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We report on photoassociation of cold 87Rb atoms providing the spectroscopy of �5s1/2+5p1/2�0u
+ long-range

molecular states, in the energy range of �−12.5, −0.7 cm−1� below the dissociation limit. A Lu-Fano approach
coupled to the LeRoy-Bernstein formula is used to analyze the data. The Lu-Fano graph exhibits the coupling
of the molecular series with the �5s1/2+5p3/2�0u

+ one, which is due to spin effects in the molecule. A two-
channel model involving an improved LeRoy-Bernstein formula allows us to characterize the molecular series,
to localize �5s1/2+5p3/2�0u

+ levels, to evaluate the coupling, and to predict the energy and width of the first
predissociated level of �5s1/2+5p3/2�0u

+ series. An experimental spectrum confirms the prediction.
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I. INTRODUCTION

The photoassociation �PA� of cold atoms, which was pro-
posed in 1987 �1� and demonstrated in 1993 �2�, has become
one of the more precise techniques for spectroscopy of long-
range molecular states �3�. Especially for the alkali-metal
dimers, this technique has been fruitful for the molecular
states belonging to series that converge to the first s+ p dis-
sociation limits, i.e., s1/2+ p1/2 and s1/2+ p3/2, if the spin-orbit
interaction of the atom is taken into account. PA spectros-
copy provides data concerning the energy levels and the pho-
toassociation rate. Consequently these measurements can be
connected to properties of the fundamental molecular poten-
tial. All these data are very important for studies of cold
molecules, of atom-atom collisions, of atom-molecule colli-
sions, etc. The energy positions of the bound states are es-
sential data for the determination of the molecular param-
eters and therefore for the molecular curves.

The quantitative analysis of the energy positions of long-
range molecular states are often done by fitting procedures
using, for example, the LeRoy-Bernstein formula or the
Rydberg-Klein-Rees method coupled to numerical computa-
tions. Such approaches lead to a correct determination of the
asymptotic form of the potential, in particular a determina-
tion of the coefficients of the multipolar expansion. Further-
more, the use of the LeRoy-Bernstein formula �4� can be
quantitatively completed by introducing the Lu-Fano graph
method �5�. Such an approach has been applied to the long-
range �5s1/2+5p1/2�0g

− states of 87Rb2 �6�. In that case, which
can be described by a one-channel model, an improved
LeRoy-Bernstein formula �7,6� including an additional linear
energy term is well adapted for a quantitative analysis. The
origin of the additional term is in the short-range effects,
namely, the repulsive barrier and the potential well.

In this paper, we present experimental results obtained for
the long-range �5s1/2+5p1/2�0u

+ molecular states of 87Rb2 by
using a trap loss PA spectroscopy technique. Then, we exam-
ine the data by using an approach involving both the LeRoy-
Bernstein formula and the Lu-Fano graph. Due to spin-orbit

and spin-spin interactions the �5s1/2+5p1/2�0u
+ molecular

curve is coupled to the �5s1/2+5p3/2�0u
+ one. The problem can

thus be viewed as a two-channel problem. In a similar way to
that used for Rydberg atom spectroscopy, we apply the Lu-
Fano method to the molecular data. We show that the Lu-
Fano graph exhibits the coupling effect. A two-series model
including an improved LeRoy-Bernstein formula is then ap-
plied to characterize the series and to evaluate the coupling
and the wave-function mixing. Furthermore, the location and
width of the first predissociated level of the �5s1/2+5p3/2�0u

+

series are predicted. An experimental spectrum gives a con-
firmation of the predictions.

II. EXPERIMENT

The experiment is performed on 87Rb atoms, trapped in a
magneto-optical trap �MOT�. The PA is realized with a tun-
able titanium-sapphire laser �Coherent MBR 110 system� red
detuned from the D1 line at 795 nm. The PA process is ana-
lyzed by using the trap loss spectroscopy technique �8�. It
consists of recording the trap fluorescence �proportional to
the atom number� while the PA laser is frequency scanned. If
the laser wavelength is resonant with a molecular state, the
PA creates long-range excited molecules. These excited mol-
ecules, having a very short lifetime, rapidly decay either to
molecules in a vibrational state of the ground-state molecular
curve or to fast free atoms. In both cases, the produced spe-
cies cannot be trapped in the MOT and an atom loss is ob-
served.

