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Evaporation of an atomic beam on a material surface
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We report on the implementation of evaporative cooling of a magnetically guided beam by adsorption on a
ceramic surface. We use a transverse magnetic field to shift locally the beam towards the surface, where atoms
are selectively evaporated. With a 5-mm-long ceramic piece, we gain a factor of 1.5+0.2 on the phase-space
density. Our results are consistent with a 100% efficiency of this evaporation process. The flexible implemen-
tation that we have demonstrated, combined with the very local action of the evaporation zone, makes this
method particularly suited for the evaporative cooling of a beam.

DOI: 10.1103/PhysRevA.73.035402

Since its first demonstration for magnetically trapped
atomic hydrogen [1], evaporative cooling has proven to be a
powerful technique to increase the phase-space density of
trapped gases. It was used, in the case of alkali-metal vapors,
to reach the Bose-Einstein condensation (BEC) threshold [2].
This cooling technique plays a central role in the rapidly
expanding field of ultracold quantum degenerate gases.
Evaporative cooling occurs when energetic atoms are re-
moved from the cloud as a result of elastic collisions. Since
these atoms belong to the high-energy tail of the thermal
distribution, the remaining trapped atoms collisionally equili-
brate to a lower temperature.

As initially proposed and studied theoretically in Ref. [3],
if a nondegenerate, but already slow and cold beam of par-
ticles is injected into a magnetic guide where transverse
evaporation takes place, quantum degeneracy can be
achieved at the exit of the guide. Such a scheme transposes
in the space domain what is usually done for trapped atoms
in time, so that all operations leading to condensation are
performed in parallel, resulting in a much larger expected
output flux.

In recent experiments, evaporative cooling of a beam has
been implemented by driving transitions to an untrapped
state with radio-frequency [4] or/and microwave [5] fields.
The drawback of these two methods lies in the range over
which a radio-frequency antenna or a microwave horn effec-
tively acts. In our experimental setup, atoms are affected by
the field on a zone whose length is at least 20 cm. Such a
range limits the number of evaporation zones that can be
practically implemented. In addition, it turns out that it is
quite difficult to ensure a 100% efficiency of the evaporation
with those two methods, which strongly affects the possible
gains on the phase-space density and on the collision rate.

In this article we report on a much more local evaporation
technique—the evaporation zone is 5 mm long. It relies on
the elimination of atoms on a surface. This technique has
been used in Ref. [6] to evaporatively cool atoms to Bose-
Einstein condensation with a dielectric surface. We demon-
strate here a possible implementation of this technique to a
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magnetically guided atomic beam and discuss its prospects.

The experimental setup, described in detail in Refs. [4,5],
allows for the generation of an intense and continuous beam
of cold ¥’Rb atoms polarized in the |[F=1, mp=-1) state and
magnetically guided over 4.5 m. This beam results from the
overlapping of packets of cold atoms injected into the mag-
netic guide at a rate of 5 per second. Each packet is prepared
by loading an elongated magneto-optical trap (MOT) that
collects 2 X 10° atoms from a Zeeman slower [7] in 100 ms.
The packets are launched at a velocity of 1.1 m s~ towards
the magnetic guide entrance by a moving molasses technique
[8].

The guide, placed inside the vacuum system, consists of
four parallel, water-cooled copper tubes, which are held to-
gether using 5-mm-long ceramic pieces every 40 cm. The
cross shape of the ceramic piece [see Fig. 1(a)] permits to
accommodate the four copper tubes (outer diameter 6 mm,
inner diameter 4 mm). Atoms propagate through a cylindri-
cal hole of radius R=1.5 mm. The currents run are chosen
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FIG. 1. (a) Section cut of the four copper tubes that generate the
two-dimensional quadrupole of the magnetic guide, with the cross-
shaped ceramic piece. (b) Deflection of the minimum of the mag-
netic confinement using a pair of coils. (c) Typical atomic trajectory
that precesses around the minimum of the magnetic potential be-
cause of the nonharmonic confinement.
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with opposite sign for adjacent tubes in order to generate a
two-dimensional quadrupole magnetic field configuration
characterized by a transverse gradient »=800 G/cm, with a
current of 320 A per tube. In addition we superimpose a
longitudinal bias field By=1 G to avoid Majorana spin-flip
losses [5]. The resulting semilinear confining potential reads

U(r) = uVBG + b*r?, (1)

where p=pup/2 is the magnetic moment of an atom and r
=(x2+y%)"? is the distance from the guide axis.

For a given transverse confinement, the beam is com-
pletely characterized by its flux @, its temperature 7, and its
mean longitudinal velocity v. The flux is on the order of 5
X 10° atoms/s. The temperature of the guided beam is de-
duced from a radio-frequency (rf) spectroscopy technique
[4]. This technique allows for the determination of the tem-
perature with an accuracy of typically 3% [5]. For our pa-
rameters, we find 7=640 uK. With this flux, temperature
and mean longitudinal velocity, the beam is clearly in the
collisional regime [4].

To demonstrate the implementation of evaporation by us-
ing a ceramic surface, we have to remove atoms from the
beam selectively in position. This is accomplished by the
application of a transverse magnetic field B, that shifts the
minimum of the transverse confinement towards the cylindri-
cal edge of the ceramic surface [see Fig. 1(b)]. This magnetic
field is generated by a pair of coils with a mean radius
45 mm and separated by a distance of 100 mm. Such a two-
coil configuration is particularly well suited for our demon-
stration since it essentially results in a field perpendicular to
the guide axis over the whole range of interest, the longitu-
dinal component being negligible around the guide axis.

