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Determination of the Cs2 0g
À
„P3Õ2… potential curve and of Cs 6P1Õ2,3Õ2 atomic radiative lifetimes

from photoassociation spectroscopy

C. Amiot, O. Dulieu, R. F. Gutterres, and F. Masnou-Seeuws
Laboratoire Aime´ Cotton, CNRS, Baˆtiment 505, Campus d’Orsay 91405, Orsay Cedex, France

~Received 16 July 2002; published 21 November 2002!

An analytical expression for the external well of the Cs2 0g
2(6s16P3/2) double-well potential curve is

derived, involving asymptotic parameters fitted on the spectrum obtained from photoassociation of ultracold
cesium atoms and ultracold molecule formation@Fioretti et al., Europhys. J. D5, 389 ~1999!#. The results are
compared to a previous Rydberg-Klein-Rees determination from our group, and may have consequences on the
determination of cesium triplet scattering length. Values for radiative lifetimest3/2530.462(3) ns andt1/2

534.88(2) ns of the 6P3/2 and 6P1/2 atomic levels, respectively, are extracted with an accuracy better than
previous determinations. The method of Derevianko and Porsev@Phys. Rev. A65, 053403~2002!#, allows the
derivation of an improved value for the van der Waals coefficient of ground-state cesium molecule,C6
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I. INTRODUCTION

The observation of translationally ultracold molecul
(T<1023 K), formed by photoassociation~PA! of trapped
cold atoms and stabilized by spontaneous emission, has
demonstrated for Cs2 @1#, K2 @2#, and Rb2 @3#, opening the
way to the achievement of large and dense samples of u
cold molecules. In the photoassociation step, a pair of c
alkali atoms, mainly at large interatomic distance, absorb
photon with a frequency red-detuned from the lowests→p
atomic transition frequency. A short-lived molecule is th
created, most often in a high-lying rovibrational level of
excited electronic state, correlated to the firsts1p dissocia-
tion limit. The corresponding radial motion extends up
internuclear distancesR which can exceed 100a0, in a region
where the two atoms interact mainly through theC3 /R3

long-range dipole-dipole interaction. The formation of lon
lived ultracold molecules relies on the possibility for the e
cited molecular level to decay towards rovibrational levels
the molecular ground state or lowest~metastable! triplet
state.

In the cesium and rubidium experiments quoted abo
the double-well structure of the long-range 0g

2 molecular
state correlated to thenS1nP3/2 dissociation limit (n55
and 6 for Rb and Cs, respectively! is a key feature in the cold
molecule formation process. Hereafter, this state will be
beled as 0g

2(P3/2). The PA process is favored by the larg
extension of the vibrational motion in the external we
while the barrier between the two wells enhances the ra
probability density at intermediate distances, where the sp
taneous decay of the photoassociated level towards bo
levels of the lowest triplet electronic statea3Su

1 is efficient.
The long-lived molecules are then photoionized into mole
lar ions, providing a very efficient method for the detecti
of ultracold molecules, with a signal-to-noise ratio bet
than in trap-loss measurements@4#. The detection of such
ions as a function of the detuning of the PA laser provid
spectroscopy data with an accuracy of about 0.005 cm21 @1#.

The external well of the 0g
2(P3/2) double-well curve in

alkali dimers belonging to the class of pure long-range m
1050-2947/2002/66~5!/052506~9!/$20.00 66 0525
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lecular states first described by Stwalleyet al. @5# is almost
entirely located within the asymptotic region, where t
chemical exchange energy contribution is weak enough to
treated as a perturbation. The shape of this well is ma
determined by asymptotic atom-atom interaction, which c
be evaluated analytically through multipole expansion. T
leading term is the dipole-dipoleC3 /R3 potential, where the
C3 coefficient is proportional to the square of the elect
dipole matrix element for the 6P3/2→6S1/2 transition. The
analysis of the 0g

2(P3/2) spectra has been already achieved
several PA experiments as a powerful method to extract
curate data. In particular, the high precision of PA spectr
copy has allowed the determination of theC3 coefficient and
hence of the atomic radiative lifetime of the first-excitedp
state in Li @6#, Na @7#, and K @8#. The uncertainty on the
lifetime is in the 0.1–0.2 % range~0.03% for Li!, similar to,
or better than, the one obtained in most atomic spectrosc
experiments@9#. For a while, it seemed that despite the ga
in accuracy from molecular ion detection, the same precis
could not be reached for the heavier alkalis@10#, where the
large value of the fine structure prevents such an analy
Recent work on rubidium@11# opens the way beyond thi
limitation.

Obtaining the same level of accuracy for cesium is the
fore a challenge. Indeed, the latter atom has been prefe
tially used for measurements of atomic parity nonconser
tion @12,13#, which provides a test of the standard model
elementary particles. Knowledge of the electric dipole mat
element for the 6P1/2→6S1/2 transition is essential for the
interpretation of such experiments, and recently Derevia
and Porsev@10# derived this quantity from the van der Waa
coefficientC6

6s of the ground state, fitted on ultracold coll
sion data@14#. The aim of the present paper is to show tha
fit of photoassociation spectroscopy data does lead to a
termination of the electric dipole matrix elements for bo
6P3/2→6S1/2 and 6P1/2→6S1/2 transitions with a precision
beyond the 0.1% level.