Details about the setup can be found in �6�. Details about
the MOT realization are given in �9,10�. For this experiment
the parameters are the following: a background Rb pressure
in the 10−9 mbar range, a quadrupolar magnetic gradient of
14 G/cm, a few milliwatts per trapping laser beam �8 mm
diameter�, a trapping laser detuning of the 5s1/2F=2
→5p3/2F�=3 rubidium line of −2� �� being the natural line-
width of 5p3/2F�=3 level, � /2�=5.89 MHz�. Clouds of
�107 atoms with a �0.5 mm radius and 30 �K temperature
are obtained.

The PA spectrum is obtained by scanning the PA laser
wavelength and by simultaneously recording the cloud fluo-*Email address: laurence.pruvost@lac.u-psud.fr
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rescence, which is proportional to the atom number in the
trap. About 500 mW of laser light with a 1 mm diameter,
slightly larger than the MOT size, is applied to the MOT. The
wavelength measurement is done using a wavemeter �Bur-
leigh WA 1100� with an accuracy of 500 MHz
��0.017 cm−1�. The fluorescence, collected onto a photodi-
ode and amplified, is averaged and stored in a computer with
a repetition rate of �4 Hz. Typically, the PA laser scans
range 1 cm−1 during 600 s. Manual tunings are required to
cover a wide range.

The molecular levels near the 5p1/2 limit have been ex-
plored. The PA spectrum �Fig. 1� exhibits vibrational pro-
gressions corresponding to the 1g, 0u

+, and 0g
− molecular

states. The 0u
+ levels have been identified in the energy range

−12.5 to −0.7 cm−1, the energy being referenced relative to
the molecular dissociation limit 87Rb�5s1/2�+ 87Rb�5p1/2�.
The measured energy positions are reported in Table II
below.

III. DESCRIPTION USING A LONG-RANGE POTENTIAL

A. Molecular potential

Because the spin-orbit interaction in the atom is larger
than the binding energy of the long-range molecule, we de-
scribe the dimer on the basis of Hund’s case �c�. In this basis,
for large values of the internuclear distance R, the molecular
potentials can be expanded using a multipolar development.
Considering only the two first terms of the development, the
long-range potential curve V1�R� converging to the �5s1/2

+5p1/2� dissociation limit is given by

V1�R� = − c3/R3 − c6/R6 �1�

where cn �n=3,6� are coefficients related to atomic matrix
elements as defined in �7�. Table I gives the expressions and
values of the cn coefficients in the nonrelativistic case. In the
asymptotic range, as considered in this paper, the second
term of V1�R� is negligible. Table I indicates also the values
R1/100 of the internuclear distance and the associated binding
energy �1/100 obtained for the second term smaller than the
first term by a 1/100 factor.

A more elaborate description of the molecule leads one to
take into account other interactions. First, one has to add the
spin-orbit interaction in the molecule, the spin-spin interac-
tion, and weaker terms such as hyperfine effects. The spin-
orbit interaction in the molecule includes the atomic fine

structure which is already considered in Hund’s case �c�, and
the interaction between the spin and the “other” orbit around
the second atom of the dimer �13�. In alkali-metal dimers,
this term can be of the same order of magnitude as the spin-
spin interaction �14,15�. These two terms, which we denote
“spin effects in the molecule,” introduce a coupling between
V1�R� and the potential curve V2�R� converging to the
higher-energy dissociation limit �5s1/2+5p3/2�. According to
other studies �14,15�, the coupling is large for short internu-
clear distances. For a long-range molecule, the coupling is
more weakly energy dependent. This remark will allow us to
consider it as a constant over the studied energy range.

B. The LeRoy-Bernstein formula

In the case of an asymptotic attractive molecular potential
written as V�R�=D−cn /Rn, with n�2, with R the internu-
clear distance, D the dissociation limit, and cn the multipole
expansion coefficient, it has been demonstrated �4� that the
binding energy �v of a vibrational level labeled v is given by

�v = �n�vD − v�2n/�n−2� �2�

with vD a noninteger number, and �n an energy constant
related to cn and the reduced mass �. The expression for �n is
�n=Hn

2n/�n−2� where the usual Hn coefficient is given by Hn
−1

=
�2�
��

cn
1/n

��n−2�

��1/2+1/n�

��1+1/n� , � being the Gamma function.

