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Collisions in a cesium hybrid optical and magnetic trap
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Abstract. A new scheme for trapping Cs atoms in a non dissipative trap has been developed. The trap
involves both optical dipole forces and magnetic forces. This device is suitable for Cs atoms in the lowest
energy Zeeman sublevel, thus avoiding the two-body inelastic collisions which prevented reaching Bose-
Einstein condensation of Cs in purely magnetic traps. Furthermore, an additional magnetic field can be
applied, allowing a fine tuning of the two-body elastic collision cross-section. We report on the experimental
realization of such a trap and describe the characteristics of the trapped atomic sample. An analysis of the
collisional regime is performed using measurements of the damping of the oscillatory modes of the trapped
atom cloud.

PACS. 05.30.Jp Boson systems – 32.80.Pj Optical cooling of atoms; trapping

1 Introduction

Bose-Einstein condensation (BEC) in an atomic cesium
gas has recently been achieved in an optical dipole
trap [1,2]. This experiment also introduces new experi-
mental schemes and procedures in order to reach BEC for
cesium atoms. The first attempts to reach BEC of Cs [3],
following the same experimental route as for Rb or Na
atoms [4,5] trapped by purely magnetic forces, were un-
successful. In these experiments, the atoms were prepared
in a low field seeking Zeeman sublevel, the energy of which
is increasing with the magnetic field. Thus this state is not
the true ground state, and exo-energetic spin-flip collisions
are allowed. The inelastic two-body collision cross-section
for cesium atoms appeared to be large enough to induce a
rapid loss of atoms during the evaporative cooling process,
and prevented the experiments from reaching BEC [6]. In
contrast, the use of traps relying on optical dipole forces
allows the atoms to be trapped in the lowest energy level;
this therefore avoids inelastic collision losses and heating
while allowing efficient evaporative cooling, and may be
very efficient because of the high elastic two-body cross-
section. However at high density, three-body collisions can
occur, inducing heating and losses [7]. The cesium scat-
tering length exhibits a strong dependence on the mag-
netic field due to the existence of low-field Feshbach reso-
nances [8]. In the Cs BEC experiment described in [1], the
cold cesium atoms are optically trapped in the lowest en-
ergy state F = mF = 3, and the scattering length is varied
during the evaporative cooling procedure in order to limit
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the three-body collision rate. From these experiments, it
appears that a set-up suitable for Cs BEC should trap
the Cs atoms in the F = mF = 3 Zeeman sublevel, and
should provide a variable magnetic field in order to vary
the scattering length so as to allow an efficient evaporative
cooling mechanism to take place. In this paper we discuss
a hybrid optical and magnetic trap (HOM trap) for ce-
sium atoms in the true hyperfine ground state, the high
field seeking Zeeman sublevel, F = mF = 3. We describe
the trap geometry and the calculated potential shape, and
we report the experimental trapping of cesium atoms in
such a trap. We have characterized the trapping capability
of our set-up and we present quantitative measurements
of the number of trapped atoms, the temperature, and the
lifetime of the sample. We provide a direct measurement
of the oscillation frequency of the atoms in the harmonic
potential along the vertical direction, and we analyse the
damping of a breathing oscillatory mode. From this anal-
ysis, we are able to determine the collisional regime in the
trapped atomic sample and the conditions for increasing
efficiently the phase-space density through forced evapo-
rative cooling.

2 The trap characteristics

2.1 Principle of the trap

The trap described in this paper relies both on optical
dipole forces and magnetic forces. The lowest energy ce-
sium level, F = mF = 3, is a high field seeking state



96 The European Physical Journal D

Fig. 1. The trap configuration in the (xz)-plane: 2d is the
distance between the two bars, zt is the trap height. The circles
represent a pair of conductors each of which carries a total
current It. The magnetic field gradient is chosen in order to
compensate gravity at the trapping position (� 30 G/cm).
The total magnetic field is adjustable between 20 and 80 G.

Fig. 2. Forced evaporative cooling scheme. A tunable mi-
crowave couples the magnetically trapped tate to the un-
trapped ones. The choice of the frequency of the applied
microwave allows an energy elective evaporation.

