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Cold Atom Beam Splitter Realized with Two Crossing Dipole Guides
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Cold rubidium atoms, coupled and guided in a vertical laser beam by the dipole force, have been
split into two atomic beams, by using a second time-dependent laser beam crossing the vertical one at a
0.12 rad angle. Transfer efficiency as large as 40% has been obtained. At 10 mm below the cold atom
source, the two atomic beams have a few hundred micron size and are more than one millimeter apart

from each other.

PACS numbers: 32.80.—t, 03.75.Be

With the considerable progress realized in laser cool-
ing techniques for ten years, many new fields are now ex-
plored, such as atom optics and atom interferometry [1,2].
These developments require reliable optical elements, such
as lenses, atomic mirrors, or atomic beam splitters.

One of the most important goals is the realization of
atomic beam splitters combining both a large efficiency
and a large deviation angle, allowing large enclosed ar-
eas atomic interferometers. Experimental realizations of
atomic beam splitters have been done. For most of them,
they deal with only one of the two requirements. Many of
the beam splitters use the momentum transfer, which oc-
curs during a resonant atom-laser interaction. From one
up to 140 photon momenta have been transferred to atoms
along the laser direction [3—7]. Nevertheless, with a laser
beam orthogonal to the atomic beam, deviations of only
some ten milliradians angle have been achieved in these
experiments. With such angles the interferometer areas
are limited, except if large apparatus are used [8]. Bragg
diffraction by an optical standing wave is another power-
ful method which provides a coherent splitting of atomic
beams. Large angles have been obtained with many-orders
Bragg diffraction or with very slow atoms [9-12]. Mag-
netic interactions lead also to the realization of large angle
beam splitters— for example, by using a Y-shaped cur-
rent carrying wire [13] or a concave corrugated magnetic
reflector [14]. These methods are, however, restricted to
nonzero magnetic momentum atomic levels.

In this paper we report on an atomic beam splitter
which uses a far off-resonant atom-laser interaction. Our
cold-atom beam splitter consists of two crossing dipole
guides, one along the vertical direction, the other one
along an oblique direction at an angle 0.12 rad from the
vertical. Combining the splitting and guiding effects we
generate two collimated beams. We demonstrate a large
coupling efficiency and a splitting which reaches the mil-
limeter range. Such a beam splitter is applicable to all
atomic species and offers the flexibility of rearranging the
laser beams externally to the vacuum chamber.

The atoms first enter the vertical guide. Although they
are falling, they oscillate in the two-dimensional potential
well created by the vertical guide. When the oblique guide
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is on they see a modified potential: two wells, one due
to the vertical guide and the other one due to the oblique
guide. The overlap region of the two wells is the region
where the atoms, initially inside the vertical guide, can
pass into the oblique guide. To allow this atom trans-
fer the atoms must oscillate at least once along this re-
gion. That condition and the well overlap determine the
transfer efficiency.

The apparatus consists of an ultrahigh vacuum chamber
in which 3’Rb atoms are trapped and cooled in a mag-
neto-optical trap (MOT) (Fig. 1). The magnetic field gra-
dient is 14 G/cm at the chamber center. The trapping laser
beams are provided by three laser diodes. A 5 mW nar-
row linewidth master laser injects a 50 mW diode laser,
providing the trapping beam. Its frequency is tuned near
the 5S1/,F = 2 — 5P3,,F' = 3 atomic transition. About
8 mW power of this light is divided into three orthogonal
and retroreflected beams to supply the three-dimensional
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FIG. 1.

Experimental scheme.
four trapping beams. The others beams and the coils are omitted.

The MOT is represented by
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cooling setup. The repumping beam, provided by a free
running laser diode tuned to 5512F = 1 — 5P3/2F’ =2
rubidium line, is superimposed to the trapping one. About
6 mW power is used. Cold atoms are first loaded in
the MOT during 3 s with a trapping laser at a —21I" fre-
quency detuning (I' being the natural linewidth of 5P
state). Then, with a sequence including a MOT ata — 10T
frequency detuning during 10 ms and a molasses regime
during 10 ms, about 107 trapped atoms are cooled down
to 14 uK.

The dipole guides are realized by two intense far red-
detuned laser beams, provided by a 15 W power TEMyg
CW Nd:YAG laser. The laser frequency detuning is about
—107 I'.  With typical 0.1 mm sized beams it guaran-
tees a spontaneous emission rate less than 0.1 photon/
sec. No heating process occurs during the experiment,
which is an essential ingredient to preserving the atoms
in the guides.

The vertical guide is done with 14 W of the Nd:YAG
laser. The beam dimension is 0.2 mm (1/e? radius). Over
the analysis region, which is 10 mm long, the beam size
varies only by 5%. The guide can thus be considered
a parallel one. The depth of the corresponding two-
dimensional potential well is U, = 30 uK.

