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Lu-Fano plot for interpretation of the photoassociation spectra
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~Received 18 December 2001; published 7 June 2002!

Recently, the method of Lu-Fano plots was extended to potentials with generalR2n asymptotic behavior.
The aim of this paper is to discuss the efficiency of this method for the interpretation of experimental vibra-
tional spectra of long-range diatomic molecules when two channels are coupled. A Lu-Fano analysis is imple-
mented on experimental data for the Cs2 0u

1(6S16P1/2,3/2) photoassociation spectra below the 6S1P1/2 and
6S1P3/2 dissociation limits. The parameters are fitted on level energies and predissociation widths, giving
information about the asymptotic coefficientsC3 for both channels and about a coupling parameter which
determines the variation of predissociation widths as a function of detuning. This parameter can be extrapo-
lated above the 6S1P3/2 threshold to yield the fine-structure transition cross section between the two channels.
The probability for such a transition in a model where hyperfine structure effects are neglected is found to be
0.54.

DOI: 10.1103/PhysRevA.65.062710 PACS number~s!: 34.20.2b, 33.80.Gj, 33.20.2t, 34.20.Mq
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I. INTRODUCTION

Photoassociation spectroscopy in a sample of laser-co
alkali-metal atoms has proven to be a very accurate tool
extracting information on the long-range interaction betwe
atoms, yielding in particular, through theC3 coefficient, pre-
cise radiative lifetimes for the first2P level of the alkali-
metal atoms@1–6#. Once a rovibrational progression is u
ambiguously identified in the spectrum, various metho
have been considered to fit molecular potentials to the m
sured energy levels and rotational constants. The diffic
lies in the determination of accurate potentials at short ran
and can be overcome by use of purely asymptotic meth
such as the long-range analysis proposed by Le Roy
Bernstein@7#. The latter method is very efficient in case
levels close to the dissociation limit, as was demonstra
recently for the Ca photoassociation spectra@8#. Such a
method assumes that no perturbation is present for the
considered, the levels corresponding to vibrational motion
a single channel. However, many observed spectra are m
complex and require a multichannel analysis. The aim of
present paper is to show that generalized Lu-Fano plots@9#
can provide an efficient tool with which to analyze spec
within a two-channel model. The technique of Lu-Fano pl
was initially developed in the framework of the multichann
quantum defect theory~MQDT! @10–13# and used for inter-
pretation of experiments with electron-ion collisions or Ry
berg atoms. Recently Lu-Fano plots were generalized to
tentials with non-Coulomb and in particularR2n, n.2
asymptotic behavior@14,15#. It was shown on numerical ex
amples that two coupled vibrational progressions can be
ted by two generalized quantum defects and a coupling
rameter. The latter can be extrapolated beyond a dissocia
limit, yielding, for instance, accurate predictions for pred
sociation lifetimes@16#. The first aim of the present work i
to apply the method of Lu-Fano plots to the analysis of
experimental molecular spectrum, and to check the accu
1050-2947/2002/65~6!/062710~10!/$20.00 65 0627
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of the data obtained. The second aim is to discuss whe
the fitted parameters can be extrapolated beyond dissocia
thresholds and provide information on quantities such
scattering cross sections.

The photoassociation spectra of Cs2 molecules obtained
by the Laboratoire Aime´ Cotton group@6,17–19# exhibit
many rovibrational progressions and several perturbatio
The analysis of these progressions allowed for the dete
nation of Cn parameters for the long-range interaction
atoms as well as for fitting molecular potential curves
smaller internuclear distances. The methods used w
mainly Rydberg-Klein-Rees~RKR! procedures@18# or long-
range analyses with the Le Roy–Bernstein formula. Ho
ever some features in the spectra of 0u

1(6S16P1/2,3/2) sym-
metry remained unexplained, due to the coupling betw
the two 0u

1(P1/2) and 0u
1(P3/2) channels. A possible way o

overcoming this difficulty was to solve the multichann
Schrödinger equation as was done, for example, in Re
@14,16,20#. The main disadvantage of this approach is th
one needs to know the interatomic potentials and coup
matrix elements for the Cs2 dimer with great precision
@14,21#, well beyond the present achievements of accurateab
initio quantum chemistry calculations@22,23#. In practice,
one proceeds@14,20,24# by trial and error through arbitrary
small changes in the short distance potentials until the c
puted vibrational energy levels are in agreement with
experiment in a given energy range. Then, the fitted poten
can be used to predict levels in another energy domain. T
fitting procedure usually requires a lot of effort, especially
the present case where there are two coupled potentials
oneR-dependent coupling term, and there is no unique so
tion.

However, small changes in the molecular potential
modifying the position of the repulsive wall result in a glob
shift of the vibrational progression. For highly excited leve
this shift can be described by one parameter, similar to
quantum defect used in the analysis of Rydberg series
©2002 The American Physical Society10-1
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electronic states. This analogy suggests the introduction
generalized quantum defect theory for the analysis of
photoassociation spectra.

This was discussed in two recent papers@14,15#, demon-
strating the efficiency of the Lu-Fano method in analyzi
the computed energy levels of the 0u

1(6S16P1/2,3/2) vibra-
tional progressions in Cs2 obtained from numerical two
channel calculations with a theoretical potential. The co
puted energies could indeed be represented by Lu-Fano
and fitted by three parameters on a wide energy range.
availability of data@19# on the spectroscopy of the cesiu
molecule near the 6S16P1/2 and 6S16P3/2 limits now
makes possible a direct application of the method to the
terpretation of experimental spectra of Cs2.

