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Trap loss in a rubidium crossed dipole trap by short-range photoassociation
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Significant two-body losses are observed in an ultracold gas of 3Rb or 8’Rb atoms in a crossed dipole trap
implemented with a broadband laser with a wavelength around 1071 nm. Using available spectroscopic data on
the excited states of Rb,, as well as accurate computed transition dipole moment functions, we interpret these
losses as due to photoassociation of deeply bound levels of the 0} coupled states by the trapping laser, followed
by spontaneous emission down to bound levels of the Rb, ground state thus forming ultracold molecules. The
observed ratio of 3.3 between the loss rates of $’Rb and ®Rb is well reproduced by the theoretical model.
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I. INTRODUCTION

Ultracold molecules have attracted special attention in
recent years because they are expected to have a significant
impact on different research fields, such as Bose-Einstein
condensation, ultracold chemistry, quantum information, and
precision metrology [1-6]. However, the production of such
molecules, at temperatures below 1 mK, is still challenging,
mainly because it requires several steps. The first step is to
obtain a large and dense sample of cold trapped atoms. The
second step involves most often the formation of molecules
in a weakly bound rovibrational level of the ground-state
manifold, which can be accomplished by performing either
the photoassociation process or Feshbach resonance, or a
combination of both [1-6]. At the end of this step, the
molecular sample can be either in a thermal regime [7-11] ora
quantum regime [12,13]. The final step is the preparation of the
sample in a single vibrational state, which can be done either
by stimulated Raman adiabatic passage (STIRAP) [12,13] or
optical pumping [14].

An optical dipole trap can be a valuable tool for the
molecule formation process for several reasons: (i) It allows the
production of dense atomic samples, from which the molecules
are formed; (ii) the trapping mechanism does not depend
on molecular or atomic levels, nor does it interfere with the
production of the molecule or its vibrational state preparation;
and finally (iii) it is able to confine molecules, allowing studies
involving atom-molecule and molecule-molecule collisions.
Nowadays, high-power fiber lasers around 1060 nm are a
reliable and inexpensive tool for such studies. Although
its wavelength is far away from the D2 line of alkaline
atoms (such as K, Rb, and Cs), it could in principle access
excited molecular levels at short range. Such a short-range
photoassociation process has already been observed in the
formation of cold RbCs molecules in a magneto-optical trap
[15]. In an optical dipole trap, Sofikitis and co-workers [16]
were the first to point out that such a process could happen
due to a 1060 nm dipole trap laser in a Cs sample. Lauber and
co-workers [17] have partially investigated the same process
in a broadband optical dipole trap for a Rb sample.

In this paper, we study the time evolution of ®Rb and
87Rb atoms trapped in a crossed optical dipole trap created by
a broadband 1071 nm fiber laser. The decay curve for both
isotopes presents a nonexponential behavior, which suggests
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the existence of density-dependent losses. We have ruled
out thermalization, the three-body recombination process,
and hyperfine changing collision as possible explanations
for such losses. A theoretical model based on short-range
photoassociation due to the broadband laser at 1071 nm was
implemented, which considers the singlet electronic ground-
state potential X 12; and the excited potentials b>TT, and

A 'S+, The theoretical model is able to reproduce the isotope
difference observed in the experiment, and it also predicts
that molecules should be formed in electronic ground-state
potential X IE; Investigation of such ultracold molecules is
underway.

II. EXPERIMENTAL SETUP

Our magneto-optical trap (MOT) operates in a stainless
chamber with a background pressure below 10~'° torr, and it
is loaded from a Zeeman-slowed atomic beam. The chamber
design is very similar to that in Ref. [18]. In our setup, we
can cool and trap either 3°Rb or 8Rb atoms. We start from
a standard MOT, which traps about 10® atoms at an atomic
density of 2 x 10'® cm™3. For ®Rb, the trapping laser beam
was tuned to the red of the 581 /2(F = 3) — SP3p(F' =4)
atomic transition and the repumping laser beam was tuned
to the 581 ,,(F = 2) — 5P3;(F' = 3) atomic transition. For
87Rb, the trapping laser beam was tuned to the red of
the 58 /2(F =2) — 5P3,2(F' = 3) line and the repumping
laser beam was tuned to the 58| ,,(F = 1) = 5P3(F' =2)
atomic transition. At the MOT conditions, independently of
the chosen isotope, the trapping laser intensity per arm was
Ir =8 mW/cm? and detuning was Ay ~ —3.4T", where
I' =27 x 5.9 MHz; the repumping laser intensity per arm was
Iz ~ 1.6 mW/cm? and with a detuning Ay = 0. The optical
dipole trap is provided by a randomly polarized broadband
fiber laser at 1071 nm (IPG Photonics model YLR-40-1070,
full width at half-maximum of 1.5 nm), which is focused
into the MOT volume with a waist of 125 4+ 15 um at
an available power of 25 W at 1071 nm (single beam peak
intensity ~103 kW /cm?, corresponding to a maximum total
trap depth of ~150 uK). The same laser beam was recycled
to create the crossed trapping region. The laser beam waist
was obtained by measuring the axial (w,x /27 = 0.6 = 0.2 Hz)
and radial (wyq/27 = 210 £ 40 Hz) oscillation frequencies in
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FIG. 1. Experimental time sequence. The dipole trap phase maybe varied from O up to 4 s.