In presence of the coils field, the atoms are transversally
shifted by 6=B ,/b. The confinement strength essentially re-
mains unaffected in the range of parameters where the
method has been used. We have checked that, in a zone
without a ceramic piece, the application of the transverse
magnetic field only results in a shift of the atomic beam.
Indeed, even for 6 as large as 2 mm, the flux and temperature
of the beam remain constant within the accuracy of our mea-
surements. This is indeed the first prerequisite to validate our
protocol.

Qualitatively, as the measured thermal transverse size of
the beam is at most of the order of the radius R, we expect
that when the line of the minimum of energy has been shifted
by the diameter of the hole in the ceramic (6= 2R), no atoms
remain. For a given displacement &, the fraction of remaining
atoms depends on the confining potential, the temperature,
the radius R of the ceramic, and the mean longitudinal ve-
locity of the atoms. Indeed, an atom with a low longitudinal
velocity spends more time in the evaporation zone and in-
creases its probability of being evaporated.

We have depicted in Fig. 2 the fraction of remaining
atomic flux ¢ as a function of the displacement J. Even after
a shift by 6=R, no atoms remain. To understand quantita-
tively the shape of this evaporation curve, we have devel-
oped a Monte Carlo numerical simulation. The initial posi-
tions and velocities of the particles are randomly chosen
according to the thermal equilibrium distribution in the semi-
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FIG. 2. Fraction of remaining atomic flux ¢ for a transverse
shift of the position of the beam by 6 mm towards the edge of the
ceramic surface: experimental points (ll) and numerical simulation
(solid line).

linear potential (1). We use the experimental values for the
bias field B, the gradient b, the mean velocity v of the beam,
and the temperature 7. The motion of each atom is governed
by the Hamiltonian H=p?/2m+U(r) and calculated with a
symplectic fourth-order algorithm [9]; interatomic collisions
are not taken into account. The surface of evaporation is a
cylinder of radius R and length €=5 mm. To account for the
relative displacement between the atoms and surface, the cyl-
inder is shifted off axis by a quantity 6. Consequently, the
evaporation criterium reads (x—8)>+y?=R?. In the numeri-
cal simulation, we assume a 100% efficiency of evaporation.
This assumption is strongly supported by the excellent agree-
ment between the simulation (Fig. 2, solid line) and the ex-
perimental points (squares). The only adjustable parameter in
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FIG. 3. Gain in phase-space density resulting from the evapora-
tion on a ceramic surface after rethermalization. Dashed lines:
D'/D deduced from the Monte Carlo numerical simulation for a
surface length €=0.01 mm (a), 5 mm (b), 10 mm (c), and 50 mm
(d). Solid line: two-dimensional evaporation where all atoms with a
maximum distance from the center axis above the radius R—J are
removed [10]. M is the experimental point which corresponds to a
gain in phase-space density of 1.5+0.2.
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the simulated curve is a global shift on 6, which reveals that
the ceramic piece is, in the absence of a transverse field, out
of center by approximatively 60 um.

For a displacement =1 mm and an upstream temperature
of 640 uK, we have measured the temperature 3 m down-
stream the ceramic piece. After such a distance the beam has
completely rethermalized to the lower temperature 500 uK.
In combination with the measured 40% flux reduction (Fig.
2), we deduce a gain in phase-space density of 1.5+0.2. This
result is in good agreement with the prediction of our nu-
merical simulation (see Fig. 3) where one can infer the
downstream temperature and the gain in phase-space density
by computing the remaining flux and energy per atom after
the evaporation zone.

Unlike radio-frequency evaporation, this surface evapora-
tion occurs only along one dimension in position space. One
may wonder about the efficiency in terms of gain in phase-
space density and collision rate of this one-dimensional
evaporation. However, each atom trajectory precesses around
the center of symmetry axis since the confining potential is
not harmonic but semilinear [see Fig. 1(c)]. As a conse-
quence, if an atom with adequate transverse energy and an-
gular momentum spends a long time with respect to its os-
cillation period in the evaporation region, it will be
evaporated, irrespective of its initial position. In other words,
the real dimensionality of evaporation depends on the length
€ of the surface. We have depicted in Fig. 3 the gain D'/D in
phase-space density that we deduce from our numerical
simulation with our experimental parameters for a length of
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the ceramic piece equal, respectively, to 0.01 mm (a), 5 mm
(b), 10 mm (c), and 50 mm (d). The gain in phase-space
density is clearly magnified if atoms spend a longer time in
the evaporation zone. Indeed, if the surface is long enough,
all atomic trajectories reaching a distance from the minimum
of the magnetic potential larger than R— ¢ are evaporated.
One then realizes a true two-dimensional evaporation where
all atoms above a given radius are evaporated [10] (solid line
in Fig. 3).

With a succession of ceramic pieces, it is possible in prin-
ciple to adjust in a very flexible way, using external magnetic
fields, the degree of evaporation by deflecting locally the
atom trajectories towards the surface. An alternative way
would consist in decreasing the radius of the successive
pieces placed in the ultrahigh-vacuum chamber which ac-
commodates the magnetic guide. This technique is particu-
larly well suited for experiments aiming at achieving a cw
atom laser.
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