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Abstract. The measurements of fine-structure changing collisions in a cesium magneto-optical trap, re-
ported in a previous work [A. Fioretti et al., Phys. Rev. A 55, R3999 (1997)], are reanalyzed within a
model based on the flux enhancement effect, which takes place in cold atomic collisions. In the present
analysis, we consider the cooperative effect of the long-range and the shorter-range excitation by the strong
trap laser. We evidence also the important role of the hyperfine structure of the Css molecular levels asymp-
totically connected to the 6S;/5 + 651 /2 ground-state and 6S; /o + 6P3/2 excited-state dissociation limits.

PACS. 34.50.Rk Laser-modified scattering and reactions — 32.80.Pj Optical cooling of atoms; trapping

1 Introduction

In these last ten years, the development of laser cooling
techniques has provided experimentalists with samples of
alkali, alkaline-earth, and metastable rare atoms in the
microKelvin range and below. Among the several exciting
studies permitted by the matter in this extreme condi-
tion, the subject of collisions between laser cooled atoms
in presence of resonant laser fields has been the object of
a broad experimental and theoretical interest [1-3]. Cold
atoms undergoing inelastic collisions can receive enough
energy to escape the atomic trap where they are confined.
In particular, excited state collisions between one atom
in its ground-state and one in its first-excited state are
unavoidable in a magneto-optical trap (MOT), and con-
tribute to limit the maximum density and total number of
trapped atoms, and the reaching of very low temperatures.

Two leading inelastic mechanisms that affect singly-
excited-state collisions are the so called “radiative escape”
(RE), and “fine-structure change” (FSC). They are best
described in a molecular environment [1-3]. Briefly, in
RE the atomic pair, photoexcited by the quasiresonant
laser, spontaneously decays through the emission of a red-
detuned photon. The energy difference between absorbed
and emitted photons is shared by the two colliding part-
ners as extra kinetic energy, which can be large enough
to make both atoms escape the trap. Differently, in FSC,
the colliding pair, excited by the laser on the Dy line to
the upper fine-structure state, survives radiatively until
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short internuclear distance are reached. Here, a transition
to the lower energy excited state takes place, again leav-
ing the fine-structure energy difference as kinetic energy
of the two atoms, which is generally large enough to pro-
duce trap loss. Finally, the excited atom decays emitting
a photon on the Dy line.

While several experiments measured the total loss rate
from a MOT [1-3], the interplay between RE and FSC
mechanisms has been tested in a few recent investigations.
In reference [4] we measured for the first time the abso-
lute trap loss rate coefficient for cesium FSC collisions,
by directly detecting the fluorescence yield on the D ce-
sium line. Those measurements, performed as a function
of trapping laser intensity and of hyperfine (HF) state oc-
cupation, were analyzed on the basis of atomic transfer,
during optical collision, between HF ground states. Later,
Wang et al. [5] used predissociation due to FSC to perform
high resolution photoassociation spectroscopy of the at-
tractive molecular excited states in potassium. No attemp
has however been made in this experiment to derive the
FSC trap loss rate coefficient. Very recently, precise new
measurements for FSC trap loss rate coefficients have been
obtained. In reference [6], the detection of the emitted Dy
photons allowed the measurement of the ratio of the FSC
to the RE rate coefficient in cesium as a function of the
trapping laser intensity. In reference [7], ionization of the
atoms experiencing FSC allowed a direct measurement of
the FSC rate in rubidium.

In a different context, recent experiments [8-14] of
cold optical collisions in alkali and rare gas systems have
demonstrated the importance of long-range dynamics in
cold collisions. The result was that collision processes
leading to trap loss, and taking place at relatively short
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Fig. 1. Schematic representation of a FSC collision in cesium.
The two excited-state molecular potentials are the 0 compo-
nents of b*II,, (a), and of A'X (b), respectively.

interatomic distance (~ 10—400aq, with ag the Bohr ra-
dius) can be either enhanced or suppressed by a previous
excitation at long-range (~ 1500—3000ag). Enhancement
[9-14] or suppression [8,9,12] originates because the col-
liding atom pairs are excited respectively to attractive or
repulsive quasimolecular potentials. In their excited-state
evolution, atom pairs are either pushed toward each other,
or kept apart by the resonant dipole interaction, thus mod-
ifying the flux reaching short internuclear distances. When
excitation is directed towards attractive potentials, pro-
cesses involving atom pairs with relative angular momen-
tum higher than that allowed by the low atomic velocity
also contribute to the collision [14].

