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Abstract. In this paper we review the present status on heteronuclear trap loss rate (') for alkali mixtures
held in a magneto-optical trap (Na—K, Na—Rb, Na—Cs, K—Rb, Rb—Cs, Li—Cs). The intensity dependence
of the B’ for the mixture Cs—K is also presented for the first time in this report. The measurement
techniques and a semiclassical model, considering both excited-ground and doubly excited channels, are
reviewed. The comparison between the model and the experimental results indicates that radiative escape
may be the dominant loss process for heteronuclear cold collisions. The obtained values for the crossed
species trap loss indicate possibilities of future experiments involving such mixtures in a two species

condensate.

PACS. 32.80.Pj Optical cooling of atoms; trapping — 33.80.Ps Optical cooling of molecules; trapping —

34.50.Rk Laser-modified scattering and reactions

1 Introduction

One of the main motivations in the development of atomic
traps was the novel collisional regime which could be in-
vestigated. The new low energy collision makes a few ef-
fects, which are conventional negligible, remarkably im-
portant [1]. Since the collision partners have a de Broglie
wavelength comparable to the typical interatomic poten-
tial range, the behavior of the atomic encounter is predom-
inately quantum. In order to understand the experimental
observations, a more elaborate model is necessary, espe-
cially if quantitative agreement is expected between ex-
periment and theory. Another important fact is the colli-
sion time, which is either comparable or even greater than
the excited-state lifetime. Therefore spontaneous emission
can take place during the atomic encounter, affecting the
overall collision results.

The Magneto Optical Trapping of atoms (MOT) is the
most used tool in the field of cold atomic collisions [2,3].
In a MOT, atoms can be either in the ground-state or
in the excited-state. This creates several possibilities for
the atoms to start the atomic encounter. If both atoms
are in their electronic ground-state during the whole colli-
sional process, the influence of spontaneous emission is not
present, and the system does not exchange energy with the
light field. In this case, the main peculiarity of cold colli-
sion is the participation of very few partial waves in the
process and its high dependence with details of the inter-
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atomic potential. In general, such collision are sensitive
to external fields, for example, magnetic fields can sev-
erally affect the cross-section, even producing resonances
in the elastic cross-section, the so-called Feshbach reso-
nances [4]. There are two types of collisions involving an
atomic pair in the ground-state. One of them is elastic
scattering, which has a large variety of applications, for
example evaporative cooling, collisions shift in high preci-
sion spectroscopy, and properties of a weakly-interacting
Bose gas [5]. The other is the inelastic process; the non-
zero nuclear spin of alkalis create a hyperfine structure
for the ground-state and hence the possibility of hyper-
fine change collision (HCC) exists. This inelastic process
which can occur during a ground-ground collision can, un-
der some conditions, be the limiting factor for the number
of trapped atoms [6].

If during the collision, one of the atoms is excited by
the light field, the process can be classified as an excited-
ground state collision. Involving an excited-state, the in-
teratomic potential is predominantly of long range char-
acterized by 1/R? for the homonuclear case and 1/R® for
heteronuclear case. Due to the low energy of the colli-
sion, this long range potential can significantly affect the
atomic encounter, even when the atoms are as far as 1 (the
reduced wavelength of the light field) apart. Since the col-
lisional times are comparable to the excited-state lifetime,
spontaneous emission can take place during the atomic en-
counter, playing an essential role in the collision dynam-
ics. The occurrence of spontaneous emission in this case
causes a suddenly change of the molecular state together
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with the emission of a red-shifted photon, transferring the
internal energy of the system to kinetic motion, resulting
in a considerable increase of the atomic velocity. If the ve-
locity is not too high, the viscous environment of the MOT
is enough to dissipate it, allowing to the atoms to remain
trapped. However, if the transferred kinetic energy is too
high, atoms can be ejected from the trap. This constitutes
an important trap loss mechanism referred to as radia-
tive escape (RE). For alkalis there is also another exoergic
process involving excite-ground collision. Due to the exis-
tence of the fine structure in the excited-state (P3/, and
Py/2), the atomic encounter can result in fine-structure-
change (FSC) releasing energy, which is shared between
both atoms in the form of kinetic motion. With this en-
ergy both atoms can easily escape from the MOT, which
typically is 1K deep.

