
Chapter 5

The Physics of Loading an Optical Dipole Trap

5.1 Introduction

In the last decade, many different schemes for preparing and trapping ultra cold
and dense samples of atoms have been demonstrated. Of these, the optical dipole trap
[38] requires no magnetic fields and relatively few optical excitations to provide a con-
servative and tightly confining trapping potential. These characteristics make it an ap-
pealing option for various metrology applications such as parity nonconservation and
�-decay asymmetry measurements. It may also be an option for reaching BEC in a
purely optical trap. For these applications, large samples of atoms must be transfered
into the dipole trap. This is almost always done from a magneto-optical trap (MOT)
[14]. However, the processes determining the transfer between the MOT and the optical
dipole trap are poorly understood. Here we give a detailed description and explanation
of the loading process and suggest ways in which to improve the loading.

The simplest optical dipole trap consists of a focused single Gaussian laser beam.
Typically the light is detuned below the atomic resonance, from a few tenths of a nm to
several tens of nm. The latter are called far off resonance traps (FORT) [39]. We will
use the abbreviation FORT in discussing optical dipole traps. Conceptually a FORT
works as follows: the AC Stark shift induced by the trapping light lowers the ground
state energy of the atoms proportionally to the local intensity. The spatial dependence of
the light intensity is therefore equivalent to a spatial dependence of the atomic potential
energy. The atom has the lowest energy in the focus of the trapping beam and can
therefore be trapped there. For very large detuning, typically several nm, the photon
scattering rate becomes so low that the potential is truly conservative.

The first FORTs were running-wave Gaussian laser beams focused to a waist of
about10�m [38, 39]. By alternating the FORT with an optical molasses that cooled
atoms into the trap [38, 39], about 500 to 1300 atoms were loaded. In later work
[69, 76, 77], the FORT was loaded by overlapping it with a MOT continuously, which
improved the number of atoms that was transfered to106.

A key step in the loading of a FORT from a MOT is a strong reduction of the hy-
perfine repump in the last 10-30 ms of the overlap between the traps. It has been conjec-
tured [76] that this reduction helps because it reduces three density limiting processes,
namely, radiative repulsion forces, photo-associative collisions, and ground state hy-
perfine changing collisions. However, to our knowledge, there has not yet been an ex-
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Figure 5.1: Number of atomsN in the FORT as a function of time spent loading, for a
trap depth of -1 mK and a waist of26�m.

tensive study of the loading process. Therefore, in this paper we present a detailed and
comprehensive investigation of the many mechanisms that govern the loading process.

We find that loading a FORT from a MOT is an interesting dynamical process rich
in physics. As illustrated in Fig. 5.1, the number of atoms in the FORT first increases
rapidly and nearly linearly in time until loss mechanisms set a limit to the maximum
number. The loading rate and loss processes both depend in complex ways on the
laser fields involved. One factor that determines the loading rate is the flux of atoms
into the trapping volume. This flux depends on the MOT density and temperature,
i.e., average velocity of the atoms in the MOT. For the atoms to be trapped in the
FORT, cooling mechanisms must also be active in the region where the MOT and FORT
overlap Both the flux and the probability for trapping depend on the trap depth and
light-shifts inherent to the FORT.

Losses from the trap can be caused by heating mechanisms and collisional pro-
cesses. Contributions to heating arise from spontaneously scattered FORT light pho-
tons, background gas collisions [16, 17], intensity fluctuations, and the pointing stabil-
ity of the FORT beam [71]. However, for large numbers of atoms the losses are domi-
nated by collisional processes [78], including photo-association, spin exchange/ground
state hyperfine changing collisions, and radiative escape. Photo-associative collisions
can be induced by the FORT light itself and lead to untrapped molecules. During a
ground state hyperfine changing collision, a pair of atoms gains as much as the hyper-
fine energy splitting in kinetic energy ( 0.14 K for85Rb), which is enough to eject it
out of the FORT. In radiative escape, an atom is optically excited and reemits during
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a collision, and the attractive dipole-induced interaction between the excited and non-
excited atom leads to an increase of kinetic energy which is enough to eject an atom
from the trap.

The loading and loss rates depend on the shape and depth of the optical potential,
as well as the intensity and detuning of the MOT light fields. By studying the loading
rate and loss rate separately as a function of these parameters, we have obtained a
detailed understanding of the FORT loading process. This understanding has allowed
us to optimize parameters in order to improve our loading efficiency to high values
(47% of the MOT atoms were loaded into the FORT). Although we studied the loading
of 85Rb into a dipole trap with a detuning of a few nm, the physical processes and
optimization should be generally applicable to other alkali species and FORTs, when
the FORT trap depth exceeds the MOT atom temperature. In the opposite regime,
O’Hara et al. [79] have shown that a static equilibration model applies in CO2 laser
traps.

This Chapter is organized as follows. In Sec. 5.2 a more detailed expression for
the depth and shape of the FORT potential is given. In Sec. 5.3 our experimental setup
is discussed, including the loading of the FORT and the diagnostic tools for measuring
the number of atoms and size of the trapped sample. In Sec. 5.4 we present mea-
surements of the loading rate and loss rate as a function of different MOT and FORT
parameters. In Sec. 5.5 the temperature of the atoms in the FORT is given. In Sec.
5.6 the loss rates of the FORT in the absence of MOT light are discussed. In Sec. 5.7
we present a physical model of the loading process which explains the data presented
in Sec. 5.4. In Sec. 5.8 we discuss how our model explains the interdependencies of
the MOT and FORT parameters. In Sec. 5.9 we demonstrate how, based on our under-
standing of the FORT loading process, the number of trapped atoms can be improved
using a shadowed repump beam. Finally, Sec. 5.10 contains summarizing remarks and
discusses the general applicability of these results to other traps.

5.2 The FORT potential

The trapping potential formed by the focused laser beam has been described in
detail in Section 4.2. The most general form for the spatial dependence ofU is given
by

U(r; z) = U0
exp[�2r2=w(z)2]
1 + (z=zR)2

; (5.1)

with z the longitudinal coordinate andr the radial coordinate (denoted� in previous
chapter). Then the beam radiusw(z) is given as a function of longitudinal position,
w(z) = w0

p
1 + (z=zR)2 wherezR is the beam Rayleigh range [72]. Equation (4.1)

givesU0 as a function of many parameters, including the laser beam polarization ellip-
ticity �.

