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Abstract 

Potential energy curves for the ground 1r; state of xe 2 , 

+ . * the first four states of the Xe 2 ions, and the eight Xe 2 

excimer states.corresponding to the·addition of a 6sag Rydberg 

electron. to these ion cores have been computed using averaged 

relativistic effective core potentials (AREP) and the self-

consistent field approximation for the valence electrons. 

The calculations were carried out using the LS-coupling 

scheme with the effects of spin-orbit coupling included in 

the resulting potential energy curves using an empirical 

procedure. 

A comparison of non-relativistic and averaged relativistic 

EP's and subsequent molecular calculations indicates that 

relativistic effects arising from the mass-velocity and 

Darwin terms are not important for these properties of Xe 2 

molecules. Spectroscopic constants for Xe 2+ are in good 

.agreement with all electron CI calculations suggesting that 

* the computed values for xe2 excimers should be reliable. 
+ * The lifetime for the 0 state of the Xe 2 is computed to be u 

5.6 nsec which is in the range of the experimentally determined 

values. 
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Introduction 

Laser oscillation has been observed for each of the rare 

gases except Ne, and for rare gas mixtures. 1 These lasers 

make use of the bound-free transition between the excited 

rare gas dimer (excimer) and the repulsive ground state. The 

excimer and dimer ion states also play an important role in 

the kinetics of rare-gas-halide lasers~ The kinetic and 

radiative models designed to describe the fluorescence and 

coherent emission of these laser systems requires knowledge 

of radiative lifetimes and cross sections for photoionization, 

optical absorption, and stimulated emission. 

The Xe 2 excimer has received considerable attention due 

to its importance as an intense source of vacuum ultra-violet 

r~diation with applications in laser photochemistry and as a 

pump for fusion lasers. Extensive theoretical modeling and 

experimental investigation have given insight into the diffi-

culties of the Xe 2 laser, including scaling with pressure, 

photoionization, and accessing the excimer states with long 

radiative lifetimes. 2 In order to further refine the modelling 

of these processes more precise knowledge of the states of 

Xe 2 and Xe 2+ is required. 

Previous theoretical studies on the excited states of 
+ 

Xe 2 and Xe 2 are limited to the empirical potential energy 

curves derived by Mulliken 3 ' 4 and the all electron configura

tion interaction calculations of Wadt 5 on the ground state 
+ of Xe 2 and four states of Xe 2 . Concurrent with this work 

Wadt et al. 6 have carried out further calculations on Xe 2+ 
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using effective core potentials to replace the inner shell 

electrons. Our results extend quantitative calculations to 

* the excited states of neutral Xe 2 and provide interesting 

comparisons of the different methods for the states of the 

+ 
ion Xe 2 

The calculation of the p6tential energy curves for the· 

heavier rare gas dimers presents two obvious difficulties. 

The first is the large number of electrons to be treated 

(most of which are not directly involved in determining the 

properties of interest). In addition, relativistic effects 

such as spin-orbit interactions increase significantly for 

higher Z. While relativistic effects become much larger for 

still heavier elements, they are large enough for xenon to 

make their consideration worthwhile. Recently an approach 

7 has been developed to simplify the calculations on heavy 

atoms by replacing the core electrons with an effective 

potential that also includes relativistic effects. These 

potentials are used in the present SCF calculations for 

+ * xe 2 , xe 2 , and Xe 2 . 

These calculations involve several approximations, the 

most obvious being the SCF approximation. However for other 

rare gas dimer ions it has been shown that SCF calculations 

benefit from a fortuitous cancellation of errors and yield 

good results.
8

'
9 

While the excimer states do not for~ally 

dissociate correctly at the Hartree-Fo~k level, the potential 

curves should be about as accurate as the ion curves for 

values of the internuclear distance near the potential minima. 

Another approximation discussed in more detail in the next 
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section is the use of LS coupling in the calculations and the 

inclusion of spin-orbit interaction as ~ later correction. The 

next section presents the details of the calculations and 

the results. The final section is devoted to a discussion 

of the SCF potential energy curves and radiative lifetimes. 