Over the past decade, many experiments have been
devoted to the study of excited-ground state collisions
using a sample of trapped cold atoms. In these binary
homonuclear collision experiments, the three different ex-
oergic processes described above have been observed for
most of the alkalis [6,7]. They are the dominant effects
for the loss mechanisms which prevent considerable in-
crease in the maximum attainable density and number
in these traps. For heteronuclear cold collisions the loss
mechanisms are the same ones. However the internuclear
long-range potential is weaker and shorter range interac-
tions are more important. The dominant interaction term
for the homonuclear ground-excited collisions depends on
R~3, while for heteronuclear collisions depends on R~6.
Thus the colliding atoms have to get much closer for the
above mentioned loss processes effectively to take place.
Therefore the probabilities of those mechanisms are con-
siderably modified and within the laser cooling commu-
nity it is important to identify and to understand the
main physical processes involved in the two-species sys-
tems. Besides, several theoretical studies have recently
been published, proposing a new series of experiments in-
volving two different species of atoms trapped together:
two species BEC [8] and ultracold photoassociative spec-
troscopy of heteronuclear molecules [9]. Recently, sympa-
thetic cooling of mixtures of two different alkali species
have been successfully used to achieve quantum regime.
Bose-Einstein Condensation was simultaneously achieved
in a mixture of bosonic species [10], as well as a degen-
erated Fermi regime in a Fermi-Bose mixture [11]. As in
the case of single species, these experiments require high
density samples. Therefore, an important step is the un-
derstanding and possible controlling of heteronuclear trap
loss. In this context, the study of trap loss in a binary mix-
ture comes at the right time and is significant first step for
realization of these experiments. In this paper, we present
areview on measurements of cross species trap loss rate for
several systems (Na—K, Na—Rb, Na—Cs, K—Rb, Rb—Cs,
Li—Cs) and we present for the first time the data and in-
terpretation for the mixture Cs—K. We present a review
on the measurement techniques, the adapted Gallagher-
Pritchard model, and the comparison with experimental
results.
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2 Experimental set-up

Our mixed species MOT operates in a closed stainless
steel vapor cell, and is loaded with the slowest atoms of
a Maxwellian velocity distribution from the gas. Details
about the vapor cell MOT operation has already been de-
scribed elsewhere [6]. A peculiarity of our cell is that it
contains separate reservoirs for sodium, potassium, rubid-
ium and cesium that were assembled in a 6 way cross on
one arm of the main chamber. Each reservoir has an inde-
pendent control for temperature and a valve that provide
the desired flux of atoms from the picked species to be
trapped. The background pressure inside the cell is kept
to about 10~ Torr, which is obtained using a combination
of turbo-molecular and ion pumps. The control of partial
pressures (via the reservoir temperature) is important be-
cause of the considerably different vapor pressures of the
various alkalis when at the same temperature. If the par-
tial pressures are too different the excessive background
vapor of one species may compromise the performance of
the other species trap [12,13]. Similar experimental set-
ups were used to study Li—Cs [14] and Na—Cs [15].

A combination of several dye, Ti:sapphire and diode
lasers were used to trap the different atomic species. In
the zy-plane of the chamber plane there are two indepen-
dent counterpropagating laser beams entering the vapor
cell for each species. In the z-axis the species A and species
B laser beams are combined in a dichroic mirror. Circular
polarized light in the zy-plane is produced by A/4 plates
for each species and by Fresnel rhombus in the z-axis. This
scheme of independent optics for each atomic species guar-
anteed a very good control of the spatial overlap for the
two trapped atomic clouds which is essential for collision
experiments. The number of trapped atoms of both species
were determined by imaging their fluorescence onto a cal-
ibrated photomultiplier tube (PMT), while their dimen-
sions were measured with a charge-coupled device camera
(CCD) using passband optical filters. The atomic densi-
ties were obtained using these parameters. In Table 1 we
present the trap parameters (detuning, laser intensity) as
well the individual trapped densities and total numbers
of atoms for most of the experiments here reported. The
listed total number of atoms and their density presented
here for each species represent values in the absence of the
other species.

3 Measurement techniques of the cross
species trap loss rate

The loading process for the atomic species A in the pres-
ence of the atomic species B is given by the following rate
equation:

dNy4

—:L—vNA—ﬁ/ nid‘?’r—ﬁ'/ nangd®r (1)
dt oA va

where L is the loading rate for the species A, - is the loss
rate caused by collisions between the trapped atoms of
species A and the hot background gas (which is composed
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Table 1. Trapping laser parameters (detuning and intensity), total number of trapped atoms (N) and atomic density (n) for
the heteronuclear trap loss experiments [10-15]. The listed total number of atoms and their density presented here for each

species represent values in the absence of the other species.

Colliding species 23Na+39K [10]  23Na4-85R} (1] 7[,i4-133Cg [12]

23Na41330g (18] 39K 85Rp, (141 Rp1133Cg [15] 23N Rb (16]

Ay
Ap

*FNa
—TIk

*FNa
—2IRyp

—[1,6]1L;
—[1,5]Ics

*FNa
—4l s

-7l
—2IRp

—1.4INa
—3.7TRy

—IRp
—2Ics

0.5-2.0
150

20 — 150
230

47

ItAot (mW /cm?)
1B ( 26

tot MW/ cm2)

10 — 200
10 — 200

70 — 110
230

10 — 250
40 — 400

10 — 100
15

10°
106

106
108

106
108

N4 (atoms)
Np(atoms)

106
106

108
107

10°
10°

106
107

1010
1010

2 x 1010
4 x 1010

1.3 x 1010
8.5 x 109

na(atoms/cm3)
np(atoms/cm?)