In this work, we model the cesium FSC trap losses
within a picture that includes the flux enhancement. We
demonstrate that the analysis of cold collisions in a ce-
sium MOT should include the process of hyperfine op-
tical pumping within a single collision, from the upper
to the lower HF manifold in the ground state. This pro-
cess, already considered by the Bagnato group for sodium
photoassociation experiments without a precise modelling
[15], stems naturally from the flux enhancement, and from
the rich molecular hyperfine structure in the excited state.

The present analysis is based on the complete knowl-
edge of the excited-state HF manifold of the cesium dimer,
whose computation is reported here. It allows us to re-
strict the possible dynamical schemes leading to the FSC
process, and to point out the role played by the flux en-
hancement mechanism in our previous measurements of
the FSC rate coefficient [4]. As a major difference with re-
spect to the other cases of flux enhancement [8-14], here
the same trap laser excites cesium atom pairs at long- and
at shorter-range, starting from different hyperfine ground
states. In respect to our previous analysis of reference [4],
the present one aims to improve the physical interpreta-
tion of the FSC process in a MOT, in order to fit our data
with a restricted number of parameters. In the previous
analysis in fact, even if the final fitting function nicely re-
produced the data, a relatively large set of fitting param-
eters was required. Moreover, several ad-hoc hypotheses
on the laser excitation and on the excited-state survival
were introduced. On the contrary, the available excited
state HF manifold computation allows us to estimate the
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branching ratios for HF state optical pumping during col-
lisions.

In Section 2, the FSC and the flux enhancement pro-
cesses are examined. In Section 3, the flux enhancement in
FSC trap losses is described for cesium, even if our model
can be applied to other trap loss processes as well. Sec-
tion 4 reports the calculation of the molecular hyperfine
structure of the 6P3/, cesium excited state. Section 5 ap-
plies the model to the analysis of FSC losses, and Section 6
reports the conclusions.

2 Fine-structure changing process
and long-range excitation

The excitation transfer with FSC in collisions between
cesium atoms is described by the reaction

Cs(6°S1/2) + Cs(6P32) —
CS(6281/2) + CS(62P1/2) + AEfS. (1)

The first theoretical interpretation was given by Da-
shevskaya et al. [16], who individuated the molecular
crossings, taking place at different interatomic distances
Ry, producing the reaction of equation (1). A renewed
interest on the FSC process was associated to laser cool-
ing and trapping of atoms in magneto-optical traps. In a
MOT, cold atom pairs excited by the trapping laser to the
n?Py /2 fine-structure branch and remaining in that state
until they reach the Ry distances, could produce FSC. As
the AFEi released as kinetic energy of the colliding pair is
typically much larger than the trap depth, FSC collisions
are an important process in MOT losses.

A detailed analysis of cold FSC collisions performed by
Julienne and Vigué [17] showed that the leading contribu-
tion for cesium originates from the spin orbit mixing of the
two attractive 07 components of the A*X}F(6*Py/2) and
b*I1,,(6°P3,2) states (see Fig. 1), which have a short range
crossing at Rgs ~ 10ag [16,17]. Among the five attractive
Hund’s case (c) electronic states connected to the upper
62P3/5 branch (07, 1y, 2,, 0, , and 1,), the 0 state rep-
resents the only long-range incoming channel for this FSC
mechanism. We note incidentally that a different picture
arises for lighter alkalis, where Coriolis coupling becomes
important. Predissociation of both the 07 and 1, states
of the 3°K to the lower fine-structure branch has been
directly observed in reference [5] by resonance enhanced
ionization of the 4P/, atoms.