This chapter focuses primarily on the loading of a FORT made with linearly
polarized trapping light. This is because loading the linear FORT is the most efficient
process, and therefore usually a first step toward loading the circular FORT. We justify
this approach in Sec. 5.4.6, where we discuss how the loading of the FORT is affected
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Figure 5.2: Experimental setup

when optical Zeeman splittings are present due to elliptical polarization of the FORT
light.

5.3 Experiment

The experimental setup is very similar to that described in the previous chapter,
and shown schematically in Fig. 5.2. The starting point of all the experiments described
here is a MOT, which collects85Rb atoms from a5 � 10�10 Torr vapor, and contains a
maximum of about3 � 108 atoms in steady state with a filling time constant of� 12 s.
Two extended-cavity diode lasers, both stabilized to atomic lines in85Rb at 780 nm
with a dichroic atomic vapor laser lock (DAVLL) are used for the MOT (see [70] and
Appendix A). One laser provides 6 mW for trapping and cooling (divided between
three retro-reflected beams) and is tuned red of the5 2S1=2 F = 3 ! 5 2P3=2 F

0 = 4
transition by an amount denoted as�M. We refer to this light as the “primary” MOT
light (previously called the “cooling” laser), and denote its total six beam intensity by
IM. The beams have a Gaussian beam radius of9:3 mm. The other MOT laser is
used for hyperfine repumping and is tuned near the5 2S1=2 F = 2 ! 5 2P3=2 F

0 = 3
transition. We refer to this light as the “repump” light, and denote its detuning as�R

(�R = 0 unless otherwise indicated). We use one single retro-reflected beam of in-
tensityIR = 3mW=cm2 for repumping the MOT. Both laser beams have acoustooptic
modulators (AOM) in them for temporal control of the light intensity. The magnetic
field gradient of the quadrupole field along the strong axis is 5 Gauss/cm, and can be
switched off within 3 ms.

The FORT light is generated with a home-built Titanium:Sapphire laser, with
a nominal output power of 1.2 W. After passing through an AOM, the first order is
intensity stabilized, collimated, and expanded. The beam is focused into the vacuum
chamber with a20 cm focal length doublet lens to a focus of radiusw0 = 26 �m
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(1=e2 intensity), unless stated otherwise. The detuning from the D2 line is typically
2 to 4 nm to the red. ForP = 300mW, w0 = 26�m, and� = 784 nm the well
depthU0=kB = �1:4mK. Approximating the center region of the FORT potential as
harmonic, the trap oscillation frequencies are4:6kHz and34Hz in the transverse and
longitudinal direction, respectively. Note that the trap as a whole is highly anharmonic
at the edges. The peak photon scattering rate (�sc) for these parameters is1:3 kHz, as
calculated from the well known expression

�sc =
1

2�0

1

1 + IS
I
(1 + 4�2


2
)

(5.2)

where the natural lifetime�0 � 30 ns, the saturation intensityIS � 1.6 mW/cm2, the
laser detuning is given by�, and the full width half maximum of the natural linewidth

 � 6 MHz.

5.3.1 Loading and diagnostics

The sequence for loading the FORT from the MOT and measuring the number
of atoms is as follows. The MOT fills for typically3 s at an optimum detuning of
�M = �2 
, and at maximum repump intensity. This results in typically3� 107 atoms
in the MOT. We then switch on the FORT while simultaneously increasing the detuning
of the primary MOT light and reducing the repump light intensity. We will refer to this
stage in the timing cycle as the “FORT loading stage,” which is typically20� 200 ms
long, depending on FORT parameters. The primary MOT light, MOT repump light and
magnetic fields are switched off, and the atoms are held in the FORT for a variable
length of time, but at least 100 ms before the detection light comes on, so that the MOT
cloud can fall out of the detection region. The atoms are then released from the FORT
and detected by turning on the MOT light (primary and repump) but no magnetic field,
the primary MOT light frequency now closer to resonance�M = �
=2. The number
of atomsN is determined from the amount of fluorescence [74] collected with a low
noise photo-diode. Under some circumstances the cloud of atoms trapped in the FORT
is so large that it extends beyond the field of view of our photo detector. In this case
the number is measured by recapturing them into a MOT. For this case the detection
must be delayed for at least 250 ms to give the MOT cloud time to fall out of the MOT
beams, thus making sure that we are detecting FORT atoms and not MOT atoms.

The number of atoms in the FORT is measured as a function of storage time, as
in the previous chapter. We call this a lifetime curve. A typical example of a lifetime
curve is shown in Fig. 5.3. Note that the number of atoms does not have a simple
exponential dependence on time. We find that the loss of atoms is well described by
Eq. (4.3) and its solution [Eq.(4.4)], as was the circular FORT. We use the analytical
solution of Eq. (4.3) as a fit function to the data to find the numberN0 initially trapped,
as well as values of� and� 0 (see Sec. 5.6). The prime on� 0 is used to refer to atom
number loss instead of density loss.

Absorption imaging is used to measure the size and temperature of the MOT
cloud as well as the cloud of atoms in the FORT. The imaging system consists of a two
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Figure 5.3: Number of atoms remaining in the FORT as a function of time, for trap
parametersw0 = 26�m, P = 290mW , � = 782:5 nm. The trap depth isU0=kB =
�2:3mK. The solid curve is a fit of Eq. (4.3) to the data.

lens telescope making a one to one image onto a CCD array. The lenses are 18 cm focal
length cemented doublets. The line of view is perpendicular to the FORT beam. This
allows us to observe the transverse as well as longitudinal shape of the cloud of atoms
trapped in the FORT.

5.4 Dynamics of the loading process

In Fig. 5.1 we showed that the transfer of atoms from the MOT to the FORT is
a dynamical process, in which the number of atoms loaded into the FORT increases
rapidly until a competing process causes the number to reach a maximum and then
decrease at later times. Here we investigate the precise shape of the loading curve in
more detail. The number of atoms in the FORT for longer loading times is shown in
Fig. 5.4.

The shape of the loading curve is explained as follows. Initially, the number of
atoms in the FORT increases asN(t) = R0t. But at larger times the number starts to
roll over. This occurs for two reasons. First, the MOT loses atoms due to the reduced
repump intensity and different detuning of the primary MOT light. This reduces the
loading rate. Second, the trap loss rates become large enough to counteract the loading.