3 x 109
3 x 109

1010
10'0

1.5 x 1010
2 x 1010

1010
1010

mostly by thermal A and B species atoms), 3 is the loss
rate resulting from collisions among the trapped atoms of
species A, 3’ is the loss rate due to cold collisions between
trapped atoms of species A and B, N4 is the number of
trapped atoms of species A, n4 and np are the density
profiles of both species A and B respectively. We have to
emphasize that  should be read as ) _p, unless men-
tioned. This subindex arrangement, A—B, is in order to
indicate that the first species is the one in which the losses
are been observed when the second species is present. The
integration in equation (1) is performed over the whole
volume occupied by the atoms of species A. For Gaussian

spatial distributions, (n(r,t) = noa(t)e 2/w4)* and
np(r,t) = nORb(t)ed(T/“’B)?), equation (1) can be rewrit-
ten as:

dNy4

41—
dt

v+ 8°'Np [ (wawp)in

3/2
2(w%+w%)} /]NA

4 \3/2
2
-0(zz) M@

One may notice that if we have chosen the species B atoms
to study, equation (1) would be identical, except for the B
subindexes, but we will be interested in measuring a S5_ 5
rate coefficient. However, in principle there should be no
reason why the O5_, will be reciprocal to that one in
the A sample, B _g. This is justified if one think about,
for example, the different Cg coefficients involved in all
possible collision channels in each situation, and also the
trap depths for each MOT are not equal and may change
for different trapping conditions.

There are two techniques to measure (3, they are called
the differential method and the remaining number
of trapped atoms method. The differential method
consists of a two steps procedure to determinate 3’ [12,13].
We first block one arm of the species B trap laser, avoiding
the formation of the cold cloud of species B while leaving
most of the laser light on. In this situation ng = 0 and the
term containing 4 in equation (2) drops out. We observed
the loading process of the species A atoms with a PMT.
The number of the trapped atoms is obtained from the
PMT signal and the dimensions from the CCD camera
images. Using the calculated atomic density we can obtain
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Fig. 1. (a) Typical loading curve using the differential method
in a sample of Na-Rb. (b) Typical loading curve using the
remaining number of trapped atoms method in a sample of
K—Rb.

the rates v and (8 by fitting the loading curves using ngry =
0 (Eq. (2)). Second, the species B trap arm was unblocked,
allowing the complete formation of species B cloud, and
we again observed the loading process for species A. In
Figure 1a we show the loading process. Both clouds were
then observed and measured. Finally we fitted the loading
curve with the solution of equation (2) and obtained the
rate 3, using v and 3 values previously measured.

The remaining number of trapped atoms
method consists of three steps [16]. The experiment be-
gins by blocking one arm beam of each MOT to prevent
any kind of species from being trapped. The species A
arm beam is then unblocked. By imaging its fluorescence
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onto a calibrated photomultiplier, we obtain the transient
loading curve and the steady state number of the trapped
atoms for species A. After the species A MOT reaches
its steady state number, its volume can be characterized
by taking a picture with a charge-coupled device camera
(CCD). In the second step, the species B trap is allowed
to be formed, and we observe its loading process through
the same photomultiplier that was used to observe the
species A fluorescence. Thus, sufficient time elapses for
the species B trap to reach a steady state. A new image of
the combined trap is shot by the camera. After the species
B MOT is suddenly emptied (by blocking the species B
trap light), the number of trapped species B is determined
though the variation of the PMT signal. At this point, a
new picture of the remaining species A trap is taken and
its steady state number (in the presence of species B) is
also determined. The above described procedure allows us
to define the total number of remaining trapped atoms
for species A and the dimensions of the sample when cold
sample of species B was present. The last step takes under
3 ms, which is insufficient time for the species A cloud to
change, thus preserving its final form and number while
in the presence of species B. Finally, we check the recov-
ery of the species A MOT (number of atoms and density)
to ensure stability throughout the procedure, which is in-
dicated by its full recovery. This technique is similar to
the differential method and its loading process is shown
in Figure 1b.

During the first step, Ng = 0, we can, therefore, ex-
tract v, 8 and the final steady state number of trapped
atoms for species A, N from the loading data. In the
second step, the drop in fluorescence allows one to de-
termine the number of trapped atoms of species B in the
steady state (N£) as well as the number of trapped atoms
of species A in the presence of cold sample of species B,
which decreases in relation to the number that we origi-
nally started with. The dimensions of the species A and B
samples can be obtained using the pictures of the sample
framed during the entire procedure. 3’ is then calculated
using all this information plus the steady state solution
of equation (2). We have observed that the data obtained
by this technique presents considerably less fluctuations
in comparison to the previous technique employed by our
group [12,13], and we ascribe this to the fact that this new
technique requires less time for data acquisition. Hence,
this technique is less sensitive to long term variations of
trap conditions.

4 The adapted Gallagher-Pritchard model
for the cross species trap loss rate

In a heteronuclear atomic sample there are three possible
loss channels for exoergic cold collisions, which depend
on the combination of the levels of the colliding atoms:
(i) both atoms in the ground state; (ii) one atom in the
excited state and the other in the ground state; (iii) both
atoms in the excited state. For the excited-ground state
collision, there are two possibilities to be considered, i.e.,
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either atom A is excited and atom B is the ground state
or atom A is in the ground state while atom B is ex-
cited. Each of those channels present different interaction
potentials; the ground-ground and excited-ground states
present a Cg/RS potential, while the excited-excited case
presents a Cs/R® potential. It is difficult to identify the
main loss channel simply by comparing the potentials.
Therefore, in order to understand the results and to de-
termine the contribution of each channel to the total cross
species loss, we have constructed simple models that can
provide us with the relative contribution of each chan-
nel. Owing to its simplicity and the fact that it provides
numerous physical insights, we will use a semiclassical
model normally referred to as the Gallagher-Pritchard
(GP) model [19]. We will apply this model to a heteronu-
clear excited-ground state collision with a Cg/RS poten-
tial. To calculate the contribution of the excited-excited
state collision, we will modify the model proposed by
Gallagher [20] for photoassociative ionization in sodium in
order to account for the mechanisms involving two color
trap loss. We should point out that, as a first approach,
only the radiative escape (RE) loss mechanism was con-
sidered. This approach is justified on the basis of recent
experimental results, in which the RE appears to be the
dominant mechanism for the trap loss rate [21-23].

