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Abstract. This paper reports on an experimental investigation of fine structure changing collisions between
cold and trapped 85Rb atoms. Our previous work [Eur. Phys. J. D 7, 317 (1999)] reported on our assessment
of the contribution of FSC to the total trap loss using photoionization by a cw laser to detect the atomic
fragments in the 5P1/2 state originating from these collisions. The Doppler effect plays an important
role in the detection scheme and had a limiting effect on our previous experiment. To overcome this
problem, we have used a pulsed laser in this work. The signal/noise ratio was improved, allowing us
to measure the intensity and frequency dependence of the loss rate due to FSC. A comparison of our
results with the semiclassic Gallagher-Pritchard model revealed some disagreements, for which we propose
several arguments to attempt to explain these discrepancies. We believe that these results should stimulate
theoretical work on this field.

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

Collisions between cold and trapped atoms have been ex-
tensively studied over the last decade for all alkali atoms
[1–3]. Inelastic cold collisions in the presence of radia-
tion fields may result in hot atoms, which may have suf-
ficient kinetic energy to escape from a magneto-optical
trap (MOT), thus leading to atomic losses. Two main
loss mechanisms are believed to be dominant at a higher
laser intensity: Radiative Escape (RE) and Fine Structure
Changing (FSC) collisions. Both mechanisms involve the
encounter of a ground and an excited state atom. The ra-
diative escape (RE) process begins when two ground state
atoms, interacting through a van der Walls interaction,
(C6/R

6), in the presence of the laser radiation field, absorb
a photon of frequency ω when far apart from each other.
The colliding pair thus formed is promoted to a long range
dipole-dipole attractive potential, (−C3/R

3), asymptoti-
cally correlated to the atomic states 5S1/2 + 5P3/2(1/2).
In this potential, the atoms are accelerated against each
other. Spontaneous decay may occur during this motion
because the collisional time is longer than the excited
state lifetime. The pair emits a photon (ω′) shifted to
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the red of the atomic transition (ω), and the energy dif-
ference ~(ω − ω′) is transferred to kinetic energy which,
in a homonuclear collision, is shared equally between the
two atoms. The main effect of the decay process is ra-
diative heating (RH). If the energy gained is insufficient
for the pair to escape, the dissipative mechanisms of the
trap will be sufficient to cool the heating undergone by
the atoms. On the other hand, if the energy gained is
greater than the trap’s depth, ∼1 K, the atoms will es-
cape from the trap. Fine structure changing (FSC) is a
second channel, which starts like the RE, i.e., the pair
of atoms begin the collision while they are both in the
ground state, absorbing a trapping laser photon, and go
to an excited molecular state asymptotically connected to
the atomic states 5S1/2 +5P3/2. If spontaneous decay does
not occur during the acceleration, the quasimolecule will
survive in the excited molecular state, reaching short in-
ternuclear separations. In this region, non-adiabatic tran-
sitions to another potential correlated, at long range, to
the 5S1/2 + 5P1/2 state may occur through the pseudo-
crossing between the two molecular potential curves. For
most of the alkali, except Li, the energy difference between
the fine levels (nP3/2 and nP1/2) of the nP state trans-
ferred into kinetic form is sufficient to cause the loss of
both the colliding atoms. For Rb, this energy corresponds
to ∆FSC/kB = 342 K.

Early investigations explored the total trap loss rate
by measuring the total collisional loss rates as a function
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of light intensity [4,5] and frequency using the catalysis
technique [6]. One of the main points of interest in in-
elastic cold collisions is the fact that they can limit the
total number of trapped atoms and the atomic density
in a MOT; both parameters play an important role in the
achievement and understanding of the Bose-Einstein Con-
densation [7–9] and in the realization of the photoassocia-
tive spectroscopy of molecular states, which requires high
densities [10–12]. Discriminating between the two domi-
nant loss mechanisms is important because can lead to a
better understanding of the inelastic cold collisions, that
still remain, mainly theoretically, not fully understood.
According to Dashevskaya et al. [13] and Julienne and
Vigué [14], in the case of heavy dimers such as the Rb2