Besides, the 0g
2(P3/2) state is responsible for the mo

extended PA spectrum obtained in the cesium experim
©2002 The American Physical Society06-1
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@15#, showing intensity minima that are associated to
nodal structure of the initial continuum wave function of t
colliding cold atoms, interacting through thea3Su

1 state.
Their interpretation is therefore of utmost importance in
determination of the triplet scattering length@16#, which is a
key datum in the modeling of Bose-Einstein condensates

In a previous paper@15#, herafter called paper I, we de
termined a potential curve for the 0g

2(P3/2) external potential
well from cesium PA data, using the standard Rydberg-Kle
Rees~RKR! procedure with a near-dissociation expans
~NDE!. Energy levels and rotational constants calcula
from the RKR curve were very satisfactory, but we were n
able to extract an accurate value for theC3 coefficient—
which varied by up to 10% according to the chosen fitti
procedure—and hence neither for the atomic radiative l
time. Indeed, the RKR curve did not display correct physi
behavior with the peculiar feature of the 0g

2(P3/2) external
potential well where, due to an avoided crossing, the shap
dominated by aR23 variation both in the repulsive inne
branch and in the long-range attractive branch. The stan
RKR fitting procedure, well adapted to the usual short-ran
exponential behavior of most molecular potentials, is not s
ficient when there is a marked correlation between the sha
of the inner and outer branches.

Therefore, in the present paper, we derive an analyt
representation for the 0g

2(P3/2) external potential well in
Cs2, based on an asymptotic expansion involving parame
fitted on the experimental PA spectrum from paper I. T
comparison with our previous analysis using RKR proced
@15# is presented, having in mind the consequences for
determination of the scattering length from the intens
minima in the PA spectrum. We show that in contrast w
the RKR analysis, new values for the radiative lifetime of t
6p 2P3/2 and 6p 2P1/2 atomic levels can be obtained. Ou
analysis illustrates the striking differences that can exist
tween two potentials obtained by equally accurate pro
dures for the inversion of experimental data.

II. THE REPRESENTATION OF THE Cs 2 0g
À
„P3Õ2…

EXTERNAL WELL

In order to represent the energy levels lying within t
external well of the 0g

2(P3/2) state in Cs2, we closely follow
the approach used in the recent work on Rb2 @11#, based on
the asymptotic description of atom-atom interactions.

In Hund’s case-c representation, the 0g
2(P3/2) double-well

state arises from the mixing between the3Sg
1(6s16p) and

3Pg(6s16p) Hund’s case-a states, which respectively ar
attractive and repulsive at large internuclear distances. T
are coupled through the spin-orbit interaction according
the electronic Hamiltonian

H5S VP~R!2DPP~R! DSP~R!

DSP~R! VS~R!
D , ~1!

whereVP(R) and „VS(R)… are the 3Pg and (3Sg
1) poten-

tials, andDPP(R) and DSP(R) are theR-dependent spin-
orbit interaction within the3Pg manifold and between the
3Pg and 3Sg

1 states, respectively.
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It is known from previous studies@15# that the 0g
2(P3/2)

external well is located beyond 15a0, with a minimum
around 25a0, while the LeRoy criterion@17# yields a dis-
tance ofRLR'28.5a0, beyond which an asymptotic descrip
tion of the potential is reliable. In other words, for th
0g

2(P3/2) state the Cs2 molecule is not a pure long-rang
molecule as defined by Stwalley and co-workers@5#. Never-
theless, we assume here that the exchange interaction ac
a perturbation, and write the potential energies according
the well-known multipole expansion:

VS/P52
C3

S/P

R3
2

C6
S/P

R6
2

C8
S/P

R8
1Vexch

S/P , ~2!

whereVexch
S/P is the exchange energy between the two atom

which is evaluated according to analytical formulas given
Ref. @18#, and summarized in the Appendix for clarity. Th
exchange energy mainly depends on the producta6sa6p of
the asymptotic amplitudes of the 6s and 6p atomic wave
functions. TheC3

S/P coefficients are related to the squar
atomic transition dipole momentM25u^6sur u6p&u2, accord-
ing to

C3
P52

C3
S

2
52

M2

3
52

3\

4t6p26s
S l

2p D 3

, ~3!

where l52p| is the wavelength of the 6s→6p atomic
transition, andt6p26s the corresponding radiative lifetime.

In Ref. @11#, Gutterreset al. introduced for the first time
into this type of analysis a weak variation of the spin-or
coupling with the internuclear distance, which was fou
essential for the quality of the model. Such a variation
expected to be strong for Cs2, as the 0g

2(P3/2) external po-
tential well lies at smaller distance than in Rb2, i.e., in a
region where the mixing with neighboring atomic configur
tions is expected to be important. This is confirmed by qu
tum chemistry calculations@19#, reproduced in Fig. 1. As we
look for an analytical expression for the 0g

2(P3/2) external

FIG. 1. Variation of the spin-orbit matrix element coupling th
3Pg and 3Sg

1 states. Closed circles: from quantum chemistry c
culations@19#. Full line: fit of the quantum chemistry calculation
with Eq. ~5!. Dashed line: result from the fitting of experiment
energy levels. Vertical dashed line: the limit beyond which we u
the parametrization of Eq.~5!.
6-2
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DETERMINATION OF THE Cs2 0g
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potential well, we found that these numerical data can
conveniently represented by an analytical form beyond 8

DPP~R!5
DEFS

3
tanh~A PPR!, ~4!