For the excited-ground state loss channel contribution,
the following steps were considered [16]. First, the A-B
pair absorbs a photon and goes to the attractive potential.
In this step any of the two atomic species (A and B) may
be excited by either of the photons v4 or v, this depends
on the existence of attractive potentials. Here we will de-
scribe the case where the atomic species A is excited. The
colliding pair may decay during the collision, emitting a
photon to the red of the atomic transition (hv). The en-
ergy difference goes to kinetic energy (AEk) and it will
be shared between the atoms according to their mass ratio
(ma/mp); if the energy is sufficient, either both atomic
species will escape from the MOT’s or just the lighter.
This process can be described as follows (Fig. 2a):

A(Sl/g) + B(SI/Q) + hl/A — A* -B— A(Sl/g)
+ B(Sl/g) + hv 4+ AEk. (3)

In this case, the model is implemented taking into account
the number of atomic pairs between Ry and Ry + dRg
that can are excited by the laser and be able to survive
until short internuclear separation (where radiative escape
takes place). To account for every possible internuclear
separation, an integration is performed. As an example,
the loss rate (3,) for the A*~B channel is written as:

1 [
ﬁ; = 3 / 47TR3€A(RO,WA, IA)PRE(RO; Vese)dRo (4)
0

where €4 (Ro,wa,I4) is the excitation rate of species A,
which depends on Ry, on the frequency (w4) and on the
intensity (I4) of the species A laser; Prg(Ro, Vesc) s the
probability that RE will occur, which depends on Ry and
the escape velocity (vesc) of the atomic species in which
the loss occur. Here we will consider that we are observing
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Fig. 2. (a) Schematic diagram showing the A*—B loss channel;
(b) schematic diagram showing the A*~B”* loss channel.

the losses in species A. Therefore (. is the “cross species
loss rate” in species A due to collisions in species B. In
the heteronuclear case we have the excitation probability
rate as:

(I'a/2)?
I =
GA(R()awAa A) (wA_wAO+CG/Rg)2+(FA/2)2
2
Ta X4 (5)
th 2

and .
sinh[I"at*(Ro, Vesc)]

Sinh(Ta T (Ro)) (6)

where I'4 and w49 are the natural linewidth and resonance
frequency for the A atom; A4 is the wavelength of the A
laser; t*(Ro, Vesc) is the time spent in the region where
RE occurs, and T*(Ry) is the time for the pair to go from
R = Ry to R = 0. If a classical motion for the atomic pair
in the A*-B potential is considered, these times can be
expressed easily in terms of Ry and ves.. It is important
to point out that Prg (R, Vesc) is proportional to 1/1)35/3
and this is an important parameter in our model. To calcu-
late it we have used a one dimensional model in which the
radiative forces are considered based on the Doppler the-
ory [24]. As pointed out by Wallace et al. [7] the velocity
dependent dissipative force dominates over the position
dependent restoring force, therefore the escape velocity is
mainly determined by the damping coefficient. According
to reference [1], the escape velocity can be expressed as
Vese = aw/m (where « is the damping coefficient, w is

Prg (R07 Uesc) =
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the laser beam waist and m is the atomic mass). This,
in fact, is confirmed by a recently experiment done by
our group [25]. In that work we have measured the inten-
sity dependence of the capture velocity of the atoms in
a sodium MOT. The experimental results were compared
with a simple three-dimensional simulation model where
the radiative forces involved in the trap due to all the
lasers beams are considered within the Doppler theory. It
was considered the anisotropy of the trap and averaging
over all the possible directions to obtain the capture ve-
locity. This procedure is similar to the one discussed in
reference [26]. With this model, we can reproduce well the
experimental results for the measured capture velocity. It
also predicts the same intensity dependence for the escape
velocity, but with smaller values than the capture velocity.
The damping model also agrees with the complex model
for the intensity dependence of the escape velocity and
give us confidence to use such model.

