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The pooling of high-resolution laser-induced fluorescence measurements with photoassociation binding
energies inSLi, has provided a strict test of models proposed for extrapolation of long-range molecular
potential functions. An analytical expression is given for the long-range part of fhen@lecular states
originating fromM (ns 2S) + M(np 2P) alkali-metal atoms, replacing earlier expressions which assumed neg-
ligible spin-orbit coupling. The success of this model is illustrated by the excellent agreement between the
experimentally determined dissociation enef@y=9352.032(8) cm?', and the value 9352.032(12) crh
obtained by extrapolation &(R) values of a Rydberg-Klein-Rees potential for e state oféLi,. The
lifetime of the 2P, atomic level is 27.1@) ns.[S1050-294797)04205-4

PACS numbes): 31.15-p, 32.80.Pj, 33.50.Dq

[. INTRODUCTION long-range interactions. Dissociation energies obtained by
extrapolation can be compared with values obtained directly
The spectacular developments in ultracold atom trappindrom binding energies and known spectral term values. Small
experiments, which have led to the observation of Bosediscrepancies reveal changes in the relative importance of the
Einstein condensation in Li, Na, and Rb vap¢is-3] are  different terms contributing to the potential-energy curve.
also at the root of photoassociation spectroscppyl4, Merging data Gsv<75 on theA 13 state of°Li, from an
whereby dimers are formed in excited long-range moleculaoptical-optical double-resonance experimgit], with bind-
states which are almost inaccessible to standard spectring energies for 6& v <88 measured by photoassociation of
scopic methods. Traditional molecular spectroscopy has rdithium atoms[11], we found that Eq(1) does not extrapo-
lied on extrapolation of data pertaining to the lower part of alate well to the dissociation limiD. We give the form of the
potential-energy curve to derive accurate bond dissociatiofull analytical expression for the long-range part of the 0
energies. The simple extrapolation of vibrational energy inmolecular states originating fronM(ns 2S)+M (np ?P)
tervals proposed by Birge and Sporiéb] was superseded alkali-metal atoms. The validity of this expression is demon-

by the theory laid out by LeRoy and Bernstdib6]. An  strated by detailed examination of the potential curve for the
extension of this formalism, given by LeR§$7], based on A 15, ¥ state of the®Li, molecule.

a long-range interaction of the form

C Il. DETAILS OF THE FITTING PROCEDURE
E=D+>, —n (1)

n
n R In a previous papef21], using optical-optical double-
resonance to excité 'S ~E 'S levels and detecting

is in widespread use today for the determination of dissociafluorescence at high resolution in the infrared region, we
tion energies D), and multipolar expansion coefficients have been able to assign transitions covering the whole range
(C,) from potential-energy curveE(R). This provides a of the A state levels from=0 to v =284, about 2.5 cm'
convenient analytical form for the long-range part of thebelow the dissociation limit. The vibrational levels 62
curve, but many authors have established that it is insuffi=88 in the vicinity of the dissociation limit have also been
cient. The treatment proposed by Movre and Piclile8]  observed in experiments involving photoassociation of ultra-
corrects the leading term in this expansion, for spin-orbitcold °Li atoms[11]. Since several levels were observed by
interaction between p states, and we develop this approachboth techniques, we have been able to merge the two sets of
further in this paper. results in such a way that we retained the advantages of each.

