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Trapping and cooling cesium atoms in a speckle field
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Abstract. We present the results of two experiments where cold cesium atoms are trapped in a speckle
field. In the first experiment, a YAG laser creates the speckle pattern and induces a far-detuned dipole
potential which is a nearly-conservative potential. Localization of atoms near the intensity maxima of the
speckle field is observed. In a second experiment we use two counterpropagating laser beams tuned close to
a resonance line of cesium and in the lin L lin configuration, one of them being modulated by a holographic
diffuser that creates the speckle field. Three-dimensional cooling is observed. Variations of the temperature
and of the spatial diffusion coefficient with the size of a speckle grain are presented.

PACS. 32.80.Pj Optical cooling of atoms; trapping

There is presently a considerable interest in the study of
disordered media [1]. In condensed matter, the basic con-
cept of electron localization caused by disorder was in-
troduced by Anderson [2]. In optics, the correlations of a
speckle field were investigated in great details [3]. Laser
cooled atoms [4] provide a physical system which might
create a bridge between condensed matter and optics. In
this work we use a speckle field to create a sample of cold
atoms whose density distribution is closely connected to
the intensity distribution of the speckle field. We show that
two methods are indeed possible to map the speckle field
into an atomic pattern. The first method consists of us-
ing the speckle field intensity distribution as a far-detuned
dipole trap [5]. Because of the very large detuning between
the speckle light field and the cesium resonance, the set
of speckle potential wells acts indeed as a non-dissipative
potential in which precooled atoms can be trapped. The
second method consists of using the speckle field itself to
simultaneously cool and trap the atoms. In this case, the
beams are tuned close to the atomic resonance and there-
fore dissipation plays an important role. As shown in a
recent theoretical study of this problem [6], strong corre-
lations can be found between the intensity distribution of
the speckle field and the atomic density distribution.
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In this paper we present experimental results con-
cerning these two methods. In the first experiment, we
observe the localization of cesium atoms in an optical
potential created by a speckle Nd:YAG beam, the cool-
ing originating from additional lasers tuned to the blue
side of the 65, Fg = 3 — 6P3/; Fo = 2 transition
[7]. In the second experiment, we show the occurrence
of three-dimensional cooling of cesium atoms interact-
ing with two counterpropagating beams having crossed
linear polarizations (lin L lin configuration [8]) when one
of the beams corresponds to a speckle field. In this ex-
periment, the beams are tuned to the red side of the
6S1/2 Fy = 4 — 6P3/5 F. = 5 transition. For all ex-
periments, the source of cold atoms is a magneto-optical
trap (MOT) [9] with beams tuned on the red side of the
6S1/2 Fg =4 — 6P3/5 Fo =5 transition.

In both experiments, the speckle field is generated with
a holographic diffuser. A nearly plane wave impinging on a
diffuser is transformed into a speckle field, i.e. a field with
highly disordered intensity and phase variations. The in-
tensity distribution in a plane perpendicular to the propa-
gation direction is characterized by the parameter d which
is the width of the spatial autocorrelation function of the
intensity in the transverse plane! (d?/Aopt is the typical
size in the longitudinal direction). The size d of a speckle
grain immediately after the diffuser is estimated to be
dop =10 pm.

! The average distance between two intensity maxima in the
transverse plane is about twice larger.
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Fig. 1. Scheme of the first experiment. The atoms are trapped
in a far-detuned speckle field dipole trap. The speckle field is
created by imaging a diffuser by a YAG beam onto the MOT
location. A short pulse of resonant light is used to take absorp-
tion images on the CCD camera.

1 Trapping in a far-detuned speckle field

In the case of the far-detuned beam, we use the experimen-
tal setup described in Figure 1. A Nd:YAG laser beam of
wavelength 1.06 ym with a typical power of 2.5 watts illu-
minates the holographic diffuser. A lens system images the
diffuser onto a cloud of cold cesium atoms collected in a va-
por cell magneto-optical trap (MOT). The imaging system
has a magnification one to one factor (for more details, see
[10]). The waist of the YAG beam at the location of the dif-
fuser and of the MOT is 140 pm. Tuning the MOT beams
to the blue side of the 6S; /5 Fy = 3 — 6P3/p Fe = 2 tran-
sition in the absence of any magnetic field produces Sisy-
phus cooling that brings the cesium atoms at a temper-
ature below 10 K. Applying simultaneously the speckle
field and the cooling beams for 50-100 ms allows to reduce
the kinetic energy of the atoms to a sufficiently low value
to trap a large number of atoms in the speckle potential.