quasimolecule, the FSC loss mechanism is believed to oc-
cur mainly at short internuclear separations in which the
exchange interaction dominates all the others (resonant
dipole-dipole, Coriolis and spin-orbit). In this case, the
main contribution for these loss mechanisms originates in
the transition atR ≈ 10a0, through the radial coupling be-
tween the two attractive states 0+

u (A1Σ+
u ) and 0+

u (b3Πu)
of the Rb2 molecule, both correlated to the dissociation
limit 5S + 5P induced by the spin-orbit interaction. An-
other crossing occurs at long range, between the curves of
the 0+

u (5S1/2 + 5P3/2) state, and the attractive 1u corre-
lated asymptotically to the atomic states 5S1/2 +5P1/2, in
R ≈ 23a0, through the Coriolis interaction. However, the
latter possibility is believed [14] not to contribute signifi-
cantly to FSC losses because the probability of FSC occur-
ring through this long range crossing, which is inversely
proportional to the pair’s reduced mass, is very small for
heavy dimers. It is important, however, for lighter species
such as Li and Na. One can calculate the FSC probabil-
ity using the Landau-Zener formula [15] for non-adiabatic
transition probabilities, PLZ = 2e−A(1− e−A), where the
adiabaticity parameter A = 2πΩ2/hvD gives a measure
of the coupling between the molecular states A1Σ+

u and
b3Πu through the spin-orbit interaction; v is the relative
velocity of the atoms in the quasimolecule and D is the
difference between the slopes of the potential curves, both
evaluated at the crossing point. We used Ω = 81 cm−1

[14], while the other parameters required to evaluate the
FSC probability were obtained from the adiabatic poten-
tial curves for Rb2 [16]. The value of parameter A was de-
termined at 0.248, leading us to obtain PLZ = 0.34, which
is in good agreement with the reference [14] (PLZ = 0.36).

Until quite recently, only a few research groups had
come up with techniques to individually measure RE and
FSC [17–19]. However, much still remains to be done.
Three earlier studies were carried out to directly observe
the FSC process. In the work of Fioretti et al. [19], the
losses in a Cs MOT induced by these collisions were mea-
sured directly by excitation of the atoms through a D2 line
and the detection of the fluorescence yield on the D1 line.
In their experiment with K atoms, Wang and collabora-
tors [20] used-ionization to detect the product of an FSC
collision, measuring the trap loss spectra and also esti-
mating the line broadening caused by the predissociation
of the 1g and 0+

u states. From these investigations they

concluded that the main contribution to the loss process
comes from the 0+

u state. It should be pointed out that ion
detection is more efficient than photon counting, since the
detection efficiency of the former is close to 100% while
the efficiency of the latter is restricted, among others, by
the factor containing the solid angle available to the pho-
tomultiplier. Shaffer and co-workers recently worked out a
fluorescence measurement-based experiment to determine
the FSC contribution to trap-loss in a Cs MOT [19], pro-
viding a comparison with the experiment of Fioretti et al.
[18]. In a previous experiment [17] our group measured the
contribution of FSC to the total trap-loss rate by ioniz-
ing the atomic fragments in the 5P1/2 state. In this sense,
our procedure was similar to the experimental detection
scheme used by Wang [20], the main difference being that
[17] we also obtained the value for the contribution of the
FSC process to the total loss. Ionization was performed by
cw lasers (a combination of a dye laser and a krypton ion
laser) and a rate equations model had to be used to obtain
the fraction of the 5P1/2 state population. This was nec-
essary because the excitation from the 5P1/2 state to the
8S1/2 state could, by spontaneous decay, populate other
levels (7P, 6P and 5P, and by cascade to 7S, 6S, 5S, 5D
and 4D). The Doppler effect also played an important role
in this experiment. The Doppler width of 5P1/2 → 8S1/2

transition is approximately 600 MHz, due to the different
velocities at which the P1/2 fragments come out, and the
narrow cw laser (∆ν ∼ 1 MHz) was only able to interact
with a very narrow velocity class from the distribution,
producing only a few atoms. The result was a very small
signal, due to the reduced production of ions and an inte-
grating technique was necessary to collect all the velocity
class contribution.