Recent photoassociation data and results from multiphoThe photoassociation data are more precise than the fluores-
ton laser experiments give direct measurements of the enegence measurements, and give accurate binding energies of
gies of very weakly bound rotational and vibrational statesthe lowest rotational levelsJ&2) relative to theA state
and potential curves derived from methods such as Rydberglissociation limit. The fluorescence data cover a wider range
Klein-Rees (RKR) [19] or inverted perturbation approach of J (3=<J=<14) and give energies relative to a known en-
(IPA) [20], can now provide a stringent test of the models forergy origin,v =0 of the X 12; state. Combining fluores-
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cence lines and photoassociation binding energies in a glob& X 12; , v=0, J=0. After the RKR potential had been
fit, we determined an experimental value of the dissociatiortalculated, minor corrections were made to remove oscilla-
energy of theA state relative toX 125 , v=0,J=0, without  tions in the left-hand wall of the curve far>70. The inner
resorting to extrapolation procedures. Fluorescence measurexning points fronv =55—88 were fitted to an expression of
ments forv>75 were eliminated because the weak andthe form V(R)=A+B/RN and the resulting values oA,
broadened-— A transitions were much less precise than theN, andB were then used to ajust the valuesRaf,., to give
information available from photoassociation. The lowest vi-a smooth function for the inner wall. The outer turning points
brational levels oA 13 are characterized by the same fluo- were then corrected to conserve the differenRgye,
rescence data set as in REZ1], and the “global” fit pre- —Rinmer- The potential was refined by using the method of
sented here covers the range <56<88. The Hutson[23]to recalculate the eigenvalues and spectroscopic
photoassociation binding energies are treated as ‘“transionstantsB,,D,,H,, etc) of each vibrational level from
tions” from the dissociation limit 8+ 2p,;, to high-lying  the potential function. Using the calculated rotational and
rovibrational levels of theA state. distortion constants for 5%v <88, improvedG, andB, val-

We locate the energy levels with respect to the=(L3, ues were obtained in the global fit and a new RKR curve was
J=5) level of theF '3 state excited by double resonance. constructed.
This energy reference is calculated relative to the0, The final potential energy is given in Table I. The outer
J=0 of the X 12; ground state from analysis of several turning point of the highest vibrational level =88, corre-
A-X bands(involving thev =3, 4, and 6 levels of tha state  SPONds t0Ry,=74.03 A which extends the range beyond
andv=0-3 of theX stat® to calculate thep =6, J=4) the previous potential determined f8ti, [21] which cov-
energy level of theA state, one of the intermediate levels in €red up tov=84 andR=51.5 A. The eigenvalues and con-

the first excitation step. Then we added the measured wav&ants generated from this potential curve by the Hutson
number of theF(v=13, J=5)-A(v=6, J=4) fluores- Method[23] agree with those used in the construction of the

cence transiton. We obtained:T(F, v=13, J=5) RKR potential curve to within one standard deviation.

=32 698.48(2) cm!. In the fit, theA levels are generally
represented by three parametef’,8”,D") or by two IV. R DEPENDENCE OF THE LONG-RANGE ENERGY
(T”,B"). When just one transition appears—for example, for
the four last binding energies corresponding &0, v
=85,86,87,88—only one parameter is usdd)(

In addition to the parameters generated by this initial fit of

In the region close to the dissociation limit, t8g term in
Eq. (1) is dominant and the energy can be approximated by

240 lines of theE,F '3 —A '3 " transitions and 35 bind- e

: , 9 U k E=D+ —3;. 2
ing energies, we calculated missiBj rotational constants R

by interpolation or extrapolation of the known values using

the method developed by Tromp and LeR&g]. A fit of the outer turning points with 29R,,,.<74.0 A to

This procedure gave the vibrational energy and rotationakq. (2) gives D.=9352.229(39) cm! for the A 13 state.
constants of each level of thfestate between 56 and 88 and This value is close to the value given j@1] though the
a direct determination of the dissociation energy with respecpotential curve was less precise and less extended. Neverthe-
to the energy ofl=0, v=0 in the X 125 state. We found less, it is significantly removed from the new experi-
D=23231.1104)(20) cmi . The statistical uncertainty is mental value of 9352.032(8) cm, obtained from
shown in the first set of parentheses and corresponds to twd-13 879.078 crn?, where 13 879.078 cit is the energy
standard deviations, the second uncertainty is an estimate of the minimum of theA '3} potential-energy curve with
our systematic errors. respect to our energy origin,=0, J=0 of theX '3 ; state.
This reveals that the traditional “extrapolation” used|E1]
was inappropriate, even though the fitted paramederand
ll. THE A 'X STATE POTENTIAL CURVE C, reproduced all the observed data points adequately.