The spatial distribution of the cesium atoms is ob-
served by an absorption imaging technique [10]. Atoms
are quickly optically pumped in Fy =4 (in 100 ps), and a
circularly polarized 1 mm diameter probe beam resonant
on the 6S; /o Fy =4 — 6P3/,3F. = 5 cycling transition is
sent through the atomic cloud during 30 ps. Its intensity
distribution is recorded on a charge-coupled device (CCD)
camera with a pixel size of 15 ym (Fig. 1). A X5 micro-
scope objective enlarges the image on the CCD camera so
that the image resolution is typically 5 pm. The imaging
beam is applied during a short time interval to obtain an
instant picture of the atomic spatial distribution without
probe-induced modification. We show in Figure 2 several
images obtained by illuminating various areas of the holo-
graphic diffuser. Clearly the atoms are densely located in
very irregular patterns which reflect the random spatial
distribution of the speckle light field intensity. The spots
have roughly an average width of 12 ym and the mean dis-
tance between them is 35 pm. The more populated spots
contain a few thousand atoms. This atomic distribution
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Fig. 2. Images of the atoms trapped in a far-detuned speckle

field. Each image is obtained for a different transverse position
of the diffuser.

maps the intensity distribution because in a red detuned
dipole potential the atoms tend to gather around points
of maximum light intensity. However, it should be noticed
that the atomic density is not proportional to the field in-
tensity but varies according to a Boltzmann distribution
(the dipole potential being proportional to the intensity).
In addition, the pictures shown in Figure 2 include some
averaging along the longitudinal direction of the atomic
cloud which has a dimension equal to 300 pum, a value
comparable to the longitudinal size of a speckle grain.

2 Cooling in a nearly resonant speckle field

In the second experiment, two beams having the same fre-
quency w but crossed linear polarizations are applied onto
the cloud of cold atoms once the magnetic field and the
beams of the MOT are switched off. One of these beams
is transmitted through the holographic diffuser (Fig. 3).
This beam configuration resembles the usual 1D lin L lin
configuration [8] but because of the phase and intensity
variations in the speckle field, polarization and intensity
gradients do exist in the transverse direction?. The two
counterpropagating beams are horizontal and they are
tuned on the red side of the 65,5 Fy =4 — 6P3/5 Fo =5
transition (frequency detuning A = w — wy < 0 where wy
is the atomic resonance frequency). A repumping beam
resonant on the 65/ Fy = 3 — 6P3/5 Fo = 4 transition

2 A similar behaviour is found in the case of the Talbot
lattice [11].
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Fig. 3. Scheme of the second experiment. The cold atoms in-
teract with two counterpropagating beams with linear orthog-
onal polarizations, one of which being transmitted through a
diffuser.

avoids leakage of the atoms into the Fy = 3 hyperfine sub-
level. Because of the divergence (3 degrees) of the beam
transmitted through the holographic diffuser, the relative
intensities of the two counterpropagating beams requires
to be adjusted to prevent a unidirectional motion of the
atoms that would be generated by a non balanced aver-
age radiation pressure. The beam divergence also limits
the fluence at the trap location.

The first interesting result of this experiment is that
three-dimensional cooling of the cesium atoms is observed
in this quasi-1D beam configuration. The kinetic temper-
ature along the Ox vertical direction is measured by a
time-of-flight technique using a probe beam located 10 cm
below the cold atoms cloud. For the Oz longitudinal di-
rection, we use an imaging time-of-flight technique: after
the counterpropagating beams are switched off, the atomic
cloud expands freely until the MOT beams are switched
on again. They freeze the motion in an optical molasses
and an image in the yOz plane is taken in 1 ms. Repeating
this sequence for different time delays allows to measure
the temperature in both longitudinal and transverse direc-
tions, the latter being in agreement with the more precise
value obtained with the first method along Ox. With the
experimental parameters: average light-shift® per beam
hA'y = —200FER, Er being the recoil energy, and detun-
ing from resonance A = —20I", I'/2r = 5.3 MHz being
the natural linewidth of the 6P3/, level, we find a sig-
nificant difference between the longitudinal temperature
T1 = 10 uK and the transverse temperature 7y = 50 pK.
Similarly, a large difference is found for the thermaliza-
tion times 7 and 7y: 7 is less than 1 ms but 7, = 35 ms.
The lifetime 7,¢ of the atoms in this speckled molasses
is 100 ms. By varying intensity and detuning, 7y ranges
from 20 to 80 ms, a value which becomes comparable to
Tat. In this latter case, thermal equilibrium is not reached;
the data presented in this paper are restricted to the case
Ty < Tag-