When the trapping and repumping lasers are switched
off, the atoms fall due to gravity. About 10% of them are
kept inside the vertical guide. Studies about atom guiding
by laser can be found in Refs. [15—-17]. We let fall the
atoms into the vertical guide during a time #7,;;. We denote
Z. the corresponding mean fall distance. At this moment
the oblique guide is switched on suddenly. In our device,
the oblique guide is switched on when the atomic cloud
reaches the region of the 2-guides intersection. With this
timing sequence the atoms are first coupled to the vertical
guide and then the atomic cloud is split by the second
guide. It prevents atoms of the initial trap from being
captured by the oblique guide.

The oblique guide consists of a 0.3 mm waist beam,
with a 10 W power, obtained by reflecting and refocus-
ing the vertical beam as it goes out of the vacuum cham-
ber. The corresponding two-dimensional potential depth is
Uy = 10 uK. Previous Monte Carlo simulations, taking
into account the experimental geometry, have determined
the optimum coupling to occur at an angle of 0.12(1) rad
which is then employed in the experiment. The intersec-
tion position, z;, is controlled via a vertical translation of
the mirror which defines the oblique guide.

The oblique guide is switched on and off with a
mechanical shutter with a switching time less than
500 us. The oscillation frequency of the atoms in the
vertical guide is about 100 Hz and their mean longitudinal
velocity ranges 0.2 to 0.3 m/s at the 2-guides intersection,
a few millimeters below the trap. The intersection region
being about 5 mm high, the atoms oscillate once in the
guide overlap region. The time variation of the potential
can be considered sudden.
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The splitting effect is analyzed 10 mm below the MOT
center by imaging the atomic cloud (see Fig. 1). The ob-
servation direction is perpendicular to the plane of the
guides. A weak resonant light sheet, 1 mm thick, slightly
red detuned, retroreflected, and linearly L linearly polar-
ized, induces the atom fluorescence in a 1-dimensional
optical molasses, and, permits a correct imaging without
any transverse atom displacement. The detection device,
which uses a cooled CCD camera, is sensitive enough to
perform single shot experiments [18]. Three pictures are
recorded for each set of parameters: one without any guide,
one with the vertical guide, and the last one with the two
guides. Making numerical differences of the images, the
atom transfer can be deduced.

Figures 2(a) and 2(b) show such image differences.
Figure 2(a) has been recorded with only the vertical
guide on. Figure 2(b), obtained using the two guides,
for tg)1 = 29 ms (z, = 4 mm), clearly demonstrates the
splitting effect. The two atomic clouds are ~1 mm apart.
The pictures represent the fluorescence of the atoms in
the guide and do not represent the atomic density. The
density measurement, and therefore the splitter efficiency
and the dimensions of the two clouds, requires an analysis
taking into account the change in the fluorescence rate
of atoms located in the guides. The energy levels of the
atoms being light shifted due to the intense light of the
guiding beams, atoms in the middle of the beams emit
less photon than those located at their borders. Therefore,
the atomic peak density should be higher than one we
naively get from the image. A correct analysis requires a
good knowledge of the guiding beam. For that purpose,
profiles of the guide beam have been scanned, checking
the Gaussian shape and the waist dimension.

Figure 3 presents atomic density profiles deduced from
picture cross-sections at the middle of the detection light
sheet. The modification of the fluorescence rate due to the
light shift has been included. We have also substracted
the contribution of the unguided atoms and of the back-
ground atoms. Figure 3(c) is the numerical difference of

(b)

FIG. 2. Pictures of the cloud, imaged in the probe beam, for
the vertical guide (a) and for two guides (b). The zero-guide im-
age has been subtracted. The picture size is 7.2 mm X 0.6 mm.
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FIG. 3. Atomic density cross-sections (gray lines), for the

vertical guide (a) and for two guides (b) for z. = 4 mm and
z; ~ 2 mm. The background signal due to nonguided atoms
has been subtracted. Figure (c) is the difference of (b) and (a).
Dashed lines are fitting curves using two Gaussian functions,
A, and Ay, being the areas, w, and wy the 1/e? radius, A the
peak separation, and 7 the efficiency.

the Fig. 3(b) and Fig. 3(a) signals. The atom number is
checked to be constant by comparing the peak areas in
Figs. 3(a) and 3(b). As shown by the plot of Fig. 3(c), the
atoms missing in the vertical guide have been integrally
transferred to the oblique guide.

The beam-splitter efficiency is measured by analyzing
the data of Fig. 3(b). The peak areas, A, for atoms in the
vertical guide and A, for the oblique guide, provide the
efficiency n = Ag/(A, + Ap) = 29(2)% in this case.

The distance between the two atomic clouds, measured
to be A = 1.05(1) mm, is larger than the width of the
clouds themselves. It leads to a true separation of the
clouds. It is one of the promising properties of the beam
splitter, not only for a large area interferometer, but also
for the use of one of its arms for phase-shift measure-
ments. Because of the 0.12 rad angle, the splitting mea-
surement A gives the position of the guide intersection.
We find in this case that the guide intersection is located
8 mm above the detection light sheet, corresponding to
zi = 2 mm. With t7,; = 29 ms (z, = 4 mm), we find

that z; — z. = —2 mm, i.e., the intersection position does
not correspond exactly to the cloud center after a 29 ms
time of flight. It indicates that, even if the overlap of the
guides is not maximum at the cloud position, an efficient
transfer occurs.