In this work, the FSC collisional loss rate was measured
through the ionization of the 5P1/2 atomic fragments
generated in these collisions using a nanosecond pulsed
dye laser. The pulsed laser presents a large linewidth
(∆ν ∼ 6 GHz) and sufficiently high intensity to enable
it to interact with all the atoms from the outgoing ve-
locity distribution. The high intensity of this laser also
overcomes the decay from the 8S1/2 state to other levels,
precluding the need to use rate equations to evaluate the
actual population in the 5P1/2 level. The significant im-
provements introduced by the pulsed laser technique have
enabled us to perform experiments to measure the inten-
sity and frequency dependence of the FSC mechanism.
Our results were compared with previous work and the
possible effects of hyperfine structures were observed.

2 Experimental setup and detection scheme

The experimental set up is schematized in Figure 1. Our
MOT operates in a closed stainless steel vapor cell [21].
The Rb vapor from a reservoir maintained at −20 ◦C ef-
fuses through a valve into the main chamber kept at a
background pressure of 10−10 torr. Three mutually orthog-
onal, retroreflected laser beams from an injection-locked
diode laser tuned to 5 MHz of the red of the atomic
5S1/2(F = 3) → 5P3/2(F ′ = 4) transition intersect at
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Fig. 1. Schematic diagram of
the experimental setup used in
both intensity and catalysis ex-
periments, showing the lasers
used to ionize the atomic frag-
ments generated in the FSC col-
lisions, and the additional catal-
ysis laser. Also are shown the
diode lasers used in the trapping
of Rb atoms.

the center of the quadruple magnetic field generated by a
pair of anti-Helmholtz coils. The magnetic field coils are
located outside the chamber and produce an axial field
gradient of about 10 Gauss/cm near the center. A diode
laser, tuned to the 5S1/2(F = 2)→ 5P3/2(F ′ = 3) transi-
tion, works as a repumper preventing the population from
leaving the main trap-transition. The maximum total trap
intensity was about 50 mW/cm2. This configuration of
static magnetic field and light field, with appropriate laser
polarization, creates an environment that traps and cools
atoms to about 200 µK. The number of trapped atoms is
measured by imaging their fluorescence onto a calibrated
photomultiplier (PMT) and the volume of the cloud can
be derived from images taken with a charge couple device
(CCD) camera. These two values are used to calculate the
atomic density. Under our conditions, the total number of
atoms wasN ∼ 107 atoms and the density was in the order
of 1010 cm−3. A precise measurement of atomic density is
taken for each intensity or detuning.

After the colliding pair in the 5S1/2 + 5P3/2 poten-
tial has been transferred to the 5S1/2 + 5P1/2, it is ex-
cited to the 5S1/2 + 8S1/2 state and subsequently pro-
moted to the continuum by a second similar photon of
the pulsed dye laser (1 mJ/pulse, 4 ns, repetition rate
10 Hz, λ ∼ 607 nm) pumped by the second harmonic
of an Nd:YAG laser (Continuum-Surelite I). The atoms
leaving the trap, due to FSC, exit at a velocity that can
be as high as 130 m/s in every spatial direction. Because
of this spatial spread, the 5P12 → 8S12 transition has a

Doppler width of approximately 600 MHz. Hence, if a cw
dye laser is used (typically 1 MHz linewidth) to excite this
transition, the number of atoms emerging in the P1/2 that
is accessed will be very small owing to the Doppler pro-
file. On the other hand, the use of a pulsed laser with a
large spectral bandwidth ensures that the laser reaches all
the atoms within the velocity distribution. For the second
transition, which ionizes atoms out of 8S1/2, connecting
them to the continuum, the Doppler broadening poses no
problem because of the large power broadening that exists
in this transition. The ions are detected by a channeltron
particle multiplier (CPM) and discriminated by an ion
counter. Indeed, only the atoms in the P1/2 state, which
compose the quasimolecules, are ionized and can be easily
detected and counted.

