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Determination of the Cs, 0, (P3,) potential curve and of Cs &y, 4, atomic radiative lifetimes
from photoassociation spectroscopy
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An analytical expression for the external well of the,©g (6s+6P;,) double-well potential curve is
derived, involving asymptotic parameters fitted on the spectrum obtained from photoassociation of ultracold
cesium atoms and ultracold molecule formatj&ioretti et al, Europhys. J. [, 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 lifetimgs- 30.462(3) ns and,
=34.88(2) ns of the By, and 6P, atomic levels, respectively, are extracted with an accuracy better than
previous determinations. The method of Derevianko and P¢Rieys. Rev. A65, 053403(2002], allows the
derivation of an improved value for the van der Waals coefficient of ground-state cesium motggule,
=6828(19) a.u.
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[. INTRODUCTION lecular states first described by Stwalletyal. [5] is almost

The observation of translationally ultracold moleculesentirely located within the asymptotic region, where the
(T<10 3 K), formed by photoassociatiofiPA) of trapped chemical exchange energy contribution is weak enough to be
cold atoms and stabilized by spontaneous emission, has betneated as a perturbation. The shape of this well is mainly
demonstrated for G91], K, [2], and RB [3], opening the determined by asymptotic atom-atom interaction, which can
way to the achievement of large and dense samples of ultrdse evaluated analytically through multipole expansion. The
cold molecules. In the photoassociation step, a pair of coldeading term is the dipole-dipolg;/R® potential, where the
alkali atoms, mainly at large interatomic distance, absorbs & coefficient is proportional to the square of the electric
photon with a frequency red-detuned from the longstp  dipole matrix element for the B;,—6S;,, transition. The
atomic transition frequency. A short-lived molecule is thusanalysis of the §(P3,) spectra has been already achieved in
created, most often in a high-lying rovibrational level of anseveral PA experiments as a powerful method to extract ac-
excited electronic state, correlated to the fgstp dissocia-  curate data. In particular, the high precision of PA spectros-
tion limit. The corresponding radial motion extends up tocopy has allowed the determination of g coefficient and
internuclear distance which can exceed 1@@, in aregion  hence of the atomic radiative lifetime of the first-excited
where the two atoms interact mainly through #88/R®  state in Li[6], Na [7], and K[8]. The uncertainty on the
long-range dipole-dipole interaction. The formation of long- ifetime is in the 0.1-0.2 % rang®.03% for Li), similar to,
lived ultracold molecules relies on the pOSSIbI'Ity for the ex- or better than, the one obtained in most atomic spectroscopy
cited molecular level to decay towards rovibrational levels 0fexperiments{9]. For a while, it seemed that despite the gain
the molecular ground state or lowe@hetastablp triplet  jn accuracy from molecular ion detection, the same precision
state. could not be reached for the heavier alkdli§], where the

In the cesium and rubidium experiments quoted abovejarge value of the fine structure prevents such an analysis.
the double-well structure of the Iong—rangg Onolecular  Recent work on rubidiuni11] opens the way beyond this
state correlated to thaS+nP3, dissociation limit =5 limitation.
and 6 for Rb and Cs, respectivelg a key feature in the cold Obtaining the same level of accuracy for cesium is there-
molecule formation process. Hereafter, this state will be lafore a challenge. Indeed, the latter atom has been preferen-
beled as §(Ps). The PA process is favored by the large tially used for measurements of atomic parity nonconserva-
extension of the vibrational motion in the external well, tion [12,13, which provides a test of the standard model in
while the barrier between the two wells enhances the radiadlementary particles. Knowledge of the electric dipole matrix
probability density at intermediate distances, where the sporelement for the €4,—6S,;,, transition is essential for the
taneous decay of the photoassociated level towards boundterpretation of such experiments, and recently Derevianko
levels of the lowest triplet electronic stméEJ is efficient.  and Porsey10] derived this quantity from the van der Waals
The long-lived molecules are then photoionized into molecucoefficientCE® of the ground state, fitted on ultracold colli-
lar ions, providing a very efficient method for the detectionsion datd 14]. The aim of the present paper is to show that a
of ultracold molecules, with a signal-to-noise ratio betterfit of photoassociation spectroscopy data does lead to a de-
than in trap-loss measuremerjs]. The detection of such termination of the electric dipole matrix elements for both
ions as a function of the detuning of the PA laser provideP3,—6S;,, and 6P,—6S,, transitions with a precision
spectroscopy data with an accuracy of about 0.005 cf]. beyond the 0.1% level.