When the hyperfine structure is included into the cal-
culation of the cesium molecular potentials, it becomes ap-
parent that the 0] state is adiabatically connected only to
the lower part of the lower HF bundle of the excited-state
manifold, as depicted in Figure 2b. On the other hand,
in a standard cesium MOT almost all the ground state
atoms are kept in the 4, state by the repumping laser,
and the excitation by the trap laser populates states right
below the asymptotes of the upper HF bundle (Fig. 2a).
Because the non-adiabatic coupling between these states
and those connected to 0, is negligible (due to their large
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Fig. 2. Calculated long-range part of the Csy adiabatic po-
tential curves with hyperfine structure included (see Sect. 4
for details). In (a), attractive and repulsive states asymptoti-
cally connected to the uppermost 6°Sy/2(4g) + 6°P3/2(5¢) and
6S1/2(4g)+6°P3/2(4c) asymptotes. In (b), attractive states be-
low the 6281/2 +62P3/2 branch. The dashed lines correspond to
the energies of the molecular asymptotes, 4, + 45 and 3¢ + 3,
respectively for (a) and (b), dressed with a trap laser photon.
The zero of the energy scale is taken at the 4, + 5. asymptote.

energy distance and the absence of molecular crossings),
no FSC collisions are expected to take place. Within this
simple picture, the experimental results [4,6] cannot be
easily explained. In fact, FSC collisions were observed also
in a standard cesium MOT, containing atoms only in the
upper hyperfine state. In rubidium, FSC collisions are also
observed [7], although with a lower rate than in cesium,
starting from the both HF asymptotes, so the picture in
that case is not clear as well.

The flux enhancement in a cesium MOT proceeds
through long-range excitation of one of the five at-
tractive potential curves corresponding to 05, 1g, 0;,
1., and 2, states [18], which behave asymptotically as
—C3/R3. Given the different asymptotic R-dependence
of the ground-state potential, which is —Cg/RS, and the
relative magnitude of dispersion coefficients (in cesium
Cs ~ 6500e%a) and C5 ~ 2—20e%a3) in the long-range
region R ~ 1000—3000ao the ground-state curves are
essentially flat while the excited-state ones are already
strongly attractive. A laser red-detuned from resonance
by the quantity A excites atom pairs to an attractive
quasimolecular state, preferentially at the Condon dis-
tance Rc = (C3/hA)Y/3. In the excited state, the colliding
pair is subject to the attractive resonant dipole force pro-
pelling the two atoms towards each other. The action of
the force ends when spontaneous emission occurs, and the
pair returns into the ground state. In this way, exoergic
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Fig. 3. Schematics of the optical pumping process between
different ground state HF channels within a single collision,
produced by the enhancement effect in a Cs MOT. Several
hyperfine channels, from 5. to 2. are associated to the ?Pjg /2
excited state.

binary processes which take place at shorter internuclear
distance, can be enhanced [9-14]. Vice versa, in the case
of a blue-detuned laser [8,9,12], repulsive potentials are
excited and shielding occurs.

For intense trap lasers, the Condon distance R¢ is
power broadened to a region, generically indicated as R¢ o
in Figures 2a and 3. The atom pair can undergo several
excitation/spontaneous emission cycles (population recy-
cling [2]), and be accelerated during each time lap spent
in the excited-state. This enhances the effects of the at-
tractive force, and atomic pairs can get a relative velocity
corresponding to a temperature of some mK [14], i.e. much
higher than the cold atom temperature (~ 300 pK in our
case).

3 The flux enhancement model

In cesium the atomic hyperfine structure produces differ-
ent molecular asymptotes: 3 in the ground- and 2 x 4 in
the 281/2 + 2P3/2 excited-state. The key idea of our model
is that, given the long duration of a cold collision, the flux
enhancement and the population recycling combine to-
gether during a single collision to produce optical pump-
ing between different HF levels. The process is depicted in
Figure 3. An atom pair, which starts approaching on the
45 + 45 channel, is excited by the trapping laser at Rc o
to an attractive state connected to the 4, + 5.. The pair
returns to the ground-state by spontaneous decay either
into the 45 + 4,4, or into the 35 4 4, continuum by emit-
ting a blue-shifted photon. The latter process is forbidden
by the atomic electric-dipole selection rules, but slightly
permitted in the quasimolecular environment. In partic-
ular, the selection rule completely disappears, as it will
be shown in Section 4, when the excited pair approaches
regions where crossings from potential curves with differ-
ent asymptotic hyperfine character occur. Once returned
into the ground state, the colliding pair can be reex-
cited, still in the Rc , region, to quasimolecular attractive
states below the 34 + 5. branch. There, the pair is further
accelerated, and again can spontaneously decay partly
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onto the lowermost 34 + 3, ground-state hyperfine asymp-
tote.