II. Calculations 

All-valence-electron self-consistent-field (SCF) calcu-

. + * lat1ons on Xe 2 , Xe 2 , and Xe 2 were carried out us1ng 

Gaussian expansions of effective core potentials (EP) derived 7 

using pseudo-orbitals extracted from numerical Dirac-Hartree

Fock atomic wave functions. 10 To make use of existing 

computer programs based on the LS-coupling scheme for 
· EP constituent atoms the EP's (U£j) based on the formalism of 

Ref. 7 are averaged to yield "averaged relativistic 

effective core potentials (AREP)". Thus each radial component 

of the total EP is given by 

The total EP now is of the form 

L-1 £ 
= u~REP (r) + L L [U~REP lr) -UL (r)] I £m><£ml' 

R.=O m=-£ 

where u1 is termed the "residual potential" and L is (ideally) 

one greater than the highest angular momentum occupied in the 

core. The angular momentum projection operators act on basis 

functions defined in the LS-coupling reference frame. The EP 

of Eq (2) may be used in molecular calculations in the same 

(2) 
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manner as described by Kahn, Baybut, and Truhlar11 when 

expanded in M Gaussian functions as 

where Z is the number of core electrons. 
c 

The EP of Eq (2) includes the effects due to the mass-

velocity and Darwin terms in the Dirac Hamiltonian, whereas 

the spin-orbit effects have been averaged out by virtue of 

Eq (1). To gauge the magnitude of these effects EP's were 

(3) 

derived from non~relativistic numerical Hartree-Fock wa~e· 

functions 12 following the procedures analogou~ to those 

described in Ref 7 for defining the appropriate pseudo-orbit~ls. 

The averaged relativistit EP's (AREP) and the non

relativistic EP's (NREP) are shown in Fig. 1 for~ = 0, 1, 2. 

Expansions [Eq. (3)] for the NREP' s and AREP 's ·are given in 

Table I. 

A valence basis set of Gaussian-type functions (GTF) 

was derived by optimization of the valence energy via SCF 
2 6 calculations for the Ss Sp configuration of the Xe atom in 

the field of the AREP. The orbital exponents of four s-type 

and three p-type GTF's in a basis set comprised of six s and 

five p GTF's were optimized while the two functions of each 

type having the smallest exponents were held fixed at values 

previously optimized 7 for the 6s and 6p Rydberg orbitals of 

the Xe atom. The three s and two p GTF's having the largest 

exponents were contracted together using the atomic SCF 

orbital coefficients. A single d-type polarization function 

6 
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that was optimized for the ground state of Xe 2+ was added to 

yield a final (6s Sp ld)/[4s 4p ldJ contracted GTF valence 

basis set. The s values and contraction coefficients are 

given in Table II. The analogous procedure for the NREP 

resulted 1n a basis set that was sufficie~tly like that due 

to the AREP that same GTF's were used .with both EP's. 

The molecular SCF calculations were carried out using 

the POLYATO~t13 molecular integrals program, the. GTF effective 

potential integrals program of Kahn, 14 and an open-shell SCF 

15 program developed at Caltech. 

Although EP's for Xe through 1=3 were computed, 7 the 

present limitation of the EP integral prograrn14 to sym~etries 
. AREP 1S2 required that the residual potent1al be Ud (r). Earlier 

investigations have indicated, however, that the EP's for 

higher 1 have appreciable effects only for cases where basis 

functions of that symmetry are centered on the same nucleus 

as the EP. 11 When this is not the case the interaction with 

EP's of higher 1 comes about only through two- and three-center 

interactions. Further studies of a proper definition of the 

residual potential are still warranted because of large dif

ferences seen in the shapes of, for example, U~p and U~p of 

EP EP 7 Xe and Uf and Ug of Au. 

Representative atomic SCF results are given in Table III. 