The width of the clouds is deduced from analysis of
Fig. 3. In the cases of Figs. 3(a) and 3(b) the cloud widths
are larger than the dipole guide dimensions by a ~1.5 ratio.
Such a result has already been observed and discussed in
the case of a single guide experiment [16]. For the oblique
guide cloud, wo = 0.45(2) mm leads also to a 1.5 ratio. It
indicates that the atomic density cannot be described with
the Maxwell-Boltzman statistics.

In order to study the beam splitter coupling versus the
distance z;-z., we have recorded the atomic density by
varying z;, z. remaining the same. The evolution of the
coupling is shown in Fig. 4 for z;-z, varying over a 20
mm range. The intersection position is evaluated by the
mirror translation and is exactly measured from the dis-
tance between the two detected clouds. In the cases of
truly separated clouds [Figs. 4(b)-4(f)], the efficiency is
maximum, 1 = 44(3)%, for z;-z. = 0.0(7) mm. As ex-
pected, the intersection position corresponds to the cloud
altitude after a 29 ms time of flight. In Fig. 4(g) the over-
lap of the guides is quite large at the detection position
and the obtained atomic density profile does not permit to
measure correctly the beam splitter efficiency. This data
provides directly the atomic density in the guide at the
intersection. In this case the deduced n = 56(4)% pa-
rameter represents the relative atom number in the oblique
guide potential. This number has to be compared to the
relative phase space accessible by the guides, which is
given by Uowd/(Uowd + U,w?). The parameters of the
two-dimensional potentials gives 43(10)%, which is in
agreement with the experimental observation.

For data of Figs. 4(a)-4(e), z;-z. is negative, indicating
that the intersection is located above the cloud center af-
ter a 4 mm fall. In these cases, at the coupling time, the
atoms are therefore submitted to a two-well potential. It is
the sum of two Gaussian wells. With such shaped poten-
tial, the coupling is efficient even though the two potential
minimums are separated by more than their width. Atoms
having an energy higher than the energy barrier located
between the two wells can access the oblique guide. The
energy barrier provides an energy selective element of the
beam splitter. In cases of Figs. 4(f) and 4(g) the barrier
does not exist.

Furthermore, switching on the oblique guide rapidly, the
atoms are submitted to a nonadiabatic potential variation.
Those located at the vertical guide border with a small ve-
locity can be coupled into the second guide, because they
get a momentum kick due to the energy variation. Even
if the spatial overlap of the two guides is small the po-
tential energy is modified as a stair, giving a tiny accel-
eration, large enough to drive atoms into the next well.
The time variation of the oblique guide should explain the
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FIG. 4. Atomic density cross-sections (gray lines) for differ-
ent intersection positions: z;-z. = —14.3(24) mm (a); z;,-z, =
—11.5(18) mm (b); zi-z. = —82(14) mm (¢); zi-zc =
—4.4(11) mm (d); z;-z. = —2.4(8) mm (e); z;-z. = 0.0(7) mm
(f); zi-ze = 4.4(3) mm (g). The background signal due to
nonguided atoms has been subtracted. Dashed lines are fitting
curves using two Gaussian functions, 7 being the efficiency
and A the peak separation.

relative high efficiency we obtained in Figs. 4(b)-4(e). In-
deed, with steady guides, we expect lower values. It ex-
plains also why we have observed up to 2 mm splittings
[Fig. 4(b)].

As a consequence, in the two-well potential case the
atoms which rest in the vertical guide should become
colder. A further study of the atom velocity distribu-
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tion would be required to analyze the evaporative process.
Moreover, the guided atom density being too low, no col-
lision occurs in the vertical guide, the atomic cloud cannot
be thermalized, and a decrease of the cloud width could
not be observed clearly. In another shaped beam, this pro-
cess could become efficient.

In summary, we have demonstrated an efficient atomic
beam splitter realized with two intense crossing detuned
light beams. The beam splitter allows us to separate atoms
with a large angle separation of 0.12 rad, which produces
a macroscopic separation of the two atomic beams. The
separation is larger than the sizes of the atomic beams. The
coupling of the atoms in the oblique guide being efficient,
splitting is observed even if the overlap of the guides is not
maximum. In that case, only atoms with higher energy are
coupled into the oblique guide. Being energy selective, the
beam splitter has great promise to evaporate atoms, either
from a dipole trap, or from a magnetic trap. Because no
spontaneous emission occurs in the guides, the beam split-
ter should preserve the coherence. The use of a coherent
atomic source as a Bose-Einstein condensate would per-
mit the possibility to test the coherence properties of such
a beam splitter and then to perform an atomic interferome-
ter with a large enclosed area in a reduced-size apparatus.
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