These pairs are now available for the last shorter-range
excitation by the trap laser (step 5 of Fig. 3) onto the 0.
state. The Condon distance R¢ ;i ~ 150—250aq (Fig. 2b)
of the last excitation is definitely shorter than the typi-
cal Rc, values because the trap laser is detuned by twice
the 9.2 GHz ground-state HF separation. At Rc ;, the 0}
potential curve is already strongly attractive, and excited
pairs have the time to vibrate several times before ra-
diatively decaying. During these molecular vibrations, the
pairs can produce FSC loss, with probability P.

We associate the occurrence of FSC collisions in our
cesium MOT to the sequence of processes depicted in Fig-
ure 3. The use of a strong trap laser, well above the atomic
saturation intensity, makes the flux enhancement and the
population recycling the two leading phenomena. The pro-
cess of optical pumping during the collision, greatly en-
hanced by the radiative recycling of a single colliding pair,
can proceed through both short-living (with 07, 05, and
14 character) and long-living attractive states (with 1,,
and 2, character). Former states, with a molecular ra-
diative lifetime shorter than the atomic one [17], allow
more cycles, but with low probability of optical pumping.
Long-living states guarantee a longer excited-state sur-
vival, higher pumping probability, but fewer cycles. The
important role of the long-living 1,, and 2, states in pro-
ducing flux enhancement has already been pointed out in
references [11,19] in a rubidium MOT. Optical pumping
is expected to be most efficient at internuclear distances
where molecular potentials with different HF character
cross each other, i.e. where the resonant dipole interaction
is of the same order as either the ground- or excited-state
hyperfine structure (see Fig. 2).

4 Molecular hyperfine structure

To support our hyperfine pumping scheme we have com-
puted the cesium molecular potential curves for the first
excited-state 65+6P, including fine and hyperfine struc-
tures. Potential curves covering all the explored inter-
nuclear distances have been obtained by correlating at
R ~ 20ag the precise quantum chemistry calculation by
Spiess [20] with the asymptotic calculation of reference
[21]. Then, the fine-structure is included in these po-
tentials by an R-dependent diagonalization of the var-
ious spin-orbit matrices. A more precise calculation of
the asymptotic part of the curves has then been per-
formed by diagonalizing the R-dependent interaction be-
tween the atom pair. The interaction includes of course
the first terms of the multiple expansion: C5/R?, Cg/R®,
and Cg/R®, taken from reference [21], but also the fine
and hyperfine interaction. The diagonalization is done in
a two-atom basis in which fine and hyperfine interactions
are diagonal [22]. The only good quantum numbers are the
projections M on the molecular axis of the total angular
momentum F' = F,+ F;, and the symmetry e of the wave-
function with respect to the atom exchange: e = 1 (—1) if
the wavefunction is symmetrical (antisymmetrical).
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Fig. 4. Upper graph: molecular potential curves connected to
the 4¢ + P3/2 asymptotes, for the particular case of M = 7.
Lower graph: branching ratio (defined as the ratio between
the sum of the electronic matrix elements of the spontaneous
emission towards 3z + 3, and 3 + 45, and the sum of the
intensities towards 3¢ + 3, 3z +4g, and 44 +4,) corresponding
to selected parts of the potential curves indicated by solid line
in the upped graph. The selection is done by starting from the
incoming channel 4 + 5. (curve a in the upper graph) and
by following it either adiabatically (curve a) or diabatically
through tiny avoided crossings (curves b and c¢). In addition,
we have suppressed the E > 0 part of the curves, since they
are not relevant for the present analysis.

Due to the large nuclear angular momentum of cesium
(I =7/2), a very large number of electronic states (1024),
is obtained for the 6S; /o +6P3 /5 asymptote, with M values
ranging from 0 to 9 and e = +1. The results were already
shown in Figure 2, and the particular case of M =7, e =
—1 is shown in Figure 4a.