Also shown are orbital energies from all-electron AHF 12 and 

DHF 10 calculations, where the Sp112 and Sp 312 orbital energies 

have been averaged as in Eq (1). Results 6 based on the Cowan 

and Griffin (CG) approximation, 16 whereby the mass-velocity 

and Darwin terms are included in the atomic Hamiltonian and 

7 



LS-coupling is retained by excluding the spin-orbit term, 

are also shown. The excellent agreement between the averaged 

DHF and CG results indicates that for Xe the shift of the Ss 

orbital energy is nearly independent of the presence of 

spin-orbit coupling operators. It niay also· be concluded that 

the Sp orbital is not radically changed by the presence of 

the mass-velocity and Darwin terms. This is also reflected 

in the small difference in the ionization potentials as 

computed with the AREP and NREP. 

SCF calculations using the basis set of Table II and the 

1 + NREP and AREP of Table I were carried out for the ground I: 
g 

state of Xe 2 and the 

are plotted in Figs. 

2 + . 
ground I:u state 

2 and 3 together 

+ of Xe 2 • The results 

with curves due to 

all-electron calculations using a contracted Gaussian basis 

5 set by Wadt. Also shown in Fig. 2 is a curve based on the 

electron-gas-model of Gordon and Kim and Rae 17 that was 

reported by Wadt. 5 

Based on the atomic results of Table III and the near 

indistinguishabili,ty of the AREP and NREP results shown in 

Figs. 2 and 3 we conclude that for diatomic Xe molecules 
........... 

the relativistic effects due to mass-velocity and Darwin 

type terms are unimportant. The AREP curves are only 

slightly displaced to the left of the NREP curves. This is 

traceable ma~nly to the contraction of the Ss orbital in the 

AREP calculation. 

Table IV lists the valence energies for the ground state 

f X (l(J.g 2 lcru2 2crg 2 4 4 2 2) h f f X + 0 e2 ~u ~g (Ju , t e our states 0 e2 
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that arise when an electron is rem6ved from each of the outer 

* molecular orbitals (MO), and the eight states of Xe 2 due to 

the addition of an electron into the a 6s MO relative to each 
g 

of the four ion cores. Valence energies at 13 internuclear 

distances for each of the 13 states were computed in separate 

SCF calculations using the AREP of Table I and the valence 

GTF basis set of Table II. The Xe 2+ potential energy curves 

* based on these data are shown in Fig. 4 and those for Xe 2 
in Fig. 5.' 

Spin-orbit coupling effects were approximated for the 

+ * Xe 2 and xe2 curves using the empirical model described by 

Cohen and Schneider. 18 In this procedure the experimental 

splittings of the Xe+ and xe* are used to determine the 

matrix elements of the spin-otbit Hamiltonian. This matrix 

is added to the diagonal matrix of energies of the states 

that interact to yield 

viz 2r+ and 2rr for ~ = 

a given 

I/2, 3rr 

total angular momentum ~; 

and 1r+ for ~ = 0+ 3rr and 
' 

3r+ for 0-, and 3rr, 3r+, and 1rr for~= 1. 

+ 5 Spin-orbit parameters s for Xe (5p ) * and Xe 5 (5p 6s), 

derived from the atomic tables of Moore, 19 are 

l/3[J(l/2)-J(3/2)] = 3512 cm-l and 2/3[J(O)-J(2)] = 6086 -1 em 

respectively. These parameters were used to calculate the 
3 energy for the w-w coupling case at each internuclear 

distance for the data in Table IV. The 23 resulting states 

are plotted and labeled in Fig. 6, where we have shifted the 
+ Xe 2 curves vertically such that the experimental (rather than 

the SCF) ionization potentials of the Xe atom are reproduced. 

* No adjustments were made in the Xe 2 curves. Because the 
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n.~sol uti on of many of the curves in Fig. 6 is rather poor, 
+ 

t " ' • states of xe 2 are plotted separately 1n Fj g. 7, and .. ~ 
* the states of Xe 2 in Fig. 8. 

Values of selected spectroscopic constants for the 

+ * (strongly) bound Xe 2 and Xe 2 states are given in Table V 

for the curves both with and without spin-orbit coupling. 