The external well of the D(P3) double-well curve in Besides, the D(P3,) state is responsible for the most
alkali dimers belonging to the class of pure long-range moextended PA spectrum obtained in the cesium experiment
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[15], showing intensity minima that are associated to the
nodal structure of the initial continuum wave function of the
colliding cold atoms, interacting through the’S | state.
Their interpretation is therefore of utmost importance in the
determination of the triplet scattering lendtt6], which is a
key datum in the modeling of Bose-Einstein condensates.
In a previous papefrl5], herafter called paper I, we de-
termined a potential curve for thg QP3;,) external potential
well from cesium PA data, using the standard Rydberg-Klein-
Rees(RKR) procedure with a near-dissociation expansion
(NDE). Energy levels and rotational constants calculated
from the RKR curve were very satisfactory, but we were not 150 —_—— !
able to extract an accurate value for tBg coefficient— 5 . 10 . \ 15
which varied by up to 10% according to the chosen fitting internuclear distance R (3)
procedure—and hence neither for the atomic radiative life- F|G. 1. variation of the spin-orbit matrix element coupling the
time. Indeed, the RKR curve did not display correct physical®[1; and 33 states. Closed circles: from quantum chemistry cal-
behavior with the peculiar feature of thg (P3) external  culations[19]. Full line: fit of the quantum chemistry calculations
potential well where, due to an avoided crossing, the shape igith Eq. (5). Dashed line: result from the fitting of experimental
dominated by aR~3 variation both in the repulsive inner energy levels. Vertical dashed line: the limit beyond which we use
branch and in the long-range attractive branch. The standaitfie parametrization of Ed5).
RKR fitting procedure, well adapted to the usual short-range . . .
exponentiglpbehavior of most mglecular potentials, is not sn?f— It is known from previous studielsL5] th'at the g,(_Pf*/Z)
ficient when there is a marked correlation between the shap&&ternal well is located beyond 4§ with a minimum
of the inner and outer branches. around 23,, while the LeRoy criterior[17] yields a dis-
Therefore, in the present paper, we derive an analyticd"c€ OfRLr~28.5,, beyond which an asymptotic descrip-
representation for the (Py,) external potential well in t|(3n of the potential is rehable.. In other words, for the
Cs,, based on an asymptotic expansion involving parametergg (P state the Cs molecule is not a pure long-range
fitted on the experimental PA spectrum from paper |. Thenelecule as defined by Stwalley and co-workifis Never-
comparison with our previous analysis using RKR proceduréheless' we assume hgre that the exchange interaction acts as
[15] is presented, having in mind the consequences for thé perturbation, and write the potgntlal energies according to
determination of the scattering length from the intensityth® Well-known multipole expansion:
minima in the PA spectrum. We show that in contrast with CIM oI oy
the RKR analysis, new values for the radiative lifetime of the yimo_ 73 76 8 L \am )
6p 2Py, and & 2P,,, atomic levels can be obtained. Our R® R® R8 exchr
analysis illustrates the striking differences that can exist be-

250

g

spin—orbit coupling (cm ")

tween two potentials obtained by equally accurate procewhereViiis the exchange energy between the two atoms,
dures for the inversion of experimental data. which is evaluated according to analytical formulas given in
Ref.[18], and summarized in the Appendix for clarity. The
IIl. THE REPRESENTATION OF THE Cs , 05 (Pgy) exchange energy mainly depends on the prodygas, of
EXTERNAL WELL the asymptotic amplitudes of thes@and 6 atomic wave

) o functions. TheC%’H coefficients are related to the squared
In order to represent the energy levels lying within the 5tomic transition dipole momemt 2= |(6s|r|6p)|2, accord-
external well of the § (P3) state in Cg, we closely follow ing to
the approach used in the recent work on, [Rhl], based on
the asymptotic description of atom-atom interactions. I C§ M?2 3h A
In Hund’s casee representation, the,q P, double-well Ca=- 2 3 4Tep—es(z)
state arises from the mixing between tfe, (6s+6p) and
3[14(6s+6p) Hund’s casea states, which respectively are wWhere \=2mx is the wavelength of the $-6p atomic
attractive and repulsive at large internuclear distances. Thelyansition, andrg, ¢ the corresponding radiative lifetime.
are coupled through the spin-orbit interaction according to In Ref.[11], Gutterreset al. introduced for the first time