which can not be confined in a purely magnetic potential
(Maxwell’s laws forbid the existence of a magnetic field
maximum in all three directions). In our trapping scheme
(see Fig. 1), one dimensional vertical magnetic confine-
ment is created by a horizontal coil located below the
desired trapping position. This magnetic field, combined
with an oppositely directed variable homogeneous mag-
netic field leads to a confining magnetic potential along
the vertical axis and a repulsive potential in the hori-
zontal plane. A tight horizontal confinement is obtained
using a vertically propagating, high power, far off reso-
nance and red detuned laser beam. This scheme allows
the implementation of one dimensional forced evaporative
cooling by coupling the magnetically trapped state to an
untrapped state via energy selective magnetic resonance
in the microwave domain (Fig. 2). Although such one di-

mensional (1D) evaporative cooling is known to be less ef-
ficient than 2D or 3D, numerical simulations have shown
that under proper conditions a large enough cooling rate
can be achieved [9]. The trapping magnetic field is created
by a horizontal coil located in the plane z = 0. In order
to provide sufficient optical access, the coil is stretched
along one direction so the field resembles that produced
by a pair of wires. The coil dimensions are 10 cm along
the y-axis and 2.5 cm along the x-axis, and its thickness
is 8 mm. It is made of 50 windings of 1 mm diameter
copper cable, and a typical current of 6 A is applied. A
trapping position is found in the vicinity of the maximum
value of the magnetic field located in the center of the
coil. The trapping position moves to z = 15 mm when an
oppositely directed homogeneous bias magnetic field B0 is
applied (for detailed calculation of the magnetic field and
potentials, see Ref. [9]). A system of horizontal Helmholtz
coils has been arranged in order to create this compen-
sation field. This bias allows tuning of the value of the
total magnetic field, with concomitant tuning of the scat-
tering length a due to Feshbach resonances. Whereas the
magnetic potential well can be as deep as 700 µK, the con-
finement remains weak: the oscillation frequency is about
4.6 Hz.

The optical dipole trap is formed by using a 15 W,
1064 nm Nd:YAG Gaussian laser beam. The frequency
detuning from the closest cesium transition at 894.6 nm
(D1-Line) is δ = −1.2×107Γ , where Γ = 2π×4.56 MHz is
the full width at half maximum (FWHM) of the 894.6 nm
transition. At this stage we neglect the spontaneous emis-
sion due to the excitation by the Nd:YAG laser. The beam
waist of w0 = 260 µm is chosen in order to maximize the
number of atoms while keeping a reasonable trap depth
U0 = 33 µK. The Rayleigh length of the laser beam,
equal to 20 cm, is large enough compared to the size
of the atomic cloud to assume that the beam is paral-
lel in the trapping area. The dipole trap radial frequency
is ωr/2π = 56 Hz. The total potential has been plotted in
Figure 3 in the vicinity of the trap centre. As shown, the
vertical laser beam provides tight horizontal confinement,
whereas the magnetic confinement along the vertical axis
is weak. The potential exhibits a very anisotropic geome-
try leading to a cigar shape for the trapped atomic sample.
For a temperature of 10 µK, the vertical dimension (RMS
width) is expected to be 880 µm and the horizontal one
70 µm, assuming a thermal equilibrium.

2.2 Experimental set-up

The experimental arrangement consists of a two cell ultra-
high vacuum set-up. These two cells are arranged ver-
tically and separated by 58 cm. A magneto-optical trap
(MOT) is operating in the upper one and is loaded from a
low pressure thermal cesium vapour (10−9 mbar). A sec-
ond MOT is located in the lower cell in which the residual
pressure may be as low as 10−10 mbar due to a differen-
tial vacuum tube between the two cells. The first MOT
acts as a cold atom source for the second one. The atoms
are transfered via a free fall along the vacuum tube. The
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Fig. 3. The total potential Vtot(x, y, z). (a) Vtot(x, 0, zt) versus
x with zt = 15 mm. There is a magnetic repulsion. The depth
is around kB × 50 µK, ωx/2π = 80 Hz. (b) Vtot(0, y, zt) versus
y. The depth is kB × 50 µK, ωy/2π = 86 Hz. (c) Vtot(0, 0, z)
versus z. The depth of the optical potential is kB × 700 µK,
ωz/2π = 4.5 Hz.

Fig. 4. A typical experimental sequence used for the loading
of the hybrid trap.

center of the second MOT overlaps the trapping region
of the HOM trap so that the atoms can be directly trans-
fered from the MOT to the HOM trap. An imaging system
based on a CCD camera provides the main diagnostics. A
snap-shot of the atom sample can be recorded by applying
a short (2 ms) resonant light pulse to the atoms. A typi-
cal experimental sequence is described Figure 4. The first
MOT is loaded in about 1 second, 15 ms before releasing

Fig. 5. Efficiency of the optical pumping into the F = 3, m = 3
state. The pictures are taken when a 70 G/cm vertical mag-
netic field gradient is applied during 30 ms; (a) without op-
tical pumping, (b) with optical pumping. Only the atoms
in the F = 3, m = 3 state can be trapped efficiently. A
colour version of the figure is available in electronic format
at http://www.eurphysj.org.

