both
sides of the resonance laser frequency. The resonance fre-
quency is determined by calibrating the frequency scale with
respect to the saturation absorption spectroscopy signal.

The peak at the left is caused predominantly by the inter-
action of the atoms with the retroreflected part of the probe
beam which travel towards (k-v positive) the direction of
propagation of the atomic beam, making an angle of 45°
with respect to the atomic beam axis. During the start of the
scan this beam is blue-detuned with respect to the resonance,
but the Doppler shift towards red brings it closer to the reso-
nance. As the retroreflected beam scans over the resonance,
the input probe beam for which k-v is negative is far-
detuned to the blue. This peak is relatively broader than the
other peak on the right due to two reasons: (a) The radiation
pressure has a large component along the direction of motion
of the atoms near resonance, and this pushes the atoms out of
the probe beam. (b) It occurs at frequencies of the input
probe beam that are blue-detuned to the resonance frequency
and hence no further Doppler cooling happens in the probing
region.

The other peak at the right is predominantly due to the
interaction of the atoms with the input probe beam that is
counterpropagating at 45° with respect to the atomic beam
axis, with k-v negative. In this case, the radiation pressure
helps to decelerate the atoms. This peak is narrower and
larger because it occurs when the frequency of the retrore-
flected beam is red-detuned to the resonance frequency
which enables Doppler cooling that causes the atoms to stay
for a longer time in the probe beam, enhancing the fluores-
cence signal. This particular effect is less in the case of the
detection of atoms from 2D MOT (Fig. 8) because the atoms
from 2D MOT already have a larger longitudinal velocity
and hence they spent too small a time in the probe for suffi-
cient cooling to happen. From the shift of the peaks from the
resonance, the Doppler shift due to the longitudinal velocity
of the atomic beam was determined taking into account the
45° angle that the probe beam makes with the atomic beam
axis. From the average width of the fluorescence peaks in
Figs. 7 and 8., the width of the longitudinal velocity distri-
bution of the atoms in the atomic beam was estimated for the
2D* MOT and 2D MOT, respectively, after deconvolution of
the natural linewidth of the atomic transition.

In the case of the ¥Rb 2D* MOT, a mean longitudinal
velocity of 15 m/s was measured and the width of the ve-
locity distribution was measured to be 3.5 m/s. The corre-
sponding mean longitudinal velocity in the case of 8’Rb was
measured to be 17 m/s and the width of the velocity distri-
bution was measured to be 5 m/s. The peak atomic beam
flux of 2 10'° atoms/s is routinely obtained at the typical
room-temperature vapor pressure of rubidium. We have been
able to observe up to 3 X 10'° atoms/s in the atomic beam by
optimizing the transverse size of the 2D* MOT to fill the
differential pumping hole by tuning the 2D quadrupole field
gradient. The divergence of the atomic beam produced from
the 2D* MOT was measured to be ~26 mrad. The mean
longitudinal velocity and the width of the longitudinal veloc-
ity distribution of the 3°Rb pure 2D MOT was measured to
be 26 m/s and 11 m/s, respectively. The mean longitudinal
velocity and the width of the velocity distribution is larger in
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FIG. 9. The variation of the *Rb atomic beam flux in a 2D*
MOT and 2D MOT with the rubidium vapor pressure in beam
chamber. The points show the experimental results, and the solid
and dashed lines show the prediction of the model for collisional
losses from the atomic beam from the 2D* MOT and 2D MOT,
respectively. The model for the 2D* MOT takes into account the
effect of collisions of the cold atoms in the beam with the hot
background atoms as well as the cold collisions between the atoms
in the cold atomic beam. The model for the 2D MOT flux takes into
account only the collisions of the atoms in the atomic beam with the
background atoms since cold collisions are negligible in this case.

the case of the pure 2D MOT as compared in the 2D* MOT
since longitudinal cooling is absent in the 2D MOT.

The variation of the atomic beam flux was studied as a
function of the rubidium vapor pressure in the 2D cooling
chamber. The experimental data and the prediction of the
model for collisional losses from the atomic beam are shown
in Fig. 9. The vapor pressure of rubidium in the 2D cooling
chamber was measured using absorption measurements of a
laser beam passing through the chamber as the laser fre-
quency was swept across resonance. The calibration of the
measurements of the vapor pressure was done by comparison
with the absorption measurement in a standard rubidium va-
por cell having rubidium vapor pressure of 2.5 X 10~/ mbar
at room temperature. For data taken at high Rb vapor pres-
sures, the measured contribution of the thermal atoms to the
fluorescence amounts to a maximum of around 35% at 9
X 10”7 mbar whereas it is less than 3% of the peak signal
around 3 X 10”7 mbar. The fluorescence was subtracted to
determine the actual value of the cold atomic beam flux.