()

the electronic Hamiltonian into this type of analysis a weak variation of the spin-orbit
coupling with the internuclear distance, which was found
VI(R)—-AT(R)  A*(R) essential for the quality of the model. Such a variation is

- A*(R) VX(R) |’ @) expected to be strong for &sas the @ (P32 external po-

tential well lies at smaller distance than in Rb.e., in a
where V''(R) and (V*(R)) are the®I1, and ¢=4) poten-  region where the mixing with neighboring atomic configura-
tials, andA"(R) and A*'/(R) are theR-dependent spin- tions is expected to be important. This is confirmed by quan-
orbit interaction within the3Hg manifold and between the tum chemistry calculationd 9], reproduced in Fig. 1. As we
%Iy and °% states, respectively. look for an analytical expression for the; 0P, external
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potential well, we found that these numerical data can be 1 2
conveniently represented by an analytical form beyond 8 A: ﬁ \/;
= Tae 5 L (11
AM(R)= 3 —Stani AMIR), (4) \ﬁ i
3 B
V2AEgg Defining CL'= —M3,/4, and combining with Eq(3), we ob-
AT (R)= ——5—tan( A"*R), 5 tain
_c2 p S
where AE;s=554.039 cm? is the Cs fine structure split- VE= C3 1+ E _ C__ C_+V . (12)
ting. Calculations of Ref[19] are nicely reproduced with R3 3 RS R® exe
All2=0.217 955 At and A"""'=0.219 023 AL,
As cesium is a heavy atom, we include into E(fs.and _ch 4¢\ ¢l
(2) other corrections accounting for relativistic effects. First, il 34|26 _ =8 +V£Ixch1
retardation effects are introduced through the correction fac- R 3 R® R®
tor £~/ [20,21], multiplying the C5"""/R® term in Eq.(2): (13
e ood B (Rl B) L (R d R . and
_COX Xsmx XCOX’ (6) B
VIR —AT(R) = 2N
e (R) ()9R3+A(R)
. H=
fnzcos(— +| —|sin —). 7 2 MZ2e
x) T x)P g s HAMR) VX(R)
Second, in the above nonrelativistic model, the squared tran- (14

sition moments  K15;)*=[(6s|r6psz)|* and  M1p)* . o o .
—(6s]r|6pyy)|? for the 6s—6pg, and 65— 6py, transi- The diagonalization of the 22 matrix in Eq.(14) yields an
tions, respectively, depend di2 through the simple rela- analytical expression for the potential energy of the Ps,)

tions external well. Vibrational energies and wave functions are
then calculated using a standard Numerov integration proce-
9% [Naol® 4 dure. The rotatio_nal energ:‘y’m(v,q) of a rovibrational Ievgl
(MY,)2= _<i’2) =—M?, (8) (v,J) can be estimated by the diagonal part of the rotational
273p\ 2m) 3 Hamiltonian H™®'=[J?—2Jj+j?]/(2xR?), whereJ and j
are the total angular momentum and the total electronic an-
9% (N3 2 gular momentum, respectively, and the reduced mass of
(Mip)?= E(E) =§M2, (9)  the systeni8]:

where () '=11732.3071cm' and  (\yp) ! EFO‘(U,J)=<U [0+ D+i(+1)-23,0]

v/,
=11 178.2682 cm! are the ®3/2,17— 6 transition wave >
numbers[22,23, and 75,15, the associated radiative life- (19
times. In such expressions, the difference between radiative
lifetimes arises from the transition wave number only, i.e.With Q=0 in the present case. Thg 0Pz and Q, (P
a0l T1= N3 \3,. They do not include the modification of states are asymptotically correlated jts2 andj=0, re-
the atomic wave functionsp,, and &/, due to the spin- spectively. The j(j+1)] term represents the rotational cor-
orbit coupling, which can be introduced as a small correctiorfection to theJ=0 state, accounting for the internal structure
through an effective parameterin the ratio of relativistic  of the atoms. It brings an energy contribution 6E¢"
transition momentgsee, for example, Ref24)): =j(j+1)B,, i.e., at most 6E'°t 6B,, where B,
=(v|(h?12uR?)|v) is the rotat|onal constant.