For the contribution of the excited-excited state loss
channel, we have considered the following sequential pro-
cess [16]. The colliding pair A-B absorbs a photon (hv4)
at Ry and goes to the attractive potential (A*-B), acquir-
ing some kinetic energy while in this potential. The sys-
tem then absorbs the second photon (hvg) at Ry, going
to the excited-excited potential. In this potential, the pair
reaches the short range, where it emits a photon to the
red of the atomic transition (hv). The energy difference is
shared between the A and the B atoms. This process can
be described, as shown in (Fig. 2b), by:

A(S1/2) +B(Sy/2) + hva — A* =B+ hvp — A* — B”

Here we will consider the decay of the A*—B* in only one
step for simplicity of the model. This is reasonable due to
the short lifetime of such states and the lack of resonant
photons to re-excite the system to the A*—B*. We do not
believe that such simplification will be important in the
model. For this case, the cross species trap loss rate ((.,)
in species A due to collisions with species B is given by:

1 o0 RO
B=g / / 4 R2ea(Roswa, L) Ps(Ro, Ry)
0 0

dR
% EB(RthvIB)PRE(RO’Rl’Resc)v(le%l)

dRy (8)
where €4(Rg,wa,l4) is the excitation rate for the first
photon absorption (which is equal to Eq. (6)); Ps(Ro, R1)
is the probability that the atomic pair will not decay
or undergo a RE process while in the A*-B potential;
es(R1,wp, Ip) is the excitation rate for the second pho-
ton absorption (the 1/R5 potential of the excited-excited
state and the 1/R® potential of the excited-ground state
are taken into account); v(Ro, R1) is the velocity of the
pair at Ry; dRy /v(Ro, R1) is the transit time in the region
of the second absorption; and Pgg(Ro, R1, Resc) is the
probability that a RE will take place while in the excited-
excited potential. The excited-excited heteronuclear case
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can be expressed as follows:

exp[—I'a At* (R, R1))

Pollo-tese) = 7= cep(aTuT*(Ro)) 9
eg(R1,wp,Ip) =

(I's/2)* Ip Mg

(wp8 — wpo + C5/R? — Cs/RS)? + (I'p/2)? th(Z)

10

sinh[I'ptT (Ro, R1, Vesc)]

P, ) =
RE(RO)R17U65(,) Slnh(FBT{K(RO,Rl))

(11)

where At*(Ry, R1) is the time for the pair to go from
R =Ry to R = Ry, T5(Ry, R1) is the time for the pair to
go from R = R; to R =0 and tj(Ro, R1,vesc) is the time
spent in the region where RE occurs in the excited-excited
potential.

It is important to point out that in this section we have
consider particular atomic excitations for both channels;
and we only consider the losses occurring in the species A
due to species B. One may extent this to other possibili-
ties, where either the species B is the first to be excited
or the loss occur in species B. In any case, it will be just
an extension of the model here proposed. We should point
out that these are the simplest models that one may con-
sider. Some important effects as temperature dependence
of relative velocity [14], shielding [27] as well as flux en-
hancement [28] were not considered within such models.

5 Results and discussion

Each combined species system presents its own peculiarity
and they will be individually present as follow.

5.1 System Na-K

In Figure 3 we show the dependence of 3’ observed in
Na atoms due to collisions with K atoms as a function of
sodium laser intensity (In,); the data were extracted from
reference [29]. The authors of reference [29] associated the
raising up at low intensity with the occurrence of het-
eronuclear hyperfine changing collision (HHCC) because
they worked in an intensity regime well below saturation.
Due to this fact they did not consider others collisional
mechanisms, as radiative escape (RE) and fine structure
changing collisions (FSC), to explain the observed results.
In fact, the FSC mechanism can be excluded because the
authors did not observed any loss in the K atoms when the
Na atoms were introduced. In a heteronuclear system the
fine structure can happen in either atoms in both chan-
nels (Na*-K* and Na-K*). The FSC in sodium and in
potassium will release 12 K and 104 K of energy respec-
tively. In any case both atoms (Na and K) of the collid-
ing pair will gain enough energy to escape from the trap.
Therefore, if FSC was the dominant loss process in het-
eronuclear collisions we should measured similar losses in
sodium and potassium. However, the experiment of refer-
ence [29] showed that the potassium MOT is not affected
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Fig. 3. Intensity dependence of the heteronuclear trap loss rate
for Na atoms as a function of sodium trapping laser intensity
in the presence of K [10]. The predictions for the two possible
collisional channels, Na—K* and Na*-K*, are represented by
solid and dashed lines respectively.

by the presence of the sodium MOT (8% _na <€ ONa_k);
and therefore we can excluded FSC.

If we applied the models proposed in the previous sec-
tion, which considers the radiative escape mechanism, we
can obtain their predictions for the two possible collisional
channels, Na—K* and Na*-K*, which are represented by
solid and dashed lines respectively in Figure 3. For the
mechanisms involving Na*—K* the model predicts a weak
intensity dependence (Fig. 3 — dashed line), a stronger
dependence is predicted for the Na—K* case (Fig. 3 —
full line). Because of the difference in the intensity depen-
dence, we believe that the main contribution to 3’ comes
from collisions involving Na—K™*. As the intensity goes
down, the Na trap depth decreases but the population of
excited K is kept constant producing an increase in 3.

5.2 System Na—-Rb

In Figure 4, we show the dependency of 3’ observed in
Na atoms due to collisions with Rb atoms as a func-
tion of sodium laser intensity (Ina.) [13]. To understand
the behavior of the experimental points for 3’, we have
separately considered the contribution of Na—Rb* and
Na*-Rb* channels and the RE mechanism. The results
are shown in Figure 4 as full and dashed lines respec-
tively. For the mechanisms involving the Na*~Rb* channel
the model predicts a weaker intensity dependence than for
the Na—Rb* case. We believe that the saturation of the
Na*-Rb* channel is due to the saturation in the excited
state population. On the other hand, the intensity depen-
dence of 3 due to the Na—Rb* channel comes from the
fact that as the intensity goes down, the Na trap depth de-
creases but the population of excited Rb is kept constant
producing an increase in 3'.
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Fig. 4. Intensity dependence of the heteronuclear trap loss rate
for Na atoms as a function of sodium trapping laser intensity in
the presence of ®Rb [11]. The predictions for the two possible
collisional channels, Na—Rb* and Na*~Rb*, are represented by
solid and dashed lines respectively.