Three different tests were carried out to ensure that
the detected ions actually originated from atoms in the
5P1/2 state. The first test consisted of a time of flight
(TOF) measurement. Using the 5P1/2 → 8S1/2 transition,
we measured the TOF for Rb+ and Rb+

2 ions. This calibra-
tion procedure allowed us to ensure that the ions detected
in the experiment were atomic rather than molecular. The
second test consisted of verifying the pulsed laser inten-
sity dependence of the ion signal. A quadratic dependence
was observed, suggesting that ionization is a two photon
process consistent with the transitions involved. The last
test consisted of obtaining the spectrum of the ion signal
around the wavelength λ ≈ 607 nm and confirmed that
the ions start at the 5P1/2 → 8S1/2 transition.
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3 Intensity dependence

In contrast to the previous experiment [17], in which our
use of a cw dye laser allowed us to measure the rate at
which atoms were leaving the MOT in the 5P1/2, the anal-
ysis using a pulsed laser is entirely different because most
of the time the probe laser is turned off. Therefore, we did
not measure the production rate of 5P1/2 atoms. We were
only able to obtain an average population for this level
during the periods when the probing laser pulses were
turned on. The population is governed by the following
rate equation:

dNp1/2

dt
=

1
2
βFSCncN − ΓNp1/2 (1)

where βFSC is the contribution of FSC to the total loss, nc

is the atomic density in the sample, N is the total number
of trapped atoms, Np1/2 is the atomic population in the
5P1/2 level and Γ is the spontaneous decay rate out of the
5P1/2. In the steady state situation we have:

Np1/2 =
1

2Γ
βFSCncN. (2)

Through a calibration procedure similar to the one em-
ployed in reference [17], we determined that each laser
pulse ionizes almost 100% of the atoms in the 5P1/2 level.
For an intensity of 35 mW/cm2, we counted 37.0±0.5 ions
for 200 laser pulses. This gave us an average population, in
the 5P1/2 level, of 〈Np1/2〉 = 0.185±0.003 atoms. For these
conditions, together with the measured trap parameters,
we obtain βFSC = (1.78± 0.53)× 10−12 cm3/s. The entire
procedure can be repeated for several trap laser intensities
employed; the intensity dependence of βFSC is shown in
Figure 2, where the error bars are originated from the er-
rors in the volume and total atoms number measurements.
From a qualitative standpoint, this behavior was already
expected since the excited state population increases with
intensity and, therefore, the loss rate β, which involves
a ground state and an excited state atom, increases. To
compare our results with calculations, we employed the
Gallagher-Pritchard (GP) model [22], which has proved
to be reliable in several situations. It is, however, a sim-
ple model which serves only to make comparisons of the
overall behavior, while comparisons of the absolute values
for the loss rate require more sophisticated models. One
can observe, from Figure 2, that the experimental points
decrease much faster as the intensity decreases than pre-
dicted by the GP model (plotted in this figure as a full
solid line), which was scaled in order to be compared with
the experimental results. We believe that this discrepancy
may be due to the fact that the FSC process depends on
the hyperfine level occupied by the ground state atom in-
volved in the collision. Because the intensity of the trap-
ping laser was varied while the repumper intensity was
kept constant (Ir = 30 mW/cm2) in this study, there were
variations in both the excited state population and the rel-
ative distribution of the population in the two hyperfine
ground states. As the intensity of the trapping laser de-
creases, the fraction of population in the hyperfine ground