In the following section, we determine the potential en-

= i (10) ergy of the Q (P32 external well by varying the following
M3, 7ahip  (1+e)? set{p;} of N,=9 parameters: the squared atomic transition
dipole momentM2 the van der Waals paramete@%

The final expression for the Hamiltonian in Hund’s case CE’H the productg.ag, , the amplitude for spin-orbit cou-
can be obtained by applying back and forth the transformaplmg termsAHE A and the relativistic parameter The
tion matrix T,_,. from Hund’'s casea to Hund’'s casee, retardation functlons‘zm are kept fixed to their value of
which in the present case is Refs.[20,21].

Ms/z 271/2)\3/2_ 2
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Ill. THE ASYMPTOTIC PARAMETERS OF THE
Cs; 05 (Py;) EXTERNAL WELL

TABLE |. Asymptotic parameters for the €8, (P, state
obtained in the present worki) our best fit, with all parameters
o _ B free, (i) with A= A'=0. The standard deviations in the last

The rovibrational energie&(v,J) of the O, (P3,) levels  gignificant digit of the parameters, indicated in parentheses, are de-
calculated within the framework of the model above are adduced from the statistical analysis of a series of fits performed on

justed to the experimental valu&s}P previously presented artificial experimental energiésee text Values in square brackets

in paper |,

recorded with an absolute accuracy ofare kept fixed during the fficaseii)].

+0.005 cm L. All transition energies in Ref.15] are mea-

sured relative to the %, (F=4)+6S;,(F=4) and Parameter This work Other results
6S(F=4)+6P3,(F=5) energy difference, wher€ is 2 1 s3 .
the total angular momentum of the atom. As we do not in—'vI (10° cm™* A?) (')..9'7890[1) 10.22[28]
. . (i) 9.7856
clude hyperfine structure in our model, we substract
0.0088 cm* from all experimental energies, to relate them Ce(*Ilg)(10" cm™* A°) (i) 5.6891) 5.701(1) [28]
to the barycenter of the S ,,(F=4)+ 6P, manifold. (i) 5.668
In order to obtain the best possible fit, we restricted the(:ﬁ(Szg)(lo7 cm 1 A9) (i) 8.5061) 8.381(1) [28]
experimental dataset to the 75 lowest vibrational levels from (i) 8.773
v=0 to v="74, over the 133 levels measured, and to the. 1 s :
rotational leveld=2, which corresponds to the by far most Ca(*M1g) (107 om™* A7) ('()..3'31%%:2 3.0453) [28]
intense line of the observed rotational progressions involving i) 3.
J=0-6. Beyondv =74, the rotational lines are no longer Cs(*Zg)(10°° cm™* A?) (i) 7.7183) 6.8023) [28]
separated in the spectrum and the hyperfine structure be- (i) 9.374
comes significant. Moreover, such a restriction removes As5a5) (i) 0.03843%3)  0.054 790[18]
need to take account of the top of the potential barrier, (i) 0.038 430
around 1%,, separating the external well from the inner s -1 .
well, whose shape is strongly influenced by the large ex-A (A7) ® 9.26615)
change interaction. (i) [0]
The optimization procedure minimizes the root-mean-A"" (A" (i) 0.24132)
squaredrms) deviation: (i) [0]
L N € (units of 10°%) (i) 4.693)
exp_ 12 (ii) [4.69
rms= N, N \/I_z1 [Eys"—Ena({pih)]* (16) ms (et ) (100065
(i) 0.0090