This article is organized as follows. In Sec. II we prese
experimental spectra and we discuss the difficulty of th
interpretation within the usual Le Roy–Bernstein approa
In Sec. III we show that the Lu-Fano analysis provides
good interpretation. The derivation of Lu-Fano parameter
discussed, and we present a scaling law for the variatio
the predissociation lifetimes as a function of detuning.
Sec. IV we discuss the possible extrapolation of the par
eters over the 6S16P3/2 dissociation limit to give informa-
tion on scattering cross sections. Section V gives a disc
sion of trap loss measurements in the framework of the
Fano analysis. Section VI is the conclusion.

II. EXPERIMENTAL SPECTRA AND THE
LE ROY –BERNSTEIN APPROACH

In the photoassociation spectroscopy experiments,
cold atom source is provided by a Cs vapor loaded magn
optical trap. Details of the experimental setup have b
published in several previous articles~see, for instance
@17#!. The photoassociation is achieved by continuously il
minating the cold Cs atoms with the beam of a Ti:sapph
laser pumped by an argon ion laser, red detuned compare
the 6S1/2→6P1/2 or 6S1/2→6P3/2 atomic transition; one has

2Cs~6S, f 54!1hn1

→Cs2~Vu,g6S16P1/2 or 3/2;v,J!. ~1!

The frequency scale is calibrated using a Fabry-Perot in
ferometer, and the absorption lines of iodine@25#. The maxi-
mum available power of the laser beam is 650 mW focu
in the trap with a waist of about 300mm, corresponding to
a maximum intensity of 450 W/cm2. In the experiments
two kinds of detection are used for observing the photoas
ciation process. First we observe with a photodiode the fl
rescence yield from the trap, which allows one to analyze
trap losses due to photoassociation and to obtain vibrati
progressions with the observation of resonances. Second
perform photoionization of the translationally cold Cs2 mol-
ecules in Cs2

1 ions, which are detected through a time
flight mass spectrometer. Ionization is made using a pu
dye laser (l2;716 nm, 7 ns duration! pumped by the sec
ond harmonic of a Nd-YAG~yttrium aluminum garnet! laser;
it is a resonance enhanced multiphoton ionization~REMPI!
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process, using as an intermediate step vibrational level
electronic molecular states correlated to the 6S1/215D3/2,5/2
dissociation limits@6#.

Figures 1 and 2 show the observed spectra of the vib
tional progression below the dissociation limits 6S16P1/2
and 6S16P3/2, respectively. The energy detuning is ca
brated relative to the transitions from 6S1/2( f 54) to
6P1/2( f 854) and from 6S1/2( f 54) to 6P3/2( f 855), respec-
tively; however, here and in the following discussion we w
omit the notation for hyperfine quantum numbersf , f 854,5
since they do not enter explicitly in our formulas. In a pr
vious paper@19#, the vibrational progressions have be
identified. We can note that in previous work all the progre
sions corresponding to allowed photoassociation transiti
have been observed in the spectra, the identification rely
upon the Le Roy–Bernstein approach and the hyper
width of the resonances. In the present paper we focus

FIG. 1. The experimental spectrum of Cs2 under the 6S
16P1/2 asymptote versus photoassociation laser frequency. The
quency laser is calibrated in cm21 compared to the atomic trans
tion 6S1/2( f 54)16S1/2( f 54)→6S1/2( f 54)16P1/2( f 854). The
upper line of both panels represents the fluorescence spectrum~ar-
bitrary scale, see a calibrated spectrum in@19#!; the lower line is the
Cs2

1 ion’s number signal, which presents resonance in detuning
tween215 cm21 and25 cm21. Several progressions are ident
fied in the spectra. Triangles show positions of discrete 0u

1 levels
calculated using the Lu-Fano plot analysis: they are in excel
agreement with the measured levels~discrepancy less than
0.01 cm21). In contrast, the ‘‘standard’’ analysis using the L
Roy–Bernstein formula fails near the energy25 cm21 where a
6S16P3/2 level perturbs the 6S16P1/2 progression~Fig. 3!; see for
comparison the Fig. 4 of Ref.@19#. The discrepancy between ene
gies predicted from the Le Roy–Bernstein analysis and the m
sured ones can reach 0.1 cm21.
0-2
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LU-FANO PLOT FOR INTERPRETATION OF THE . . . PHYSICAL REVIEW A 65 062710
effort on the vibrational progressions corresponding to
0u

1(6S16P1/2) and to 0u
1(6S16P3/2) states.

The Le Roy–Bernstein formula@7# allows the analysis the
two vibrational progressionsE1(v) andE2(v) when they are
assumed unperturbed. Indexes 1 and 2 correspond
0u

1(6S16P1/2) and to 0u
1(6S16P3/2) progressions, respec

tively. Both progressions near the dissociation limits can
described by the analytical Le Roy–Bernstein formula@7#,

Ei~v !5Di2@Hi~vDi
2v !#6. ~2!