The RKR method was used to calculate the turning points T De is constrained to the new value and or is
of the A state potential-energy curve. This method requiredré@ted as an adjustable parameter, the resulting fit is very
well-behaved continuous representation of g and B, bad. This reflects the gr’adual change in the molecular poten-
functions. As described ifi21], two polynomials were re- tal away from a Hund's case a limit, in Y"h'Ch spin-orbit
quired to correctly describe these two functions over the harnteractions gan be ignored, towards Hund's case c situation,
monic part and the long-range part of the potential. For levin Which the “P atomic limit is recognized to have two sepa-
els <56, we have used the polynomial defined in therate levels, each of which leads to a molecular state jof 0
previous papef21]. The second polynomial was determined Symmetry. The () state associated with tHeP,, limit cor-
from eigenvalues and rotational constants of levels betweefesponds to thé '3 | state, and the P state associated with
57 and 88 determined in the preceding section. We havthe 2P, limit corresponds to the®I1,, substate. These two
checked that for =57, the two polynomials joined with the 0, states interact appreciably at large internuclear separa-
same energy and a difference B, values less than tions, where they become close in energy. This situation has
104 cm™ 1, which is of the order of magnitude of the sta- been described completely from a theoretical point of view,
tistical uncertainty. for example by Movre and Pichl¢i8], and by Bussery and
The vibrational energie§, were obtained by subtracting Aubert-Fr&on[24]. We now require an analytical expression
the energy of the potential minimum from the energy relativeequivalent to these calculations which goes beyond the first-
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TABLE I. RKR potential for theA '3 state ofSLi,. R,=3.1080 A.

% G, (Cmil) B, (Cmil) Rmin (A) Rmax (A) v G, (Cmil) B, (cm” 1) Rmin (A) Rimax (A)
—-0.25 68.950 2.9713 3.2570 44 8473.415 0.233 07 2.0300 7.8508
0 137.578 0.576 77 2.9185 3.3229 45 8555.013 0.221 17 2.0264 8.0526
1 409.805 0.569 86 2.7944 3.4987 46 8630.631 0.209 25 2.0230 8.2695
2 678.376 0.563 16 2.7152 3.6294 47 8700.412 0.197 42 2.0200 8.5028
3 943.309 0.556 47 2.6543 3.7422 48 8764.551 0.18578 2.0172 8.7534
4 1204.627 0.549 77 2.6042 3.8448 49 8823.296 0.174 41 2.0147 9.0224
5 1462.346 0.543 08 2.5613 3.9408 50 8876.936 0.163 40 2.0124 9.3106
6 1716.483 0.536 44 2.5237 4.0321 51 8925.790 0.152 81 2.0103 9.6188
7 1967.048 0.529 85 2.4900 4.1199 52 8970.195 0.142 70 2.0084 9.9477
8 2214.052 0.523 33 2.4596 4.2050 53 9010.491 0.133 08 2.0067 10.2979
9 2457.504 0.516 86 2.4317 4.2881 54 9047.008 0.123 97 2.0051 10.6704
10 2697.410 0.51042 2.4061 4.3695 55 9080.058 0.115 36 2.0037 11.0663
11 2933.774 0.503 98 2.3823 4.4498 56 9109.932 0.107 25 2.0024 11.4868
12 3166.595 0.497 53 2.3602 4.5291 57 9136.904 0.099 53 2.0013 11.9326
13 3395.869 0.491 05 2.3395 4.6077 58 9161.249 0.092 30 2.0003 12.4063
14 3621.588 0.484 54 2.3201 4.6859 59 9183.176 0.085 49 1.9994 12.9096
15 3843.739 0.478 00 2.3018 4.7638 60 9202.901 0.079 09 1.9986 13.4445
16 4062.303 0.471 43 2.2846 4.8416 61 9220.620 0.073 06 1.9979 14.0135
17 4277.258 0.464 84 2.2684 4.9195 62 9236.513 0.067 39 1.9972 14.6193
18 4488.578 0.458 22 2.2530 4.9976 63 9250.741 0.062 05 1.9966 15.2651
19 4696.231 0.451 57 2.2384 5.0760 64 9263.457 0.057 04 1.9961 15.9544
20 4900.181 0.444 89 2.2244 5.1549 65 9274.796 0.052 34 1.9956 16.6913
21 5100.386 0.438 17 2.2112 5.2344 66 9284.886 0.047 92 1.9952 17.4802
22 5296.798 0.431 38 2.1985 5.3146 67 9293.843 0.043 79 1.9949 18.3261
23 5489.365 0.424 53 2.1864 5.3958 68 9301.774 0.039 93 1.9939 19.2340
24 5678.025 0.417 57 2.1748 5.4781 69 9308.777 0.036 32 1.9936 20.2114
25 5862.711 0.41050 2.1638 5.5617 70 9314.945 0.032 96 1.9933 21.2650
26 6043.348 0.403 30 2.1532 5.6467 71 9320.359 0.029 83 1.9931 22.4027
27 6219.852 0.39594 2.1431 5.7334 72 9325.098 0.026 93 1.9929 23.6336
28 6392.131 0.38841 2.1334 5.8221 73 9329.231 0.024 24 1.9927 24.9683
29 6560.087 0.380 69 2.1242 5.9130 74 9332.824 0.021 76 1.9926 26.4185
30 6723.612 0.37277 2.1154 6.0063 75 9335.934 0.019 47 1.9924 27.9981
31 6882.591 0.364 63 2.1070 6.1024 76 9338.617 0.017 36 1.9923 29.7229
32 7036.898 0.356 27 2.0989 6.2017 77 9340.921 0.015 43 1.9922 31.6114
33 7186.403 0.347 65 2.0913 6.3046 78 9342.890 0.013 65 1.9922 33.6853
34 7330.967 0.338 77 2.0840 6.4114 79 9344.564 0.012 04 1.9921 35.9703
35 7470.444 0.329 60 2.0771 6.5228 80 9345.980 0.010 56 1.9920 38.4967
36 7604.684 0.320 14 2.0705 6.6392 81 9347.171 0.009 22 1.9920 41.3008
37 7733.535 0.310 35 2.0643 6.7614 82 9348.166 0.008 01 1.9919 44.4263
38 7856.846 0.300 23 2.0584 6.8901 83 9348.991 0.006 91 1.9919 47.9260
39 7974.471 0.289 78 2.0529 7.0261 84 9349.670 0.005 92 1.9919 51.8641
40 8086.277 0.278 99 2.0476 7.1703 85 9350.225 0.005 05 1.9919 56.3208
41 8192.147 0.267 89 2.0427 7.3238 86 9350.673 0.004 27 1.9918 61.3978
42 8291.991 0.256 50 2.0382 7.4876 87 9351.031 0.003 60 1.9918 67.2329
43 8385.752 0.244 87 2.0339 7.6629 88 9351.312 0.003 03 1.9918 74.0297