Similar results for 3 were observed by Young and
co-workers [18], but the authors associated the observed
behavior with the occurrence of heteronuclear hyperfine
changing collision. If we applied the adapted GP model
considering both channels and RE, we are able to repro-
duce quite well the experimental results. In Figures ba
and 5b we show the experimental results of reference [18]
and our model predictions for collisions involving 8°Rb
and 8"Rb samples respectively. We should point out that
in both experiments [13,18], the authors did not observed
any influence on the Rb MOT due to the presence the Na
MOT. This fact exclude the occurrence of heteronuclear
fine structure changing collisions because the energy in-
volved in this process is larger than any trap depth, as
explained before.

In the study of excited-ground state collisions within
cold atoms, the rate variation of the loss rate with the
laser frequency is important and provides additional in-
formation about excitation occurring at different inter-
nuclear separations. Also this kind of data allows one to
observe the important role of spontaneous emission in the
process. Normally, the investigation of the loss rate de-
pendence on detuning is done using the technique named
“optical catalysis” [30]. It consists in adding an extra
laser to the system, whose frequency is scanned, intro-
ducing extra collisional losses (reducing the total number
of trapped atoms). To obtain information about the de-
pendence of 3, or 3, with the detuning one has to keep
the number of atoms constant, for each laser frequency,
while the intensity of the extra laser (“catalysis laser”)
is adjusted. If I.(A) is the intensity required to keep N,
then B(A) o 1/1.(A), as demonstrated in reference [30].
To ensure reliability of this procedure a special care must
be taken to verify that the “catalysis laser” is not affecting
the optical pumping rate, the loading rate, and it is not
causing extra force on the atomic cloud.
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Fig. 5. Intensity dependence of the heteronuclear trap loss rate
for Na atoms as a function of sodium trapping laser intensity
in the presence of: (a) ®Rb; (b) 5"Rb [13]. The predictions for
the two possible collisional channels, Na—Rb* and Na*-Rb*,
are represented by solid and dashed lines respectively.

For our experimental conditions, we verified that for
the catalysis laser frequency closer than —70 MHz from
the atomic resonance, the trapping performance was af-
fected. Therefore we restricted ourselves to a detuning
range from —100 to —1000 MHz. It is worth to mention
that in a two species MOT the extra laser will increase
both the homonuclear and the heteronuclear collisions.
Thus, at this time we did not measure any specific catal-
ysis loss rate, 8. or ., but a total loss, Br., which is a
combination of these two rates.

The obtained dependence for the total catalysis loss
rate, Orc, as a function of detuning is presented in Fig-
ure 6. The logarithmic plot reveals that the dependence
for the catalysis experiment is 37, o A~2%92 This result
is different from that for Na only, 3. oc A~7/6 correctly
predicted the Gallagher-Pritchard (GP) model [19] when a
Cs/R? attractive potential is considered. In a first attempt
we have modified the homonuclear GP model by simply
changing the internuclear asymptotic dependence, intro-
ducing the Cg/ RS attractive potential, which is the domi-
nant coefficient for the heteronuclear long range interact-
ing potential. The result for the loss rate was ., & A5/6,
which is still far from that experimentally observed de-
pendence. But, in a recent paper [31] we were able to re-
produce this observation relying on the Na*~Rb* channel,
this prediction is represented by a full line in Figure 6.
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Fig. 6. Total loss rate in Na plotted as function of the sodium
detuning. The theoretical heteronuclear loss rate as function
of the detuning, predicted by the double excited model is pre-
sented as solid line.

5.3 System Na—-Cs

In Figure 7 the dependence of 3 observed in Na atoms
due to collisions with Cs atoms is shown as a function
of sodium laser intensity (Ina) (Fig. 7a) and as a func-
tion of cesium laser intensity (Ics) (Fig. 7b). The data
were extracted from reference [15]. The authors of refer-
ence [15] associated the observed loss in Na sample with
the occurrence of heteronuclear hyperfine structure chang-
ing collision in sodium atoms. The FSC in sodium will
release 12 K of energy and the Cs atom will gain more
than 2 K, which is more than enough to make it to es-
cape from the trap. Therefore, if FSC was the dominant
loss process in heteronuclear collisions the authors of ref-
erence [15] should measured similar losses in sodium and
cesium. However, they did not observe any variation in the
Cs trap (Bts_na <K Bla_cs)- This is a strong indication
that FSC is not important in this system and radiative
escape has to be the dominant process. We also show the
theoretical prediction considering the Na*—Cs* channel
(dashed line) and Na—Cs* channel (full line) in Figure 7.