In Eq. ~2! the parameterDi is the dissociation limit for
channeli and thevDi

parameter is linked to the phased i at

the dissociation limit byvDi
5pd i and can be interpreted a

the total ~not necessary integer! number of bound levels in
the potentiali. TheHi parameter is related to theC3 coeffi-
cient of the long-range 0u

1 potential @7#. In fact, the first
order asymptotic behavior of the 0u

1(6S16P1/2) and
0u

1(6S16P3/2) curves varies, respectively, asC3(P1/2)/R
3

524/3(C3
(d)/R3) and C3(P3/2)/R

3525/3(C3
(d)/R3) with

C3
(d)5^6sudzu6p&2 @26–28#. We apply the three-paramete

relation~2! to fit the experimental 0u
1 vibrational progression

converging to the 6S16P3/2 limit @17#. We resolve about 60
vibrational lines between 40 and 2.5 cm21 from theD2 dis-
sociation limit. These lines are only present in the fluor
cence spectrum. No resonance corresponding to the 0u

1(6S
16P3/2) excitation is observed in the ion spectrum, indic
ing that no formation of cold molecules is obtained in th
channel. We find a value for theC3

(d) coefficient of 9.85

FIG. 2. Same as Fig. 1, but for the energy region just under
6S16P3/2 asymptote. Triangles show positions of discrete 0u

1 lev-
els. Such levels are present only in the trap-loss spectrum.
frequency laser is calibrated in cm21 relative to the atomic transi
tion 6S1/2( f 54)16S1/2( f 54)→6S1/2( f 54)16P3/2( f 855).
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60.15 a.u. This determination is compatible with the val
10.035 a.u. obtained from the accurate experimental ra
tive lifetime @29#. The transition dipole moment matrix ele
ment and theC3

(d) coefficient are linked by the relation
t(P3/2)53p«0\c3/v3C3

(d) . There is only a weak discrep
ancy of about 3% between both values, mostly linked
different approximations in the Le Roy–Bernstein approa
the higher order multipolar terms (C6 /R6,C8 /R8, . . . ) at
short internuclear distance, the hyperfine broadening of
spectra line and the retardation effects at long internuc
distance near the dissociation limit. Typically, at 10 cm21

detuning, theC6 /R6 term is introducing a 1022 cm21 cor-
rection while the hyperfine splitting should be considered
low detuning. A more detailed analysis as in@1–5# would
lead to better agreement and a more accurate determin
of the lifetime, but is beyond the scope of the present wo

Concerning the 0u
1(6S16P1/2) progression converging to

the 6S16P1/2 limit, we observe 76 lines either in the fluo
rescence or in the ion spectra, at detunings between 14
0.5 cm21 from theD1 dissociation limit. This channel doe
lead to the formation of ground-state cold molecules due
internal coupling between both 0u

1 states as analyzed in Re
@24#. If we try to apply the same Le Roy–Bernstein analy
as for the 0u

1(6S16P3/2) progression, the interpolation pro
cedure fails for 0u

1(6S16P1/2): different groups of levels
lead to very different values of the set of three paramete

To interpret the failure of the Le Roy–Bernstein approa
in the analysis of the latter data, and/or to verify the pre
sion and the validity of the interpolation in the first examp
we invert the relation~2!,

v f i t5vDi
2

@Di2E#1/6

Hi
5vDi

2n i . ~3!

Then, for a given experimental energyE we can recalculate
the value~no longer an integer! of v f i t as a function of the
parametersvDi

, Di , andHi found by fitting to 74 levels. We

plot the quantity (v2v f i t) as a function ofv ~see Fig. 3!. We
see that the Le Roy–Bernstein approach is well adapted
the 0u

1(6S16P3/2) progression because the dispersion of
corresponding points~white triangles in Fig. 3! around zero
is small. This is not the case for the 0u

1(6S16P1/2) progres-
sion where we observe a large dispersion of the correspo
ing points~black circles in Fig. 3!. The reason for this lies in
the coupling between the two 0u

1 channels and more pre
cisely here, in the presence of one level of the 0u

1(6S
16P3/2) progression at an energy below the asymptotic lim
(6S1/216P1/2) in the part of the spectrum experimental
measured. There are a lot of other 0u

1(6S1/216P3/2) levels
below this energy region perturbing the 0u

1(6S16P1/2) pro-
gression, which are not accessible in the present experim
However, the plotted deviation looks very similar to a L
Fano plot, and we shall explore this approach in the follo
ing section.

e
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KOKOOULINE, DRAG, PILLET, AND MASNOU-SEEUWS PHYSICAL REVIEW A65 062710
III. LU-FANO PARAMETERS AND THEORETICAL
PREDICTIONS

A. Lu-Fano plot

Since the potentials are unknown at short distances
since the experiment is observing only the upper vibratio
levels, we may start counting bound levels from the low
level observed experimentally: a change ofvDi

by unity adds
one extra bound level, and the Le Roy–Bernstein law~2!
depends only on the differencevDi

2v5n i and not on the
absolute numbering.