Results based on the all-electron Xe 2+ calculation by Wadt 5 

and those due to the use of a relativistic EP 6 for Xe derived 

from20 the Cowan and Gri£fin16 atomic formalism are also 

&iven in Table V for comparison. Some vertical transition 
+ 

energies for Xe 2 

III. Discussion 

* and Xe 2 are listed in Table VI. 

Although it has been shown that the relativistic effects 

other than spin~orbit coupling are not important for the 

properties calculated herci for Xe 2 , some discussion of the 

differences between the all-electron calculations of Wadt 

and the results using the EP's is necessary. It is seen in 

Figs. 2 and 3 that the EP turves are displaced to the left 

of the all-electron curves. Presumably the curves from all-

electron calculations are more nearly correct, although the 

limited basis set used for the core electrons in these 

particular calculations may yield curves that are too 

repulsive at short distances. Other calculations with effective 

potentials have yielded curves which also appear to be not 

6 21 repulsive enough. ' Further studies are needed to determine 

the extent to which this is a difficulty inherent in the 

effective core potential method as presently employed or to 

10 
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which it may arise from numerical approximations in the use 

of basis functions to represent EP' s or in other steps in 

the calculations. The choice of the residual potential u1 

(see above) may also contribute to discrepancies. We hope 

to be able to offer more definite conclusions in the near 

future. 

Finally it is noted that the results using the electron 

· · 17 · 1 . h h EP gas approx1mat1on are 1n c ose agreement w1t t e 

results as shown in Fig. 2. This may be related to the 

inherent frozen core approximation in the electron gas methods. 

The results for potential energy curves of rare gas 

dimer ions have been shown to be consistently well represented 

by the SCF approximation due to the cancell~tion of errors 

arising from the following effects. 8 ' 9 The SCF wave functions 

for homopolar ions formally dissociate to two atoms having 

a +1/2 charge. This is essentially an orbital relaxation 

effect and reflects the fact that the orbitals describe 

averages of a neutral atom and a positive ion. Hence, the 

total energy at large internuclear distance is higher than 

the sum of the separate atom and ion SCF energies by an 

amount designated by Gilbert and Wahl 8 as the "left-right" 

corr~lation energy~ The additional configurations required 

to acquire the proper atom plus ion limiting value have been 

discussed in detail elsewhere. 8 ' 5 This orbital relaxation 

error isbalanced by an error of nearly equal magnitude due 

to the neglect of correlation energy in the bonding region 

in the use of the SCF approximation. The fact that the 

* approximation is more serious f6r Xe 2 is seen in the results 

at R = 20 in Table IV. 
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* The use of SCF wave functions for the Rydberg Xe 2 

states should be reasonable since they correspond to the 

+ 
addition of a single 6sag electron to the respective Xe 2 

cores. However, the dissociation products are not as 

+ 
reasonable as in the case of Xe 2 since the average of 

ground and excited Xe orbitals are not as similar as are 

+ 
those for Xe and Xe . It appears from our calculations 

* that the results for the Xe 2 states are valid for inter-

nuclear distances as large as about 9-10 a.u. as shown in 

* Table IV. Spectroscopic constants for the Xe 2 states given 

+ 
in Table V are, as expected, close to those for Xe 2 , · 

* suggesting that the Xe 2 states are reasonably described by 

the SCF calculations. 

It is important to note that while the a 6s Rydberg 
g 

orbitals is the lowest in energy, there will be bound 

excimer states due to excitation to the 6p and Sd (a, rr, 

and o) Rydberg orbitals. 3 ' 4 These will result in avoided 

curve crossings traceable to the change in character from 

a 6s to the other Rydberg orbitals. In such cases the use g . 

of the empirical spin-orbit coupling procedure is no longer 

valid since the nature of the excited state changes from 

Sp 56s to Sp 56p or Sp 5 Sd.
18 

Thepresent SCF calculations do 

not, of course, allow for a change of orbital character and 

may be considered as describing the a 6s states unperturbed g 

by the presence of nearby states of the same symmetry. 

