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Measuring the re-absorption cross section of a Magneto-Optical Trap

Rudy Romain, Héléne Louis, Philippe Verkerk and Daniel Hennequin
Laboratoire PhLAM, CNRS UMR 8523, Bat. P5 - Unaversité Lillel, 59655 Villenewve d’Ascq cedex, FRANCE"

Magneto-Optical Traps have been used for several decades. Among fundamental mechanisms

occuring in such traps, the magnitude of the multiple scattering is still unclear.

Indeed, many

experimental situations cannot be modeled easily, different models predict different values of the re-
absortion cross section, and no simple experimental measurement of this cross section are available.
We propose in this paper a simple measurement of this cross section through the size and the shape
of the cloud of cold atoms. We apply this method to traps with a configuration where theoretical
values are available, and show that the measured values are compatible with some models. We also
apply the method to configurations where models are not relevant, and show that the re-absorption
is sometimes much larger than the usually assumed value.

I. INTRODUCTION

The Magneto-Optical Trap (MOT) is today an essen-
tial tool in experimental atomic physics. A MOT pro-
duces ultracold atoms which can be used in numerous
experiments: MOTs are used — alone or with further
cooling steps — to study quantum chaos [1], Anderson
localization [2] or plasma instabilities [3, 4], to produce
ultra precise atomic clocks [5], to obtain cold molecules
[6], and many other studies.

In most experiments, an accurate knowledge of the de-
tailed physical mechanisms occurring in a MOT is not
necessary. For example, it is well known that the atomic
cloud produced by a MOT becomes unstable for some
parameters, but it is also well known that in most cases,
the alignment of the laser beams has just to be adjusted
to remove these instabilities. However, recent studies
have shown that understanding the detailed physics of
the MOT could be interesting, because the MOT ap-
pears to belong to the large family of complex systems
described by Vlasov-Fokker-Planck (VFP) equations [4].
Because MOT experiments are relatively simple to im-
plement within this family, they appear as a good can-
didate for a model system in this area. And anyway,
understanding in detail the physics of MOT would allow
to understand what is observed in the experiments.

The mechanisms allowing to obtain a cloud of cold
atoms with a MOT are well known. They result from
the interactions of the atoms with the laser light. The
basic interaction is the absorption of a photon by an
atom, followed by a spontaneous emission process. De-
pending in particular on the cloud density, the emitted
photon can possibly undergo several cycles of absorp-
tion/emission before escaping the cloud: it is the mul-
tiple scattering. The final cloud of cold atoms is the
result of the equilibrium between the trapping force (in-
duced by the exchange of momentum during the diffusion
cycle), the shadow effect force (induced by the absorp-
tion of the beam through the cloud), and the multiple
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scattering force. The amplitude of the forces depends in
particular on the absorption cross section o7, and on the
re-absorption cross section or. Knowing these quantities
is thus essential to model accurately a MOT. Moreover
these cross sections play a key role in the analogy with
plasma physics because the effective charge involved in
the coulomb-like interaction between cold atoms depends
on their ratio [7].

The detailed mechanisms involved in a MOT are rather
complex. Taking into account the exact distribution of
the atomic levels and the interaction of the atoms with
all the laser beams would lead to a very complex set of
equations. Thus all the existing models deal with approx-
imations which lead to different predictions of the cross
section values. This is not a big deal concerning o, be-
cause simple absorption measurements lead to this quan-
tity. On the contrary, no simple way to measure or has
been proposed until now. So theoretical predictions have
never been validated by experimental measurements, and
the or values found today in the literature are still ques-
tionable.

We propose in this paper a method to measure the re-
absorption cross section in a magneto-optical trap. We
apply this method to a Cesium trap and obtain values
of or for different sets of laser parameters. We compare
these values to different models.

II. THEORY

We consider here a MOT in the usual o™ — o~ config-
uration. Each of the three arms of the trap consists in
a pair of counter-propagating laser beams characterized
by their intensity and their frequency. A pair is obtained
by retro-reflection of an incident beam. The beam inten-
sities are respectively I, for the incident beam and I_
for the retro-reflected one, while their frequency is given
through the detuning A between the laser frequency and
the atomic transition. We do not need to detail the ener-
getic structure of the cold atoms in order to understand
the steady state of the cloud. Indeed, we adopt a global
formalism in term of cross sections.