An extremely large number of avoided molecular cross-
ing between curves of the same symmetry are possible,
with various degrees of adiabaticity. We computed a num-
ber of them in the two regions where the resonant dipole
interaction is of the same order of the atomic hyper-
fine separation in the ground and in the excited state,
which correspond to R ~ 150—250aq (Fig. 2b), and
R ~ 400—800aq (Fig. 2a) respectively. The size of these
crossing vary from 1 MHz to several hundred MHz. By cal-
culating the passage as a Landau-Zener process, we found
all possibilities going from complete adiabaticity to com-
plete diabaticity. As a consequence, during a cold collision,
an atom pair, which is excited onto an attractive curve
connected to the 45 + 5. asymptote, has non-zero prob-
abilities to follow a lot of curves, either adiabatically or
diabatically, through the numerous avoided crossings (see
Fig. 4a). Due to the mixing between attractive and repul-
sive curves, the average value of F,, and the probability
to radiate towards states involving F, = 3 may change a
lot during this evolution.

Among all M and e values, we have selected the
most probable potential curves and we have computed the
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corresponding R-dependent electronic matrix elements for
spontaneous decay towards the different ground-state hy-
perfine curves: I(35 + 35), I(3g + 45), and I(4; + 4,), as
well as the branching ratio towards F' = 3, given by
(I(3g+3g) +1(3g +4g)/(I(3g +3¢) +1(3g +4g) +1(4g +4g)).
The example of M = 7, e = —1 given in Figure 4b, al-
though simple, is quite typical. The HF optical pumping,
which is the basis of our model, is clearly allowed. In fact,
colliding atom pairs at the crossing, either keep diabati-
cally on the same attractive curve until spontaneous decay
arrives, or adiabatically follow the repulsive one coming
from the lower hyperfine, eventually being reflected and
finally spontaneously decay. In the former case the wave-
function representing the colliding pair will maintain the
same HF character till much shorter internuclear distances
are reached. In the latter case instead, the wavefunction
will change character, thus becoming a good candidate for
an HF optical pumping process (see Fig. 4b). These results
lead us to the conclusion that the general picture required
by our model of hyperfine optical pumping within a sin-
gle collision is plausible. We will now proceed with the
implementation of our model, and with the fit of the ex-
perimental data.

5 Discussion of the results

In the experiment of reference [4], FSC trap losses were
explored as a function of the operating parameters of the
magneto-optical trap, without a catalysis laser. The pho-
ton yield on the D; line was recorded, and a simultane-
ous measurement of the density and of the total num-
ber of trapped atoms allowed the determination of the
FSC rate coefficient G¢. The B data as a function of the
measured hyperfine ground-state occupation fg,r, and
of the total intensity It = Isa2%/1? of the trap laser
(where Iy, = 2.21 mW /cm?), are reported in Figure 5.
The ground-state HF occupation was varied in two dif-
ferent ways: first, in a standard type I MOT, by reducing
the intensity of the repumping laser, and second by chang-
ing the repumping scheme and realizing a mixed type I-1I
MOT [23].

Data for the type-I MOT are fitted (continuous lines
in Fig. 5a) with the function

Bts = Bo(Caa + C34) P (2)

with
Coq = (1 - f3g+4e)2P2—excPI?IFCPC,i (3)
Cs 4 = f3,44,(1 = f3,14.) Prexc Purc Po i (4)

where Gy = 47TR%701)070 represents the maximum rate co-
efficient occurring if all pairs excited at long-range were
to produce trap-loss (for unitary excitation probability),
Pyrc is the branching ratio for decay into the lower hy-
perfine manifold, and P final probability for the FSC
process.

The terms Cy 4 and C3 4 describe the dynamic evolu-
tion, from Rc , to Rc i, of pairs colliding along the 4, +4,
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Fig. 5. In (a) (Bt data and fit as a function of f3,1x, with
X = 2—4, the hyperfine state occupation. Filled (o), and empty
(o) circles are data for the type-I, and mixed type-1 type-II
MOT’s respectively [4], obtained by varying the repumping
laser intensity. In (b) Bgs data and fit as a function of intensity
of the trap laser, for the type-I MOT. Fitting parameters are
in the text.

and 34 + 44 channels. P,,_cx is the probability for n exci-
tations in the Rc o, region, and is calculated, as a function
of the trap laser intensity, as a series of n Landau-Zener
processes [10] occurring at different internuclear distances,
after n—1 spontaneous emissions. Each spontaneous emis-
sion is considered to take place with a delay of the order
of the molecular lifetime after the excitation. Each reex-
citation is considered to take place after a motion in the
ground state, which duration is a function of laser inten-
sity. Pc is the excitation probability at Rc , also calcu-
lated as a Landau-Zener process.