Fig. 2. Intensity dependence of the FSC loss rate. The GP
theoretical curve is shown as a full line; the improved model
based on the hyperfine ground populations in the 5S1/2(F = 2)
and 5S1/2(F = 3) states is represented by the dashed line. For
both models, the results were scaled in order to be compared
with the experimental data. The inset shows the ratio between
the two hyperfine ground state populations in the 5S1/2(F = 2)
and 5S1/2(F = 3).

state of higher energy (F = 3) also increases because the
strong repumper pumps the atoms from the lower ground
state F = 2 to F = 3. It is known, from theory [16], that
the 5S1/2(F = 2) + 5P3/2 state is more favorable for FSC
than the 5S1/2(F = 3) + 5P3/2 state because the 0+

u po-
tential, which is the most favorable for FSC, is connected
asymptotically to the 5S1/2(F = 2) + 5P3/2 state. This
fact had already been observed in our previous work [17].
Therefore, the loss rate coefficient β, which depends on
the excited state population and on the hyperfine ground
state population in F = 2, is expected to decrease faster
than given in the prediction. In order to improve the GP
model we have considered that it depends on the product
of the excited state population and also the population on
the 5S1/2(F = 2) state. To obtain the population distri-
bution in the hyperfine ground states, we have used a rate
equation model that includes four levels (5S1/2(F = 2),
5S1/2(F = 3), 5P3/2(F = 3) and 5P3/2(F = 4)) and two
laser frequencies, the trapping laser close to the 5S1/2(F =
3) → 5P3/2(F ′ = 4) transition and repumper laser close
to the 5S1/2(F = 2) → 5P3/2(F ′ = 3) transition. In the
inset of Figure 2, we show the ratio between the popu-
lations in the two hyperfine ground states (5S1/2(F = 2)
and 5S1/2(F = 3)). Including the effect of the ground
state population, we found there was a much better agree-
ment between this model (full line) and the experimental
points. The dashed line of Figure 2 represents the im-
proved model.

In terms of absolute value, the present experiment in-
dicates that βFSC ≈ 0.35β, i.e., the contribution of the
FSC mechanism to the total loss in the trap is about
35%. Comparing these with our earlier results for Rb
[17], we find that this value is higher than the previous
one. In this present experiment, the pulsed dye laser used
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to excite the P1/2 fragments has a broad spectral range
(∆ν ∼ 6 GHz). Therefore, not only P1/2 atoms can be
ionized but also molecular states connected asymptoti-
cally to the 5S1/2 +5P1/2 state. This corresponds to excit-
ing atomic pairs at internuclear separations from 200a0 to
2500a0. In this broad range of excitation, not only sepa-
rated atoms near the dissociation limit but also molecules,
which would never produce atoms in the 5P1/2 state, due
to spontaneous decay, become excited and ionized. This
would, in fact, increase the ion count, resulting in a larger
contribution of FSC to total loss when compared with the
cw excitation. Based on these arguments, we shall state
that βFSC ≈ 0.35β is believed to be closer to reality than
our previous work.

4 Frequency dependence: catalysis results

The traditional catalysis experiments [6] use an additional
laser to introduce losses in the cold atomic sample. The
frequency and intensity of this laser are simultaneously
varied in order to obtain the frequency dependence of β,
which is achieved by keeping the additional loss constant.
Had we followed this procedure for our pulsed probe ex-
periment, we would have had to keep the number of
ions/pulse constant. However, this would have meant that,
for each frequency, we would have had to accumulate data
for a long period until we had adjusted the intensity to
keep the number of ions/pulse constant. Because it in-
troduces excessively intense fluctuations, this procedure
produces gross errors in the measurement. This proce-
dure is similar to the one described in reference [6]. To
avoid these errors, we kept the catalysis laser intensity
(Ic = 4.4 mW/cm2) constant and scanned its frequency
within the interval of −1200 MHz ≤ ∆ ≤ −50 MHz from
the 5S1/2(F = 3) → 5P3/2(F ′ = 4) transition, measuring
the additional ion production. The number of ions/pulses
shows a linear dependence on the intensity of the catalysis
laser. Now, in the presence of the catalysis laser, the pop-
ulation in the 5P1/2 level (N ′p1/2