each independent single beam dipole trap [19]. The experiment
runs according to the following time sequence (shown in
Fig. 1): (i) a MOT loading phase, whose duration is about 8 s,
consisting of both trapping and repumping laser beams at the
initial MOT conditions. The optical dipole trap remains off. (ii)
An optical dipole trap loading phase, whose duration is 50 ms.
In this phase, the dipole trap beam is turned on and the intensity
and frequency of the trapping and repumping lasers are varied
to loading conditions (I7 = 1.6 mW/cm? Ay ~ —6I", Iz ~
60 uW/cmZ, and Ar = 0). (iii) In the sequence, there is an
optical pumping phase, in which the magnetic field gradient is
turned off in 100 us, and a delay time of 300 us between the
turning off of the trapping and repumping laser beams allows
us to optically pump the atoms to different hyperfine levels
of the atomic ground state. If the trapping laser is turned off
before the repumping laser, the atomic sample will be pumped
to the F = 2 hyperfine ground state for 8Rb (or the F =3
hyperfine ground state for 8Rb). If the repumping laser is
turned off before the trapping laser, the atomic sample will be
pumped to the F = 1 hyperfine ground state for 8’Rb (or the
F = 2 hyperfine ground state for 85Rb). (iv) Finally, there is
the dipole trap phase, in which a pure atomic sample is held
in the dipole trap in a specific hyperfine ground state, however
it is not polarized. The residual magnetic field at this phase is
less than 0.1 G. To characterize the purity of the sample, we
have turned off the dipole trap and applied a state-selective
absorption imaging technique, which relies on two absorption
images: (i) In the first image, the imaging laser beam is on the
cycling transition 55 »(F = 3) — 5P;»(F' = 4) for Rb [or
5812(F =2) = 5P3pp(F' = 3) for 87Rb] without additional
repumping light. Therefore, only atoms in the higher hyperfine
ground state are able to absorb such light, which allows us to
obtain the population in such a state (F = 3 for Rbor F = 2
for 3’Rb). (ii) In the sequence, we repeat this measurement
with repumping light, which allows us to obtain the total
number of trapped atoms and therefore the purity of the

sample. According to our measurements, the purity of the
sample is larger than 99%. By varying the holding time in
the dipole trap, we are able to obtain the time evolution of
the atomic population using absorption imaging. At the initial
typical conditions, we have about (3.0 4 0.3) x 10° trapped
atoms at a density of (4.0 & 1.2) x 10'> cm™3. The sample’s
temperature was obtained by ballistic expansion using the
absorption imaging technique.