The fit of data for the mixed type I-II trap [4] (dashed
line of Fig. 5a) is obtained by adding a term to equa-
tion (2), thus giving

Bis = Bo(Caa + C34 + €C3 3) P (5)

where
Cs3 =[5 40, Pc,i- (6)

The new term represents the contribution of the 3, + 34
incoming channel, which is fed at long-range by the in-
tense repumping laser tuned below the 3; — 2. atomic
transition. This term does not require a hyperfine pump-
ing probability. € is a fit parameter quantifying the relative
contribution of the new channel.
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For all the calculations, we used the parameters (life-
time, dipole moment) of the 0 molecular state. For the
short term FSC probability, we use the value Py = 0.84,
resulting from the sum over all molecular vibrations [24],
of the nonadiabatic FSC probability ng = 0.28 calculated
in reference [17]. Fitting simultaneously the three data
sets of Figure 5, for a value of the initial cesium veloc-
ity vc,o = 20 cm/s, we have obtained Rco, = 1260ayo,
Pyrc = 0.67, and € = 1.6. The fitted value for Rc,,
which acts as an overall scale factor, is close to the ex-
pected one, and make us confident of the reliability of the
model. The value of Pgpc derived from the fit is large
compared to that derived from the molecular potentials
of Figure 4b, for the large internuclear distance R where
the decays from the 0, state are supposed to occur. We
associate this result to one of the limitations of the present
model, which considers only 2 and 1 excitation processes,
for the 4, + 4, and the 3, + 4, incoming channels respec-
tively, as discussed in the following paragraphs. A more
elaborated model, including a larger number of reexcita-
tion processes, would produce a decrease of Pypc. Finally
the relatively large value of € for fitting the mixed type
I-IT MOT data, indicates the important role of pairs ex-
cited onto the 35 + 2. manifold, surviving till they reach
the inner range where FSC occurs.

We have verified that in the type-I MOT data, the
inclusion of a term C3_3 proportional to f:)?g +4, does not
improve the fit quality. This demonstrates that the main
contribution to FSC process arises from pairs that have
undergone excitation at long-range, and optical pumping.
From the fit versus the trapping laser intensity we derive
a slope for B¢ of 1.8 x 10712 cm® s mW~!. A compari-
son between this value and the total trap-losses reported
in references [25,26] shows that FSC losses is between one
third and one sixth of the total losses. This is in reason-
able agreement with the recent accurate measurements of
Shaffer et al. [6], where FSC loss result one half of the total
losses, in the same range of trapping laser intensities.

The presented model is primarily intended to provide a
phenomenological but physically significant framework to
explain and fit the FSC collisional process between cold ce-
sium atoms. In this respect we believe we produced a clear
picture. Nevertheless, a number of points needs to be dis-
cussed in order to state the limitations of the model, and
of its predictive capabilities. First, the excitation has been
always considered to be directed to a single molecular vi-
brational level. This would be the case if the vibrational
spacing were much larger than the convolution between
the laser and the level linewidths. While this approxima-
tion is partially justified for the shorter-range excitation
(step 5 of Fig. 3), this is surely not true for in the case
of the long-range ones (steps 1 and 3 of Fig. 3), given the
number of levels generated by the rotational and hyperfine
interactions. Excitation to a distribution of bound states,
belonging to all the different electronic states, would be
much closer to reality, but its implications (coherent exci-
tation, wave-packet dynamics, coupled multichannel anal-
ysis) are obviously beyond the scope of this paper. We
stress that such a level of accuracy in the modelling, al-
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though not required for explaining our FSC data, could
be required by the continuously improving status of the
art in cold collisions experiments [6,7,11-14]. A detailed
comparison among the different theoretical approaches ac-
tually available in cold collisions can be found in reference
[27].