The construction of a Lu-Fano plot from the experimen
data is straightforward: for each experimental energyE of a
0u

1 discrete level two valuesn1(E) and n2(E) are deter-
mined from the inverse relation~3!, which rely on the choice
for the parametersDi , Hi , and vDi

. The valuen2(E) is

plotted as the abscissa while the valuen1(E) modulo 1 is
plotted as the ordinate. The result is shown in Fig. 4. T
figure also shows a presence of one perturber similarly as
graph in Fig. 3 does. But a difference between the two
ures is that the graphical representation of Fig. 4 allows
extraction of information about the coupling between the t
progressions. Since the Lu-Fano plot is extremely sensi
to parametersDi andHi ~assuming a large number of leve
as in our case!, these parameters can be themselves adjus
the criterion is that all experimental energies should be
cated on a curve determined by the Lu-Fano formula,
pending upon three parameters according to

tan@p~n11m̃1!#tan@p~n21m̃2!#5j2. ~4!

The parameters are determined by fitting on a small nu
ber of points~two usually being sufficient!, and then check-
ing that the maximum number of levels, out of the 74 o
served ones, should be well represented by Eq.~4!. Such a fit

FIG. 3. Discussion of the validity of a Le Roy–Bernstein law
fit the 0u

1(6S16P1/2) progression ~black circles! and 0u
1(6S

16P3/2) progression~white triangles!. Considering the levels ob
served below both dissociation limits, with arbitrary numberingv
~see text! from the lower level, the quantity (v2v f i t) is plotted.
06271
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can be done only ifHi andDi are well defined. From the bes
fit, the parameter H1 is found to be 0.00935
(61%) cm21/6 ~0.001204 a.u.!. It corresponds to the value
213.25 (66%) a.u. of the coefficientC3(P1/2) for long-
range behaviorC3 /R3 of the 0u

1(6S16P1/2) potential. This
yieldsC3

(d)59.94 (66%) a.u., in agreement with the valu
determined in Sec. II from the Le Roy–Bernstein fit to t
0u

1(P3/2) progression below the 6s16P3/2 dissociation limit.
Since there is only one level of the 0u

1(6S16P3/2) pro-
gression in the energy range of the experiments, the par
eterH2 cannot be determined precisely from this set of da
We used in the fitH250.0086 cm21/6 corresponding to the
coefficientC3(P3/2)5216.78 a.u., obtained from the accu
rate experimental radiative lifetime@29#. A correct fit would
require a spectrum spanning a larger energy range with
eral levels from this progression.

Once the fitted parametersm̃1 , m̃2, andj have been de-
termined from some observed values, the energies of o
bound levels can be recomputed from Eq.~4! as follows. The
energyEf it

v of any bound level satisfies Eq.~4!, where quan-
tities n i(Ef it

v ) depend onEf it
v according to Eq.~3!. Thus, Eq.

~4! can be considered as a nonlinear equation with respe
Ef it

v which enters twice in the equation. Each solution of t
equation gives a bound level. The comparison between
fitted spectrum and the observed one is given by the trian
in Fig. 1. The agreement is now excellent, the discrepanc
the positions not exceeding 0.01 cm21, while for most levels
it is ten times smaller. In contrast, when we previously tri
a fit by the Le Roy–Bernstein law, the disagreement betw
observed and measured levels was as strong as 0.1 cm21 at
the maxima of the deviation in Fig. 3.

B. Lu-Fano parameters in the vicinity of the P1Õ2 asymptote

Having constructed the Lu-Fano plot, we have obtain
three parametersm̃1 , m̃2, andj, which can be interpreted a
two generalized quantum defects and one coupling param

FIG. 4. The Lu-Fano plot of the experimental 0u
1(6S16P)

spectrum. One 0u
1(6S16P3/2) vibrational level perturbs the

0u
1(6S16P1/2) progression. See Fig. 3 for comparison.
0-4
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LU-FANO PLOT FOR INTERPRETATION OF THE . . . PHYSICAL REVIEW A 65 062710
@14,16#. In the present work we employ the formulation i
troduced by Eissneret al. ~see Refs.@30,31#!,

tan@p~n11m̃1!#tan@p~n21m̃2!#5j2. ~5!

Fitting the analytical dependencen1(n2) obtained from Eq.
~4! to the experimental data, we determined the parame
m̃1 , m̃2, andj,

m̃150.0155,

m̃250.643, ~6!

j50.521.

As was shown in Refs.@14–16,32,33# these parameters de
pend weakly on energy and can be used for the calculatio
various observables: positions of spectral lines in the disc
spectrum, widths of resonances in the predissociation en
domain, and scattering cross sections. Owing to a weak
ergy dependence, the calculations can be extended to
energy regions experimentally inaccessible. Hopefully,
can correct the values ofm̃2 andj for the energies just unde
the P3/2 dissociation limit, for which experimental observ
tions exist@19#.

C. Lu-Fano parameters in the vicinity of the P3Õ2 asymptote:
Predissociation effects

Predissociation widths in the spectrum below theS
16P3/2 threshold are linked to the parameterj @16# and to
the level spacingDE5dE/dv2 by

G~v2!5
2

p
j2DE. ~7!

The positionsEv2
of the resonances are linked to the qu

tum defectm̃2 by the Le Roy–Bernstein formula of Eq.~2!.
Thus, the two parameters can be determined from the exp
mental spectrum on Fig. 2. From the analysis of positions
38 resonances at detuning between216 cm21 and
24 cm21 we found that the best fit to Eq.~2! is obtained for

H250.0011112 a.u.,
~8!

vD2
5332.63.