In a similar fashion as Eq. (4.3) we find that the shape of the FORT loading curve
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Figure 5.4: Number of atoms loaded in the FORT as a function of FORT loading stage
duration, for trap parametersw0 = 26�m,P = 305mW, and� = 784:5 nm. Primary
MOT intensityIM = 8:2mW=cm2 and MOT repump intensityIR = 4:7�W=cm2. The
solid curve is a fit of Eq. (5.3) to the data. The loss coefficient� 0L = (1:56 � 0:22) �
10�5(atoms s)�1, see text.

is well described by

dN

dt
= R0 exp(�
MOTt)� �LN � � 0LN

2 ; (5.3)

where
MOT is the rate at which the MOT loses atoms due to the change of MOT light
detuning and repump intensity. And�L and� 0L characterize density-independent and
density-dependent losses. The subscript L expresses the fact that the loss rates during
loading are generally different from those during storage in the FORT without any MOT
light present.

Four parameters determine the loading:R0, 
MOT, �L, and� 0L. To understand
the physics of the loading process we must therefore determine these four parameters
under a variety of conditions. The initial loading rate,R0, can be determined directly
from the initial slope of the loading curve. Then
MOT can be determined by measuring
the rate at which the MOT fluorescence decreases during the FORT loading stage. We
confirmed this explicitly by allowing the MOT to dissipate for a variable length of
time, �d, before the start of the FORT loading stage. The initial slope of the loading
curveR(�d) was observed to beR(�d) = R0 exp(�
MOT�d), consistent with the MOT
fluorescence measurement. The rate constants� 0L and�L can then be determined by
fitting the numerical solution of Eq. (5.3) to the data. The solid curve in Fig. 5.4 is
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such a fit, indicating how well the loading process is described by Eq. (5.3). With
R0 and
MOT constrained to the directly measured values, as mentioned above, the
extracted values of� 0L and
L show that the�� 0LN2 loss term clearly dominates over
the�
LN term. This is most apparent in the slope of the tail of the load curve. Thus
collisional processes dominate the losses from the FORT during its loading.

The losses during the loading of the FORT can be studied independent of the
loading rate. This is done as follows. The FORT is first loaded under optimum condi-
tions and the atoms stored for 100 ms, after which the MOT lasers are switched back
on, but there is no magnetic field, for the remainder of the FORT storage time. We
refer to such a measurement as a loss curve measurement. In this way we can study
the effect of the MOT light field parameters on the loss rate, i.e., we eliminated the
loading term in Eq. (5.3). With the MOT lasers on, the loss rate is much larger than in
the absence of any MOT light and completely dominated by density dependent losses
� 0L. The result of such a measurement is shown in Fig. 5.5 (N), which also contains
the lifetime curve (�) recorded in the absence of MOT light. Comparing corresponding
loading and loss curves we find the same values of� 0L from the different types of data
sets to within a 30% spread. The advantage of measuring a loss curve is that we can
independently change all the MOT light field parameters without altering the number
of atoms initially loaded into the FORT.

The nice agreement between the value of� 0L determined from the loading curve in
Fig. 5.4 and the loss curve in Fig. 5.5, taken for identical MOT and FORT parameters,
gives good confidence that Eq. (5.3) gives a good description of the physics involved
in loading the FORT.

The fact that collisional losses,� 0L, dominate the tail of the loading curve can also
be seen in another way. If one neglects the��LN term in Eq. (5.3) and sets the loading
rate to be constant atR0, i.e. assuming that the MOT does not lose atoms during the
loading of the FORT, the steady state solution of Eq. (5.3) is

Nst =
q
R0=� 0L : (5.4)

Substituting the values ofR0 and� 0L obtained as discussed above, the calculatedNst

agrees to within 10% with the maxima of the loading curve.
Several consistency checks were performed on the accuracy of fitting Eq. (5.3)

to the data. One test was to set all four parameters in Eq. (5.3) free. This reproduced
the independently determined values ofR0 and
MOT, as well as those of�L and� 0L,
with �L least well determined. Both
MOT and�L give rise to exponential decay and
are therefore strongly coupled in the least squares fit. We find that most often�L comes
out of the fit as zero, and
MOT to within 20% of the value determined directly from the
MOT fluorescence. Assuming that the value of�L should at least be as big as that of
the trap in the absence of the MOT light, we set it to that value and see no significant
change in the value of� 0L. Fitting the loading curves with these constraints and different
combinations of free parameters, we find a spread in the� 0L values of up to 30% for a
given data set, which is more than adequate for the analysis of the data given below.
We are now in the position to investigate the loading of the FORT in terms ofR0 and
� 0L separately, by either measuring load curves or loss curves.
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Figure 5.5: Number of atoms in the FORT vs time, without any MOT light (�) and
with MOT light on (N), primary MOT intensityIM = 8:2mW=cm2, and MOT repump
intensityIR = 4:7�W=cm2. For trap parametersw0 = 26�m, P = 305mW and
� = 784:5 nm. The curves are fits of Eq. (4.3) to the data. The number dependent loss
rates are� 0 = (1:42�0:05�10�6 (atoms s)�1 and� 0L = (1:4�0:1)�10�5 (atoms s)�1,
for the atoms stored in the FORT without any MOT and with MOT light, respectively.

5.4.1 Hyperfine repump intensity and detuning

A commonly used technique to improve the loading of a FORT is to reduce the
hyperfine repump intensity. Here we show how the intensity and detuning of the re-
pump light affect the loading rateR0 as well as the loss rate� 0L. We concentrate first
on the dependence of the loading rate and loss rate on the hyperfine repump intensity
at resonance (F = 2 ! F 0 = 3). The data in Fig. 5.6 show that for the maximumIM
there is a critical repump intensity below which the MOT is not sustained during the
FORT loading stage and the loading rate goes to zero. ForIR above that critical value,
the loading rate decreases because the density in the MOT decreases due to radiative
repulsion. The optimum level is aboutIR = 5�W=cm2. Note that the loading rate of
the FORT is as high as5 � 107 atoms s�1, which is a factor 2 higher than that of the
MOT. The loss rate� 0L increases rapidly with repump intensity and starts to saturate at
high repump intensity. For lowerIM, saturation sets in at lower repump intensities and
� 0L is smaller.