DPS~R!5
A2DEFS

3
tanh~A PSR!, ~5!

where DEFS5554.039 cm21 is the Cs fine structure split
ting. Calculations of Ref.@19# are nicely reproduced with
APS50.217 955 Å21 andAPP50.219 023 Å21.

As cesium is a heavy atom, we include into Eqs.~1! and
~2! other corrections accounting for relativistic effects. Fir
retardation effects are introduced through the correction
tor f S/P @20,21#, multiplying theC3

S/P/R3 term in Eq.~2!:

f S5cosS R

| D1S R

| D sinS R

| D1S R

| D 2

cosS R

| D , ~6!

f P5cosS R

| D1S R

| D sinS R

| D . ~7!

Second, in the above nonrelativistic model, the squared t
sition moments (M3/2

nr )25u^6sur u6p3/2&u2 and (M1/2
nr )2

5u^6sur u6p1/2&u2 for the 6s→6p3/2 and 6s→6p1/2 transi-
tions, respectively, depend onM2 through the simple rela
tions

~M3/2
nr !25

9\

2t3/2
S l3/2

2p D 3

5
4

3
M2, ~8!

~M1/2
nr !25

9\

4t1/2
S l1/2

2p D 3

5
2

3
M2, ~9!

where (l3/2)
21511 732.3071 cm21 and (l1/2)

21

511 178.2682 cm21 are the 6p3/2,1/2→6s transition wave
numbers@22,23#, and t3/2,1/2 the associated radiative life
times. In such expressions, the difference between radia
lifetimes arises from the transition wave number only, i.
t3/2/t1/25l1/2

3 /l3/2
3 . They do not include the modification o

the atomic wave functions 6p3/2 and 6p1/2 due to the spin-
orbit coupling, which can be introduced as a small correct
through an effective parametere in the ratio of relativistic
transition moments~see, for example, Ref.@24#!:

R5
M3/2

2

M1/2
2

5
2t1/2l3/2

3

t3/2l1/2
3

5
2

~11e!2
. ~10!

The final expression for the Hamiltonian in Hund’s casea
can be obtained by applying back and forth the transform
tion matrix Ta→e from Hund’s casea to Hund’s casee,
which in the present case is
05250
e
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Ta→e5S 1

A3
A2

3

A2

3
2

1

A3

D . ~11!

DefiningC3
P52M3/2

2 /4, and combining with Eq.~3!, we ob-
tain

VS5
2C3

S

R3 S 11
2e

3 D2
C6

S

R6
2

C8
S

R8
1Vexch

S , ~12!

VP5
2C3

P

R3 S 11
4e

3 D2
C6

P

R6
2

C8
P

R8
1Vexch

P ,

~13!

and

H5S VP~R!2DPP~R!
A2

9

M2e

R3
1DSP~R!

A2

9

M2e

R3
1DSP~R! VS~R!

D .

~14!

The diagonalization of the 232 matrix in Eq.~14! yields an
analytical expression for the potential energy of the 0g

2(P3/2)
external well. Vibrational energies and wave functions a
then calculated using a standard Numerov integration pro
dure. The rotational energyErot(v,J) of a rovibrational level
(v,J) can be estimated by the diagonal part of the rotatio
Hamiltonian Hrot5@J222Jj1 j2#/(2mR2), where J and j
are the total angular momentum and the total electronic
gular momentum, respectively, andm the reduced mass o
the system@8#:

Erot~v,J!5K vU \2

2mR2
@J~J11!1 j ~ j 11!22JzV#UvL ,

~15!

with V50 in the present case. The 0g
2(P3/2) and 0g

2(P1/2)
states are asymptotically correlated toj 52 and j 50, re-
spectively. The@ j ( j 11)# term represents the rotational co
rection to theJ50 state, accounting for the internal structu
of the atoms. It brings an energy contribution ofdE0

rot

5 j ( j 11)Bv , i.e., at most dE0
rot56Bv , where Bv

5^vu(\2/2mR2)uv& is the rotational constant.
In the following section, we determine the potential e

ergy of the 0g
2(P3/2) external well by varying the following

set $pi% of Np59 parameters: the squared atomic transit
dipole momentM2, the van der Waals parametersC6

S/P ,
C8

S/P , the producta6sa6p , the amplitude for spin-orbit cou
pling termsAPS, APP, and the relativistic parametere. The
retardation functionsf S/P are kept fixed to their value o
Refs.@20,21#.
6-3
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III. THE ASYMPTOTIC PARAMETERS OF THE
Cs2 0g

À
„P3Õ2… EXTERNAL WELL

The rovibrational energiesE(v,J) of the 0g
2(P3/2) levels

calculated within the framework of the model above are
justed to the experimental valuesEvJ

exp previously presented
in paper I, recorded with an absolute accuracy
60.005 cm21. All transition energies in Ref.@15# are mea-
sured relative to the 6S1/2(F54)16S1/2(F54) and
6S1/2(F54)16P3/2(F55) energy difference, whereF is
the total angular momentum of the atom. As we do not
clude hyperfine structure in our model, we substr
0.0088 cm21 from all experimental energies, to relate the
to the barycenter of the 6S1/2(F54)16P3/2 manifold.