III. EXPERIMENTAL RESULTS

Figure 2 shows the experimental results for the time evolu-
tion of the atom number in the dipole trap (N) for both isotopes
prepared in the lower hyperfine ground state, F = 1 for ’Rb
and F = 2 for 33Rb, respectively. Each experimental point is an
average of five independent measurements, and presents a 7%
error bar due to the variance of all measurements. In the inset
of Fig. 2, we show the measured temperature as a function
of trapping time, which we found to be time-independent
and around 30 + 10 K. Clearly, the atomic population
decay curves cannot be fitted by a single exponential decay,
suggesting that density-dependent losses do occur in our
sample. Since the atoms are in the lower hyperfine ground state,
we shall consider first the three-body recombination process
as a possible explanation. However, we have estimated its
contribution to the atom loss rate as 10° and 10° atoms/s at#=0
(highest density) for 3 Rb and 8’Rb, respectively [20-22]. Such
an estimation cannot account for the measured atom loss rate
of about 2 x 107 atoms/s for both isotopes, and therefore the
three-body recombination process can be ruled out. Another
possibility is thermalization in the dipole trap [23]; however,
we have estimated its contribution to be less than 10° atoms/s
at t = 0 (highest density) for either isotope [24]. Besides, the
sample’s temperature should decrease, which is not observed
in our experiment. In a recent work by Lauber and co-workers
[17], the authors associated part of such losses to a hyperfine
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FIG. 2. Atom number in the dipole trap N for ®’Rb (circles) and
85Rb (squares). The points are experimental results and the lines
are a fitting using Eq. (3). Each experimental point is an average
of five independent measurements, and presents a 7% error bar due
to their variance. The inset shows the measured temperature as a
function of trapping time, which is time-independent and around
30 £ 10 uK.

changing collision in the ground state. According to them, the
broad linewidth of the dipole trap laser was responsible for
pumping atoms to the upper hyperfine ground state, leading to
collisions and losses. We tried to observe such optical pumping
in our system by using state-selective absorption imaging;
however, the population in the upper hyperfine ground state
was always below 1% at any time for both isotopes when the
sample was prepared in the lower hyperfine ground state. This
observation leads us to believe that we are observing collisions
only between lower hyperfine ground-state atoms. For this
reason, we have described the evolution of the atom population
in the dipole trap using a two-body loss rate equation for the
atomic density n:

dn 2
T pn”, ey
where y is due to background losses involving collisions
between hot and cold atoms, and B is due to collisions
between cold atoms. From our absorption images, we have
observed that our atomic density has a Gaussian spatial profile,
which can be given by n(r) = ngexp(—x2/2w? — y*/2w? —
22 /2w12), where w and w, are the sample waists parallel and
perpendicular to the dipole trap plane. Such an effect is due
to the anisotropy of the potential of a crossed dipole trap [19].
Therefore, if we integrate Eq. (1) over the entire atomic sample,
the time evolution of N is given by

dN B

- =—yN—- —— N2, 2
dr v 83 2wlw, &
the solution of which is
N()eiyt
N(@) = 3)

1+ (i ) 0= e
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TABLE 1. Experimental two-body loss rate obtained for all
hyperfine levels of the atomic ground state of both isotopes trapped
in the 1071 nm dipole trap.

Atomic state n (102 cm™3) B (1072 cm?/s)

85Rb

F=2 40+1.2 32+09
F=3 53+£1.2 52+£1.5
87Rb

F=1 40+1.2 10.6 £3.2
F=2 40+1.2 12+4

where Ny is the number of atoms at r = 0. By fitting the
experimental decay curves, using Eq. (3), we have obtained all
the free parameters for all the hyperfine levels of the atomic
ground state of both isotopes. From the absorption images,
we have also obtained w =52+ 5 um (w, =36+4 um)
for ¥Rb and w =62+ 5 um (w, =45+ 5 um) for *Rb,
respectively. In Table I, we present the experimental two-body
loss rates for all hyperfine levels of the atomic ground state.

From Table I, we can notice that the difference between
the lower and the upper hyperfine ground-state loss rate
for both isotopes is about 10~'> c¢cm?/s. Although such a
difference is on the order of our error bar, we believe that
it might be associated with a hyperfine change collision taking
place in the upper hyperfine ground state, since the purity
of the sample is about 99%. Unfortunately, all the hyperfine
changing collision measurements for Rb were performed in
a MOT, where resonant light is known to play an important
role [25]. Nevertheless, the theory presented in this work [25]
predicts a loss rate due to hyperfine change collisions around
107'2 cm? /s for Rb occurring in the absence of resonant light
at 30 uK temperature. The same theory was applied for Cs and
it was in good agreement with experimental results obtained
in a CO, dipole trap [26], which gives us a fair amount of
confidence in our comparison. Such an observation also rules
out a hyperfine changing collision due to broadband optical
pumping as responsible for the observed losses in the lower
hyperfine ground state.