The optimum repump intensity is intimately linked to the repump detuning. This
interdependence is shown in Fig. 5.7, where the maximum number of atoms loaded
into the FORT is plotted versus�R for different values ofIR. IncreasingIR from
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Figure 5.6: FORT loading rateR0 (a) and loss coefficient� 0L (b) as a function of hy-
perfine repump light intensity. For trap parametersw0 = 26�m, P = 300mW and
� = 784:5nm. The loss rate was measured forIM = 8mW=cm2 (�), reduced MOT in-
tensity ofIM = 1mW=cm2 (2), and complete absence of primary MOT light (N). The
solid lines are derived from the model described in Sec. 5.7.1. Error bars are statistical
and do not reflect systematic uncertainties inIM.
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Figure 5.7: Number of atoms in FORT as a function of MOT hyperfine repump detuning
for different repump intensities,1:4�W=cm2 (�), 4�W=cm2 (2), and280�W=cm2

(�). The frequency offset is arbitrary. FORT parameters arew0 = 26�m, P =
200mW, and� = 798:1 nm. Solid curves are Lorentzians fitted to the data to guide
the eye.

1:4�W=cm2 to 4�W=cm2, we see that the number in the trap increases, but the op-
timum repump detuning stays on resonance. Increasing the intensity to280�W=cm2

causes the optimum repump detuning to shift red. Interestingly, the optimum number of
atoms is loaded when the repump scattering rate is the same for bothIR = 4�W=cm2

andIR = 280�W=cm2 due to the different detuning, indicating that an optimum re-
pump scattering rate exists for loading the FORT. However, the number of atoms drops
and the resonance broadens, which shows that the number of atoms in the FORT is not
determined by the repump scattering rate alone. This will be explained in more detail
in Sec. 5.8.

In summary, the loading rateR0 is optimal for a very low repump intensity of
about5�W=cm2 and zero detuning. The loss rate� 0L increases with repump intensity
and is larger for higher intensity of the primary MOT light.

5.4.2 Primary MOT light intensity

BothR0 and� 0L depend on the primary MOT intensity,IM. The data in Fig. 5.8
show that� 0L rises rapidly and then saturates with increasingIM. The MOT intensity
at which saturation sets in is higher for higher repump intensities. Combined with the
dependence of� 0L on repump intensity this suggests that excited state collisions leading
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Figure 5.8: FORT loading rateR0 (a) and loss coefficient� 0L (b) as a function of pri-
mary MOT light intensity, for a fixed repump intensityIR. Both (
) and (�) represent
IR = 5�W=cm2, while in (2) IR = 0. The solid lines are derived from the models in
Secs.5.7.2 and 5.7.1 for (a) and (b), respectively. FORT parameters are those of Fig.
5.6.

to radiative escape are responsible for the losses during loading, as is confirmed by the
model that we develop in Sec. 5.7. The solid curves in Fig. 5.6 are based on this model
and agree very well with our data.

As shown in Fig. 5.8, the loading rateR0 increases nearly linearly withIM. As
will be argued in Sec. 5.7, this implies that the loading rate strongly depends on the
cooling mechanisms in the MOT.
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Figure 5.9: FORT loading rateR0 (a) and loss coefficient� 0L (b) as a function of the
primary MOT light detuning,�M, during loading. The repump intensity is5�W=cm2.
For trap parametersw0 = 26�m, P = 300mW, and� = 784:5nm.

5.4.3 The role of MOT detuning

BothR0 and� 0L also depend on MOT detuning, as shown in Fig. 5.9. For these
data,IR is reduced to the value that gives optimum loading into the FORT. A maximum
in R0 is observed at about�M � �30MHz. At slightly larger detunings the loss
rate� 0L has a minimum. The maximum number of atoms is loaded into the FORT at a
detuning that is simultaneously close to the maximum in the loading rate and close to
the minimum in the loss rate.
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Figure 5.10: MOT detuning for maximum number of atoms loaded into the FORT
versus trap depth,w0 = 26�m.

We also observe that the optimum detuning of the primary MOT light during the
loading stage depends on the depth of the FORT. This is illustrated in Fig. 5.10. For
deeper traps the optimum detuning is smaller. The FORT depth was varied by changing
the wavelength and power of the FORT light.

5.4.4 Alignment with respect to the MOT

Another factor affecting the FORT loading is the relative alignment of the FORT
with respect to the MOT. We find that the loading rate is optimum with a longitudinal
displacement between the center of the FORT and the MOT. The optimum displacement
depends on the FORT depth. Absorption imaging is used to determine the separation
between the FORT and the MOT. We observe that as trap depth increases, the dis-
placement must increase in order to maximize the number of atoms loaded. Typically
the displacement between the focus of the FORT and the MOT is about half a MOT
diameter.

In shallow traps the displaced loading of the atoms causes an initial sloshing of
the atoms in the longitudinal direction. The sample of atoms can be seen to make one
and a half oscillations before it thermalizes at the center of the FORT; this takes about
100 ms.
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Figure 5.11: Number of atoms loaded into the FORT as a function of trap depth for
w0 = 26�m (�) andw0 = 22�m (N). For the latter data set the steady state number
[see Eq. (5.4)] is calculated fromR0 and� 0L taken from Fig. 5.12, is plotted asÆ.

5.4.5 Dependence on FORT depth

We measured how the loading rate, loss rate, and total number of atoms trapped
in the FORT depends on the trap depth. This is shown in Figs. 5.11 and 5.12. For
each data point, the MOT detuning, repump intensity, and alignment of the FORT with
respect to the MOT are optimized to give the highest number of atoms in the FORT.
The waist of the trapping beam is fixed and the trap depth is varied by changing both
the detuning and power of the FORT beam. The dependence ofN0 on trap depth can
be explained as an increase inR0 and a reduction of� 0L as the trap gets deeper. This is
illustrated by the data shown in Fig. 5.12.

For comparison to the data in Fig. 5.11, we calculatedNst using Eq. (5.4) by
inserting the measuredR0 and� 0L . The calculated valuesNst (Æ in Fig. 5.11) agree
well with the measured number, and depends linearly on trap depth up to 3 mK. At 6
mK, N0 lies below the extrapolated straight line because� 0L cannot decrease below its
value in the absence of MOT light.

For a waist of26�m we have observed transfer efficiencies from the MOT to
the FORT of 20%. For traps with a larger waist,w0 = 40�m, transfer efficiencies
of 40% and higher have been observed. If we compare FORTs with about the same
depth ofU0 � 1mK but different waists, we observe that more atoms are loaded when
the waist is bigger. This is mainly due to an increase of the loading rate (see Sec.
5.7.2). Changing the waist from26�m to 75�m, we observed a strong reduction of
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Figure 5.12: FORT Loading rateR0 (a) and loss rate� 0L (b) as a function of trap depth
U0 for w0 = 26�m.
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Figure 5.13: Number of atoms in the FORT as a function of loading time for three
different ellipticities of the FORT light. In descending order of the curves,� =
0:999; 0:915; and 0:852. The FORT parameters arew0 = 22�m, P = 600mW, and
� = 784:5 nm.

the lifetime of the trapped sample. We attribute this reduction to the fact that in this
regime, the scattering force becomes stronger than the trapping force and expels atoms
from the trap[38].