In order to obtain the best possible fit, we restricted
experimental dataset to the 75 lowest vibrational levels fr
v50 to v574, over the 133 levels measured, and to
rotational levelJ52, which corresponds to the by far mo
intense line of the observed rotational progressions involv
J50 –6. Beyondv574, the rotational lines are no longe
separated in the spectrum and the hyperfine structure
comes significant. Moreover, such a restriction remove
need to take account of the top of the potential barr
around 15a0, separating the external well from the inn
well, whose shape is strongly influenced by the large
change interaction.

The optimization procedure minimizes the root-mea
squared~rms! deviation:

rms5
1

Np2N
A(

i 51

N

@EvJ
exp2EvJ~$pi%!#2. ~16!

As in paper I, we used a minimization procedure based
the so-called generalized simulated annealing~GSA!
method, which is easy to handle for nonlinear fits of t
long-range behavior of molecular potentials~see Refs.
@26,25#, and references therein!. Initial values forM2 ande
are deduced from available measurements of atomic
times@27#, and from Refs.@28,18# for the remaining param
eters. We choose also for beginning the upper bounddE0

rot

56Bv.
In our best fit, the experimental energy levels lying in t

0g
2(P3/2) external well are reproduced with a rms

0.0065 cm21, close to the accuracy of the experimental me
surements, and Table I presents the asymptotic param
obtained from this analysis. Values forM2, C6

S/P , andC8
P

parameters are in good agreement with the theoretical
dictions ~with a relative difference smaller than 5%!. As in
paper I, the discrepancy in theC8

S parameter is the largest o
all parameters, but still satisfactory. In contrast, the excha
parametera6sa6p is two times smaller than the initial valu
derived from Ref.@18#, which suggests that the asymptot
exchange energy is probably overestimated in this la
work ~see the Appendix!.

The effectiveR dependence of the spin-orbit coupling h
an important role in the adjustment, as illustrated in Tabl
Without such a variation, the experimental energies are
produced by our model with a larger rms of 0.009 cm21.
Figure 1 shows a plot of theDPP(R) andDSP(R) effective
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spin-orbit coupling obtained in the present work, compa
to calculated results of Ref.@19#. The agreement betwee
both representations of the spin-orbit coupling is very sa
factory in the long-range region. ForR'10 Å the discrepan-
cies between our results and theab initio calculations are
more important but still compatible with the expected unc
tainty of the theoretical results. Indeed, in a recent work
analysis of predissociation width in the 0u

1(6S16P3/2) pho-
toassociation spectra above the (6S16P1/2) dissociation
limit @29#, Kokooulineet al. have shown thatab initio cal-
culations of Ref.@19# overestimate the decrease of the sp
orbit coupling when the internuclear distance is decreasi

The exchange energy determined bya6sa6p has a negli-
gible contribution over most of the potential well. It starts
be noticeable~say, larger than the rms of the fit! below 17 Å,
corresponding to the outer turning point of thev517 level. It
then increases exponentially to reach 1% of the poten
energy at the equilibrium distance, and about 15% at
inner turning point of the uppermost level (v574) included
in the fit. The perturbative treatment of the exchange ene
is then valid. The other corrections are even smaller:
retardation term increases slowly from 0.001 cm21 around
100 Å, up to 0.008 cm21 at the equilibrium distance. We
checked also that decreasing thedE0

rot below its upper bound
6Bv affects the rms of the adjustment by less than 1%, a

TABLE I. Asymptotic parameters for the Cs2 0g
2(P3/2) state

obtained in the present work:~i! our best fit, with all parameters
free, ~ii ! with APS5APP50. The standard deviations in the la
significant digit of the parameters, indicated in parentheses, are
duced from the statistical analysis of a series of fits performed
artificial experimental energies~see text!. Values in square bracket
are kept fixed during the fit@case~ii !#.

Parameter This work Other results

M2 (105 cm21 Å3) ~i! 9.7890~1! 10.22@28#

~ii ! 9.7856

C6(3Pg)(107 cm21 Å6) ~i! 5.689~1! 5.701~1! @28#

~ii ! 5.668

C6(3Sg)(107 cm21 Å6) ~i! 8.506~1! 8.381~1! @28#

~ii ! 8.773

C8(3Pg)(109 cm21 Å8) ~i! 3.180~3! 3.045~3! @28#

~ii ! 3.093

C8(3Sg)(1029 cm21 Å8) ~i! 7.715~3! 6.802~3! @28#

~ii ! 9.374

a6sa6p ~i! 0.038 433~3! 0.054 790@18#

~ii ! 0.038 430

APS (Å21) ~i! 0.2661~5!

~ii ! @0#

APP (Å21) ~i! 0.2413~2!

~ii ! @0#

e ~units of 1023) ~i! 4.69~3!

~ii ! @4.69#

rms (cm21) ~i!0.0065
~ii ! 0.0090
6-4
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DETERMINATION OF THE Cs2 0g
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the adjusted parameters by an amount well below the e
bars discussed in the following section. The same conclu
applies when we include a termC10/R10 in the multipolar
expansion@Eq. ~2!#, or the nonadiabatic coupling operat
d2/dR2.