the atoms the beam detuning is increased from −3Γ to
−10Γ (where Γ ≈ 5 MHz is the natural linewidth of the
cooling transition) and the magnetic field is switched-off.
This optical molasses phase decreases the temperature be-
low 10 µK. This is necessary to reduce the spreading of
the atom cloud during the free fall to the second MOT
and the attendant atom losses. Nearly 5% of the atoms
reach the second MOT. Thus, this load/release operation
is repeated (typically 6 times). At the end of this load-
ing operation, the cloud is compressed by increasing the
magnetic field gradient and the trapping beam detuning.
Finally, the magnetic field is turned off, and a short optical
molasses phase reduces the temperature below 7 µK. The
goal of this compression and cooling phase is to provide
a better matching of the atomic sample phase space vol-
ume to the characteristics (size and potential depth) of the
HOM trap. After the MOT cut-off, a vertical homogeneous
magnetic field (≈ 5 gauss) is applied in order to provide
a quantization axis for the optical pumping of the atoms
into the F = 3, m = 3 state. The optical pumping is per-
formed using two laser beams tuned to the F = 3, F ′ = 2
transition for 300 µs. One σ+ polarized beam propagates
along the vertical axis. The second one is π polarized and
propagates in the horizontal plane. This geometry allows
a good optical pumping rate to the F = 3, m = 3 state.
The atomic polarization efficiency can be measured by
a longitudinal Stern-Gerlach separation. A vertical mag-
netic field gradient is applied during 30 ms and a picture is
taken. The image (Fig. 5a) shows the separation into three
clouds for which the magnetic force was opposite to grav-
ity and which then remain in the imaging region. These
clouds correspond to atoms into the F = 3, m = 3, 2, 1
states. When the optical pumping is applied, more than
90% of the atoms are found in the F = 3, m = 3 state
(Fig. 5b). After the optical pumping phase, the trapping
magnetic field is applied. After a variable evolution time
in the HOM trap, the atoms are released and a picture is
taken. This is the main diagnostic tool and the results of
such an analysis are presented and discussed in the next
part of the paper.
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Fig. 6. Center-of-mass oscillations and rms
width square oscillations along the vertical di-
rection (Oz). The trap frequency νz, the os-
cillation frequency of the width νσz and its
damping rate Γ given by the fit are respec-
tively νz = 4.6(1) Hz, νσz = 9.11(2) Hz,
Γ/2π = 0.21(7) Hz.

3 Experimental measurements

3.1 Characteristics of the trapped atomic sample

About 15% of the atoms from the second MOT are trans-
fered into the HOM trap, which leads typically to a few
106 atoms. The temperature is measured by time-of-flight
experiments, and is found to be about T = 5 µK at this
stage of experiment. This value is close to the temperature
at the end of the molasses phase. The trap lifetime τlife
defined by dN/dt = −N/τlife where N is the number of
atoms in the trap, is also measured from the fluorescence
signal decay versus time and is estimated to be around
τlife = 3.5 s. Currently the trap lifetime is limited by the
background pressure in the study cell. While the vacuum
in the cell needs to be improved for an evaporative cool-
ing process, it is adequate to characterize the collisional
dynamics of the trapped atoms. The results of this study
are presented in the next two sections.

3.2 Collective oscillations in the axial direction

Collective oscillations of the trapped cloud can be ob-
served under the proper conditions. First, if the center
of mass of the cloud is not at the center of the trap, then
the cloud exhibits oscillatory center-of-mass motion. The
center of the cloud oscillates as if it was a single particle
in the trapping potential. This excitation is known as the
dipole mode oscillation. This property makes observation
of this mode a useful way of measuring trap frequencies.
Secondly, it is typical that immediately after loading the
trap the initial potential and kinetic energy of the trapped
cloud are not in equilibrium. In this case, the width of
the cloud will oscillate as the oscillations of the individual
atoms convert potential to kinetic energy (and vice versa)
once every quarter trap cycle. This oscillatory motion,
known as the monopole-quadrupole mode, results from the
coupling of the monopole mode and the quadrupole mode
in an anisotropic trap. Calculations in references [10,11]
based on the solution of the Boltzmann equation show that
in an anisotropic trap the monopole-quadrupole mode ex-
hibits damping. The damping is related to the elastic
collisions. It gives some information about the collision