5.4 System K-Rb

In Figure 8 we show the dependence of 3 observed in K
atoms due to collisions with Rb atoms is shown as a func-
tion of potassium laser intensity (Ix). These data were
obtained in our previous work [16]. In this figure we also
show the normalized model’s predictions as a function of
laser intensity (dashed line for K-Rb* and full line for K*—
Rb*, respectively). Using the experimental procedure de-
scribed herein, we cannot separate the individual contribu-
tion of each possible collisional process. However, we can
observe that the K*-Rb* channel presents a stronger in-
tensity dependence than the K-Rb* channel, which agrees
better with the experimental results. In this work, we also
had tried to explain the increase in 3’ at the low intensity
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Fig. 7. Intensity dependence of the heteronuclear trap loss
rate for Na atoms in the presence of '33Cs as a function of:
(a) sodium trapping laser intensity. The predictions for the
two possible collisional channels, Na—Cs* and Na*-Cs*, are
represented by solid and dashed lines respectively; (b) cesium
trapping intensity. Both channels prediction the same intensity
dependence (solid line).
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Fig. 8. Intensity dependence of the heteronuclear trap loss rate
for K atoms in the presence of ®*Rb as a function of potassium
trap laser intensity. The dashed line is the model’s prediction
for the K-Rb* channel and the full line for the K*~Rb* channel,
respectively.
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Fig. 9. Intensity dependence of the heteronuclear trap loss
rate for Rb atoms in the presence of 3*Cs as a function of:
rubidium trapping laser intensity: (a) the squares points refer
to the data from the B-experiment. The predictions for the two
possible collisional channels, Rb—Cs* and Rb*—Cs*, are repre-
sented by dashed and solid lines respectively; (b) the hollow
circles report the data from the I-experiment. The Rb—Cs”*
channel seems to be the only capable to reproduce the experi-
mental observations of the I-experiment. This figure has to be
looked at with care, remembering that both experiments have
been done in different conditions.

regime due to Heteronuclear Hyperfine Changing Collision
(HHCC). But, we also observe that the adapted GP model
considering the K*-Rb* channel presents a raising up at
low intensity, which is due to the intensity dependence
of the potassium escape velocity as pointed out by Telles
et al. [32]. This may be an alternative explanation for the
behavior observed at low intensity.

We should point out that in our experiment the rubid-
ium MOT was not affected by the presence of the potas-
sium MOT (B8R, _x << Bi_gy,)- This is a strong indication
that FSC is not important in this system and radiative es-
cape has to be the dominant process.

5.5 System Rb—Cs

Figure 9 reports the measured values for the Rb loss
rate due to heteronuclear collisions with Cs, 3, ver-
sus the rubidium trap laser intensity (Igp) for experi-
ments carried out in Brazil (B-experiment, Fig. 9a) and in
Italy (I-experiment, Fig. 9b) [17]. The result from the B-
experiment refer to the 8Rb data, while the I-experiment
refer to the 8"Rb data. The data of Figure 9 shows at low
trap laser intensities a very large change in the absolute
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Fig. 10. Intensity dependence of the heteronuclear trap loss
rate for Cs atoms in the presence of 3°K as a function of cesium
trapping laser intensity. The predictions for the two possible
collisional channels, Cs*-K and Cs*-K*, are represented by a
solid lines.

B values. On the contrary, a small variation of 5’ was
observed when the laser intensity increased. The overall
change of ' is roughly one order of magnitude, in agree-
ment with the change measured in other measurements
of the loss rate 3’ for heteronuclear alkali collisions. We
were able to observe that ﬂéS_Rb is 20 times smaller than
BRy_cs> showing a non reciprocity for 3'; and therefore
excluding FSC as a loss mechanism.

To analyze the dependence of 8’ on the laser intensity,
we have considered two possible mechanism, Rb—Cs* and
Rb*-Cs*. In Figure 9a, we plotted the model’s prediction
for the Rb—Cs* channel (as a dashed line) and Rb*-Cs*
channel (as a full line). From the B-experiment we have
the impression that the Rb*~Cs* channel represent well
the observed behavior of 3 at high intensity regime. At
low intensity, the Rb—Cs* represents better the behavior
of #'. In Figure 9b, this channel seems to be the only
capable to reproduce the experimental observations of the
I-experiment.

5.6 System Cs—K

Figure 10 reports the measured values for the Cs loss rate
due to heteronuclear collisions with K, @', versus the ce-
sium trap laser intensity (Ics). The data shows that the /3’
increases as the laser intensity increases, which suggests
that the cesium excited state population is an important
parameter for the heteronuclear trap loss rate. We should
point out that we were not able to measure the K loss
rate due to heteronuclear collisions with Cs; because the
Cs MOT was much smaller than the K MOT, therefore
the number of trapped K atoms colliding with Cs atoms
too small to be detect.

To analyze the dependence of 8’ as a function of the
cesium laser intensity, we have considered two possible
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Fig. 11. (a) Trap loss rate of Cs atoms in the presence of Li
(BGsLi) as a function of Acs; (b) trap loss rate of Li atoms in
the presence of Cs (8 ;¢s) as a function of Ar;. The predictions
for the two trap loss rates, considering radiative escape in the
Li—Cs™, are represented by a solid lines.

mechanism, Cs*-K and Cs*-K*. In Figure 10, we plotted
the model’s prediction for the Cs*~K channel (as a dashed
line) and Cs*~K* channel (as a full line). Both channels
predict the same intensity behavior in the studied inten-
sity interval. This is due to the fact that our escape ve-
locity model for cesium MOT does not present a strong
intensity dependence in this interval. Therefore, 3’ is basi-
cally dependent only on the cesium excited state popula-
tion, which is the same for both channels (the theoretical
curves were displaced only to show that both channels
predict the same behavior).