IV. DISCUSSION

As discussed in previous papers, the GSA method d
not yield a direct evaluation of the error on the fitted para
eters, which in any case would not be meaningful due
their nonstatistical distribution.

We first proceed as in the Rb2 study of Ref. @11#, by
analyzing the variation ofM2 when the other parameters a
varied individually, and looking at the rms error behavior.
displayed on Figs. 2–4, our best fit corresponds indeed
well-defined minimum of the rms, more or less pronounc
depending on which parameter is varied. The fastest va
tion of the rms is found whenC6

P andC8
P are changed by a

few tenths of a percent~Figs. 2 and 3!, reaching 0.007 cm21.
In contrast, a similar increase of the rms is observed w
C6

S andC8
S ~Figs. 2 and 3!, APP, APS, anda6sa6p ~Fig. 4!

are changed by'1%. The effective relativistic parametere
has a very small influence over the rms for such variation
is also remarkable that the present nonlinear fit results in

FIG. 2. Variation of the rms of the fit~a! and ofM2 ~b! whenC6
P

~closed circles! andC6
S ~open circles! are varied individually.
05250
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cases into linear variations ofM2 with all parameters, at leas
in the vicinity of the rms minimum.

Then the error of the fitted parameters can be estimate
we can rely on a satisfactory criterion to decide how well t
minimum of the rms can be located in Figs. 2–4. In R
@11#, a 10% variation of the rms provided an upper bound
probably largely overestimated—for the error onM2. Here,
we determine a standard deviation on the parameters by
ting 100 sets of artificial experimental energies, obtained
ter adding a random distribution of the experimental er
bar (60.005 cm21) over the measured energies. The sta
dard deviations reported in Table I are very small for
parameters, with an rms for each individual artificial s
around 0.007 cm21. We also performed two further trials t
check the internal consistency of our adjustments. First,
created artificial energy set by distributing the experimen
error over the level energies calculated from our best fit
potential defined by the parameters in Table I. As expec
the rms is reduced down to 0.003 cm21. Second, we modi-
fied the level energies with a constant upward or downw
shift of 0.005 cm21, providing a rms around 0.001 cm21.

The final error bar on the leading parameter, i.e., on
transition dipole momentM2 has to take into account th
probable limitations of our model. The various contributio
already mentioned in the preceding section~i.e., theC10/R10

term and the variation of the rotational energies! are respon-

FIG. 3. Same as Fig. 2 for variation ofC8
P ~closed circles! and

C8
S ~open circles!.
6-5
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AMIOT et al. PHYSICAL REVIEW A 66, 052506 ~2002!
sible for a variation of M2 of about 20 cm21 Å3 and
30 cm21 Å3, respectively. The nonadiabatic term has no
fluence at this level of precision. Then we estimate that
cumulative effect of statistical error and error from neglec
terms leads to an uncertainty onM2 of 6100 cm21 Å3, or
0.01%, which is about ten times smaller than in the rec
determination of Ref.@10#.

In Fig. 5 we draw the present analytical representation
the potential-energy curve and the RKR curve of paper I.
the global picture, both approaches agree each other, w
the curve obtained from the quantum chemistry calculati
of Ref. @19# has a well depth that is greater by on
5.4 cm21. However, important differences are visible in th
insets, at both short and large distances. Indeed, whe
both the repulsive and the attractive branch of the 0g

2(P3/2)
external well manifestR23 behavior, it is assumed in th
standard RKR treatment that the short-range part of the
tential well behaves as an exponential repulsive barrier@Fig.
5~c!#, which in turn draws the long-range part of the cur
away from a pureR23 variation@Fig. 5~a!#. This is why it is
not possible to fit aC3 parameter to the RKR potential. Th
equilibrium distanceRe512.60 Å is larger than in the RKR
approach (Re512.35 Å), as suggested in Fig. 5~b!. The well
depth is also slightly increased toDe578.026 cm21, com-
pared toDe577.950 cm21 for the RKR curve. Rotationa

FIG. 4. Same as Fig. 2 for variation ofAPP ~closed circles!,
APS ~open circles!, a6sa6p ~closed triangles!, and e ~open tri-
angles!.
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constants are also slightly affected~Fig. 6!, yielding only a
weak modification of the rotational energy levels, i.e., arou
0.0004 cm21 for v50, J52, and 0.0006 cm21 for v574,
J52. In short, the fitted RKR potential can be used as a t
to reproduce the measured vibrational energy levels, but
to deduce the fundamental physical quantities.

Another important issue concerns the scattering length

FIG. 5. Potential curve of the 0g
2(P3/2) external well, obtained

in the present work~full line! and from our previous RKR analysi
@15# ~open circles!. The curve deduced from the quantum chemis
calculations of Ref.@19#, and already displayed in Ref.@15#, is
recalled ~closed circles!. Insets emphasize differences betwe
these various determinations~a! at large distances,~b! around the
equlibrium distance, and~c! in the region of the barrier. The devia
tion from the expectedR23 long-range behavior of the RKR curv
is clearly seen in inset~a!.