As in paper |, we used a minimization procedure based on
the so-called generalized simulated annealif(@SA)
method, which is easy to handle for nonlinear fits of thespin-orbit coupling obtained in the present work, compared
long-range behavior of molecular potentialsee Refs. to calculated results of Ref19]. The agreement between
[26,25, and references thergininitial values forM? ande  poth representations of the spin-orbit coupling is very satis-
are deduced from available measurements of atomic lifefactory in the long-range region. F&=~ 10 A the discrepan-
times[27], and from Refs[28,18 for the remaining param- cies between our results and thb initio calculations are
eters. We choose also for beginning the upper bodBE'  more important but still compatible with the expected uncer-
=6B,. tainty of the theoretical results. Indeed, in a recent work on
In our best fit, the experimental energy levels lying in theanalysis of predissociation width in thef 06S+ 6P5,,) pho-
04 (P3p) external well are reproduced with a rms of toassociation spectra above theS(66P,,) dissociation
0.0065 cm'%, close to the accuracy of the experimental meadimit [29], Kokoouline et al. have shown thagb initio cal-
surements, and Table | presents the asymptotic parametetalations of Ref[19] overestimate the decrease of the spin-
obtained from this analysis. Values ftt?, C%’H, and Cg orbit coupling when the internuclear distance is decreasing.
parameters are in good agreement with the theoretical pre- The exchange energy determined dyas, has a negli-
dictions (with a relative difference smaller than 3%\s in  gible contribution over most of the potential well. It starts to
paper |, the discrepancy in ti@ parameter is the largest of be noticeablésay, larger than the rms of the)fiielow 17 A,
all parameters, but still satisfactory. In contrast, the exchangeorresponding to the outer turning point of the 17 level. It
parametergsagp iS two times smaller than the initial value then increases exponentially to reach 1% of the potential
derived from Ref[18], which suggests that the asymptotic energy at the equilibrium distance, and about 15% at the
exchange energy is probably overestimated in this latteinner turning point of the uppermost level € 74) included
work (see the Appendijx in the fit. The perturbative treatment of the exchange energy
The effectiveR dependence of the spin-orbit coupling hasis then valid. The other corrections are even smaller: the
an important role in the adjustment, as illustrated in Table Iretardation term increases slowly from 0.001 ¢maround
Without such a variation, the experimental energies are rel00 A, up to 0.008 cm® at the equilibrium distance. We
produced by our model with a larger rms of 0.009¢m checked also that decreasing $&[’" below its upper bound
Figure 1 shows a plot of tha™(R) and A*"(R) effective 6B, affects the rms of the adjustment by less than 1%, and
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FIG. 2. Variation of the rms of the fig) and 0fM? (b) whenC¢/ FIG. 3. Same as Fig. 2 for variation 6f (closed circlesand
(closed circlesand Cé (open circleg are varied individually. C§ (open circles

cases into linear variations M2 with all parameters, at least

the adjusted parameters by an amount well below the errqgp, the vicinity of the rms minimum.
bars discussed in the following section. The same conclusion Then the error of the fitted parameters can be estimated if
applies when we include a ter@,o/R™ in the multipolar e can rely on a satisfactory criterion to decide how well the
expansion[Eqg. (2)], or the nonadiabatic coupling operator minimum of the rms can be located in Figs. 2—4. In Ref.
d*/dR. [11], a 10% variation of the rms provided an upper bound—
probably largely overestimated—for the error b¥f. Here,
we determine a standard deviation on the parameters by fit-
ting 100 sets of artificial experimental energies, obtained af-

As discussed in previous papers, the GSA method doegr adding a random distribution of the experimental error
not yield a direct evaluation of the error on the fitted param-bar (+0.005 cm'!) over the measured energies. The stan-
eters, which in any case would not be meaningful due talard deviations reported in Table | are very small for all
their nonstatistical distribution. parameters, with an rms for each individual artificial set

We first proceed as in the Rbstudy of Ref.[11], by  around 0.007 cm!. We also performed two further trials to
analyzing the variation of1? when the other parameters are check the internal consistency of our adjustments. First, we
varied individually, and looking at the rms error behavior. Ascreated artificial energy set by distributing the experimental
displayed on Figs. 2—4, our best fit corresponds indeed to &rror over the level energies calculated from our best fitted
well-defined minimum of the rms, more or less pronouncedpotential defined by the parameters in Table I. As expected,
depending on which parameter is varied. The fastest variahe rms is reduced down to 0.003 th Second, we modi-
tion of the rms is found whe®§ andC} are changed by a fied the level energies with a constant upward or downward
few tenths of a percertEigs. 2 and B reaching 0.007 cm*.  shift of 0.005 cm %, providing a rms around 0.001 crh.
In contrast, a similar increase of the rms is observed when The final error bar on the leading parameter, i.e., on the
Ci andCj (Figs. 2 and 3 A", A"* andageag, (Fig. 4  transition dipole momenM? has to take into account the
are changed by=1%. The effective relativistic parameter  probable limitations of our model. The various contributions
has a very small influence over the rms for such variations. lalready mentioned in the preceding sectibe., theC,/R*°
is also remarkable that the present nonlinear fit results in alierm and the variation of the rotational energiage respon-

IV. DISCUSSION
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°< 9.79
=
" internuclear distance (&)
FIG. 5. Potential curve of the (P, external well, obtained
in the present workfull line) and from our previous RKR analysis
- [15] (open circles The curve deduced from the quantum chemistry
9-78_1 _65 6 0'5 ] calculations of Ref[19], and already displayed in Ref15], is

recalled (closed circles Insets emphasize differences between
these various determinatioria) at large distancegb) around the
equlibrium distance, ant) in the region of the barrier. The devia-
tion from the expecte® 2 long-range behavior of the RKR curve
is clearly seen in insd@).

parameter variation (%)

FIG. 4. Same as Fig. 2 for variation of ™ (closed circlel
A"* (open circley A58, (Closed triangles and e (open tri-
angles.