In the usual analysis, the LeRoy-Bernstein formula is
used to fit the energy positions. Such a procedure provides
values for vD and �n. If the dissociation limit is not perfectly
known, a shift of the energy is introduced as an additional
fitting parameter. Such an analysis is particularly adapted for
long-range states and for a one-channel problem.

Nevertheless, even for large R values, it is rare that one
molecular curve can be treated completely independently of
the neighboring potentials, belonging to the molecular dia-
gram. In the studied example, due to spin effects in the mol-
ecule, V1�R� is coupled to the potential of the �ns1/2+np3/2�
series. Therefore, due to the couplings, the �v values given
by the LeRoy-Bernstein formula are slightly changed. A pre-
cise analysis of these changes requires one to obtain infor-
mation about the coupling and about the states belonging to
the neighboring potential. Often, it is quite difficult to evalu-
ate the coupling, because the energy measured in an experi-
ment via the binding energy is dominated by the long-range
potential value.

FIG. 1. Trap loss �shown as a positive signal� in the PA spec-
trum of 87Rb near the dissociation limit, versus the energy, using a
�1/6 scale. Squares indicate the location of 0u

+ resonances.

TABLE I. Long-range potential: the cn parameters in the two
first terms of the multipolar development in the nonrelativistic case;
values of R1/100 and �1/100, obtained for the second term smaller
than the first term by a 1/100 factor.

V1�R� Expression Value

First term c3= 4
3C3 11.932 a .u. �11�

Second term c6=
2C6

�+C6
�

3 +
4C3

2

27A
2.64	104 a .u. �12�

R1/100 60.5 a .u.

�1/100 12 cm−1
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C. Lu-Fano graph

The Lu-Fano approach has been fruitfully applied to the
Rydberg atom spectroscopy �for a review see �16,17��. It
leads to a simple and precise characterization of each Ryd-
berg series. For a single-channel model �one uncoupled po-
tential�, the series can be fully characterized by only one
parameter, the quantum defect �, which is nearly energy
independent. Then the binding energy of the level labeled n
varies as 1 / �n−��2. For two coupled channels, the Lu-Fano
plot leads to a full characterization of the system with three
parameters: the quantum defects of each nonperturbed chan-
nel �1 and �2 and a coupling parameter K. For Rydberg
atoms and in many models, the three parameters �1, �2, and
K are nearly independent of the energy.

The analysis of long-range molecular states can be done
by this method. The energy Lu-Fano plot is created from the
experimental data: for each level, the measured binding en-
ergy � is expressed as an effective vibrational quantum num-
ber v* via an assumed law; then the quantum defect defined
by 
=v*−int�v*� is plotted versus the energy. In our case, the
law is the LeRoy-Bernstein formula with n=3, i.e., �
=�3v*6. If the energy law is satisfied, the quantum defect 
 is
constant and the energy Lu-Fano plot is a horizontal line.
This constant is usually denoted �. The LeRoy-Bernstein
formula gives �=vD−int�vD�. If the energy Lu-Fano plot
shows deviations from a horizontal line, they can be mainly
attributed to an imperfect LeRoy-Bernstein formula �6� or/
and to couplings with other molecular potentials.

In the considered energy range, the �5s1/2+5p1/2�0u
+ mo-

lecular potential is described by the asymptotic law which
permits the use of the LeRoy-Bernstein formula. The energy
law is illustrated in Fig. 1 with a nearly equidistant spacing
of the levels on an energy scale proportional to �1/6.
The energy Lu-Fano plot deduced from the data is shown in
Fig. 2.

The Lu-Fano plot exhibits two sharp variations at �
�11.5 and ��4.5 cm−1. They are the signature of perturba-
tions of the energy positions of the �5s1/2+5p1/2�0u

+ levels by
two levels belonging to the �5s1/2+5p3/2�0u

+ series. Each step
magnitude is about 0.8 compared to the value of 1 observed
in the usual Lu-Fano plot.