We discuss the accuracy of the determination of these pa
eters in Sec. V. The limitation in the analysis of widths is d
to the presence of vibrational progressions correspondin
other symmetries, and to the effect of hyperfine coupl
which is not considered in the present two-state model.
the analysis of widths we took a smaller number, 15,
resonances in the region where the 0u

1 levels do not overlap
with vibrational levels of other progressions. Figure 5 sho
the result of the analysis as quantityj5ApG/(2DE). We
obtainedj50.44, a value 16% smaller than in Eq.~6!. Thus,
parametersm̃ i andj are
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m̃150.0155,

m̃250.63, ~9!

j50.44.
The valuej50.44 was estimated with an uncertainty

10%, due to the uncertainty on the widths which could
modified by hyperfine broadening~see Sec. V!. The fact that
two valuesj50.52 and 0.44 are obtained from different e
ergy regions indicates that the parameterj is varying with
the energy. The energy gap between two regions is ab
600 cm21; this variation can be considered as slow, in t
spirit of generalized quantum defect theory. In previous t
oretical work @14,16#, the predissociation lifetimes of th
0u

1(P3/2) vibrational levels above theP1/2 limit have been
computed using theab initio potential curves of Spies an
Meyer @22# and numerical calculations. Theoretical valu
for the quantum defects and couplings were then

m̃1
the50.048,

m̃2
the520.096, ~10!

j the50.1.

Parametersm̃1
the and m̃2

the depend strongly on the potentia
curves used in the calculation. The present accuracy of
Cs2 potentials does not allow a precise theoretical calculat
of these parameters and is the reason why theoretical va
are so different from the parameters extracted from the
periment.

The coupling parameterj reflects the strength of the in
teraction between the two progressions and was found m
edly dependent upon the value of the molecular spin-o
coupling in the region of the pseudocrossing between the
curves. When the atomic value is chosen, the crossing ca

FIG. 5. Analysis of widths of several experimental 0u
1 reso-

nances. The presented quantityApG/(2DE)5j should be constan
according to our theoretical model. The existing deviation from
constant is due to the hyperfine structure.
0-5
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KOKOOULINE, DRAG, PILLET, AND MASNOU-SEEUWS PHYSICAL REVIEW A65 062710
considered as nearly adiabatic and there is little interac
between the two vibrational progressions, andj50.03. The
value j the50.1 above was computed from theR-dependent
molecular spin-orbit coupling computed in Ref.@22#, corre-
sponding to a strong decrease of the interaction in the re
of the pseudocrossing. The present fit yields an even la
value j50.44 of the parameter, which would indicate
even weaker value of the molecular spin-orbit coupling.
any case, the predissociation lifetimes are larger than in
vious work @16#. In a range of 100 cm21 below the D2
dissociation limit, the lifetimest(Ev2

) could be fitted by an
analytical formula,

1

t~Ev2
!

5G~v2!5
1

a
~D22Ev2

!5/6. ~11!

The coefficienta is related toj by

a5
p

12j2H2

. ~12!

This formula is easily obtained from Eqs.~2!, ~7!, and~11!.
For the previous theoretical valuej50.1 @16#, a

523 600 a.u. or 16.1 (cm21)5/6 ms. For the present valu
j50.44, fitted to the experiment,a51220 a.u. or
830 (cm21)5/6 ps.

This scaling law, predicting a decrease of the lifetimes
a function of detuning, corresponds to a model where
lifetime is proportional to the classical vibration period of t
predissociated level, since the predissociation is taking p
in the short region with a transition probability that can
assumed constant. More complex situations can occur.
vious calculations have shown a minimum of the lifetimes
100 cm21 detuning below theP3/2 asymptote, followed by
an increase at larger detuning. This nonuniform depende
of lifetimes reflects a nontrivial behavior of Franck-Cond
overlaps between continuumP1/2 vibrational wave functions
and boundP3/2 wave functions. The minimum value for life
times was found to be'350 ps. The present calculatio
based on the parameters extracted from the experiment g
a value 18 ps for the same energy detuning. In the reg
where the experiments of the present paper are performe
detunings;10 cm21, the lifetime is;120 ps. The drastic
reduction at larger detunings, found in the previous work
to be checked by further experiments.

IV. EXTRAPOLATING ABOVE THE P3Õ2 ASYMPTOTE:
SCATTERING CROSS SECTIONS

Having the three MQDT parameters, the cross section
the collision

Cs~6S!1Cs~0u
16P3/2!→Cs~6S!1Cs~0u

16P1/2! ~13!

can also be calculated.
In order to calculate the cross section one additional

termediate step should be made: namely, the connection
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tween the parametersm̃1 , m̃2, andj and theSmatrix. It can
be done in a spirit proposed by Burkeet al. @32# and by Mies
and Raoult@33#.

The only difficulty to solve is how to connect the reactio
matrix K (R in Ref. @33#! used in Refs.@32,33# and the pa-
rametersm̃1 , m̃2, andj of the present work. For this we use
an approach quite similar to the one proposed by Giu
Suzor and Fano@30#.

The reaction matrixK is closely linked to another formu
lation of the Lu-Fano plots@11,12#:

sin@p~n11m1!#sin@p~n21m2!#

1tan2 u sin@p~n11m2!#sin@p~n21m1!#

50. ~14!