FIG. 6. Rotational constants for vibrational levels of th
0g

2(P3/2) external well, obtained in the present work~dashed line!
and from our previous RKR analysis@15# ~full line!.
6-6
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the lowest triplet state in Cs2, for which a value has bee
extracted recently using the PA data for the 0g

2(P3/2) state
@16#. Considering the energies of the intensity minima in t
PA spectrum, the positions of the outer turning points for
corresponding vibrational levels are reported in Table II b
for the RKR potential and for the analytical one. From t
reflection approximation@30,31#, such internuclear distance
approximately correspond to the nodes in the scattering w
function describing collisions of two cold cesium atom
along thea3Su

1 potential. When moving from the outer t
the inner nodes, shifts of 0.03–0.23 Å are manifested,
node position being sytematically located at larger inter
clear distances when the analytical potential is conside
Such shifts should have significant consequences on the
termination of the scattering length.

The most important result of the present work is the
termination of the lifetime of the 6P3/2 and 6P1/2 atomic
levels, which are derived from Eq.~3! using the atomic tran-
sition frequencies of 6S1/226P1/2 and 6S1/226P3/2 from
Refs.@22,23#. Our value fort3/2, reported in Table III and in
Fig. 7, together with other recent determinations, present
accuracy~0.01%! improved by at least one order of magn
tude compared to the previous experimental values.
value for t1/2 has also an improved accuracy~0.06%!, lim-
ited by the uncertainty on the measured lifetime ratioR
~0.01%!. In particular, both lifetimes lie within the error ba
of the pulsed laser measurements of Ref.@32#, whereas it is
outside the error bar of the measurements using laser ex
tion of a fast atomic beam@27#. This conclusion is in agree
ment with the recent theoretical determination of Derevian
and Porsev@10#. These authors deduce the squared elec
dipole momentM1/2

2 for the 6P1/2→6S1/2 transition from the
van der Waals coefficientC6

6s of the Cs2 ground state. Their
0.1% error bar onM1/2

2 is mainly constrained by the unce
tainty on theC6

6s coefficient. The electric dipole moment fo
the 6P3/2→6S1/2 transition is then obtained from the ratioR
of Eq. ~10!, and measured in Ref.@33# with a precision of
0.05%. We note from Table III that the present determinat
of R lies within the error bar of Ref.@33#. Using C6

6s

56859(25) a.u., as deduced from ultracold atomic collisio
@14#, the method of Derevianko and Porsev leads to a l

TABLE II. Correspondence between the energy position~with
measured uncertainties in parentheses! of the intensity minima of
the cesium photoassociation spectrum of Ref.@1# and the outer
turning points in the representations of the 0g

2(P3/2) external well.

Intensity
minimum

Detuning
(cm21)

R ~Å!
~This work!

R ~Å!
~Ref. @1#!

2 210.415~0.07! 31.19 31.22
3 219.142~0.05! 25.21 25.19
4 228.358~0.10! 21.84 21.75
5 237.732~0.05! 19.57 19.47
6 246.554~0.10! 17.95 17.83
7 254.331~0.10! 16.74 16.56
8 262.724~0.10! 15.56 15.35
9 268.604~0.10! 14.73 14.50
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time t3/2530.3960.06 ns, so that the present determinati
lies just outside the error bar. However, two of us recen
determined from Fourier-transform spectroscopy~FTS! a
valueC6

6s56836(100) a.u.@34#. Reporting the central value
C6

6s56836 a.u. in formula~9! of Ref. @10#, we obtain a new
lifetime that is compatible with the present determinati
~see dashed line in Fig. 7!.

Moreover, we can use the method of Ref.@10# to deduce a
C6

6s coefficient of the ground state from the present fittedC3

value. Derevianko and Porsev write

C6
6s5M1/2

4 jp1M1/2
2 jx1j r , ~17!

where jp , jx , and j r are coefficients evaluated by thes
authors. From our value oft3/2, we can deriveM3/2, and
then deriveM1/2 using ourR value. This gives finallyC6

6s

56828(19) a.u., in agreement with the FTS value above,
with the value by Leoet al. @14#. The error bar is estimated
by considering the uncertainties on thejp , jx , and j r pa-
rameters reported in Ref.@10#, and the one onR from our
analysis. Using theR value of Ref.@33# leads to a similar
conclusion. Then the improvement of the determination

TABLE III. Radiative lifetime of the 6P3/2 and 6P1/2 Cs states
resulting from the present analysis. Numbers in italics are dedu
from quoted original papers. The error int3/2 results from the cu-
mulative effect of statistical or systematic errors detailed in the te
Thet1/2 lifetime is deduced either by using theR from our fit ~i! or
from the experiment of Ref.@33# ~ii !.

t3/2 ~ns! t1/2 ~ns! R e3103

Present work 30.462~3! ~i! 34.89~2! 1.9814~11! 4.69
~ii ! 34.88~2!

Ref. @10# 30.39~6! 34.80~7! 1.9809(84) 4.8
Ref. @27# 30.57~7! 35.07~10! 1.9844(103) 3.9
Ref. @33# 1.9809~9! 4.8
Ref. @32# 30.41~10! 34.75~7! 5.8

FIG. 7. Present value and error bar of the lifetime for the 6P3/2

level of the cesium atom, compared to the experimental resul
Younget al. @32# and Rafacet al. @27#, and to the theoretical deter
mination of Derevianko and Porsev@10# involving C6

6s56859(25)
a.u. @14#. Using the valueC6

6s56836 a.u. from Ref.@34#, imple-
mented within the method of Ref.@10#, yields a lifetime in agree-
ment with the present value, and is represented by the dashed
6-7
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the t3/2 lifetime allowed to obtain a 0.3% accuracy forC6
6s ,

now limited by the precision of theR measurement.