order terms given by Julienne and Vigter the M(ns 2S) functions expressed on the basis of atomic functions de-
+M(np 2P5;,) limit [25], where significant off-diagonal scribed by the quantum numbddV ;). They are given by
terms in the matrices describing the coupling between spin-
orbit substates have been omitted. Such an expression can be

3
obtained by diagonalizing the>22 long-range energy ma- E(1)=D+ Cn(*2 ) +2C,(°M)
trix given in [24] for the two Q] states(labeled 1 and P ’ n=36,8,10 3R"
dissociating intoM(ns 2S)+M(np ?Py,,) and M(ns 2S) .
+M(np ?Py,), respectively. The elements of the matrix are N Eex('30) + 2B, °I1y)

obtained in a straightforward way by using molecular wave 3
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) Ca(*= ) —Cu(3Iy) of Ref. [28] involving atomic energy parameterg,,
E(1,29=E(2.)=—-—+ n =.—2¢, (Wheree,, is the energy of the atomic alkali-
3 |n=388.10 R ; O
o metal staten|?L) and the asymptotic parameteks, given in
[29].

+Eex('2y) —Ee P |, It should be noted that th€; coefficient given by Juli-

enne and Vigug25] for the attractive J state corresponding

20, (134 C,(°11,) to 2Py, is just the term iR~ 3 in the diagonal matrix ele-
E(2.2=D+AE+ 2 . mentE(2,2). The off-diagonal terr&(1,2) is responsible for
n=3,6,8,10 3R thegfact that the long-range energy does not in reality follow
1< + 3 1/R° behavior.
+ 2Eed 2y ) +Eed H”)_ (3) For the two @ states dissociating intM(ns)+M(np),
3 we have
The C, terms in Eq.(3) are the usual multipolar expan- 2M? M?2
sion coefficients for the'S. and °II, states dissociating Cs('zy)=- 3 C3(°My)=— 3
into M(ns)+ M (np). Numerical values have been published
recently[26] for all the alkali-metal dimers fon=3, 6, and 20Ry;+22R;5 5Rp1+19R;5
8. The quantityD represents the energy of the dissociationCe(*2,)=— — 5 Co(°I1,) =~ —
limit (2S)+ (?Py,,), andAE is the atomic fine structure split- (4)