5.4.6 The effect of elliptically polarized FORT light

As the data in Fig. 5.13 show, the polarization of the FORT light has a profound
effect on the number of atoms loaded into the FORT. A change of the ellipticity (See
Section 4.2) from linear polarization,� = 0:999, to slightly elliptical polarization,� =
0:915, causes the number of atoms to drop by a factor of 7. At� = 0:852 the number
dropped by more than an order of magnitude. The drop in number is caused by a
combination of effects. Analysis of the shape of the load curves in Fig. 5.13 shows
that the loading rate is reduced by an order of magnitude and the exponential loss rate
�L is increased by a factor of 4. The increase of�L we ascribe to the ground state
dipole force fluctuations related to the optical Zeeman splittings [second term on right
hand side of Eq. (4.1)] induced by the ellipticity of the light [41]. The optical Zeeman
splittings can also be expected to interfere with the functioning of the MOT and thus
reduce the loading rate. In the center of the FORT the splitting corresponds to that of a
magnetic field of 13 Gauss, which is sufficient to disrupt both the cooling and trapping
of the MOT.
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Figure 5.14: (a) Illustration of ballistic expansion and (b) an example of a temperature
measurement.

5.5 Temperature

We measured the temperature of the atoms in the FORT for different trap depths.
The temperatureT of the atoms in the FORT was determined from the rate at which the
cloud of trapped atoms expands after release. The density distribution is well described
by a Gaussian of width� that increases with expansion time t, as illustrated in Fig. 5.14
(a). The resulting� vs. expansion time is plotted as in Fig. 5.14 (b). By fitting this data

to the equation� =
q
�20 +

kBT
m
t2, a temperature is readily extracted.

The temperature extracted from the transverse dimension was found to depend on
potential well depth, as shown in Fig. 5.15. Although the transverse and longitudinal
temperatures agree to within the experimental uncertainties, the transverse dimension
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Figure 5.15: Temperature of the atoms in the FORT as a function of trap depth, for
w0 = 26�m. Solid line is a linear regression giving a slopeT=U0 = �0:4.

is a much more sensitive probe of the temperature due to its smaller initial size. The
initial aspect ratio of the cloud is 33 to 3000�m. Note that for the deeper traps the
temperature is much higher than that of the atoms in the MOT, which is about30�K
to 120�K, depending on the MOT detuning. Over the range of trap depths that we
investigated the temperature is a fixed fraction 0.4 of the FORT depth.

5.6 Trap Lifetime

The number of atoms in the trap decreases after the trap is loaded, as is shown in
Fig.5.3. In the absence of any MOT light the loss of the trapped sample has a number
dependent (collisional) portion and a purely exponential part, as described by Eq. (4.3).

Typically, the exponential lifetime1=� is between 1 s and 10 s, depending on the
trap parameters. The lifetime increases with decreasing FORT scattering rate, until a
limit (� 10 s) is reached that we believe is set by the background vapor pressure.

The collisional loss, characterized by� 0, depends on the wavelength and waist
size of the FORT beam. We observe clear resonances in� 0, consistent with photoasso-
ciation lines. Between these lines we see a nonzero background level that presumably
is due to ground state hyperfine changing collisions. This background level depends on
the FORT light polarization. In a circularly polarized FORT [41], the atoms are spin
polarized in one of the stretched states of theF = 3 ground state, from which hyperfine
changing collisions are suppressed. In our trap we see a factor of 2 reduction of� 0

in between the photo-association lines when the polarization is changed from linear to
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circular.

5.7 Analysis

5.7.1 Analysis of density dependent losses

The main features that we have observed in our data are the strong increase
(�100) of the collisional loss coefficient� 0L when the MOT light is present and that this
loss rate depends strongly on the MOT parameters. As we will show in this section,
density dependent losses during the loading of the FORT are mainly due to radiative
escape collisions induced by the MOT light. In the unperturbed FORT, ground-state
hyperfine changing collisions are the dominant loss process.

5.7.1.1 Conversion to density dependent loss

The typical mechanism driving the collisional loss process in the FORT is more
easily identified when the measured rate coefficients� 0 and� 0L are converted to density
related, volume independent rate coefficients� and�L. The relation between these is
� = � 0V , with V the volume of the sample of atoms. The volume is found by approxi-
mating the trapped sample of atoms as a cylinder with radius and length determined by
the size of the FORT beam focus and the temperature of the atoms. The volume is then
given by,

V = �w2
0zR ln(

1

1� �
)

r
�

1� �
; (5.5)

where� = kBT=U0 is shown in Sec. 5.5 to be a constant 0.4, regardless of the FORT
parameters. Thus the volume only changes whenw0 changes.

5.7.1.2 Density dependent loss from the FORT without the MOT present

Density dependent losses from the FORT when there is no MOT light present
are due to both photo-association and ground state hyperfine changing collisions, as
mentioned in Sec. 5.6. Between photo-association lines, the values of� 0 do not depend
strongly on the FORT laser power or wavelength, but change strongly withw0. How-
ever, when� 0 is multiplied byV / w4

0, the resulting� = (4 � 2) � 10�12 cm3 s�1,
independent ofw0. This value agrees well with the value of4� 10�12 cm3 s�1 reported
by Miller et al. in Ref. [80].

5.7.1.3 Density dependent loss from the FORT during loading

In the case of loading the FORT, the density dependent losses are due to light-
assisted collisions. To demonstrate this, we compare with measured rates in MOTs,
where light-assisted collisions have been extensively studied. This comparison is com-
plicated by the difference in trap depth between the MOT and the FORT (1 K vs. 1
mK), and also the difference in fractional occupation of the upper hyperfine component
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of the ground state. In the case of a MOT the fractional population of the lower hyper-
fine component is negligible, and the loss term is written as�n2, wheren is the total
density of atoms in the MOT. Then for constant temperature,� depends linearly on the
intensity of the assisting light.