* Estimates of the curves for these other Xe 2 states are given 

in Refs. 3 and 4. 
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The inclusion of spin-orbit coupling into the curves 

shown in Figs. 4 and 5 yields curves (Figs. 7-8) that show 

trends similar to those reported by Cohen and Schneider18 

+ * for Nez and Nez d h f d 
5 . + 

an t ose o Wa t for Xez . The 

magnitude of the spin-orbit interaction is considerably 

greater for Xe than for Ne as noted by the shift from a 
1 3 . 

P term and a P manifold to the pattern of j-j coupling 

5p~/Z 6s) with the pairs of terms with J 

4 
and J ~ 0, 1 .(for 5pl/Z 5p 3;z 

z = l,Z (for 5pl/Z 

6s). 

Dipole transition moments for the 1r+ + 1 r~ and 1n + u g u 
1r; emissions calculated using the respective SCF wave func-

tions are reported in Table VII for several internuclear 

distances. The transition moments of the states· including 

spin-orbit coupling are ·related to these through the eigen

vectors of the spin-orbit matrices defining the 0~ and lu 
18b states; viz, 

Since the transition moments for the tr~plet states are 

identically zero the only coefficients required are a1 and b1 

(a1 = 0.9753 and b1 = -0.1375 for R = 5.75 a
0
). The other 

low-lying spin-orbit state, Ou-' is strictly forbidden to 

radiate to the ground state. The resultant values for the 

transition moments including spin-orbit coupling for R = 5.75 a
0 

+ are ~(Ou) = 0.7049 a.u. and ~(lu) = 0.1Z97 a.u. The radiative 

lifetime T for a bound-continuum emission can, to a good 

13 



approximation, be expressed in terms of the vertical energy 

between the two states ~E(eVJ and the transition moment ~(a.u.) 

-1 6 3 2. 
near Re using the expression A = T = 1. 063 x 10 I ~E I 1111 sec 

for the Einstein coefficient of spontaneous emission. 22 Using 
+ + + 

the SCF values ~E(O - 0 ) = 6.987 eV and ~E(O - 1 ) = g u g u 

6.878 eV the computed lifetimes are T(O+) = 5.55 nsec and 
. u 

T(lu) = 172 nsec. These lifetimes have proven difficult to 

. . 23-29 measure exper1mentally because the fluorescence from the 

low-lying vibrational levels of these two states overlap 
0 

strongly producing a single broad band at 1720 A. The experi-

ments are further complicated by electron and heavy particle 

collisions mixing the o:, 0~, and lu states and making it 

very difficult to isolate the population in a single state. 29 

Measurements by Keto et al. 24 ' 29 are close to the values 'used 

2 in the kinetic model for the Xe 2 laser. They obtained 
+ 

T(Ou) = 6.22 + 0.8 nsec and T(lu) = 100 ± 2 nsec. Recent 

measurements by Shirley and associates 23 using pulsed synchro-

tron radiation to avoid electron collisions and to excite a 

specific electronic state of the Xe atom have obtained results 

tentatively interpreted as yielding similar values. Our calcu

lations also agree generally with those of Keto et al.; 24 , 29 

however more accurate calculations that take into account 

(1) configuratio~ mixing, (2) proper valence-core orthogonality 

d · . 30 d ( 3) h . 1 . f F k C d f con 1t1ons, an t e 1nc us1on o ranc - on on actors 

and the continuum contributions in the A coefficient need to 

be carried out. 

The variation of the transition moments with respect to 

changes in internuclear distance (see Table VII) are not large 

as would be expected for these Rydberg states. Because the 
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SCF wave functions do not have the flexibility to allow for 

proper dissociati6n, the values at larger separation are 

expected to be less reliable. The variation of the excitation 

energy with internuclear distance is expected to have a more 

significant influence 'on the lifetime because the emission is 

to the steep repulsive wall of the ground state potential 

energy curve. 