ting E[?P3,]—E[%P4),]. The exchange termB,(>S*1A )
are readily evaluated for each alkali dimer using thewhereM? is the square of the radial part of the atomic dipole
asymptotic form of the surface integral met{@¥—30, i.e.,  matrix elementM?=[(ns|r|np)]?. The termM? is related

to the square of the dipole matrix elemetitof Julienne and

Eex(**"*A)=(-)%1(21A,20421A,200 Vigué [25] by M2e?=3d?. The atomic parameteR; are to
+1(21A,204200.21A). beRI%lJlnd in Eq.(18 of Ref. [24]: Ryu=R3™ and Ry,
— M2

The basic integrals represent both exchange integrals with-  Analytical diagonalization of the 22 energy matrix
out and with excitation transfel30]. They are evaluated given in Eq.(3) yields a general expression for the energy of
from known formulas available for instance in Appendix A the two Q] states dissociating intbl(ns)+M(np)

AE M? 1 [5Ry 82Ry, 08(123)+Cs(3ﬂu)+Cm(123)+Cm(3Hu)+Eex(123)+Eex(3Hu)
2 2R® 2R%| 9 90 2R3 2RO 2
M2 n 1 R_Ol R_lz CB(SHU)_C8(12:)+Clo(anu)_clo(lza—) Eex(SHu)_Eex(lzJ)
9R® "3R6| 3 ' 15 3R 3RO 3

E(0;)=D+

2
e

M2 1[R01 Rlz} Co*M) —Cal'S)  CaM)—Co*51)

a2 T e R8 RlO

2) 1/2
3 _ 15+
3 15 + Eex(PIIy) —Eex( Eu)) ] . (5)

The + sign in front of the square root corresponds to thelated valueA,.=0.82[29] of the asymptotic parameter has
upper Q substate, associated with®II, in this instance, been used. For the excited orbitgh 2he valueA,,=0.219

and the— sign corresponds to the low#r '3 state. used was derived from the formylac]
The next step was to establish the region for which this
expression remains valid, and to discover whether it can be 2B g1+ 1A
applied correctly to a small portion of a potential-energy “~2p~ 1 1 172
curve and extrapolate correctly to the true dissociation limit. [T E +2 F(E_ 1”
TheA 13 state of®Li, was used as a test. The outer part of
the RKR potential curve obtained in this way was first com- with B=a,, and I'(x) is the gamma function.
pared directly with a theoretical Ostate curve obtained by
using Eq.(5) with our experimental value ob., and the The predicted curv€Eq. (5) with theoretical parametefrs

values of parameters!?, Ry;, R;,, andCg deduced from and the RKR outer turning points are comparable te R2
quantities given if26], and C,, recalculated from expres- <75 A. Because the differences between the two are tiny
sions given in24] using model potential atomic orbitals. In (the largest difference is 0.1eim ! at R,,,,=11.93 A), the
order to evaluate exchange terms, the quantitigs,as, broken curve in Fig. 1 shows the differende/(R) as a
have been obtained from the experimental atomic energigsinction of internuclear distance, rather than the curves
gps and ey, i.€., aps=0.630, a5, =0.510, while the tabu- themselves. Agreement is very good. We then studied the
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FIG. 1. Differences between RKR and calculai&R) curves
for the long-range part of th& 13! state of6Li,. Broken line:
calculation with Eq(5) and theoretically predicted parametg2§].
Solid line: calculation with Eq(5) and the fitted parameters of
Table Il (without retardation effecjsDots indicate the RKR outer
turning points.

contribution of each of the terms in E(p) as a function of
R (again using theoretical parameferso establish each

FIG. 2. Energy differences between the total endigy. (5)]
and (1) exchangeR™ 1% R™8 andR® terms,(2) exchangeR™*°
and R™® terms, (3) exchange andR 1 terms, (4) exchange
terms. The dashed line represents a threshold of 0.025.cm

mined directly. We chose to fix theC,(!3) and
Cy(%I1,) parameters at their theoretical values, and to im-
pose Cg(3I1,)=0.175 970 K Co(*3[); this ratio in the
Cg parameters is also taken from the results of Marinescu

point beyond which higher-order terms could be neglectedand Dalgarnd26]. The parameteCg4(* ) was treated as
The results of this investigation are illustrated in Fig. 2,an adjustable parameter. We found tRgt and M?2 are al-
where energy differences are drawn which correspond tenost invariant with the number of points included in the fit,

successive omission of exchange,'’, R™8, andR® terms

but thatRy; and R, were more sensitive to the data base.