) o constants are also slightly affectéig. 6), yielding only a
sible for a variation ofM? of about 20 cm* A® and  \yeak modification of tge r)(;tational e?nergy)I/evels,gi.e., ground
30 cm t A3, respectively. The nonadiabatic term has no in-0.0004 cm* for v=0, J=2, and 0.0006 cm* for v =74,
fluence at this level of precision. Then we estimate that thg=2. In short, the fitted RKR potential can be used as a tool
cumulative effect of statistical error and error from neglecteco reproduce the measured vibrational energy levels, but not
terms leads to an uncertainty &A% of =100 cm * A%, or  to deduce the fundamental physical quantities.

0.01%, which is about ten times smaller than in the recent Another important issue concerns the scattering length of
determination of Ref{10].

In Fig. 5 we draw the present analytical representation of 50
the potential-energy curve and the RKR curve of paper I. On BN
the global picture, both approaches agree each other, while AN
the curve obtained from the quantum chemistry calculations 40 - 1
of Ref. [19] has a well depth that is greater by only
5.4 cm . However, important differences are visible in the

insets, at both short and large distances. Indeed, whereas
both the repulsive and the attractive branch of theR;,)
external well manifesR™3 behavior, it is assumed in the
standard RKR treatment that the short-range part of the po-
tential well behaves as an exponential repulsive bafH.
5(c)], which in turn draws the long-range part of the curve
away from a purdR 3 variation[Fig. 5@)]. This is why it is
not possible to fit &5 parameter to the RKR potential. The
equilibrium distancer,=12.60 A is larger than in the RKR
approach R,=12.35 A), as suggested in Figlts. The well
depth is also slightly increased @,=78.026 cm?!, com-
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TABLE II. Correspondence between the energy positieith TABLE lll. Radiative lifetime of the &5, and &, Cs states
measured uncertainties in parenthesafsthe intensity minima of  resulting from the present analysis. Numbers in italics are deduced
the cesium photoassociation spectrum of Réf. and the outer from quoted original papers. The error g, results from the cu-

turning points in the representations of the(®3,,) external well.  mulative effect of statistical or systematic errors detailed in the text.
The 7y, lifetime is deduced either by using tfe from our fit (i) or

Intensity Detuning R(A) R(A) from the experiment of Ref33] (ii).

minimum (cm™1) (This work) (Ref.[1])
2 ~10.4150.07) 31.19 31.22 Tz (M9 72 (9 R 10
3 —19.1420.05 25.21 25.19 Present work  30.483) (i) 34.892) 1.981411) 4.69
4 —28.3580.10 21.84 21.75 (i) 34.882)
5 —37.7320.05 19.57 19.47 Ref.[10] 30.396) 34.8Q07) 1.9809(84) 4.8
6 —46.5540.10 17.95 17.83 Ref.[27] 30.517) 35.0710)  1.9844(103) 3.9
7 —54.3310.10 16.74 16.56 Ref. [33] 1.98099) 4.8
8 —62.7240.10 15.56 15.35 Ref.[32] 30.4110  34.787) 5.8
9 —68.6040.10 14.73 14.50

time 75,=30.392+0.06 ns, so that the present determination
the lowest triplet state in Gs for which a value has been lies just outside the error bar. However, two of us recently
extracted recently using the PA data for thg(®,) state ~determined from Fourier-transform spectroscoiyTS) a
[16]. Considering the energies of the intensity minima in thevalue C¢>=6836(100) a.u[34]. Reporting the central value
PA spectrum, the positions of the outer turning points for thecgsz 6836 a.u. in formuld9) of Ref.[10], we obtain a new
corresponding vibrational levels are reported in Table Il botHifetime that is compatible with the present determination
for the RKR potential and for the analytical one. From the(see dashed line in Fig.).7
reflection approximatioh30,31], such internuclear distances ~ Moreover, we can use the method of Rédf0] to deduce a
approximately correspond to the nodes in the scattering waveg® coefficient of the ground state from the present fittd
function describing collisions of two cold cesium atomsvalue. Derevianko and Porsev write
along thea3EJ potential. When moving from the outer to
the inner nodes, shifts of 0.03-0.23 A are manifested, the 65_ g4 2
node position being sytematically located at larger internu- Co =Mupbpt Mt &, (17
clear distances when the analytical potential is considered.
Such shifts should have significant consequences on the dethere &,, £, and &, are coefficients evaluated by these