V. CONCLUSION

The extraction of an analytical representation for the C2
long-range potentials from photoassociation spectra is im
tant for the determination of data such as atomic lifetimes
scattering lengths. Till very recently, it seemed that in co
trast with the lighter alkali dimers, the task was impossi
for Rb2 and Cs2. Following a method already implemente
for Rb2 @11#, we have proposed a determination of the ext
nal well in the Cs2 0g

2(P3/2) double-well potential curve by
fitting the parameters of a two-state model Hamiltonian,
volving the long-range expansion of the3Pg(6s16p) and
3Sg

1(6s16p) potential curve and a fine-structure couplin
term for which we considered an explicitR dependence
Small corrections for asymptotic exchange term and rela
istic effects are also included. The experimental data are
levels v, J52 corresponding to the most accurate lines
the photoassociation spectrum of Ref.@15#, with v varying
from 0 to 74, in an energy region where hyperfine-struct
effects can safely be neglected. As in previous work@11#, we
use the generalized simulated annealing method for the
The error checks are performed either by modifying in
vidually each parameter to verify that the best fit correspo
indeed to a well-defined minimum, or by fitting sets of ar
ficial experimental energies modified with random distrib
tion of the experimental error bar. Including an estimation
possible missing effects in the model leads to an uncerta
as small as 0.01% on the leading parameterM2, whereM is
the electric dipole moment for the transition 6P3/2→6S1/2 in
the cesium atom. This suggests that the present method c
provide lifetimes for the cesium atom with an accuracy be
than any other determination.

Important differences between the curve obtained us
the present asymptotic approach and a previous RKR de
mination @15# from the same set of data were found a
discussed. They can be justified by the hypothesis, in
standard RKR treatment, of an exponential behavior of
potential curves at short range, which overlooks the cha
teristic shape of the present well, where both the inner
the outer branches display a typicalR23 behavior, so that
they should not be modified independently. This expla
why from the RKR fit in Ref.@15# it was impossible to
extract aC3 coefficient. Present results have strong con
quences in the determination of Cs2 0g

2(P3/2) wave func-
tions and in the derivation of the Cs2

3Su
1 lower triplet state

scattering length.
Whereas the Cs(6P3/2) radiative lifetime can be extracte

from photoassociation spectra with an accuracy better tha
atomic experiments, we obtain the Cs(6P1/2) lifetime with
an accuracy equivalent to previous works. The perform
analysis allows the direct evaluation of relativistic effec
inducing the difference between theS→P1/2 and S→P3/2
transition matrix elements. The values obtained for the l
times are t3/2530.462(3) ns andt1/2534.88(2) ns, in
agreement with pulsed laser measurements of Younget al.
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@32#. They are compared with a recent theoretical determi
tion of Derevianko and Porsev@10# computed from a value
of the ground stateC6

6s coefficient deduced from ultracold
atom-atom collision experiments@14#. The agreement is
good, and it becomes excellent when aC6

6s value fitted on
Fourier-transform molecular spectroscopy is used. T
agreement between two independent theoretical determ
tions strongly supports the present analysis. Finally, the sm
error bar of the present determination of the electric dip
moment for the transition 6P1/2→6S1/2 is used to extract a
C6

6s56828(19) a.u. coefficient for the Cs2 ground state, in
good agreement with Ref.@14#.

ACKNOWLEDGMENTS

We thank the experimental cold molecule group of Pie
Pillet for stimulating discussions, as well as Eberhard T
mann, Christian Lisdat, and Andrei Derevianko. Thanks
also due to Daniel Comparat for discussions on the treatm
of statistical errors. Laboratoire Aime´ Cotton is associated
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APPENDIX: EXPRESSION OF THE EXCHANGE ENERGY

We recall here the main equations of Ref.@18#, using the
notations therein, in order to clarify the parameters involv
in the fitting procedure. The asymptotic exchange ene
Vexch

S/P for the 3Sg
1 and 3Pg states correlated to the 6s16p

dissociation limit of Cs2 is expressed as

Vexch
S/P 5I no2I ex , ~A1!

where I no and I ex are the exchange integrals without an
with excitation transfer, respectively. They are calculated
considering the asymptotic behavior of the normaliz
atomic wave functionsf6s andf6p :

f6s'a6sr
1/a21e2ar , ~A2!

f6p'a6pr 1/b21e2br , ~A3!

wherea5A22E6s andb5A22E6p are fixed quantities re-
lated to the binding energiesE6s andE6p of the 6s and 6p
levels, anda6s anda6p are the asymptotic amplitudes of th
wave functions. The formal expression forI no and I ex is
written as

I no52~a6sa6p!2CnoR
g2me2mRJm~R!, ~A4!