rate in the trap and permits us to estimate the collision
cross-section (such a study in cold metastable helium was
demonstrated in [12]). In this approach we assume a pure
harmonic trap, which is a reasonable approximation in
our experiment since the temperature is at most as low
as one sixth of the potential depth. In our trap, we ob-
serve and analyse these two collective classical motions
of the trapped gas along the vertical direction. We focus
our attention on oscillations along the vertical axis, as
they have large amplitude compared to those along the
horizontal directions1. We monitor, just after loading the
trap, the evolution of the vertical position of the center-
of-mass Zc and the rms width squared along the z-axis σ2

z .
Figure 6 shows some typical measurements. The positions
Zc are fitted by a sine wave: Zc(t) = A+B sin(2πνzt+ϕ),
from which we obtain the trap frequency νz. The squared
width are fitted by an exponentially damped sine wave:
σ2

z(t) = C + D exp(−Γt) sin(2πνσz t + φ), from which we
extract the oscillation frequency νσz and the damping
rate Γ . For instance, the results in Figure 6, taken at
|B0| � 100 G, give νz = 4.6(1) Hz, νσz = 9.11(2) Hz,
Γ/2π = 0.21(7) Hz. Taking into account the lifetime of
the trap, the maximum loss of atoms during the damping
time (1/Γ = 0.8 s) is about 20% (this effect is included
in the error bars of Fig. 8). This experiment is repeated
for different values of the magnetic bias |B0| = 60 G,
70 G, 85 G, 100 G, 115 G, and 130 G. By changing the
magnetic field value at the trapping position, we modify
the scattering length a of the atoms via Feshbach reso-
nances, which leads, for the above mentioned values of
|B0| , to a = 300a0, 500a0, 700a0, 1000a0, 1200a0, 1400a0,
respectively. For each value of |B0|, we extract the ratios
νσz/νz and Γ/2πνz. The results are compared with the
predictions of the classical theory of reference [10] for the
case of a cigar-shaped trap (for which the anisotropy pa-
rameter (ωz/ωr)

2 � 1), as shown in Figure 7. One notes
that the ratio νσz /νz decreases from 2 for the collision-
less regime to 1.55 for the hydrodynamic regime, whereas
Γ/(2πνz) goes to 0 at both ends but reaches a maximum
between the two regimes. The results of Figure 7a and

1 The amplitude of the oscillation scales as the trap fre-
quency. The resolution of our detection apparatus is not high
enough to allow a quantitative analysis of the radial motion.
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Fig. 7. Theoretical predictions issued from [10] for the lowest
frequency “breathing” mode of a classical atomic cloud con-
fined in a cigar-shaped trap, versus the elastic collision relax-
ation time. On part (a), plot of the oscillatory breathing mode
pulsation ω, on part (b) plot of the oscillatory breathing mode
damping rate Γ , both in units of ωz, the axial (weak) trap
pulsation.

Figure 7b can be combined to give the curve of Figure 8.
The latter figure shows the experimental data we obtained
superimposed to the theoretical predictions valid for a
cigar-shaped trap. The comparison of our experimental
data and the theoretical calculation allows us to make an
indirect measurement of the elastic collision rate in the
trapped cloud. As a comparison, we plotted the points
calculated for a number of atoms N = 1 × 106 (similar
to the number of the atoms transferred into the trap),
at different temperatures T = 10 µK (symbol × in the
figure), 5 µK (symbol 
), 1 µK (symbol ◦), and for dif-
ferent values of the scattering length a = 300a0, 500a0,
700a0, 1000a0, 1200a0, 1400a0. For each calculated point,
we evaluated the product 2πνz × τ , where the relaxation
time τ ∝ 1/γcoll, γcoll = nσvr being the classical colli-
sion rate (n = (1/

√
8)Nω2

rωz (m/2πkBT )3/2 is the aver-

Fig. 8. Plot of the frequencies
νσz and damping rates Γ of the
lowest “breathing” mode. The ar-
row indicates the displacement on
the curve when the elastic colli-
sion rate increases. Experimental
measurements (�) are reported on
part (a) and (b) (zoom in of the
(a) part)) as a function of the scat-
tering length (value indicated in
labels). As a comparison we re-
port some calculations performed
for an atomic cloud of N = 1 ×
106 atoms at the temperature of
T = 10 µK (×), T = 5 µK (�),
and T = 1 µK (◦), versus the scat-
tering length (labels).

age density, vr = 4
√

kBT/πm is the mean relative velocity
of the atoms, and σ = σ(a, T ) = 〈8πa2/(1 + k2a2)〉T is the
thermal average of the elastic collision cross-section).

3.3 Discussion

First, we notice from the position of the experimental data
on the curve in Figure 8 that the collision rate in the
trapped cloud is relatively low. This low collision rate re-
sults from a low spatial density. At this stage of the exper-
iment, no forced evaporative cooling has been performed
and the temperature of 5 µK prevents us from reaching
high densities. In addition, the loading efficiency from the
MOT2 to the trap of about 15% is not sufficient to pro-
vide a high atomic number, and thus high densities in the
trap.