In order to calibrate the mol~cular lifetimes, calculations 
3 1 were carried out on the P1 and P1 states of the Xe atom 

using exactly the same methods to calculate the wave functions 

and transition moments as were used for the molecular case. 

The calculated excitation energies are ~E( 1 s 0 - 3P1) = 7.316 eV 

and ~E( 1 s 0 - 1P1 ) = 8.395 eV, and the corresponding transition 

3 1 moments are ~( P1) = 0.6133 a.u. and~( P1 ) = 0.5280 a.u. 

These values lead to the lifetimes T(
3P

1
) = 6.39 nsec and 

T(
1P1 ) = 5.70 nsec. Ander~on31 has determined the lifetimes 

of these states to be 3.79 ± 0.12 nsec and 3.17 ± 0.19 nsec, 

while recent measurements of Matthias et a1. 32 yielded 3.5 ~ 

0.1 nsec and 3.¢ ± 0.1 nsec, respectively. 

It would appear that there is considerable discrepancy 

between theory and experiment. However, the majority of the 

error can be attributed to the use of the SCF values for the 
19 . 1 3 

~ excitation energy. Using the observed values ~E( s0 - P1) 

= 8.436 eV and ~E( 1 s 0 - 1P1 ) = 9.570 eV the calculated life

times are T(
3P1 ) = 4.17 nsec and T(

1P1 ) = 3.85 nsec, in 

reasonable agreement with experiment. Since the SCF excitation 

energies used in the molecular lifetime calculations are close 

to the observed values (Table VI), the lifetimes are lowered 

15 



by only -10% if the latter energies are used. Finally, it is 

expected that the calculated lifetime for the lu state is less 
+ . 

reliable than that for the Ou state because of potentially 
... 1 

large effects on the IT 
u 

1 + . . d h - Z trans1t1on moment ue to t e 
g 

presence of a bound II state involving a dJI Rydberg orbital 
u g 

and coming from the atomic X~(Sp 5 6p) asymptotic state. 4 The 

1 rr state employed in the present calculations, restricted to 
u 

having Xe(Sp 56s) parentage due to the use of the SCF approxi-

mation, is purely repulsive (Fig. 5). 

The results presented here are intended to place the low 

+ * lying Xe 2 and Xe 2 potential energy curves on a somewhat more 

quantita.tive foundation than the estimates of M~lliken. 3 , 4 

They have also served to demonstrate the reliability of using 

EP's for molecular calculations involving heavy atoms. It 

appears that for Xe dimers the incorporation of the effects 
18 of spin-orbit coupling by means of an empirical procedure 

using experimental atomic term splittings is reliable in cases 

where strong configuration mixing or change in orbital character 
' 

is not expected. Atomic and molecular lifetimes ~omputed 

using the reSpective SCF wave functions and AREP's yield 

results that are in reasonable agreement with experiment. 

In future work we plan to compute potential energy curves. 

* for Xei states including configuration mixing to insure proper 

dissociation properties and to allow for the interactions 

among the 6s, 6p, and Sd Rydberg orbitals. The transition 

moments as a function of internuclear distance will be 

* recomputed and the theoretical emission spectra for Xe 2 

cxcimers reported. 

16 
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Table_ I. Gaussian Representations of Xe Effective Core Potentialsa 

NREP AREPb 

n r; b b bd b b bd s p s p 

2 3101.0580 10001.2468103 -2029.8635555 -1261.8724877 3364.8358389 6400.8867608 9715.9126229 

2 1656.9400 12967.2532014 -2499.3599334 -1648.5722662 4714.1097300 7181.5586116 10450.5903027 

2 400.1800 118.6876949 13.6186006 - 308.8579700 408.4806715 -76.8423330 -816.3229420 

2 213.5110 -1434.1926222 600.2008336 2117.2249998 -1247.2965220 76.1691758 -3178.2001049 

2 172.2200 1139.0541750 -75.0987624 -1683.9676399 1181.7588767 106.4682087 2043.2887265 

2 60.1000 253.8248434 17.1748795 -1082.1976210 357.2926530 19.3297540 1843.9936166 