At lower pressures (<107 mbar), the flux increases lin-
early with the pressure. The decrease in flux at higher ru-
bidium vapor pressure in the 2D* MOT, as shown in Figs. 9
and 10, is due to the increase in the collision rate with hot
background atoms as well as due to the cold collisions
among the atoms in the cold atomic beam as given in Eq. (4).
The collision between cold atoms in the atomic beam and the
background atoms is mainly due to the long-range resonant
dipole-dipole interaction [18] described by the potential of
the form C5/ R3, between a ground-state atom and an excited-
state atom in the presence of near-resonant light, where R is
the interatomic separation and C;~5.65X 1078 Jm? for ru-
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FIG. 10. The variation of the 8’Rb atomic beam flux from the
2D* MOT with the rubidium vapor pressure in the beam chamber.
The points show the experimental results, and the solid line shows
the prediction from the model for collisional losses from the atomic
beam.

bidium (D, transition). The effective collisional cross section
0,4 in this approximation is given by [18]

f(3)C3>2’3

Mu g5V

Oppr= 77( ©)

where f(3)=4, m is the mass of a ®Rb atom, v,,,. is the
escape velocity of the atoms from the trap, and v is the
velocity of the background 3Rb atoms. The calculated value
of o, for 85Rb from Eq. (9) considering parameters for 2D*
MOT is 1.2 X 107'? cm?. By fitting Eq. (4) to the experimen-
tal data of the 2D* MOT as shown in Fig. 9, the value of the
effective collision cross section for loss out of the 35Rb beam
due to collision with the background atoms is determined as
0,=0.81 X 10""2 cm?. The corresponding effective collision
cross section for 8’Rb (Fig. 10) is determined as T =143
X 107'2 cm?. The statistical error of the value of O,f Ob-
tained from the fit to the experimental data is about 15%.

In the case of the 2D MOT of 3Rb, Eq. (4) was fitted to
the data (Fig. 9) without the second term for cold collisions
in the exponential factor. The model for the 2D MOT flux
takes into account only the collisions of the atoms in the
atomic beam with the background atoms since the cold col-
lisions are negligible at the lower atomic density and the
higher longitudinal velocity in the 2D MOT as compared to
the situation in the 2D* MOT. The effective collision cross
section from the fit to the experimental data for the 2D MOT
was determined to be o,;=0.9X107'? cm™.

The position-dependent atomic density n(r) in the atomic
beam was determined from the intensity profile of the fluo-
rescence from the atomic beam in the image taken by a CCD
camera. By fitting Eq. (4) to the experimental data, the value
of the two-body loss coefficient B for 87Rb was determined
as B=6.6X 107" cm?/s. The corresponding value of 8 for
85Rb is determined to be 7 X 107! cm?/s. These values of 8
are orders of magnitude lower than the typical values in a 3D
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FIG. 11. Experimental data showing the variation of the %Rb
atomic beam flux in the 2D* MOT with power balance between the
pushing and retarding beams.

MOT [16] because in the atomic beam, the density of the
cold atoms (10® atoms/cm?) is much lower compared to that
in the 3D MOT (10'" atoms/cm?) which has larger confine-
ment. The measured value of B for %Rb is larger than that of
87Rb which is consistent considering that the hyperfine-
changing collisions [16,19] are larger in the case of *’Rb.
This can be attributed to the smaller (3 GHz) hyperfine split-
ting between the ground states [20] in ®Rb. The value of 8
depends on the intensity of the trap laser as well as on its
detuning. The statistical error of the value of S obtained from
the fit to the experimental data is about 30%.

The atomic beam flux from the 2D MOT is considerably
lower as compared to the flux from the 2D* MOT as shown
in Fig. 9. This of course has been seen in earlier implemen-
tations of similar systems [8]. Due to the absence of longi-
tudinal cooling in the 2D MOT, atoms spend relatively
smaller durations in the transverse cooling beams, resulting
in larger transverse velocities. Hence they get filtered out by
the differential pumping hole, resulting in the lower flux
compared to the flux from the 2D* MOT. Due to the higher
velocity of the atoms in the 2D MOT, the atomic beam flux
is not affected much by collisions when the rubidium vapor
pressure is increased. This is evident in the experimental data
as well as in the prediction of the theoretical model presented
in Eq. (4) and shown in Fig. 9.