termination of the scattering length. authors. From our value ofy,, we can deriveM,,, and
The most important result of the present work is the dethen deriveM,,, using ourR value. This gives finall)CgS
termination of the lifetime of the B3, and 64, atomic  =6828(19) a.u., in agreement with the FTS value above, and

levels, which are derived from E€3) using the atomic tran- with the value by Lecet al.[14]. The error bar is estimated
sition frequencies of &,,— 6Py, and 65,,—6P3, from by considering the uncertainties on thg, &, and¢, pa-
Refs.[22,23. Our value forrs,, reported in Table Il and in  rameters reported in Ref10], and the one orR from our
Fig. 7, together with other recent determinations, presents aanalysis. Using théR value of Ref.[33] leads to a similar
accuracy(0.01%9 improved by at least one order of magni- conclusion. Then the improvement of the determination of
tude compared to the previous experimental values. Our
value for 71, has also an improved accura@.06%9, lim-

ited by the uncertainty on the measured lifetime reio This Work N
(0.0199. In particular, both lifetimes lie within the error bar
of the pulsed laser measurements of R82], whereas it is
outside the error bar of the measurements using laser excitePerevianko et al e

tion of a fast atomic bearf27]. This conclusion is in agree- Rafac ot al — e |
ment with the recent theoretical determination of Derevianko

and Porse\[10]. These authors deduce the squared electric ~ Youngetal || * :
dipole momentvi f,z for the 6P,,—6S,, transition from the ' ' '

van der Waals coefficiem‘:gS of the Cs ground state. Their 303 304 30.5 30.6 30.7
0.1% error bar orM3,, is mainly constrained by the uncer- Ty (05)

tainty on theCg® coefficient. The electric dipole moment for

the 6P5,— 6S;, transition |s_then obtaln_ed from th_e_ ral®  |ovel of the cesium atom, compared to the experimental result of
of Eq. (10), and measured in Ref33] with a precision of  yqnget al.[32] and Rafacet al.[27], and to the theoretical deter-
0.05%. We note from Table Il that the present determinationyination of Derevianko and PorséL0] involving C&°= 6859(25)

of R lies within the error bar of Ref[33]. Using C¢°® a.u.[14]. Using the valueC*=6836 a.u. from Ref[34], imple-
=6859(25) a.u., as deduced from ultracold atomic collisionsnented within the method of Reff10], yields a lifetime in agree-
[14], the method of Derevianko and Porsev leads to a lifement with the present value, and is represented by the dashed line.

FIG. 7. Present value and error bar of the lifetime for tti,6
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the 7, lifetime allowed to obtain a 0.3% accuracy f@@s, [32]. They are compared with a recent theoretical determina-
now limited by the precision of th& measurement. tion of Derevianko and Porse\l0] computed from a value
of the ground state€S® coefficient deduced from ultracold
atom-atom collision experimentgl4]. The agreement is
V. CONCLUSION good, and it becomes excellent wherC§® value fitted on
: . ) Fourier-transform molecular spectroscopy is used. The
The extraction ,Of an analytical representation for ,th_Q Cs agreement between two independent theoretical determina-
long-range potentials from photoassociation spectra iS impotyq s strongly supports the present analysis. Finally, the small

tant for the determination of data such as atomic lifetimes og o, har of the present determination of the electric dipole
scattering lengths. Till very recently, it seemed that in con-

. . . .  "moment for the transition B;,—6S;,, is used to extract a
trast with the lighter alkali dimers, the task was |mp053|bleces: 6828(19) a.u. coefficient for the Cground state, in
for Rb, and Cs. Following a method already implemented god aareement .with Refi14] '
for Rb, [11], we have proposed a determination of the exter-g g '
nal well in the Cg O (P32 double-well potential curve by
fitting the parameters of a two-state model Hamiltonian, in-

volving the long-range expansion of thiél,(6s+6p) and We thank the experimental cold molecule group of Pierre