We were puzzled by the absence of optical pumping to
the upper hyperfine ground state in our setup. Therefore, we
decided to increase the intensity of the 1071 nm light by
decreasing the waist of the dipole laser beam and increasing the
available total power. For the new conditions, we had a waist of
65 pum at an available power of 40 W at 1071 nm (single beam
peak intensity ~600 kW /cm?, corresponding to a maximum
total trap depth of ~880 wK). Under such conditions, we
were able to observe the optical pumping for both isotopes.
Figure 3(a) shows the fraction of atoms in the upper hyperfine
ground state (Fyy) for both isotopes as a function of trapping
time. We have observed similar population transfer to that in
Ref. [17] due to optical pumping, however at a light intensity
that is two times larger. The main difference between both
setups is the 1070 nm laser. Our crossed dipole trap has a
random polarization, and both dipole laser beams have the
same frequency and a smaller bandwidth. Another important
observation is that the optical pumping for #Rb is about three
times smaller than for 3’Rb. The reason for such a difference
is unknown, but this is beyond the scope of this work.
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FIG. 3. (a) Fraction of atoms in the upper hyperfine ground
state (F,,) as a function of trapping time for both isotopes for a
600 KW /cm? peak intensity at 1071 nm. (b) Atomic temperature as
a function of trapping time.

The atomic temperature as a function of trapping time was
also measured at this new configuration [Fig. 3(b)], and it was
found to be around 35 + 10 ©K, independent of trapping time.
This result is consistent with the fact that hyperfine changing
collisions are not important in our experiment. Because the
hyperfine splitting of the Rb ground state exceeds by far the
depth of the trapping potential, it causes the two inelastically
colliding atoms to be lost from the trap. So, if such a process
was playing a major role, we would observe a temperature
increase as the trapping time increases, as was observed for
Cs [26]. Therefore, we believe such a collision process can be
ruled out in our experiment.

IV. PA AND COLD MOLECULE FORMATION WITH
THE TRAPPING BROADBAND LASER

To explain the observed collisional losses, we have con-
sidered a theoretical model based on photoassociation (PA)
due to the trapping broadband laser at 1071 nm. The proposed
processes are schematized in Fig. 4. A pair of colliding cold
atoms in the X IE; ground state [27] is photoassociated
by the 1071 nm trapping laser into vibrational levels of the
coupled A'Z*F and b°T1, electronic states interacting via
diagonal and off-diagonal R-dependent spin-orbit interaction
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FIG. 4. (Color online) Scheme of the proposed cold molecule
formation process. (a) Relevant potential curves taken from the
experimental determinations of Ref. [27] for the X '2; ground state,
and from Ref. [28] for the A!X; and b°I1, states. The 8"Rb, 0
bound level v = 137 presumably reached by PA with the 1070 nm
laser is indicated. Downward arrows suggest the Franck-Condon
points for which spontaneous emission (SE) down to the X state
is expected to be favored. (b) The diagonal (red dashed line) and
off-diagonal (black full line) spin-orbit couplings (SOC) between
the A and b states as determined in Ref. [28], with their respective
atomic limit indicated by the (d) and (od) labels. (c) Transition dipole
moment (TDM) between the A and X state, reported in Ref. [29].

[Fig. 4(b)], giving rise to a pair of 0} coupled states (in
Hund’s case, ¢) [28]. The a 3 ¥ ground state is not considered
here because there is no dipole-allowed transition to the A/b
excited states. The strength of the transition is controlled
by the transition dipole moment Dx4 between the X and
A states [Fig. 4(c)] [29]. To perform reliable calculations
of both continuum and bound-state wave functions, we
extrapolated the A and b potential curves at large distances

TABLEIL Properties of the 0} vibrational levels v’ excited by the trapping laser for both isotopologues, recomputed from the supplementary

—1

material of Ref. [28]: the binding energy E,/ (in cm

, relative to the 55 + 5 P asymptote), the transition energy (in cm™!, relative to the 55 + 55

asymptote), the rotational constant B,, (in cm™!), the fraction (normalized to 1) of their wave function on the b and A electronic states, the
excitation wavelength, and the value of the squared TDM (in arbitrary units) with the initial colliding state at 30 uwK. The energy difference

between the 55 + 55 and the 55 + 5P asymptotes is 12 737.34 cm™!.

v E, T, B, b component A component Ay (TDM)?
85Rb, 135 —3416.4 9320.9 0.01828 0.7587 0.2412

136 —3396.4 9340.9 0.01494 0.1257 0.8742 1070.55 nm 0.1876 x 107°
87Rb, 137 —3411.8 9325.5 0.01804 0.0989 0.9011 1072.33 nm 0.1020 x 107>