Second, we observe that the increase of the scatter-
ing length value from 300a0 to 1000a0 is not sufficient to
increase drastically the collision rate in the experiment.
Therefore it seems that at the temperature currently
reached in the experiment, the elastic collision cross-
section depends only slightly on the scattering length. Un-
der such conditions, the elastic collision cross-section is
governed by the temperature, suggesting a regime near
the unitary limit (ka 	 1) where σ = 8π/k2. Hence,
in this regime, the relaxation time τ ∝ 1/nσvr scales as
1/(NT−3/2)T−1T 1/2 = T 2/N .

All the above mentioned conclusions are similar
for the calculated points corresponding to an atomic
cloud of N = 1 × 106 atoms at the temperatures
of 10 µK and 5 µK. In both cases, the collisional
regime remains in the vicinity of the collisionless regime
2πνz × τ → ∞ and both temperatures are not low enough
to allow an increase of the elastic collision cross-section by
increasing the scattering length from 300a0 to 1400a0.



100 The European Physical Journal D

However, an atomic cloud of N = 1×106 atoms at the
temperature of 1 µK exhibits different collisional dynam-
ics. The temperature is sufficiently low to allow control of
the elastic collision rate by tuning the scattering length.
Indeed, Figure 8 shows that the increase of the scattering
length from 300a0 to 1400a0 allows a collisional regime
halfway between the collisionless one and the hydrody-
namic one 2πνz × τ → 0. We note that the scattering
length value near 1000a0 corresponds to the top of the
curve in Figure 8, that is at the maximum of the damping
rate Γ . Such a collisional regime (halfway between the col-
lisionless and hydrodynamic regimes) is of interest in the
evaporative cooling process, as its corresponding elastic
collision rate is relatively high, without reaching the hy-
drodynamic regime (such a regime is to be avoided during
the evaporative process). Thus it is worth estimating how
much the elastic collision rate needs to be increased in our
experiment in order to reach the top of the curve in Fig-
ure 8. Figure 7b shows that the maximum for Γ is reached
for 2πνz × τ � 0.5. In Figure 8, the experimental points
are in the vicinity of the calculated points corresponding
to N = 1 × 106 atoms and a temperature T = 5 µK.
Therefore, the value of the product 2πνz × τ is expected
to be the same for these two groups of points. For an
atomic cloud of N = 1× 106 atoms at the temperature of
T = 5 µK, thus for the experimental points, the product
2πνz×τ is estimated to 4. It means that in the experiment,
the relaxation time τ and thus the rate T 2/N needs to be
decreased by a factor of 8, in order to reach a collisional
regime favourable to efficient evaporative cooling.

4 Conclusion

In this paper we have described a hybrid optical and mag-
netic trap (HOM trap) for cesium atoms that confines
high-field seeking states near a maximum of the mag-
netic field, and analyzed the trap to assess its suitabil-
ity to achieve BEC. The trap is not subject to Majorana
spin flips and therefore turns off the two particle inelastic
processes that have prevented previous attempts to reach
Bose-Einstein condensation in cesium in pure magnetic
traps. We also report on the experimental observation of
the trapping capability of our set-up, and on its charac-
terization through fluorescence imaging and a powerful
measurement method (based on the study of the collec-
tive excitation modes of the atomic cloud) to characterize
the collisional regime in the HOM trap. In particular, we
demonstrated a low collisional regime, near the collision-
less one, from the analysis of collective oscillations ver-
sus the scattering length. At this stage of the experiment,
the increase of the scattering length from 300a0 to 1400a0

does not allow usto reach a sufficiently high collisional
regime to proceed to BEC. The relatively high tempera-
ture T = 5 µK prevents us from reaching a regime where
the elastic collision cross-section depends on the scattering

length. Furthermore, the number of trapped atoms has to
be increased to provide a higher spatial density. In order
to improve the loading of the HOM trap, we could apply
a sideband cooling method, which can effectively be per-
formed in optical lattices [13,14]. Such a method can reach
temperatures of a few microkelvins with spatial densities
of the order of 1012 atoms/cm3, which is a good starting
point for the evaporative cooling process. Numerical simu-
lations of the evaporative cooling in the trap were reported
in a previous paper [9] and have demonstrated that BEC
could be reached within a reasonable time in such a trap.
The experimental route towards BEC has been demon-
strated by the Innsbruck group [1] and a similar approach
could be implemented in our set-up.
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