IV. A TWO-CHANNEL MODEL

To evaluate the coupling between the two molecular
curves V1 and V2, we propose a two-channel model in an

approach similar to that used in Rydberg series studies. The
simplest theoretical framework, assuming two infinite series
having equidistant energy levels coupled via an off-diagonal
constant coupling V, was treated by Demkov and Ostrovsky
�18�. The diagonalization of such a system leads to the
equation tan���
1−�1��	 tan���
2−�2��=�2K2, where 
i

�i=1,2� are the quantum defects defined relative to the en-
ergy equation �= �ni+
i���i, �i are the quantum defects as-
sociated with the nonperturbed series, and K is the coupling
parameter defined by K=V / ����1�2�. In the case of coupled
Rydberg series �16,17� with the use of the Rydberg equation
�=1/ �ni−�i�2, one obtains the same equation. This equation
was obtained for two series composed of an infinity of levels
and described by the same energy equation. In the case of
two coupled molecular curves, the same equation has been
applied to present and analyze results of molecular numerical
calculations �19–21�.

Nevertheless, in many cases, the energy equation �analytic
in our example, but it is not necessary for a general case�
cannot be applied to V2�R� because the energy difference
between the dissociation limits is large and the asymptotic
form is not correct for V2�R�. Furthermore, the number of
molecular levels is finite. Thus, considering remarks made in
Sec. II of �18�, we propose an adapted form of the previous
equation, applicable in a small energy interval:

tan���
1 − �1�� 	 tan��� � − �2

�2
	
 = �2K2. �3�

�1 is the quantum defect that characterizes the nonperturbed
series associated with V1, �2 is the location of the perturbing
level belonging to V2, �2 is the energy spacing between two
successive perturbing levels, and K is the coupling parameter
due to spin effects in the molecule.

Such a formula with �1 assumed to be a constant gives
quantum defect steps of one unit and cannot describe the
quantum defect of �0.8 observed in Fig. 2. According to
previous observations �6� and models �7,6�, which take into
account the short-range molecular curve �repulsive barrier
and potential well�, for weakly bound levels it has been
shown that the LeRoy-Bernstein formula can be improved,
leading to a linear variation of �1 versus the energy as

�1 = �1 − �� , �4�

where �1 is the quantum defect at the dissociation limit and
� is a global parameter for short-range potential effects.

The energy Lu-Fano plot of Fig. 2 has been fitted
using both Eqs. �3� and �4�, providing the following
values: �1=0.6932±0.0166, �=−0.0448±0.0031�cm−1�−1,
�2=4.724±0.066 cm−1, �2=6.803±0.084 cm−1, and
K=0.1221±0.0086.

A. Characterization of the „5s1/2+5p1/2… series

The values of �1 and � give a characterization of the
nonperturbed molecular series V1 with only two parameters.
As proposed in Ref. �6�, simple analytical models allow one

FIG. 2. Energy Lu-Fano plot for the 87Rb2 �5s1/2+5p1/2�0u
+

levels �points� and the fitting curve.
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to link the � value to the position of the repulsive barrier of
the molecular potential. In the model assuming only a c3 /R3

long-range behavior limited by a vertical barrier at R=Rc�,
one deduces Rc�=17.82 a .u. Considering, moreover, the
value of �1, a more elaborate model with a constant poten-
tial between R=Rc� and R=Rc leads to Rc�=17.9 a .u. and
Rc=19.3 a .u. Such models, not valid for molecular states
with large binding energy, are pertinent for a determination
of the long-range molecular wave functions. Such calcula-
tions are useful for numerical predictions of processes in-
cluding excitation of long-range molecules, for example, for
cold molecule formation.

B. States of the „5s1/2+5p3/2… series

The values of �2 and �2 give the energy positions of two
levels of the �5s1/2+5p3/2�0u

+ series located, respectively, at
�2+�2=11.527 cm−1 and �2=4.724 cm−1 below the �5s1/2

+5p1/2� dissociation limit �or 249.125 and 242.322 cm−1 be-
low the �5s1/2+5p3/2� dissociation limit�. In this region, a
multipolar expansion of the potential V2�R�=D2

−14.915/R3+5149/R6 �in atomic units� allows one to check
that the LeRoy-Bernstein formula cannot be applicable for
V2, and gives the values of the outer classical turning points
corresponding to these energies: RM =23.38 a .u. and RM
=23.61 a .u. These values are small compared to the turning
points of V1, respectively, 61.1 and 82.3 a .u., and indicate
excitation at intermediate internuclear distances.