138 —3385.5 9351.8 0.0145 0.7939 0.2061
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FIG. 5. (Color online) (a) Radial wave function of a colliding
$5Rb atom pair at €/ kp= 30 12K in the ground-state potential X '3}
(b) Blow-up of the wave function in (a) at short internuclear distances.
(c) Radial components on the A'X; (full black line) and b311,
(dashed red line) electronic states of the wave function of the
vibrational level v/ = 136 of the 0] coupled states.

with a C,,/R™ expansion (m = 3,6) with the asymptotic
coefficients C,, taken from Ref. [30]. The radial wave functions
are evaluated using the mapped Fourier grid Hamiltonian
method (see Refs. [31,32] for details), which has been proven
to be very convenient in the case of coupled electronic
states.

Due to the large bandwidth (17 cm™'), two vibrational
levels V" of the O coupled states can be excited for each
isotopologue 3°Rb, and 8’Rb, (Table II). Note that the label
V' refers to the numbering of vibrational levels of the coupled
OMJr states, and not of the individual A or b states. In each case,
one level with a predominant component on the A state can be
populated, and an example of the related radial wave function
is displayed in Fig. 5 for Rb,. The rates for the PA transition
and for the spontaneous emission are determined by the
squared transition dipole moments |(X ;elDXA|OM+(A);v’)|2
and [(X;v"|Dxal0F(A); V')|?, respectively. In these expres-
sions, |X;€), |0} v'), and | X; v”) are the radial wave functions
for the initial colliding state with temperature € /kg = 30 uK
for the A component of the populated 0;f level 1/, and for levels
v of the X state. Results for Rb, are displayed in Fig. 6,
and a similar pattern is obtained for 87Rb,. In both cases,
we considered the level which has the dominant A character,
namely v’ = 136 and 137 for Rb, and 8’Rb,, respectively.
These levels are not the most efficient for the PA transition,
but they are predicted to decay almost entirely (>95%) into
bound levels of the X state, thus yielding ultracold ground-state
molecules in a broad range of vibrational levels above v’ ~ 20
[see Fig. 6(b)].

The computation of PA rates can be performed using the
perturbative theory developed in Ref. [33] yielding a rate
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FIG. 6. Squared transition dipole moment (TDM) of the transi-
tions relevant to this work for 3°Rb: (a) Between the ground-state
scattering wave function at 30 uK of Fig. 5(a) and the A'Z;
component of the bound vibrational wave functions of the 07 coupled
states; (b) between the 0 (V' = 136) wave function of Fig. 5(c) and
the wave functions of the X ‘Eg* vibrational levels.

proportional to the squared TDM and to the laser intensity
available for the absorption. The determination of the relevant
laser intensity is tedious in the present case due to the large
power and broad width of the trapping laser. Its intensity
density is assumed with a Gaussian shape according to /(1) =
Toexp[—(X — kc)2/AA2], where Iy = 0.102 MW/cm2 nm,
Ae = 1071.3 nm, and AA = 1.096 nm. We should point out
that the total intensity considered here is the contribution
of both dipole trap beams. Considering that the levels with
dominant A character above are responsible for the loss signal,
we can estimate the ratio of the corresponding PA rates
Rpa between the two isotopologues from the data reported
in Table II and by picking the laser intensity /(i) at the
wavelength appropriate for the considered levels. We thus
obtain that Rpa(*’Rb; v’ = 137)/Rpa(®¥Rb; 1" = 136) = 4.1,
in reasonable agreement with the observed value of 3.3. This
measured ratio thus reflects the difference between the TDM
of the photoassociated levels, weighted by the available laser
intensity /(}) at their excitation wavelength.

V. CONCLUSION

In conclusion, we have measured the time evolution of
85Rb and ¥Rb atoms trapped in a crossed optical dipole trap
created by a broadband 1071 nm fiber laser. The decay curve
for both isotopes presents a nonexponential behavior, which
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suggests the existence of density-dependent losses. We have
ruled out the three-body recombination process and hyperfine
changing collision as possible explanations for such losses.
A theoretical model based on photoassociation due to the
broadband laser at 1071 nm was implemented, which considers
the singlet electronic ground-state potential X IE; and the
b3M, and A} excited potentials. The agreement between
the theoretical model and the experimental results is excellent.

PHYSICAL REVIEW A 87, 053404 (2013)

The model also predicts that molecules should be formed in
the electronic ground-state potential X IZZ{. Investigation of
such molecules is underway.
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