The atomic beam flux from the 2D* MOT was studied as
a function of the relative intensities of the pushing and re-
tarding beams along the atomic beam axis as shown in Fig.
11, since this ratio is an important parameter for optimizing
the atomic beam flux. At high ratios of the intensities of the
pushing and retarding beams, the atomic beam flux decreases
as the molasses cooling in the longitudinal direction becomes
inefficient. Therefore, the atoms do not spend enough time in
the transverse cooling beams and, as a consequence, the
transverse cooling also becomes inefficient. As the power
ratio between the pushing and retarding beams is changed
from minimum to maximum, the mean longitudinal velocity
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FIG. 12. Experimental and simulation data showing the depen-
dence of the ¥Rb atomic beam flux of the 2D* MOT on total laser
power. Also experimental data for flux variation with total laser
power in the 2D MOT are shown for comparison.

of the atoms in the beam changes by only 10%.

The flux of the atomic beam produced in the 2D* MOT
and in the 2D MOT was studied with respect to the variation
of the total laser power used to produce the atomic beam.
The results are shown in Fig. 12. The power in the transverse
beams is about 80% of the total power. The atomic beam flux
increases almost linearly with the increasing intensity of the
cooling laser. This can be explained heuristically by consid-
ering that higher intensities cause power broadening of the
atomic spectral lines and hence enable atoms with higher
velocities to get captured in the atomic beam, resulting in an
increase of the atomic beam flux. Also, at higher intensities,
the magneto-optical potential becomes steeper, resulting in
more compression of the atomic beam which increases the
probability of passage of the atoms in the atomic beam
through the hole. The simulated atomic beam flux as a func-
tion of total cooling laser power matches well with the ex-
perimental data.

The variation of the atomic beam flux was studied as a
function of the length of the cross section of the transverse
cooling laser beam. The transverse size of the expanded laser
beam is changed by blocking progressively the beam from
the end farther from the differential pumping hole. Thus the
total power in the cooling beams reduces as the transverse
beam size is reduced. The experimental data points and the
results from the numerical simulation are shown in Fig. 13.
The atomic beam flux increases with the transverse size of
the cooling beams since the atoms with higher longitudinal
velocities also get captured in the atomic beam as their trans-
verse velocity is reduced due to the efficient cooling over the
longer duration they interact with the cooling light. It is re-
markable that with a transverse cooling length of only 3 cm
and a total cooling laser power less than 30 mW, the flux is
as high as 5% 10 atoms/s, all of which can be captured into
a 3D MOT. These data reiterate that such a compact 2D*
MOT beam setup is the ideal source of high flux of cold
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FIG. 13. Experimental and simulation data showing the varia-
tion of the 3Rb atomic beam flux in the 2D* MOT with the length
of the transverse cooling beam.

atoms for experiments in Bose-Einstein condensation, atom
interferometry, and atom optics, especially for transportable
systems as needed in atom gravimeters and inertial sensors.

The variation of the atomic beam flux with the detuning
of the cooling and pushing and retarding beams was studied
for the 8’Rb beam. The experimental data are shown in Fig.
14. Since the detuning of the pushing beam affects also the
average velocity of the beam, we measured the change in the
average velocity of the beam by monitoring the Doppler shift
of the spectral line with the probe beam crossing the atomic
beam at a 45° angle. The change in the average velocity is
limited to about 35% when the detuning is changed by 2T’, as
shown in Fig. 15, and the atomic beam flux data shown in
Fig. 14 are corrected for this change.

In order to optimize the atomic beam flux through the
hole separating the 2D cooling chamber and the main UHV
chamber, it is to be ensured that the transverse cooling beams
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FIG. 14. Experimental data showing the variation of the 8"Rb
atomic beam flux from the 2D* MOT with cooling beam detuning.
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FIG. 15. Experimental data showing the variation of the mean
longitudinal velocity of the 8'Rb atomic beam from the 2D* MOT
with detuning of the cooling laser.

are correctly balanced near the hole. Otherwise the strong
unbalanced radiation pressure can deflect away the cooled
atoms in the beam from the beam axis before they enter the
hole, thus reducing the overall beam flux. In our design with
the 45° copper mirror, the beam intensities have to be care-
fully balanced for the pushing and retarding beams as well,
and this is easily done by control with a wave plate and a
polarizing beam splitter.