We have also measured T and T} for several values of
the size d of a speckle grain. To vary d the holographic
diffuser is moved away from the MOT and the longer the
distance L from the atoms, the larger becomes d, the vari-
ation being described by: d?(um) = d3(pum) + 1.27L%(cm)

3 This quantity is defined for a transition having a Clebsch-
Gordan coefficient equal to 1. The light-shift A’ in the lin L lin
configuration at a point where the light polarization is circular
is A, = QA/O.
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Fig. 4. Variation of the longitudinal (M) and transverse (e)
temperatures versus the square of the size d of the speckle
grains for hA{ = —100Er and A = —30I". As expected from a
simple theoretical model, the longitudinal temperature is inde-
pendent of d in this range of parameters, while the transverse
temperature increases linearly with d?. The line represents a
fit of the transverse temperature according to the theoretical
law (Eq. (1)).

with dp = 10 um. This variation has been checked in an
independent experiment by directly imaging the speckle
field onto a CCD camera. We show in Figure 4 the vari-
ation of Ty and Ty versus d* (the other parameters are
hA'y = —100ER, A = —30I"). We observe that T} is
nearly constant. Its value (5 pK) is similar to the value
measured for the same value of A’ in a standard 1D
lin L lin configuration with two plane waves [12]. In fact,
inside a speckle grain, the polarization gradient along the
longitudinal axis is almost identical to the one found in
the 1D lin 1 lin configuration, particularly in the neigh-
borhood of the areas where the radiation pressure is bal-
anced. One may deduce from this observation that the
atoms are mostly located around such areas. The trans-
verse temperature 7y is much larger and shows a linear
variation with d2. These results are in agreement with the
predictions of Horak et al. [6]. This results from the very
different length scales in the longitudinal and transverse
directions. Because the length scale in the transverse di-
rection is d instead of A along the longitudinal axis, one
expects the transverse friction coefficient o4 to be on the
order of ik? (A/I')(\/d)?. The momentum diffusion coef-
ficient Dgsp, associated with the fluctuations of the dipole
force is affected by the same reduction factor (\/d)? and is
on the order of 72k? A’(A/I')(A/d)?. By contrast, the mo-
mentum diffusion coefficient Dy, associated with the re-
coil of a spontaneously emitted photon remains unchanged
and is on the order of h2k?I"” where I" = A'(I'/A) is
the photon scattering rate. The equilibrium temperature
kTy = (Dsp + Daip)/ v is thus expected to vary as:

kgTi/(RA) = a+ b(I'/A)?(d/N)? (1)
where a and b are numerical factors on a magnitude order
of 1. Applying this law to Figure 4, we find ¢ = 1 and
b = 5.4. These values are in good qualitative agreement
with the theoretical model developed for a 1/2 — 3/2
transition [6]. However we do not suggest to apply equa-
tion (1) with the experimental values of a and b found
from Figure 4 for any value of A" and A/I". In particular,
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Fig. 5. Variation of the longitudinal (M) and transverse (e)
spatial diffusion coefficients versus d* for hAj) = —200ERr and
A = —15I". The longitudinal spatial diffusion coefficient is

D1 ~ 0.1 cm?s™!. The dependence of the longitudinal diffusion
coefficient on d is probably due to the jumps of the atoms
between two speckle grains. The line represents a fit of the
transverse diffusion coefficient according to the theoretical law

(Eq. (2)).

for the detuning considered here, it is not possible to con-
sider the 6S; /5 Fy =4 — 6P3/3 Fe = 5 as an isolated tran-
sition and the effect of the 65,/ Fy =4 — 6P3/; Fo =4
transition is probably significant.