Equations ~4! and ~14! represent the same dependen
n1(n2) but with different sets of constants,m̃1 , m̃2, andj or
m1 , m2, and u and the connection between them can
established as follows.

Equation~14! can be rewritten as

@ tan~pn1!1tan~pm1!#@ tan~pn2!1tan~pm2!#

1tan2 u@ tan~pn1!1tan~pm2!#

3@ tan~pn2!1tan~pm1!#50. ~15!

We solve both Eqs.~4! and ~15! with respect to tan(pn1).
Each solution has the form

tan~pn1!5A1
B

tan~pn2!1C
. ~16!

Equating the coefficientsA, B, andC for both solutions we
obtain three equations,

tan~pm1!1tan~pm2!tan2 u

11tan2 u
5

tan~pm̃1!1tan~pm̃2!j2

12j2 tan~pm̃1!tan~pm̃2!
,

2
tan~pm1!tan~pm2!~11tan2 u!

11tan2 u

5
j22tan~pm̃1!tan~pm̃2!

12j2 tan~pm̃1!tan~pm̃2!
, ~17!

2
tan~pm2!1tan~pm1!tan2 u

11tan2 u
5

j2 tan~pm̃1!1tan~pm̃2!

12j2 tan~pm̃1!tan~pm̃2!
.

These nonlinear equations link the parametersm̃1 , m̃2, andj
andm1 , m2, andu. We have numerical values for one set
parameters and another set can be easily found by exis
numerical methods. We used theMATHEMATICA package to
solve the nonlinear system~17!. For parameters of Eq.~9! we
obtained

m150.0345,
0-6
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m2520.389,
~18!

u50.431.

The matrixK is calculated as@11,12#

K5U tan~pm!UT, ~19!

where m is a diagonal matrix with diagonal elemen
tan(pm1) and tan(pm2), andU is a matrix with elements:

U1,15U2,25cosu,
~20!

U1,252U2,15sinu.

TheSmatrix for the region above the second dissociat
limit 6S16P3/2 is calculated as@32,33#

S5eih
11 iK

12 iK
eih . ~21!

Diagonal elementsh1 and h2 of the diagonal matrixh de-
scribe the asymptotic phase shift~or quantum defect! of used
reference functions@11,12# for unperturbed progression
with respect to the asymptotic sine function@32#. In the
present case the unperturbed vibrational progressions
chosen in a way which implies that there should be a vib
tional level just at the dissociation limits. It corresponds
h5p/2.

In Eq. ~20! we have not included terms describing no
WKB effects near threshold@32–35#. This approximation is
justified by the fact that these corrections have an impor
influence only for the very last levels close to the thresho
D1 or D2. In the present results, we are not close to theD2
threshold, and the differencevD12v is larger than 100.

The total partial cross section corresponding to ‘‘s’’ scat-
tering for the transitioni→ j is calculated as@36#

s j i
s 5

p

ki
2 @ uSji u222d j i ReSii 1d j i #. ~22!

Performing calculations using Eqs.~17!, ~19!, ~20!, and~22!
for parameters of Eq.~18!, the cross sections can be writte
in the form ~in atomic units!

s11
s ~E!5

1.1431024

E2D1
,

s21
s ~E!5

2.2131025

E2D1
,

~23!

s12
s ~E!5

2.2131025

E2D2
,

s22
s ~E!5

2.1631025

E2D2
.

Figure 6 shows the cross sections as functions of the
ergy above the 6S16P3/2 dissociation limit. The present ca
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culations are limited tos-wave scattering, and to transition
within the 0u

1 symmetry.
The total cross sections for fine-structure transitions

Cs~6S!1Cs~6P3/2!→Cs~6S!1Cs~6P1/2! ~24!

have been discussed theoretically by Dashevskaya and
kitin @37#, who demonstrated the importance of the 0u

1 cou-
pling mechanism, and by Julienne and Vigue´ @27#, who
showed that this mechanism was dominant. The latter
thors showed that the probability is oscillating as a funct
of the partial wave, the average value being nearly cons
as a function of energy. The computed values depend m
edly on the choice for the spin-orbit couplingVSO in the
region of the pseudocrossing between the two 0u

1 potential
curves: forVSO5150 cm21, the authors find a probability
varying from 0.41 to 0.43 as the energyE/kB decreases from
300 K to 1 mK ; for VSO5188 cm21, the probability is
varying from 0.24 to 0.29. In the lack of a rotational analys
the probability that we find can be considered as an aver
value for a few partial waves rather than ans-wave scattering
cross section. It is then meaningful to compare our proba
ity to their calculations, based onab initio potentials. The
present calculations, based on fitted parameters, yield
somewhat larger probability of 0.54. This probability
linked to the parameterj by P52.8j2. Direct comparison
with cold collision experiments cannot be implemented,
Fioretti et al. @38,39# have demonstrated the importance
hyperfine coupling at very low collision energies, which
not included in the present model. However, the validity o
two-state model can be checked from trap-loss meas
ments below the (6S16P3/2) asymptote as described below

FIG. 6. Partial cross sections fors-wave scattering of Cs(6S)
1Cs(6P1/2,3/2) computed in a two-state model considering sp
orbit coupling in the 0u