These light-assisted collisions, as described by Gallagher and Pritchard [81], are
due to two mechanisms: fine-structure changing collisions and radiative escape. It has
been shown that these two mechanisms contribute with the same order of magnitude
to the trap loss [82, 83] in 1 K deep MOTs. Radiative escape is predicted to scale
almost inversely with trap depth (� � U

�5=6
0 ) [83, 84] for trap depths� 1 K, but

the fractional contribution of fine structure changing collisions should decrease with
decreasing trap depth. Therefore, we can neglect the contribution from fine structure
changing collisions to� in describing the losses that occur during loading of the 1 mK
deep FORT.

The fractional ground state population affects the loss rate in the following way.
For radiative escape to occur, at least one of the two colliding atoms must be in the
upper hyperfine ground state (F = 3). The MOT light is too far detuned to excite an
atom from the lower ground state (F = 2) to a higher lying molecular state during a
collision. Therefore, the loss term takes the form of�n3(n2 + n3), wheren3 is the
density of atoms in theF = 3 state,n2 is the density of atoms in theF = 2 state, and
n2 + n3 = n.

The fraction of atoms in theF = 3 state depends on the relative optical pumping
rates of the primary MOT laser (F = 3 ! F 0 = 3 ! F = 2) as compared with the
repump laser (F = 2 ! F 0 = 3 ! F = 3). We derive the fraction of atoms in the
F = 3 state from a simple two level rate equation model, which results inn3=n =
IR=(IR + aIM), wherea is a constant that reflects the relative optical pumping rates.
These rates depend on the AC stark shifts induced by the FORT, in addition to Clebsch-
Gordon coefficients and the frequency of each laser. The average shift in the transition
frequency for atoms in the FORT (�AC ) was extracted from Fig. 5.7 and found to
be�AC = 2.3 
. This results ina = 0:02. The experimentally determined loss rate
coefficient is then,

� 0L =
K IM
V

IR
IR + aIM

; (5.6)

whereK is a constant related to the density-dependent loss rates independent of optical
pumping effects. We again use the volumeV given by Eq. (5.5) to make the translation
from the typical density-dependent loss rate to the loss coefficient that we measure in
our experiments. Forw0 = 26�m we findV = 1:3� 10�6 cm3.

The behavior described by Eq. (5.6) is clearly seen in the measured dependence
of � 0L on bothIM andIR as shown in Figs.5.6(b) and 5.8 (b). The solid curves in these
plots are fits of Eq. (5.6) to the data, withK the only free parameter. The fits to the
different data sets giveK = (1:4 � 0:7) � 10�16 cm5mW�1s�1, where the spread is
due to the different values we find by fitting different data sets. We see that Eq. (5.6)
gives a good description of the measured MOT and repump intensity dependencies of
the loss rate during loading of the FORT.

For a comparison of our numbers with those normally found in MOTs we set
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n3=n = 1, assuming all atoms are in theF = 3 ground state as they are in the MOT
studies with which we want to compare. Thus�L = K IM. ForIM = 10mW=cm2 we
find �L = 1� 10�9 cm3/s. In contrast, a MOT with comparable powers and detunings
has a loss rate of1 � 4� 10�12 cm3=s [85, 86, 87, 84], which is a factor of 250 to 1000
smaller than our measured value. As shown below, this difference is due to the smaller
depth of the FORT.

In order to explain the increased loss rate observed during loading of the FORT
as compared to a MOT we will discuss in more detail how the FORT depth affects the
radiative escape loss rate. In the case of a MOT, the dependence of�, due to radiative
escape, on the trap depth is predicted to go asU

�5=6
0 in the limit of large trap depths

[83, 84]. However, some of the assumptions used to derive this dependence break down
at smaller trap depths. Therefore, to calculate�L for the FORT we perform a numerical
calculation of the radiative escape process, using the semi-classical Gallagher-Pritchard
(G-P) model [81]. Given the uncertainties in our measured�L, a more detailed calcu-
lation is unwarranted. Therefore, we do not include angular momentum considerations
or enhanced survival probability as described by Julienne and Vigue [83] or any cor-
rections for the hyperfine splittings as introduced by P. Lett et al. [82]. Instead, we
approximate all of the involved intramolecular potentials as a single�C3=r

3 in the GP
model as formulated by Peters et al. [88] and integrate numerically.

Figure 5.16 shows an approximate intramolecular potential for Rb. For initial
excitation at radiusr0, atoms are accelerated toward one another for some time before
spontaneous emission leaves two ground-state atoms with more kinetic energy than
they had initially. If the kinetic energy picked up in the collision exceeds the depth of
the trap, both atoms will be lost. The radius at which the pair acquires exactly enough
energy to be ejected from the trap is therefore called the critical radiusrc, and the time
required for the atoms to reach this is calledt0.

Once the atoms reachrc, acceleration is very fast, and the atom pair spends a
short timet1 accelerating tor = 0. If spontaneous emission does not occur during
this second time interval, the intramolecular separation will oscillate between0 and
r0, making multiple orbits until spontaneous emission occurs. The probability of a
lossy radiative escape event thus depends on the excitation probability atr0 and the
probability of decay occurring whenr < rc. Following Refs.[88] and [89] we find

� /
Z

4�r20dr0G(r0)PRE(r0) ; (5.7)

where the photon scattering rate of atoms in theF = 3 state,G(r0), is a function of the
effective detuning�(r0) = �C3=(r

3
0~) + �M with respect to the unperturbed atomic

transition frequency. The probability of a radiative escape event resulting in trap loss is
PRE = sinh(
t1)= sinh[
(t0+t1)], which reflects the important contribution of multiple
orbits [88].

The result of the numerical integration of Eq. (5.7) for different trap depths is
show in Fig. 5.17. The dashed line indicates a dependence of� � U

�5=6
0 as predicted

by Refs. [83] and [84]. This clearly tracks our numerical integration at large trap depths,
where it is expected to be valid. Examination of the change in� with U0 shows that
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Figure 5.16: Approximate intramolecular potential for Rb, withC3 = 71 Å
3
eV. The

large graph shows the critical radius,rc, for U0=kB = 1K, while the inset depicts the
same parameters forU0=kB = 1mK.

for a change inU0 from 1 K to 1 mK,� increases by a factor of�50 (forn=n3 = 1).
This ratio is at least a factor of 5 smaller than the experimentally observed ratio of 250.
However, given the large uncertainties in the experimental determination ofn andn3=n,
as well as the approximations that go into the calculations and the steep dependence
of the results, the measured and calculated numbers are not inconsistent. Therefore
we believe that the enhanced loss rates we observe during loading are consistent with
light-assisted collisions.