The stationary cloud of cold atoms results from the



equilibrium between three forces acting on the atoms.
These forces have been expressed in numerous studies,
with more or less approximations [4, 7-10]. However, all
these models deal with the same variables and the same
parameters. The first force is the trapping force produced
by the laser beams and the Zeeman shifts induced by the
magnetic field. It is a restoring force, characterized by
the spring constant x. The two other forces are collective
forces. The shadow effect force is due to the absorption
of the laser beams all along the cloud, leading to a local
imbalance of the laser beam intensities. Thus this force
depends on the absorption cross section oy. Finally, the
multiple scattering force is induced by additional scat-
tering of photons, and so depends on the re-absorption
cross section og. The first two forces compress the cloud
of atoms, while the latter causes it to expand. The size
of the obtained atomic cloud is thus the result of an equi-
librium between these three forces.

To study the equilibrium, we use an approach similar
to that in [7] which assumes that the temperature of the
cloud is zero. The main assumption in this model is that
a photon is re-scattered at most once before escaping
the cloud. Contrary to [7], we consider the usual anti-
Helmholtz configuration for the coils creating the mag-
netic field, as mentioned previously. Such a field is zero
at the point defined as the center of the trap and it can be
assumed to be linear along each direction. We take into
account the fact that the magnetic field gradient along
the coil axis is twice that along the perpendicular direc-
tions. So, the spherical symmetry used in [7] is broken,
and the cloud shape must be modeled as an ellipsoid.

The determination of the stationary density n does not
need the knowledge of the forces. Indeed, the collective
forces depend on the shape of the cloud, while their di-
vergences do not. The vanishing of the divergence of
the total force (which is zero at equilibrium) gives us a
constant atomic density. The results from [11], where a
more general anisotropic configuration has been consid-
ered, can be applied to the present situation and give:

2cKk
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where S = opr /oy is the cross section ratio and c is the
speed of light. Note that as the quadrupolar magnetic
field is taken into account, this expression differs slightly
from that in [7, 8]. We can improve this description of the
MOT by calculating the expression of the three forces.
The trapping force has a usual form and takes into ac-
count the anisotropy of the magnetic field gradient. The
shadow effect force has the same expression as is 7], the
absorption is assumed to be linear. The net multiple
scattering force is calculated as the sum over the cloud
of all the coulomb-like atom-atom interactions associated
with a scattering process. In [11], it is shown how to cal-
culate this force for an ellipsoidal cloud, with half-widths
L) and L along the coil axis and in the transverse plane
respectively. A geometric parameter A, depending only
on the ellipticity ¢ = L, /L of the cloud, appears in the
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Figure 1: Evolution of the cross section ratio inside the
predicted range of ellipticity values.

expression of the force:
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The equilibrium of the forces gives another condition on

this parameter :
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For the sake of completeness, the equilibrium of the forces
also gives us access to the cloud displacement due to the
shadow effect in our asymmetric configuration. This dis-
placement is global, and depends only on the shadow
effect: it gives no information about multiple scattering.

From the previous equations, it is easy to find that ¢ is
bounded. First, the atomic density is a positive quantity
so that, in eq. 1, o has to be larger than o7, (S > 1).
It follows from eq. 3 that A > 1/3. From the same
equation, we also find that the maximum value of A is
1/2 (when S — +00). This leads to:

l<e<181 (4)

Thus, the atomic cloud shape of a usual MOT appears
to be always oblate. A spherical cloud corresponds to
a infinite density, and so is not a physical solution. We
also point out an upper limit to the ellipticity which cor-
responds to o > op.

Fig. 1 shows the cross section ratio versus the elliptic-
ity for all possible values: the more elongated the cloud,
the more probable the re-absorption. This result is quite



Table I: Comparison of theoretical expressions for the
cross section ratio for the two limit cases Q > |A| > T
and |A] > Q> T.

ref. Q> [A] Q< |A] method
8] 1 9 phenomenological calculation
two-level atom

[9] A* 30° curve fitting / DAP
212 12 two-level atom

[10] A_2 Q_2 analytical expression / DAP
312 212 two-level atom

[4] A_2 Q_2 analytical expression / DAP
612 212 three-level atom

different from the one predicted for the temperature-
limited regime in which the ellipticity of the cloud is
constant and equal to v/2 [9]. In the multiple scatter-
ing regime, the ratio S and the cloud ellipticity depend
a priori on the laser parameters.