5.7 System Li—Cs

Schlder and co-workers [14] have measured O, 1; and
Bli_cs and have associated these loss rates with the
Li—Cs* channel (Figs. 11a and 11b). They observed that
Bés_1,; increases strongly as the lithium detuning, Ay,
increases. But such observation can not be explained by
the Li—Cs* channel. Because in this channel, neither the
cesium escape velocity or the cesium excited state popu-
lation depend on the lithium detuning, but only on the
cesium detuning. To explain this observation, they rely
on the velocity between Li and Cs atoms with depends
on the Ap;, and a good agreement is observed. We have
compared their results with our model consider radiative
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escape in the Li—Cs* channel, and the theoretical pre-
diction is shown in Figure 11la (full line) for ¢, ;- The
agreement is reasonable, and the observed minimum is due
to the fact that there is a maximum in the Cs trap depth
as a function of Acs, which reflects into the trap loss rate
as a minimum. In Figure 11b, we show the experimental
results for B[, . as a function of Ap;. The theoretical
prediction, considering the radiative escape in the Li—Cs*
channel, is shown in Figure 11b as a full line for 3, .
The agreement is good, and the observed increase as a
function of the Ar; is due to the decrease in the Li trap
depth.

5.8 Cross species trap loss rate as a function of mass

After undergoing the collision, the atoms of an atomic pair
will share the energy released (AFE), depending on their
mass. If fact, the energy (AE,4) gained by A atom is given
as AE4 = AE(ma/Mmeq), where meq = ma(l+my/mp)
(equivalent mass). If the mass of A atom decreases, the
amount of energy gained by it will increase and the A atom
will get most of the released energy. Using the experimen-
tal results presented here, we plotted the heteronuclear
trap loss rate (') for Li, Na and Rb due to collisions with
Cs (Fig. 12a); and the heteronuclear trap loss rate (5')
for Na, K and Cs due to collisions with Rb (Fig. 12b) as
a function of the equivalent mass (meq). The solid circles
represent the experimental results and the open circles the
theoretical prediction considering only the excited-ground
channel (in fact excited-excited channel presents the same
mass dependence). We should point out that for each col-
liding pair, we used the respectively Cg and escape ve-
locity. In Figure 12a we observe a very good agreement
between theory and experiment when one of the colliding
partners is a Cs atom. And the observed dependence is due
to the fact that as the other partner gets lighter it will get
most of the released energy, and therefore its loss rate will
be larger. In Figure 12b, there is disagreement between
theory and experiment when one of the colliding partners
is rubidium atom. The disagreement is very clear for the
case of K—Rb system, and this system is particular inter-
esting because its theoretical Cg [29] is about one order
of magnitude larger than the others, and our theoretical
model is very sensitive to such parameter. This disagree-
ment still remains to be investigated theoretically.

6 Conclusions

To summarize, we presented a review on the heteronuclear
trap loss rate measured for the Na—K, Na—Rb, Na—Cs,
K—Rb, Rb—Cs, and Li—Cs systems. We also presented
the heteronuclear trap loss rate for the Cs—K system for
the first time. We should point out that there is some re-
cent, preliminary experiments in other mixtures, such as
LiNa [41] and ArRb [42]. In the high intensity regime we
concluded that Radiative Escape is the main loss process
for most of the systems. A model, based on the GP model,
was implemented for the A*~B and A*-B* channels and
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Fig. 12. Experimental results for the trap loss rates 3 ob-
served in different species (a) in the presence of **3Cs, (b) in
the presence of ®*Rb. The hollow circles represents the model’s
prediction considering only the channel A-B*. The experimen-
tal conditions were: (i) Li: I = 47 rnVV/cm2 and Api = — 11,
(i) Rb: T = 170 mW/cm? and Agry, = —TIFgp, (iii) Na:
I =107 mW/cm? and Axa = —I'Na, (iv) Na: I = 10 mW/cm?
and Ana = —I'Na, (v) K: T = 70 mW/cm? and Ax = —7Tk,
(vi) Cs: I =400 mVV/cm2 and Acs = —Ics.

compared with the experimental results with good agree-
ment. It is important to point out that the models are
very sensitive to escape velocity. It is important to un-
derstand and to control such collisional processes in order
to obtain atomic samples with high density /number of
trapped atoms. These results are crucial for future exper-
iments involving spectroscopy of the heteronuclear bound
states and two Bose-Einstein condensation species. For the
heavy atoms systems, the cross species trap loss rate do
not introduce severe limitations for the combined species
MOT, which is necessary for the magnetic trapping of two
atomic species. In this sense, the results here presented are
very useful. This information was also useful for the ob-
servation of heteronuclear molecules which were detected
recently in the KRb system as well as in the RbCs sys-
tem [43].
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