VI. LOADING OF ATOMS IN A 3D MOT

The atoms from the 2D* MOT cold atomic beam were
loaded into a 3D magneto-optical trap to form a large MOT
with an atom number up to 1.2 10'* atoms. The high flux
of atoms in the beam produced by the 2D* MOT with their
velocity smaller than the capture velocity of a 3D MOT re-
sults in ultrafast loading of the MOT with high number den-
sity (the rubidium cloud is easily visible to the naked eye and
can be imaged in color on a digital still camera) [21]. Within
500 ms, 1.2 X 10'% atoms are loaded into a 3D MOT of size
~5 mm as measured from the fluorescence collected in the
calibrated detector, plotted in Fig. 16. This loading rate is
about 100 times faster compared to what is typically possible
in the double-MOT systems, where usually the second MOT
is loaded to less than 10° atoms after many pulsed transfers
of atoms over several seconds from the first MOT which is
operated at a high partial pressure. Since the lifetimes of the
final trap in the double-MOT system and in the beam-loaded
MOT are similar, it is a significant advantage to reduce the
atom loading time for subsequent experiments—e.g., to pro-
ceed to produce BEC by evaporative cooling. The loading
rate reduces by a factor of 10 when the axial beams were
blocked—i.e., when the loading was done from a 2D MOT.
Surprisingly, we observe a flux of about 1 X 10% atoms/s in
the cold atomic beam even in absence of the 2D quadrupole
magnetic field in which case there is only a 2D* molasses at
2T" detuning in the source chamber. This shows that even a
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FIG. 16. Variation of the fluorescence from the MOT with time
depicting the loading of 8"Rb atoms from the 2D* MOT atomic
beam into the 3D MOT. The various loading curves correspond to
the loading of atoms for different atomic beam fluxes. (a) Ultrafast
loading of the 3D MOT from the atomic beam with a flux ¢ of
about 2.7 X 10'° atoms/s; the time constant 7 is 0.29 s. 3D MOT
loading with atomic beams having lower values of flux is shown for
comparison. (b) ¢=7x10% atoms/s, r=1.1s, (c) ¢=4.7
X 10° atoms/s, 7=1.6 s, and (d) ¢=2X 10° atoms/s, 7=2.7 s. For
curves ¢ and d, 7is estimated from an exponential growth function
fit; for curves a and b, 7 is defined as the time taken to reach (I
—1/e) of the saturation limit. In the absence of saturation, the atom
number would have reached asymptotically to 2.7 X 10'0 with a
time constant of 0.845 s in the case of curve a, for example.

simple 2D* molasses source of cold atoms is as effective as
a conventional double-MOT arrangement for preparing UHV
MOT’s.

The fast loading saturates the trap in 0.5 s as seen in the
abrupt change of slope in the increase of the fluorescence in
Fig. 16. Since the decay time constant of the trap is about 10
times larger, it is clear that the loading stops due to the limi-
tations in maximum density imposed by rescattering of pho-
tons and light-assisted collisions. The average atom number
density obtained is ~1.5X 10'" atoms/cm?. This is at the
limit of the atom number density possible in standard
magneto-optical trapping schemes [15] without dark-spot
trapping [20,22]. The density limiting factors are mainly the
repulsive force due to the reabsorption of emitted photons
from some trapped atoms by other atoms in the trap [23,24],
cold collisions [16,25,26], and light-assisted collisional
losses [20]. Since the size of the atomic cloud also increases
as the loading progresses, the maximum density is reached
for a smaller number of atoms (10%) and a smaller size
(1 mm) in a time scale of less than 10 ms, and this is essen-
tially the time required to load the trap in experiments pro-
gressing towards optical molasses and evaporating cooling to
BEC in a far-detuned dipole trap. For evaporative cooling in
deeper magnetic traps, it is advantageous to load more atoms
and the loading characteristics in our setup approaches what
is ideally possible in such experiments.
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VII. CONCLUSIONS

A 2D* MOT source of a high-flux cold atomic beam of
rubidium was implemented and characterized in detail. Use
of relatively small laser power, simple and reliable vacuum
design and assembly, and simple optical configuration for the
2D cooling are some of the aspects of the design. Ultrafast
saturation loading of about 1.2 10'” precooled atoms from
this intense beam into a 3D MOT in about 500 ms is dem-
onstrated. The properties of the cold atomic beam are char-
acterized from a number of measurements, and the results are
compared with a numerical simulation. Apart from its use as
a high-efficiency source of cold atoms for 3D MOT’s to pro-
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ceed towards BEC, the beam is also useful for precision
measurements and other experiments where an intense
atomic beam with narrow divergence, low mean velocity,
and low velocity dispersion are desired.
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