2 18.0000 191.0803909 23.5399847 - 878.3333781 279.7260211 45.6185250 1431.1254621 

2 8. 7230 30.9549072 32.9978847 - 70.6569080 24.0259285 22.7569696 215.1953603 

2 5.3170 -17.6599173 -41.406424 7 21.4792185 1.6859524 -31.1191342 -30.3926954 

2 1.4510 -2.6418222 -9.3991444 -5.9585241 4.1317641 -6.6611822 -4.5418327 

2 .3000 -.0320120 -.0480999 -.0354254 -.0318452 -.0426607 -.0230183 

2 .0446 .0003275 .0004805 .0003504 .0006014 .0006215 .0004836 

1 7257.5000 -35.3180702 -43.4291158 -37.0120256 -6.3065139 66.8451734 101.4665571 

1 5425.0000 296.9633229 -14.5635957 -12.4908299 67.9439075 65.0477623 107.4413732 

1 1377.9700 -335.1700806 64.4242171 21.2430405 -122.9570159 -246.0919993 -341.0505213 

/ 1 185.4100 59.0731434 -35.1381251 -159.4208658 71.5587958 -4.9626120 304.1740320 

1 12.9100 -41.4527070 -10.2430487 152.4005053 -57.3043753 -12.115 7615 -358.3400709 

1 1.0300 9. 7418941 13.7243283 9.3478387 4.2814496 11.4916197 8.9996454 

0 165000.0000 0.0000000 -.0800000 0.0000000 0.0000000 -.3216667 -.8080000 

~Relative to Eq. (3). b See Eq. (1). 
N 
....... 
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Table II. Xe (6s .5p 1d)/[4s 4p 1d] GTF Basis Set 

Symmetry Exponent Coefficient 

s 28.738697 -0.015324 

s 1.960972 -0.192789 ..... 

s 0.318521 1.099335 

s 0.123316 1.0 

s 0.055000 1.0 

s 0.021000 1.0 

p . 2.821521 . 0.084105 

p 0.435800 0.964806 

p 0.137219 1.0 

p 0.036000 1.0 

p 0.013000 1.0 

d 0.220000 1.0 

I,.. 

/ 



): t ,. 

State 

Xe 5s 25p6 

+ 2 5 Xe 5s 5p 

(lS) 

(2P) 

* 2 5 3 Xe 5s 5p 6s ( P) 

(lP) 

Table III. Xenon Atomic Energies 

Approximation 

DHF(Av) 

AHF 

NREP 

AREP 

CGb 

DHF(Av) 

NREP 

AREP 

AREP 

AREP 

Orbital Energies (a.u.) 
~s Sp 6s 

-1.010 

-0.944 

-0.938 

..;1. 004 

-1.010 

-1.330 

-1.247 

-1. 345 

-1.156 

-1.162 

-0.457 

-0.457 

-0.451 

-0.451 

-0.457 

-0.788 

-0.803 

-0.806 

-0.616 -0.134 

-0.621 -0.126 

LlE(eV)a 

11.203 

11.187 

7.559 

7.776 

a Relative to the ground state valence energies E(NREP) = -16.20431 au and 
E(AREP) = -16.49885 au. 

b Numerical atomic results using the method of Cowan and Griffin (Ref. 9). 

N 
CA 



Table IV. Valence SCF Energies of Electronic States of Diatomic Xea 
+ * Xe2 Xe2 Xe2 

R lr+ 2E+. 2n 2 -
n 2E+ 3E+ 1E+ 3n 1n 3n 1n 

g u g u g u u g g u u 

4.50 .81444 • 53110 •. 42507 .34045 .27521 .64589 ·.64179 .54394 .53932 .46150 .45212 

5.00 .90935 .58558 .50808 .45424 .39509 .69706 .69303 .62280 .61849 .57027 .56233 

5.50 .95534 .60159 .54494 .51093 • 46,317 • 71099 .70680 .65688 • 65272 .62362 .61664 

5.75 .96839 • 6'0283 .55440 .52742 .48561 .71151 . 70718 .66530 • 66118 .63888 .63223 