By measuring at different times the spatial dimensions
of the cold atomic sample, it is possible to study the
expansion law of the atomic cloud [13]. We observe the
cloud with a CCD camera and we find that this expan-
sion is diffusive (the square of the cloud width increases
linearly with time). We have therefore measured the spa-
tial diffusion coefficients D; and Dy in the longitudinal
and transverse directions as a function of the parameter
d. The experimental results shown in Figure 5 were ob-
tained for hA) = —200ERr, A = —15I". Here again, we
find a significant difference between the longitudinal and
the transverse directions. Let us first discuss the longi-
tudinal direction. The slow increase of D; with d? may
originate from jumps between two speckle grains. As men-
tioned before, there is a domain inside the speckle grain
where the radiation pressure is balanced. Once an atom
leaves such a position because of fluctuations, it has to
travel over a distance on the order of d?/\,pt (longitudi-
nal size of the speckle grain) along the longitudinal axis
before it can find another equilibrium position. Such long
flights are probably at the origin of the increase of D1 with
d?. We now consider Dy. It appears in Figure 5 that Dy
increases faster than d?. This behavior can also be under-
stood by the approach of Horak et al. [6]. If we assume
that the atoms undergo a Brownian motion in the trans-
verse plane, Dy is connected to the temperature Tt and the
friction coeflicient a4 through the relation Dy = kgTi/ .
Using equation (1), we thus expect:

Dym/h = (hI"/Er)(d/A)?[a’ + V' (I/A)*(d/X)?]  (2)

where a’ and b’ are numerical factors. Thus, D; should
vary as (d/\)? for small speckle grains and as (d/\)* for
large speckle grains. In fact, it is possible to fit the exper-
imental points of Figure 5 with equation (2) and we show
in Figure 5 the fit obtained for a’ = 3.8 and V' = 26. It can
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be noticed that &’ /a’ = 7 has the same order of magnitude
as b/a = b but is slightly different. In the cesium case, the
model of Horak et al. [6] can be used as a guide but it is
not sufficient to explain quantitatively our experimental
results.

A quantitative comparison in the cesium case re-
quires a numerical simulation. The most reliable theoreti-
cal method would be a fully quantum calculation such as
a quantum Monte-Carlo simulation [14-16] but this would
involve tremendously long computations. A semi-classical
approach which is much less time consuming could also
be considered. Such an approach can be performed us-
ing either the whole set of potential surfaces (9 in the
cesium case) in the adiabatic approximation (i.e. neglect-
ing non-adiabatic transition between different surfaces) or
an effective bipotential as shown in [17]. As long as non-
adiabatic transitions are negligible (which is the case for
well-localized atoms) these two methods give results in
good agreement with the quantum approaches [17]. From
this, we can infer that the calculation of the tempera-
ture should be in quantitative agreement with the experi-
ments in the parameters range where the atoms are well-
localized. For the spatial diffusion coefficient, the influence
of the long flights may be poorly described because non-
adiabatic transitions are likely to occur along these flights.
A quantitative agreement is not expected unless some ad-
dition is made in the model to include non-adiabatic tran-
sitions. In fact, if one wants only to create a disordered
sample of cold cesium atoms with well defined statistical
properties, the far-detuned speckle field used as a dipole
trap (Sect. 1) looks easier to handle quantitatively.

Finally, we can remark that spatial diffusion is a domi-
nant loss mechanism for the atoms in this disordered opti-
cal field. For a laser beam of radius w, the lifetime originat-
ing from spatial diffusion is on the order of T = w?/(2Dy).
For w =5 mm and Dy = 2 x 105 h/m we find 7 = 0.1 s, in
good agreement with the value measured experimentally.

In conclusion, we have presented an experimental
study of the properties of cold atoms in a speckle field
in two cases. In the first case, the speckle field just creates
a spatially disordered but stationary optical potential and
we have shown that the atomic pattern follow the field’s
disorder, the atoms being located near the intensity max-
ima of the speckle field. In the second case, the speckle
field creates a disordered potential but also provides cool-
ing. We consider these experiments as a first exploration in
a relatively unexplored domain. In particular the study of
atomic localization and transport in the quantum regime
seems to be a very promising subject.
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