A second but related point is the use of the parame-
ters of the 0] state for the final fit. Its use in the shorther-
range excitation (step 5 of Fig. 3) is justified, while for the
long-range one an weighted average among the possible
excitations of the different electronic states cold be con-
sidered. As the final fit results are expected to change, this
is also a limitation of our the present analysis. Neverthe-
less a result that can be extracted by our fit is that, in the
explored high intensity regime 27/I" > 1 of our MOT,
the optical pumping during the collision is very likely to
happen for roughly half of the initial colliding pairs. This
means that the “memory” of the initial hyperfine states
in such a collision is very low.

Finally, our model fails to predict the saturation of Fg
with the trap laser intensity, which shows up in the data of
Figure 5b and is confirmed by recent data of reference [6].
This is because the last excitation at Rc ; is not saturated,
at the explored trap laser intensities. Moreover, reference
[28] reports saturation of the rate coefficient as a quite gen-
eral feature of different trap loss processes taking place in
magneto-optical traps. This behavior is described intro-
ducing a non radiative decay process, which is explained
in terms of coupling between optically active and optically
inactive molecular states [28], which should be included in
the present model. A complete theoretical analysis similar
to that in presented in reference [27] would be required
for deriving the saturation.

For what concerns the temperature dependence of the
FSC process, we notice that it can be easily included in
our fit by using a temperature-dependent outer velocity
ve,o(T). We have verified that the present fit does not
change significantly if such dependence is introduced.

All the present calculation of the excited-state poten-
tials, and relative discussion about the adiabaticity of the
crossing has been done for s-wave collisions. On the con-
trary, it has been observed that more partial waves, up
to | ~ 6 contribute to cold collisions in a cesium MOT
[14]. The inclusion of the centrifugal term h2l(I+1)/2mR?
changes the potential curves, and thus the characteristic
of the crossings that have been discussed so far. Never-
theless the magnitude of the changes remain small in the
considered range of interatomic distances (< 1 MHz for
R ~ 500aq), and the main points of the discussion should
not be affected.

6 Conclusion

In conclusion, from the analysis of cesium ground-state
and excited-state long-range potential curves calculated
including the hyperfine structure, we derived a dynamical
evolution providing a possible explanation of the occur-
rence of FSC collisions in a cesium MOT. This scheme,
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which differs from the widely used semiclassical Gallagher-
Pritchard model [24,17] for cold collisions, is strongly de-
pendent on the flux enhancement provoked by the long-
range excitation by the trap laser, leading to HF optical
pumping within a single collision. This model is used to
fit cesium FSC loss data with a restricted number of pa-
rameters.

The description of cold collisions in presence of a laser
field is very different depending if the laser field is either
almost resonant or detuned with respect to the atomic
resonance. This correspond to the two cases in which the
excited (quasi)molecule either does not or does have the
time to complete a single vibration before radiative decay.
We showed that both situations can be present in a MOT
even in presence of the trapping and repumping lasers
alone.

Within the present model some features of our data
are still not reproduced (i.e. saturation at large laser in-
tensity), and the influence of other experimental parame-
ters has not been discussed (i.e. the role of the repump-
ing laser). In this respect, a different and more complete
approach would be necessary, in order to realistically de-
scribe the multichannel long-range excitation and dynam-
ics. Nevertheless, this HF optical pumping effect, which is
peculiar of cold collisions, does play a role in producing
FSC in cesium MOT, and probably also in other alkali
magneto-optical traps, so it needs to be included in a cor-
rect description of cold collisions.

The flux enhancement and the hyperfine optical pump-
ing mechanisms can provide short-range excitation at R
to attractive electronic states other than the 0;. In partic-
ular, excitation of the 0 state, which has demonstrated
to provide an efficient decay rate into ground-state cold
Cso molecules [29], is possible. As shown in reference
[29], a photoassociation laser detuned 18 GHz from res-
onance is very efficient in producing 0, excited molecules,
which subsequently decay also into a®X translationally
cold, ground state molecules, which are observed. As cold
molecules are observed in cesium also under absence of
a specific photoassociation laser, two different formation
mechanisms were proposed: three-body recombination [30]
and photoassociation produced directly by the trapping
and the repumping lasers [29]. The model presented here
can provide a possible dynamical scheme which can ex-
plain the production of Css molecules in a MOT even in
absence of a specific photoassociation laser. As the two
mechanisms yield a different dependence on the experi-
mental parameters (atomic density, laser intensity), spe-
cific experiments are needed to clarify their respective role.
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