C. Coupling and predissociated states

The coupling parameter is related to the coupling V by
V=K��1�2 where �i �i=1,2� are the energy spacings be-
tween two successive levels. Using �1=6H3�5/6 we thus de-
duce V=0.16 cm−1 at the second step �4.724 cm−1 below the
dissociation limit�. Considering the nonperturbed positions
of the series 1, which are given by �= �H3v1

*�6 and v1
*

−int�v1
*�=�1=�1−��, we also deduce the energy difference

� between the perturbing level and the closest level of the
series 1: �=0.079 cm−1. We conclude a ratio � /V=0.49
which indicates a large coupling in this region. The coupling
can also be expressed by the angle �, defined by tan�2��
=V /� and related to the wave-function mixing. The values
give �=31.8°, a 45° angle corresponding to the maximum
expected coupling. The value of 31.8° indicates an efficient
mixing between �5s1/2+5p1/2� states and the �5s1/2+5p3/2�
state. That result is of great interest in the context of cold
molecule formation �22�.

Because we have evaluated the coupling in the vicinity of
the dissociation limit and assuming that the energy spacing is
nearly constant, we extrapolate the Lu-Fano plot �Fig. 2� and
predict the position of the first predissociated level of the
�5s1/2+5p3/2�0u

+ series. It is located at �2.1 cm−1 above the
�5s1/2+5p1/2� dissociation limit. Applying the Fermi golden
rule, its width is given by �= �2� / � ��V2 /�1�
= �2� / � �K2�2, and is estimated to be about 4 cm−1. These
values are in good agreement with �23� and with previous
calculations �19�.

Furthermore, they are confirmed by the spectrum pre-
sented in Fig. 3 which is a record of the trap fluorescence a
few wave numbers above the �5s1/2+5p1/2� dissociation
limit. The predissociation resonance is the broad negative
shape centered at 2.5 cm−1. This resonance appears on a non-
horizontal baseline. Taking into account the light shift in-
duced by the PA laser on the atoms, the fluorescence baseline
is expected to vary as the inverse of the wave number, except
close to the atomic resonance �typically less than 0.7 cm−1�,
where the PA laser strongly modifies the trap behavior by
pushing the atoms and unbalancing the trapping forces. A fit
of the trap fluorescence, including light-shift effect and a
Lorentzian shape for the predissociation resonance, gives a
location at 2.32±0.01 cm−1 and a width of 3.14±0.04 cm−1,
the values being in good agreement with the predicted ones.

V. CONCLUSION

In summary, we have presented an experimental study of
�5s1/2+5p1/2�0u

+ levels in the asymptotic range, allowing the
application of the LeRoy-Bernstein formula. Coupling this
formula to the Lu-Fano method, we deduce a Lu-Fano graph
which exhibits the coupling to the �5s1/2+5p3/2� series. We
propose a two-channel model with a quantum defect linearly
dependent on the energy to extract quantitative parameters
such as the quantum defects and the coupling parameter. Fur-
thermore, it leads to a prediction about previously unob-
served molecular levels, for example, predissociated levels
with very short lifetimes. The method, successfully applied
here to the rubidium molecule, would be fruitful for other
molecular species. Only the long-range potential form is re-
quired to analyze the data and deduce other molecular con-
stants.

FIG. 3. Trap fluorescence signal �gray line� recorded above the
�5s1/2+5p1/2� dissociation limit: the broad negative resonance lo-
cated at �2.5 cm−1 corresponds to a predissociated level of the
�5s1/2+5p3/2�0u

+ series; the three narrow peaks, corresponding to PA
laser zero intensity, are used to calibrate the signal; the nonhorizon-
tal fluorescence baseline is due to the light shift induced by the PA
laser on the atoms, except close to the atomic resonance �typically
less than 0.7 cm−1�, where the PA laser strongly modifies the trap
behavior. The fitting function �black line� includes the PA light shift
and the predissociation profile.
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APPENDIX

We give in Table II the measured binding energy � of the

87Rb2 �5s1/2+5p1/2�0u
+ levels. The first column gives

int�v*� where �=�3v*6. The 0u
+ levels are obtained

via the transition 87Rb �5s1/2 ,F=2�+ 87Rb �5s1/2 ,F=2�
+h�PA→ 87Rb2�5s1/2+5p1/2�0u

+ where �PA indicates the fre-

quency of the PA laser light. The wave-number measurement
is given relative to the atomic transition 87Rb �5s1/2 ,F=2�
→ 87Rb �5p1/2� at 12 578.780 cm−1.
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