in formula (5). For example, considering a threshold of This can be seen from a selection of results presented in
0.025 cm !, exchange contributions must be considered forTable I1. Table Il gives the parameters determined from the

v=<58, R0 contributes significantly fov <61, R™8 con-
tributes significantly forn <67, andR™® terms must be in-
cluded forv<74. Forv>75, only R"3 terms are non-
negligible.

full data set R>12 A). These parameters reproduce the
RKR curve very well, as shown by the solid curve of
AV(R) in Fig. 1. From the fitted value d¥12 (see Table II)
we determine the lifetime of théP,,, atomic level to be

The RKR outer turning points were then used as inpuR7.132) ns where the uncertainty corresponds to two statis-

data for a nonlinear least-squares fit to E§), to see

tical standard deviations. This matches both the value

whether we were able to determine all the parameters, and ®7.1022)(7) ns given by McAlexander, Abraham, and Hulet
see whether the dissociation enefy, determined from the [31] for ‘Li and various calculated values quoted in Ref.
potential curve, was closer to the experimental value than thgg1] which are close to 27.08 ns.

D, value obtained from the LeRoy formula BE@). As there The formula energyEq. (5)] was also tested by using a
are only seven turning points with £R,,<16 A, the smaller data base to see whether it remains reliable in ex-
Cg, Cyp and exchange parameters could not all be detertrapolation and to see whether the parameters obtained match

TABLE II. Dissociation energy with respect to the minimum of the'S " state[including Yq,=0.093(5) cn?], and long-range
parameters obtained with different rangesRyf,,. Quantities in parentheses are two standard deviations in units of last digit.

D, M?2 Ro1 R, 1078Cg(*s))  1078Cyo(*=))  rms error

(cm™b) (e? ad) (e? aj) (e? aj) (e? af) (e? a) (cm™b) Method
9352.0328)2 0.006 fit of energiegdirecd
9352.0326) 16.49320) 0.0 0.0 0.0 0.0 0.003 Ed5), R=36 A
9352.0319) 16.48412) 2146570 3541663 0.0 0.0 0.005 Eq(5), R=16 A
9352.0387) 16.4928) 16101236 3055579 —0.327(133) 0.0 0.004 Ed5), R=14 A
9352.03%7) 16.4916) 1684465 3121(444) —0.255(80) —0.226 fixed 0.004 Eq5), R>13 A

This uncertainty contains the statistical ertérl0~3 cm™1) plus the uncertainty in the position of the minimum of the potential curve with
respect taw =0 of the ground state.
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TABLE IIl. Parameters describing the long-range interactioh(l0 2s+Li2p) derived from the
AS" potential curve. Quantities in parentheses are two standard deviations in units of last digit.

Ch(cm ! AM=C,(a.

u)x219 474.6%0.529 177.

From RKR curve
(12 A<R<75A)

From RKR curve
(12 A<R<75A)

Parameters without retardation effects including retardation effects Theof26]
D, (cm™ %) 9352.0328)° 9352.03%7)

M? (a.u) 16.4887) 16.4847) 16.513
C;(i2 ) (au)® —10.992(5) —10.989(5) —-11.01
C5(311,) (a.u)? —5.496(2) —5.495(2) —5.503
Roy (@.u) 1900312 1967240 1405

Ry, (@.u) 3318417 3379310 2948
Ce(*=J) (au)? — 2467(247) —2526(185) —2066
Ce(°11,) (a.u)® —1612(179) —1645(134) —1401
Cs(12h) (auw) —0.135(80) 10° —0.111(70)x 10° —0.2705< 10°
Cg(®I1,) (a.u) —2.4(1.4)x 10%¢ —2.0(1.2)x 10 —4.76x 10/
Ci(t2)) (au) —0.226x 10%(fixed)® —0.226x 10%(fixed)®

C1o(3I1,) (a.u) —0.165% 10%(fixed)® —0.165% 10%(fixed)®

A, (asymptotic 0.43990) 0.44787)

parameter

rms error (cm't) 0.002 0.002

aDeduced from the fitted values bf?, Ry;, andR;, using Eq.(4).