As pointed out above, the calculation of the re-
absorption cross section as a function of the laser pa-
rameters is rather complex. The atom must be modeled
with a particular atomic structure from which the over-
lap between the emission and the absorption spectra of a
cold atom can be calculated. Several authors figured out
theoretical expressions of oi in the context of Doppler
cooling theory [4, 7-10], but with different approaches.
In [7], a fit of single cloud size measurements is performed
for only one set of parameter values. [8] performs an ap-
proximated analytical calculation, while [4, 9, 10] use the
dressed atom picture (DAP) [12]. All consider a two-level
atom, except [4] who considers a three-level atom. These
calculations take into account the saturation by the two
counter-propagating beams, requiring to introduce the
total Rabi frequency Q = T'v/ (I + 1) /2@s4t, with Tsqy
the saturation intensity (Isq; = 1.1 mW /cm? for Cs) and
T" the natural width of the transition.

Within the DAP, the secular approximation limits the
range of parameter values to Q2 + A?2 > T2, But
even with such a simplification, the expression of op re-
mains heavy. Table I summarizes the expressions ob-
tained by these previous studies, in the two limit cases
where the laser intensity is much larger than the detun-
ing and vice versa. On the one hand, these two situations
(IA] > Q> Tand Q> |A]| > T') give simple asymptotic
expressions. And on the other hand, they represent usual
experimental parameters. Note that the values of param-
eters in [7] do not fit these two limit cases, and the results
from [8] do not seem to be relevant. The expressions de-
rived from the DAP give the same dependence on the
laser parameters, but with different numerical factors.

III. MEASUREMENTS

Equations 2 and 3 link the cross section ratio with the
ellipticity. As ellipticity can be measured experimentally,
we have a way to determine experimentally or, and to
compare this measurement to the theoretical predictions.

Our experimental set-up is described in [13]: we use
a usual MOT in which each arm is formed by the retro-
reflection of an incident beam. To guarantee repeatabil-
ity and reproducibility of the measurement, some cares
have to be taken. Indeed, the MOT laser beams can cre-
ate interference patterns on the cloud. So, its shape is not
symmetric and its density is not homogenous. Moreover,
the beam relative phase fluctuations make the patterns to
move randomly in time. To avoid these effects, we modu-
late the relative phases of the beams at a frequency larger
than 1 kHz. This modulation is faster than the collective
atomic response timescale. In addition, the shape of the
cloud is very sensitive to the alignment of the beams. We
improve the beam alignment to better than 0.1 mrad by
observing the cloud and adjusting its symmetry.

In order to measure the ellipticity, we record the cloud
fluorescence with a CCD camera, the optical axis of
which is perpendicular to the coil axis. In that way, we
obtain pictures showing a 2D projection of the ellipsoid.
The pictures are fitted on a 2D gaussian, giving us the
semi-axes L) and L of the ellipsoid. A typical experi-
mental measurement consists in recording the cloud sizes
as a function of A, and repeating this sequence for differ-
ent values of ). For each set of parameters, we record 10
pictures in order to improve the precision and to evaluate
the standard deviation.

Note that applying this method for very dilute or very
dense clouds leads to large measurement uncertainties.
Indeed, this method requires a good signal to noise ratio
to monitor the cloud with a camera, which is not the
case for dilute clouds, i.e. for large detunings or low
laser intensities. On the other hand, in an asymmetric
configuration, a thick cloud is displaced by the shadow
effect. Simple observations show that the shadow effect
degrades also the shape of the cloud, typically when the
laser is tuned close to resonance. This issue does not
exist for a MOT obtained with six independent beams.

We first check the predicted range of ellipticity values.
We measure the cloud sizes for almost 120 different values
of (A, Q). Fig. 2 shows all the measured values and how
often they have been measured. The result is in good
agreement with the theoretical range: about 90 % (if we
consider error bars) of the measured ellipticities are in-
side the predicted range. No prolate cloud is observed.
Furthermore, most of the values over the limit correspond
to pictures recorded with a low signal to noise ratio, i.e.
for which the measurement uncertainty is probably un-
derestimated.