5.7.2 A model for the FORT loading rate

The initial loading rate is the flux of atoms into the volume of the FORT times
the probability for an atom in this volume to become trapped;

R0 =
1

4
nMOT�vAPtrap ; (5.8)

wherenMOT is the density in the center of the MOT,�v = kBT=m is one dimensional
component of the root mean square thermal velocity of the atoms in the MOT,A is
the effective surface area of the FORT, andPtrap is the trapping probability. For the
discussion below we will assume that the MOT density is constant in time, i.e.nMOT

is the density at the start of the loading stage.
The dependence ofR0 on MOT detuning is plotted in Fig. 5.9. The loading

rate shows a maximum at�M = �30MHz, the same detuning at which the measured
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productnMOT

p
T plotted in Fig. 5.18 has a maximum. This supports the idea that

R0 / nMOT�v, assuming thatAPtrap is constant with MOT detuning.
The loss rate� 0L has a minimum at a slightly larger detuning. The maximum

number of atoms will be loaded into the FORT at a detuning close to the maximum
in the loading rate and simultaneous minimum in the loss rate. This is illustrated by
substituting the measuredR0 and�L into Eq. (5.4). Thus calculated the number of
atoms transfered into the FORT clearly shows a maximum at a detuning of 35 MHz (see
Fig. 5.18). In the same figure we plotted the actual measured number of atoms. The
agreement is very good over the detuning range of interest, 0-30 MHz. The difference
between the calculated and measured numbers at large detunings is caused by the rapid
loss of atoms from the MOT, which preventsN from reaching the value predicted by
Eq. (5.4).

The loading rateR0 depends on A, in addition tonMOT

p
T . For a trap with

a waist of26�m the Rayleigh range is1:5mm. This is a few times larger than the
diameter of the cloud of atoms trapped in the MOT,DMOT. This means that the FORT
radius hardly changes over the width of the MOT. Therefore we approximateA by
the surface area of a cylinder with length given by the MOT diameterDMOT and an
effective radiusre� , that is a function ofz and depends on the FORT waist. The radius
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Figure 5.18: Product of MOT density and the square root of temperature (a) and number
loaded into FORT (b) as a function of the MOT detuning during FORT loading. The
actually measured number (�) and the number calculated from Eq. (5.4) (Æ) are both
shown in (b). The FORT parameters are those of Fig. 5.9.
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Figure 5.19: Equipotential contours of the FORT forE=kB = �100�K andU0=kB =
�1; �2; �3; and � 4mK depth , (a)-(d) andw0 = 26�m.

is set by the coordinates at which the FORT potential becomes the same size as the
temperature of the atoms in the MOT,U(re� ; z) = Uc � �kBT . The effective radius
re�(z) of the FORT, depending onz andUc is then

re�(z) = w0

�
(1 + (z=zR)

2) ln(
U0

Uc

1

2(1 + (z=zR)2
)

� 1

2

: (5.9)

In Fig. 5.19 this equipotential contour is plotted for different values ofU0 andU(re� ; z) =
�100�K. The bow tie shape of these contours explains why the best loading is achieved
when the FORT and MOT are displaced. The radius has a maximum away from the fo-
cus. Moreover, for deeper traps thez at which the maximum radius occurs shifts to
biggerz values, just as in the data.

A typical initial MOT density during the FORT loading stage is2 � 1011 cm�3,
and the temperature ranges from30�Kto100�K depending on detuning of the pri-
mary MOT light. A reasonable value for the average speed in one dimension is thus
�v = 5 cm=s. The MOT diameter is500�m (FWHM). ForU0 = �1mK andUc =
�100�K the areaA = 1 � 10�3 cm2. Using these numbers the loading rate is
2:5 � 108 s�1 if the trapping probabilityPtrap = 1. The loading rate measured for
such a trap is3� 107 s�1, implyingPtrap � 0:1.

The data in Fig. 5.8 show that the loading rate increases nearly linearly with
MOT intensity. However, it is known that the MOT temperature and density in the Sub-
Doppler regime scale as intensity and the inverse square root of intensity, respectively
[74, 90].
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The productnMOT�v is thus expected to show no strong dependence on MOT
intensity. We have experimentally confirmed this by measuring the density and tem-
perature of the cloud of MOT atoms as a function of MOT intensity. Over the range
of MOT intensities as in Fig. 5.8 we find thatnMOT�vDMOT is nearly constant. There-
fore, we conclude that the observed increase of the loading rate with increasing MOT
intensity arises from an intensity dependence of the trapping probabilityPtrap. From
the data we findPtrap � 0:1

We estimatePtrap by using the following simple model. The atoms come into
the trapping volume with a narrow distribution of velocities around an average velocity
�v. To be trapped, an atom’s energy has to be reduced to below the edge of the trapping
potential. The time scale for this to happen must be about half an oscillation period�=2
of the FORT in the strong direction, which is150�s for the above mentioned trap. The
scattering of MOT laser photons affects the atomic velocity in two ways. First, the atom
scatters photons that leads to heating, that is, a broadening of its velocity distribution.

The spread in velocity due to photon scattering is� =
q

1
3
(~k
m
)2�scat �=2. Second, the

frictional component of the scattering leads to a reduction of the atom’s average kinetic
energy. The rate at which the atom loses energy is_E = ���v2. This damping leads to
a change in average velocity of�v = �v

p
��
m

in the characteristic time�=2.
The probability of being captured is the integral of the shifted and broadened

distribution

Ptrap =

Z
1

�v��v

1p
2��

exp[� v2

2�2
]dv : (5.10)

The integral leads to

Ptrap =
1

2
1� erf[

�vp
2�

(1�
r
��

m
)] : (5.11)

For�M = 30MHz andIM = 6mW=cm2 the MOT scattering rate�scat = 9:5�105s�1,
which makes� = 6 cm=s.

We obtain a value of� from the formula given in Ref.[84]. The damping rate
calculated from this formula increases linearly with MOT intensity for the velocities
we are interested in. The values of� and� also depend on MOT detuning. There
is a strong spatial dependence of the effective MOT detuning due to the light-shift
induced by the FORT. We make the crude approximation that the MOT is shifted out of
resonance by half the FORT light-shift. This results in�v=� = 2 and�=m = 200 s�1.
The result of this model is plotted as a solid curve in Fig.5.8 and shows good agreement.
This is a very approximate treatment but it clearly supports our general interpretation
of the loading process.