) is related to the losses
through equation [23]:

N ′p1/2
=

1
2Γ

(βFSC + βc
FSC)n′cN

′ (3)

where n′c, N
′, and N ′p1/2

are, respectively, the atomic den-
sity, total number of trapped atoms and the population
in the 5P1/2 state in the presence of the catalysis laser.
βc

FSC is the loss rate due to FSC introduced by the catal-
ysis laser. Using the result of equation (2), the additional
losses introduced by the catalysis laser to FSC (βc

FSC) is
given by:

βc
FSC = 2Γ

(
N ′p1/2

n′cN
′ −

Np1/2

ncN

)
(4)

where nc, N , and Np1/2 are, respectively, the atomic den-
sity, the total number of trapped atoms and the popula-
tion in the 5P1/2 in the absence of catalysis. Extracting

Fig. 3. Additional trap loss rate due to FSC introduced by the
catalysis laser, βc

FSC, as a function of catalysis laser detuning,
operating below the transition 5S1/2(F = 3)→ 5P3/2(F ′ = 4);
in the frequency range of −1200 MHz ≤ ∆c ≤ −50 MHz. The
full line represents the theoretical prediction.

βc
FSC from the experimental results, we obtained the re-

sults shown in Figure 3. For ∆ = −50 MHz of the cataly-
sis laser, we observed that βc

FSC is about the same order
of βFSC. It should be pointed out that large fluctuations
were observed between −300 MHz and −150 MHz simi-
lar to those originally observed by Walker and co-workers
[6]. Applying the GP model with frequency variation, we
observed a strong disagreement, mainly in small detun-
ings, between the model (full line) and the experimental
result, which is ascribed to the simplicity of the model.
The main assumption, in the model, is that losses oc-
cur through a single channel represented by one attrac-
tive potential curve in the form of −C3/R

3, where C3 is
a mean value. In our calculations we used C3 = 18.4 a.u.,
from the results of Marinescu [24]. In fact, there are many
curves with different C3 coefficients in the small detun-
ing region, which are caused by hyperfine interaction [25,
26]. The spectrum of Figure 3 presents two minima, one
at −300 MHz and the other at −150 MHz. This region
is very complex, presenting several potential crossings in-
cluding hyperfine repulsive states. We believe that, in this
region, the catalysis laser is exciting the atomic collid-
ing pair either to a repulsive hyperfine potential or to a
pure long-range state [27,28]. In both these possibilities,
the number of pairs that undergo FSC decrease, possi-
bly causing the deep dips in the spectrum of βc

FSC. In the
large detuning region the model and experimental results
agree well. An overall important observation is that the
frequency dependence of the FSC process shows a com-
pletely different behavior when compared with the total
loss, which has already been reported in the literature.
We observed peculiar oscillations in βc

FSC which are not
present in the total trap loss rate. This may suggest that
the hyperfine interaction plays an important role in this
loss process. Nevertheless, the understanding of its influ-
ence is a complex task to be carried out experimentally
and theoretically.
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5 Conclusions

In this work we took direct measurements of the contri-
bution to the loss rate of trapped atoms in an 85Rb MOT
induced by the FSC collisional process. The technique in-
volves ionization, by a pulsed laser, of the atomic frag-
ments generated in these collisions. The trapping laser
intensity and frequency dependence of the FSC process
were studied. In the case of intensity dependence, we found
evidence that the FSC process depends on both the ex-
cited state and the hyperfine ground state population. In
the catalysis type experiment, we observed the manifes-
tation of the hyperfine interaction on the excited states.
We concluded that repulsive and pure long-range states
may play an important role in the frequency dependence
of the FSC process. Our current laboratory investigations
of fluctuation may lead to a better understanding of this
phenomenon. We trust our findings will stimulate the de-
velopment of theories capable of dealing with the com-
plexity of the molecular hyperfine structure.
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