1 symmetry for the energy domain above th
(6S16P3/2) limit. Lines for s1,1 ands1,2 almost coincide.
0-7
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V. DISCUSSION OF THE VALIDITY OF A TWO-STATE
MODEL: INTERPRETATION OF TRAP-LOSS
MEASUREMENTS BELOW THE P3Õ2 LIMIT

To obtain the cross section for the energy domain betw
the two dissociation limits we use the same equations~20!
and~22!. The only difference is the matrixK used for calcu-
lation of theS matrix. For this energy domain only theD1
limit is open for dissociation. In this situation instead ofK
one uses the matrixKphys @11#. The expression forKphys is
very simple in our case since there is only one closed ch
nel and one open channel. TheKphys matrix becomes a sca
lar value:

Kphys5K1,12
K1,2

2

K2,21tan@pn2~E!#
, ~25!

wheren2(E) is a continuous function of energy from Eq.~3!.
The factor tan@pn2(E)# accounts for a contribution from th
predissociation of quasidiscrete 0u

1(6S16P3/2) levels to the
total cross sections1,1 for energies between the two limits
We can compare to experiment in a model where the ph
associated molecule is decaying mainly through predisso
tion according to Eq.~24!.

Figure 7 shows the comparison between experimental
theoretical cross sections. The experimental data are the
fluorescence signal@19#. This curve is arbitrary scaled to fi
the theoretical cross-section in amplitude. Positions
widths of resonances are in a fairly good agreement for m
predissociated levels of the 0u

1(6S16P) symmetry. One
may wonder why for several resonances between28 and
25 cm21 the agreement for positions is not good. For th
energy region the 0u

1 resonances are overlapped with tw
other vibrational progressions (1g and 0g

2). The interplay of
relative contributions to the total cross section from the th
progressions gives a somewhat incorrect impression a
positions of separate resonances. For a smaller and a l
detuning, where the 0u

1 progression is separated from th
two other progressions, the agreement is evident.

At this point we make some notes about the accuracy
present calculations. As one can see, positions of calcul
resonances are in a very good agreement with experim
for 38 resonances the accumulated difference between c
lation and experiment is less than 5% of (Ev2112Ev2

). This

makes the relative error in determination ofH2 of order
0.05/38'0.0013. H250.001 111 260.000 001 5 a.u. or
0.008 6360.000 01 cm21/6. Thus, theC3(P3/2) coefficient is
determined as 16.8560.07 a.u. givingC3

(d)510.1160.4%.
The accuracy in determination of widths is much worse.
estimate the accuracy of the fit forj as about 10% which
makes the error in calculated widths of order 20%. The
curacy of the cross section is determined by the same e
since it is controlled byj2.

At low detunings, the two-state model is not valid and t
hyperfine broadening becomes dominant. One way of che
ing the validity of the two-state model is to verify the valid
ity of relation ~7! linking the width of the resonances to th
spacing between neighboring levels. This is represented
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Fig. 5. One can see that althoughj5ApG/(2DE) is a con-
stant around 0.44, it has a small increasing trend for the
direction of smaller detunings, indicating the fact that t
hyperfine structure is not completely negligible in this r
gion. For smaller detunings the hyperfine structure becom
dominant as is seen in Fig. 7.

To obtain the probability 0.28, found by Julienne a
Vigué using ab initio potential curves,j should be about
0.31. Future experimental data will hopefully answer t
question whether the larger value for the fine structure pr
ability in our estimation is realistic for the region above t
6S16P3/2 limit, where there is no experimental informatio
at the present time. For a full comparison, the variation of
parameterj with the rotational number should also be fitte

VI. CONCLUSION

In conclusion several remarks are to be mentioned.
presented experimental data for photoassociation spectra
tained both by trap-loss measurements and molecular
detection, where the two progressions of the 0u

1(6S16P)
symmetry were identified. We have shown that the data

FIG. 7. Calculated~gray line! and experimental~dark black line!
cross sections under the 6S16P3/2 dissociation limit. The experi-
mental curve is the trap fluorescence signal, arbitrarily scaled
amplitude to fit the theoretical curve. Note the variation in the ho
zontal scale from the upper figure to the lower one. The calcula
cross section takes into account only the trap loss signal du
channel coupling in the 0u

1(6S16P) symmetry. In the experimen
tal spectrum other vibrational progressions (1g and 0g

2) are present.
0-8
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the 0u
1(6S16P1/2) progression could not be fitted by the L

Roy-Bernstein formula in a region where they are perturb
by a level of the 0u

1(6S16P3/2) progression. In contrast, w
have shown that the method of Lu-Fano plots could be s
cessfully applied yielding a good interpretation. We ha
demonstrated that the method is very efficient and accu
for the extraction of parameters of diatomic interaction fro
experimental data in the case of two-coupled channel
large number of level positions can be fitted by a thr
parameter formula involving two generalized quantum
fects and a coupling parameter estimated here as 0.44. F
work would benefit from experimental spectra extending
a larger energy region where several resonances are
served. In the present work, we were able to determine
C3

(d) coefficient with good accuracy, leading to the val
C3

(d)510.1160.4% ~fit under the 6S16P3/2 limit !. Better
accuracy could be obtained with a more accurate fit invo
ing other terms in the multipole expansion.

Considering the spectrum below theP3/2 limit, we have
extracted Lu-Fano parameters from the positions and wid
of the predissociated levels. Employing the Lu-Fano plot
gether with MQDT we were able not only to describe t
observed features in the spectrum, but also to calculate
ferent observables in energy domains where no experime
data were available. We have predicted a simple law for
variation of the lifetime as a function of detuning.