5.8 Discussion

From our understanding of the loss process and the loading rate we are now in
a position to explain the dependencies presented in Sec. 5.4. We saw that more atoms
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are loaded into deeper FORTs, because the loading rate increases and the loss rate de-
creases. The loading rate increases because the effective FORT radius increases with
trap depth, which enhances the flux of atoms into the trap. The loss rate decreases be-
cause the probability of light-assisted collisional loss decreases when the trap is deeper.
In addition, the light-shift of the trap increases the effective detuning of the MOT light
and repump light for the atoms in the trap, which reduces their excitation rate, and
therefore reduces radiative escape.

The data in Fig. 5.10 shows that the MOT detuning at which loading is opti-
mized is smaller for deeper FORTs. A deeper trap means larger light shifts of the
atoms. The MOT detuning and the repump detuning are both shifted blue, so that the
detuning of both lasers from the atoms becomes more negative (red) in both cases. Due
to the increased effective detunings the MOT cooling rate decreases and thus the trap-
ping probability decreases. By choosing a smaller MOT detuning the loading rate is
increased.

The dependence on MOT detuning of the� 0L that we measured for a given trap
depth (see Fig. 5.9) is also well described by Eq. (5.6). The detuning dependence enters
through the parametera. At small MOT detunings, the MOT excitation rate is highest
and therefore� 0L is large. By increasing the MOT detuning furthera becomes smaller.
ThereforeaIM becomes negligible compared toIR and� 0L becomes independent of
detuning.

In Sec. 5.4.1 it was shown that loading is optimized for repump light of very
low intensity that is tuned on resonance. We saw that the number of atoms in the
FORT dropped when the repump intensity was increased but the repump scattering rate
was maintained by changing the repump detuning. Increasing the repump intensity
increases the loss rate. Although the detuning is increased for the atoms in the MOT
such that the scattering rate is the same for the MOT atoms, the increased intensity still
causes an increased scattering rate for the atoms trapped in the FORT.

5.9 Enhanced and quasi continuous loading

The previous data and analysis shows that� 0L is very small when the repump
power is zero, and reducing the primary MOT intensity also helps to reduce the loss rate.
However, reducing these light intensities also reduces the loading rate. It is possible to
improve the ratio of loss to loading rate by changing the beam geometry. The loss rate
only has to be eliminated in the volume where the FORT is, which can be done by
inserting obstructions to block portions of the MOT beams and the repump beam.

To demonstrate this concept, we make a shadow in the repump beam. For this
purpose an additional repump beam is used that co-propagates with the FORT beam.
A 0:6mm opaque disk in this beam is imaged into the MOT and FORT region, such
that the shadow covers the length of the FORT. The peak intensity in this repump beam
is increased from5�W=cm2 to 460�W=cm2, which is sufficient to prevent the MOT
from being lost while loading the FORT. The MOT is still loaded as before using a
repump beam without a shadow. During the loading of the FORT, that repump beam is
switched off, and the shadowed beam switched on. In Fig. 5.20 we show two measured
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Figure 5.20: Number of atoms loaded into the FORT as a function of loading time,
using normal loading (Æ) and enhanced loading with a shadowed repump beam (�).
The FORT parameters arew0 = 58�m, P = 580mW and� = 783:2nm. The solid
curves are fits of Eq. (5.3) to the data.

loading curves. One shows loading using the conventional method without the shadow
and with reduced repump power, and the second curve shows the new method with
the shadowed beam and increased repump power. The maximum number of loaded
atoms doubles from3:9� 106 to 7:7� 106. The transfer efficiency from MOT to FORT
increased from 21% to 42 %.

The increase in the number is caused by a decrease of the loss rate from� 0L =
(3:5� 0:5)� 10�6s�1 to � 0L = (1:7� 0:3)� 10�6s�1 and a simultaneous increase of
the loading rate, fromR0 = 5:8 � 107s�1 to R0 = 10:2� 107s�1, respectively. The
loading rate is increased due to the fact that the MOT density increases by reducing the
repump intensity in the center of the MOT.

The loss rate� 0L is still larger during loading with the shadow than in the absence
of all MOT light, where the loss rate� 0 = 2:3 � 10�7 s�1. This is due to the fact that
the MOT light is not shadowed and the FORT acts as a very weak repump laser. Thus
putting additional shadows in the main MOT light may improve the loading even more,
but this requires a more complicated optical setup. By reducing� 0L to the limit of no
MOT light, while maintaining the same loading rate, the steady state number of atoms
would be2� 107, which would be nearly all of the MOT atoms.
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5.10 Conclusions

Our study can be summarized as follows. Deeper traps load more atoms and the
temperature is a fixed fraction of the trap depth. Optimum loading is achieved for very
low repump scattering rate (IRP = 5�W=cm2), and a MOT detuning that depends
on the FORT depth. Controlling the geometry of the overlap of the MOT and FORT
beams gives substantial improvement. To maximize the number of atoms trapped in the
FORT, these are the parameters to adjust.

However, underneath this recipe lies a lot of interesting physics. Loading the
FORT from a MOT is a dynamical process, governed by a loading rateR0 and density
dependent losses characterized by� 0L. During the loading the MOT light fields increase
the FORT loss rate considerably. The main loss mechanism during loading of the FORT
is radiative escape collisions induced by the MOT light fields. The loss rate is higher
than in a MOT because the FORT is only on the order of a mK deep, whereas a typical
MOT is a K deep. In addition, the light-shift due to the FORT changes the balance of
optical excitation of the MOT trapping and cooling light, which is responsible for the
radiative escape, and the hyperfine repump rate. Taking these effects into account we
were able to model how the loss rate depends on the intensities and detunings of the
primary MOT and repump lasers, as well as the FORT depth. This model explains the
experimentally observed dependencies of the loss rate on these parameters very well.
The loading rate can be described in two parts: a flux of atoms into the volume of the
FORT times a probability of being trapped. Both parts depend on the MOT and FORT
parameters, including the size of the FORT.

Here we studied the loading of a FORT with a radius� 60�m, which is much
smaller than the radius of the MOT. Even with this mismatch of size between the MOT
and the FORT we were able to transfer more than 40% of the atoms initially trapped
in the MOT to the FORT. For FORTs with a radius comparable to that of the MOT the
description of the loading rate changes, and also the loss rate may behave differently.
However, we believe that radiative escape processes may still be enhanced as compared
to a MOT. Working with a small waist enables one to make deeper traps and achieve
tighter confinement. Such conditions may make it possible for instance to reach Bose
Einstein condensation at high temperatures of tens of micro-Kelvin.