Fig. 3 shows the typical evolution of the ellipticity as a
function of the detuning. In this example, the minimum
value of the ellipticity is 1.4 and is measured around A =
—6.5T. Points over the 1.81 limit are observed for |A| <
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FIGURE 2: Measurements of the cloud ellipticity for 117
different values of the MOT parameters. The
theoretical range is shown in gray.

3T , but as explained above, errors bars have probably
been underestimated for these measurements.

Strictly speaking, the two limit cases considered in Ta-
ble I cannot be satisfied with our experimental parameter
values. However, for large enough A values, we approach
the conditions |A] > Q > T" . Moreover, as the measure-
ment quality is poor for very large detunings, we retain
only intermediate values for our determination of €. For
example, in the case of Fig. 3, the estimation of the cross
section ratio is done in the range —8.8T' < A < —5.5I".
In this case, we have Q ~ FI+/\/§ISat ~ 2.5I' and
|A| Z 2§2. Note that the secular limit is satisfied be-
cause Q2 + A? > 35I'2. In this interval, the ellipticity is
quite constant, as predicted, and we get ¢ = 1.51 £ 0.08,
i.e. op = 3.20. This value is in good agreement with
[4, 10] which gives the theoretical value S, of 3.1.

Table II summarizes the measurements obtained in
three different configurations. In each case, the mea-
surement and the predicted value of S are very similar,
with a relative difference of less than 5 %. Unfortunately,
despite the good precision on the ellipticity, the error
on the cross section is significant. This is due to the
non-linearity of the relation between these two quanti-
ties (Fig. 1). Moreover, we get asymmetric errors be-
cause the derivative is also non-linear. As a consequence
the smaller the ellipticity, the better the precision.

Of course, the possibility to measure op is particu-
larly interesting for parameters where no theoretical pre-
dictions are available, or where theoretical predictions
are questionable because of the approximations. It is in
particular the case for smaller detunings and intensities.
Fig. 4 shows the evolution of the cross section ratio for
7.5 < A < —1.8I' and I} ~ 2.8144. It is interesting
to note that S exhibits a maximum around A = —5T,
with values larger than 5. These values are rather high

1 e .
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Figure 3: Evolution of the ellipticity ¢ versus the laser
detuning A for Iy ~ 3.61,4:. The dashed lines show the
theoretical limits of ellipticity values (1 < e < 1.81).
The error bars represent the standard deviation from
the 10 pictures.

Table II: Comparison of the experimental determination
of S with the predictions. For different intensity values,
we give the averaged ellipticity ¢ measured for a range
of large detunings, the deduced cross section ratio S
and the theoretical value Sy, from [4, 10].

0?/T?  detuning domain € S Stn
4.5 [-7.0T, —5.6T 1.39+0.05 2275% 23
7.0 [-8.8T, —5.5T 1.514£0.08 32732 3.1
9.4 [-9.21, —5.5T] 1.61 £0.09 4975 4.7

compared to those used in the literature but they are
consistent with eq. 1. Close to the resonance, the ra-
tio varies between 1 and 2, values which lead to a dense
cloud as expected for these detunings. Whereas far from
resonance the ratio is a little bit larger than 2 but the
density is small due to a weak restoring.

IV. CONCLUSION

In this paper, we propose a method to determine ex-
perimentally the re-absorption cross section o in a cloud
of cold atoms. To our knowledge, it is the first method
which allows to measure og for a large set of MOT pa-
rameter values. The method is non-destructive and based
on ellipticity measurements of the atomic cloud. The re-
absorption cross section can be measured very easily. The
results of the measurements are in good agreement with
the calculation done with the dressed atom picture in
the limit studied here (large detunings and intermediate
intensities). We also make measurements for MOT pa-
rameters for which no theoretical predictions have been
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FIGURE 4: Evolution of the cross section ratio versus A
for I ~ 2.8154.

done. The measurements show that the cross section ra-
tio is underestimated in the literature in this case. The
precision of this method can be as high as desired, it re-
quires only more acquisitions. A good precision is needed
especially when an important re-absorption is expected.
Measuring the cross section can be very useful to improve
our description of the re-absorption in future studies on
spatio-temporal dynamics of the atomic cloud.
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