The cross section of the reaction Cs(6S)
1Cs(6Pi)↔Cs(6S)1Cs(6Pj ) was estimated using param
eters extracted from the experimental molecular spectr
Within a two-state model, the probability is found to be 0.5
.
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while the existing estimation of Julienne and Vigue´ for the
average probability at 1 mK is 0.41 or 0.24 according to
choice of the coupling. Previous work@21# had stressed the
fact that being very sensitive to the accuracy of short-ra
potentials, the fine-structure transition probability was
quantity difficult to estimate by theoretical calculations. He
we propose a method to obtain information by fitting t
experimental bound spectra. The limitation of the pres
estimation relies on the presence of other vibratio
progressions and on hyperfine broadening: the validity o
two-state model, where hyperfine structure effects are
included, was discussed by comparing the theoretical sp
trum with the experimental trap-loss spectrum below
6S16P3/2 dissociation limit, suggesting that hyperfin
broadening can be neglected in the detuning reg
(214 cm21, 10 cm21) where the present fit was performe

Future work fitting experimental data at larger red detu
ings, where hyperfine coupling can safely be neglected,
possibly confirm the large value of the fine-structure tran
tion probability found here. It would be very interesting
include rotation effects in the analysis in order to give info
mation on the partial-wave dependence of the probabi
and to compare with direct measurements of the total cr
sections for cold cesium collisions.

ACKNOWLEDGMENTS

Discussions with Olivier Dulieu are gratefully acknow
edged. V. Kokoouline thanks Chris Greene for many use
discussions and acknowledges support from a National
ence Foundation grant.
ev.

u-

s,

J.

.

s-
EE

V.

u-
@1# W. I. McAlexander, E. R. I. Abraham, N. W. M. Ritchie, C. J
Williams, H. T. C. Stoof, and R. G. Hulet, Phys. Rev. A51,
R871 ~1995!.

@2# J. R. Gardner, R. A. Cline, J. D. Miller, D. J. Heinzen, H. M.
M. Boesten, and B. J. Verhaar, Phys. Rev. Lett.74, 3764
~1995!.

@3# W. I. McAlexander, E. R. I. Abraham, and R. G. Hulet, Phy
Rev. A54, R5 ~1996!.

@4# K. M. Jones, P. S. Julienne, P. D. Lett, W. D. Phillips,
Tiesinga, and C. J. Williams, Europhys. Lett.35, 85 ~1996!.

@5# H. Wang, J. Li, X. T. Wang, C. J. Williams, P. L. Gould, and W
C. Stwalley, Phys. Rev. A55, R1569~1997!.

@6# A. Fioretti, D. Comparat, A. Crubellier, O. Dulieu, F. Masno
Seeuws, and P. Pillet, Phys. Rev. Lett.80, 4402~1998!.

@7# R. J. Le Roy and R. B. Bernstein, J. Chem. Phys.52, 3869
~1970!.

@8# G. Zinner, T. Binnewies, F. Riehle, and E. Tiemann, Phys. R
Lett. 85, 2292~2000!.

@9# K. T. Lu and U. Fano, Phys. Rev. A2, 81 ~1970!.
@10# M. J. Seaton, Rep. Prog. Phys.46, 167 ~1994!.
@11# C. H. Greene and Ch. Jungen, Adv. At. Mol. Phys.21, 51

~1985!.
@12# M. Aymar, C. H. Greene, and E. Luc-Koenig, Rev. Mod. Ph

68, 1015~1999!.
@13# Ch. Jungen,Molecular Applications of Quantum Defec
v.

.

Theory~Institute of Physics, Bristol, 1996!.
@14# V. Kokoouline, O. Dulieu, and F. Masnou-Seeuws, Phys. R

A 62, 022504~2000!.
@15# V. Ostrovsky, V. Kokoouline, E. Luc-Koenig, and F. Masno

Seeuws, J. Phys. B34, L27 ~2001!.
@16# V. Kokoouline, O. Dulieu, R. Kosloff, and F. Masnou-Seeuw

Phys. Rev. A62, 032 716~2000!.
@17# D. Comparat, C. Drag, A. Fioretti, O. Dulieu, and P. Pillet,

Mol. Spectrosc.195, 229 ~1999!.
@18# A. Fioretti, D. Comparat, C. Drag, C. Amiot, O. Dulieu, F

Masnou-Seeuws, and P. Pillet, Eur. Phys. J. D5, 389 ~1999!.
@19# C. Drag, B. Laburthe Tolra, O. Dulieu, D. Comparat, M. Vata

escu, S. Boussen, S. Guibal, A. Crubellier, and P. Pillet, IE
J. Quantum Electron.36, 1378~2000!.

@20# M. Vatasescu, O. Dulieu, C. Amiot, D. Comparat, C. Drag,
Kokoouline, F. Masnou-Seeuws, and P. Pillet, Phys. Rev. A61,
044 701~2000!.

@21# O. Dulieu, P. Julienne, and J. Weiner, Phys. Rev. A49, 607
~1994!.

@22# N. Spies, Ph.D thesis, Fachbereich Chemie, Universita¨t Kaiser-
slautern, 1989.
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