®n addition to the statistical error oB,, one can also consider the uncertainty in the position of the
minimum of theA o potential curve with respect to=0 of the ground state, estimated at 0.004 ¢m
The long-range analysis then leadslig=9352.032(12) cm®.

°Deduced from the fitted value @g(12 ) using[Cg(3I1,)]/[Cg(*S)]=0.175 970 4.

dcalculated from expressions 4] using model potential atomic functions.

those found using the complete data set. The results prée ensure that neglect of the retardation effects deemed to be
sented in Table IV are convincing, and suggest that it shoulimportant around 75 A inLi, [31] but negligible in the
be possible to get closer to the true dissociation energy evef 13 " state of Na[32] at 250 A did not affect the numeri-
when extrapolating from data which do not extend to verycal results of our fit to any great extent. We thus added
large R by replacing Eq(2) by Eq. (5). supplementary terms to E¢(p) to incorporate retardation ef-
From an identical set of observed data, McAlexanderfects, in the way suggested by Meafl83], so that
Abraham, and Hulef31] have recently analyzed the long- C,(!S) is multiplied by[ 1+ (y%2)] andC4(3I1,) is mul-
range part of thé\ '3 state of L} using an energy expres- tiplied by [1—(?/2)], wherey=(27R)/\, where\ is the

sion in wavelength of the?’S— 2P transition.
ot The three terms varying &2, which appear in the gen-
> Ca(*2y) eral expressiofiEq. (5)] for the energy, are then corrected in
= R" the following way:
1ot ) M 2 M 2 72

where theC3(*2 ) was corrected for fine-structure effects — s — =3 | 3+ =,
as well as retardation effects. Adiabatic corrections were also 2R 6R 2
included. ) ) ) ) ) )

Our analysis has concentrated heavily on contributions M_ M_ 1+3_7 d M_ M_ 1+3_7
from the off-diagonal terms iR 3 andR™°, and we wanted 9R? " 9R? 2 | N3RS IR 2 )

TABLE IV. Extrapolation with Eq.(5) to the dissociation limit for different ranges Bf,,,. Quantities in
parentheses are two standard deviations in units of last digit.

D¢ Mm? Ro1 Ri> Range ofR .« rms error
(em™ (e%ag) (e*ag) (e%ag) A) (em™)
9352.03913) 16.51731) 0.0 0.0 26-52 0.004
9352.02918) 16.48317) 217Q708 3563547) 16-36 0.003
9352.03210) 16.48513) 2144913 3540794 16-52 0.003
9352.24225) 16.49359) 0.0 0.0 26-52 0.007

Eq. (), cf. [17]
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From the full data setR>12 A) a fit has been performed “experimental” dissociation energy for théLi, molecule in
with the corrected energy expression and the parameters ofije A 13 " state. A potential-energy curve has been con-
tained are given in Table lll. As can be seen the variationgrcted by the RKR method from these data. This curve was
due to the retardation effects are of the same order as staligeq to test the performance of an analytical expression for
tical errors so that these effects_ are found to be negligible. potential curve as a function 6% this expression should
Following the scheme described by McAlexander, Abra-_ o . n .
ham, and Hulef31], we have estimated adiabatic correctionsfnd appllcatlons in the .study of otheru Ostates of alkall-
at largeR and have performed a fit including these correc-Metal dimers observed in photoassociaiér14. We find
tions for the data bas®>15A. The new values for the that the off-diagonal terms in R? are essential, and that
parameters remain within the statistical errors given in Tabl@ff-diagonal terms in B® must also be included if one is to
1, and in contrast to Re{.31], we findD, increases by only obtain both theCg(*= ) and C4(°I1,) parameters close to
0.003 cm . theoretical predictions. A complete presentation of the ana-
lytical form of the long-range energy dependence ttvill
be published shortly for the other sta{&®l], whereupon it
Pooling high-resolution laser-induced fluorescence meawill be possible to predict the long-range interactions for all
surements and photoassociation data, we have determined e molecular states.

V. CONCLUSION
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