%%, (6s+6p) potential curve and a fine-structure coupling pillet for stimulating discussions, as well as Eberhard Tie-

term for which we considered an explidR dependence. mann, Christian Lisdat, and Andrei Derevianko. Thanks are

Small corrections for asymptotic exchange term and relativalso due to Daniel Comparat for discussions on the treatment

istic effects are also included. The experimental data are thef statistical errors. Laboratoire Aim€otton is associated

levelsv, J=2 corresponding to the most accurate lines inwith Universite Paris Sud, Orsay. A critical reading of the

the photoassociation spectrum of REE5], with v varying  manuscript by Professor R. J. Le Roy was very much appre-

from O to 74, in an energy region where hyperfine-structuresiated.

effects can safely be neglected. As in previous wWadt, we

use the generalized simulated ann_ealing methO(_JI f_or the _ﬁtAPPENDIX: EXPRESSION OF THE EXCHANGE ENERGY

The error checks are performed either by modifying indi-

vidually each parameter to verify that the best fit corresponds We recall here the main equations of Rif8], using the

indeed to a well-defined minimum, or by fitting sets of arti- notations therein, in order to clarify the parameters involved

ficial experimental energies modified with random distribu-in the fitting procedure. The asymptotic exchange energy

tion of the experimental error bar. Including an estimation oV for the 32;’ and ®[1, states correlated to thesé 6p

possible missing effects in the model leads to an uncertaintgissociation limit of Cs is expressed as

as small as 0.01% on the leading param&iér whereM is

the electric dipole moment for the transitio®§,—6S,,, in VI =110l ex, (A1)

the cesium atom. This suggests that the present method could

provide lifetimes for the cesium atom with an accuracy bettewhere | ,, and 1, are the exchange integrals without and

than any other determination. with excitation transfer, respectively. They are calculated by
Important differences between the curve obtained usingonsidering the asymptotic behavior of the normalized

the present asymptotic approach and a previous RKR deteatomic wave functiongpgs and ¢gp, -

mination [15] from the same set of data were found and

ACKNOWLEDGMENTS

discussed. They can be justified by the hypothesis, in the Pes~ap Ve e, (A2)
standard RKR treatment, of an exponential behavior of the
potential curves at short range, which overlooks the charac- ¢6pma6pr1’ﬁ‘1e‘5r, (A3)

teristic shape of the present well, where both the inner and

the outer branches display a typidal ® behavior, so that wherea=—2Eg, andB= \V— 2Egp, are fixed quantities re-
they should not be modified independently. This explaindated to the binding energiesss andEg,, of the 6 and &
why from the RKR fit in Ref.[15] it was impossible to levels, andags andas, are the asymptotic amplitudes of the
extract aC; coefficient. Present results have strong consewave functions. The formal expression fby, and |, is
quences in the determination of 08, (P37 wave func-  written as

tions and in the derivation of the €33 | lower triplet state

scattering length. Ino=— (apsBep) “CnoR” ™M™ *RI(R), (A4)
Whereas the Cs(®;),) radiative lifetime can be extracted
from photoassociation spectra with an accuracy better than in loy=— (aﬁsaﬁp)ZCeXRV‘ Mg~ #R (A5)

atomic experiments, we obtain the C&{,) lifetime with

an accuracy equivalent to previous works. The performedvhereR is the interatomic distancen=0 and 1 for the>
analysis allows the direct evaluation of relativistic effects,andIl states, respectively. The complete expressions for the
inducing the difference between tt®&—P,, and S—P5, integral expressiod,(R), and for the coefficient§,, Cey,
transition matrix elements. The values obtained for the life-y, andu are presented in Ref18], and are not given here.
times are 75,=30.462(3) ns andry,=34.88(2) ns, in Letus note, however, that E€.13 of that paper contains a
agreement with pulsed laser measurements of Yoetre.  few typographical errors in the exponents of three factors,
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which,after checking with the authors, should readareags=0.510 20 andag,=0.107 39. In the present work,
alw) YR (281 w) 1Y) and (2u) (T2 Vrmm), the productagsas, is considered as a fitting parameter, with

In the expressions abovags andag, are the only param- the initial value 0.054 79. Let us note that another calculation
eters that depend on the accuracy of the atomic wavd-35] yields ag,=0.42, which would reduce the product
function determinations. In Ref18], their value for cesium ag.ag, to 0.045 10, assuming the same value dgy .
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