I ex52~a6sa6p!2CexR
g2me2mR, ~A5!

whereR is the interatomic distance;m50 and 1 for theS
andP states, respectively. The complete expressions for
integral expressionJm(R), and for the coefficientsCno , Cex ,
g, andm are presented in Ref.@18#, and are not given here
Let us note, however, that Eq.~5.13! of that paper contains a
few typographical errors in the exponents of three facto
6-8
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which,after checking with the authors, should re
(2a/m)(2121/b), (2b/m)(2121/a), and (2m)(2221/m2m).

In the expressions above,a6s anda6p are the only param-
eters that depend on the accuracy of the atomic wa
function determinations. In Ref.@18#, their value for cesium
u-

.

.

J.

tt

s.

E.

.

z-

.

M
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are a6s50.510 20 anda6p50.107 39. In the present work
the producta6sa6p is considered as a fitting parameter, wi
the initial value 0.054 79. Let us note that another calculat
@35# yields a6s50.42, which would reduce the produc
a6sa6p to 0.045 10, assuming the same value fora6p .
rs

ys.

ys.

O.

ry,

s,

.

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

@2# A. N. Nikolov, E. E. Eyler, X. T. Wang, J. Li, H. Wang, W. C
Stwalley, and P. L. Gould, Phys. Rev. Lett.82, 703 ~1999!.

@3# C. Gabbanini, A. Fioretti, A. Lucchesini, S. Gozzini, and M
Mazzoni, Phys. Rev. Lett.84, 2814~2000!.

@4# D. Comparat, C. Drag, A. Fioretti, O. Dulieu, and P. Pillet,
Mol. Spectrosc.195, 229 ~1999!.

@5# W. C. Stwalley, Y. H. Uang, and G. Pichler, Phys. Rev. Le
41, 1164~1978!.

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

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

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

@9# U. Volz and H. Schmoranzer, Phys. Scr.T65, 48 ~1996!.
@10# A. Derevianko and S. G. Porsev, Phys. Rev. A65, 053403

~2002!.
@11# R. F. Gutterres, C. Amiot, A. Fioretti, C. Gabbanini, M. Ma

zoni, and O. Dulieu, Phys. Rev. A66, 024502~2002!.
@12# M. A. Bouchiat and C. Bouchiat, Rep. Prog. Phys.60, 1351

~1997!.
@13# S. C. Bennet and C. E. Wieman, Phys. Rev. Lett.82, 2484

~1999!.
@14# P. J. Leo, E. Tiesinga, C. J. Williams, and P. S. Julienne~un-

published!.
@15# A. Fioretti, D. Comparat, C. Drag, C. Amiot, O. Dulieu, F

Masnou-Seeuws, and P. Pillet, Eur. Phys. J. D5, 389 ~1999!.
@16# C. Drag, B. Laburthe Tolra, B. T’Jampens, D. Comparat,

Allegrini, A. Crubellier, and P. Pillet, Phys. Rev. Lett.85, 1408
~2000!.
.

.

@17# B. Ji, C. C. Tsai, and W. C. Stwalley, Chem. Phys. Lett.236,
242 ~1995!.

@18# M. Marinescu and A. Dalgarno, Z. Phys. D: At. Mol. Cluste
36, 239 ~1996!.

@19# N.Spiess, Ph.D thesis, Fachbereich Chemie, Universita¨t Kai-
serslautern, 1989~unpublished!.

@20# R. McLone and E. Power, Mathematika11, 91 ~1964!.
@21# W. J. Meath, J. Chem. Phys.48, 227 ~1968!.
@22# Th. Udem, J. Reichert, R. Holzwarth, and T. W. Hansch, Ph

Rev. Lett.82, 3568~1999!.
@23# Th. Udem, J. Reichert, T. W. Hansch, and M. Kourogi, Ph

Rev. A62, 031801~2000!.
@24# D. Comparat, Ph.D. thesis, Universite´ Paris-Sud-Orsay, 1999

~unpublished!.
@25# R. F. Gutteres, M. Argollo de Menezes, C. E. Fellows, and

Dulieu, Chem. Phys. Lett.300, 131 ~1999!.
@26# C. E. Fellows, R. F. Gutterres, A. P. C. Campos, J. Verge`s, and

C. Amiot, J. Mol. Spectrosc.197, 19 ~1999!.
@27# R. J. Rafac, C. E. Tanner, A. E. Livingston, and H. G. Ber

Phys. Rev. A60, 3648~1999!.
@28# M. Marinescu and A. Dalgarno, Phys. Rev. A52, 311 ~1995!.
@29# V. Kokoouline, C. Drag, P. Pillet, and F. Masnou-Seeuw

Phys. Rev. A65, 062710~2002!.
@30# A. Jablonski, Phys. Rev.68, 78 ~1945!.
@31# P. S. Julienne, J. Res. Natl. Inst. Stand. Technol.101, 487

~1996!.
@32# L. Young, W. T. Hill, III, S. J. Sibener, S. D. Price, C. E

Tanner, C. E. Wieman, and S. R. Leone, Phys. Rev. A50, 2174
~1994!.

@33# R. J. Rafac and C. E. Tanner, Phys. Rev. A58, 1087~1998!.
@34# C. Amiot and O. Dulieu, J. Chem. Phys.117, 5155~2002!.
@35# A. V. Evseev, A. A. Radtsig, and B. M. Smirnov, Opt. Spe

trosc.44, 495 ~1978!.
6-9