6.ll0 • 97740 .60176 .56040 .53902 .50286 .70983 .70540 .67044 .66634 .64948 .64309 

6.25 .98361 .59936 .56409 • 54 717 .51621 • 70712 .70244 .67343 .66934 .65681 .65064 

6.50 .98789 .59630 .56629 .55290 .52662 .70381 .69893 .• 67504 .67096 .66189 .65588 

7.00 • 99288 . 58972 .56814 .55979 .54124 .69699 .69173 .67598 .67192 • 66773 .66206 

7.50 .99527 • 58377 .56844 .56324 .55043 .69099 .68542 .67557 .67155 .67040 .66503 
. 

8.00 .99643 .57898 .56821 .56499 .55629 .68618 .68040 .67471 • 6 7077 .67148 .66641 

9.00 .99730 • 57271 .56755 .56633 .56252 .67945 .67369 .67264 .66897 .67137 .66694 

10.00 .99755 .56952 . 56 711 .56666 .56515 .67486 .66954 .67032 .66701 .66981 .66600 
., 

20.00 .99703 .56655 .56653 .56653 .56655 .64309 .64067 .64242 .64024 .64241 .64020 

a All quantities in a.u. Energies are negative and are relative to -32.00000. 

): .. 

3E+ 
g 

.32973 

.50881 

.57446 

.59607 

.61269 

.62560 

.63570 

.64996 

.65894 

.66456 

. 66977 

.67056 

.64304 

1E+ 
g 

.38823 

.50497 

.57078 

.59227 

.60867 

.62125 

.63098 

.64447 

.65290 

.65835 

.66426 

.66618 

.64098 

N 
+:>. 
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Table V. Spectroscopic Constants for Xe 2 
+ 

and Xe 2 
*a 

Re(ao) D (eV) w (cm- 1) -1 -1 -1 w X (em ) · B (em ) a (em ) e e . e e e e 
+ 2 + 

This work 5. 74 0.99 122.5 0.45 0.02786 0.00011 xe 2 ru 
Cib 6.08 1.08 124 
CI-EPc 5.84 1. 04 125 

(1/2) d This work 5.82 0.70 110.4. 0.53 0.02704 0.00013 u 
Cia 6.18 0. 79 112 
CI-EPb 5.91 0.76 112 

X * 31:+ ez u This work 5.67. l.OO 128.3 0.62 0.02856 0.00012 

1r~ This work 5.65 1.03 129.2 0.45 0.02868 0.00011 

0+ 
u This work 5.72 0.77 118.5 0.53 0.02800 0.00013 

ou This work 5.73 0.78 117.3 0.59 0.02793 0.00014 

1u This work 5.73 0.79 118.0 0.59 0.02796 0.00014 

a A spin-orbit correction as described in the text was incorporated for the (l/2)u, 
+ - -

·ou, Ou, and lu states. 

b Ref. 5. 
c Ref. 6. 

d Empirical estimate of D
0 

= 1.03 eV, Re = 6.14 a
0 

(Ref. 4) . 
N 
Ul 
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+ * t 3 ble VI. Selected Xe 2 and_Xe 2 Vertical Tr~nsition Energies (eV) 

+ 
\(', .. 

:X *c ez 

a 

b 

(l/2)u-+- (3/2)
8 

-+- I (1/2) g 

-+- II(1/2)g 

o+ -+- xo+ 
u g 

+ lu -+- XO -- g 

Ref. 5. 

Ref. 6. 

This work 

1. 03 0.99 0.96 

1.67 1. 60 1.57 

3.56 3.31 3.32 

6.99 

6.82 

c A bound-free emission is observed at 7.3 eV (Ref. 1b). 

.,.,. 
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Table VI I. Variation of the Magnitude of the Transition 
Moment with Internuclear Distance (a. u.) 

State ll:+ lrr o: 1 u u u 
R(a

0
) 

5.5 0.691 0.953 0.678 0.115 

5.75 0. 723 0. 944 , 0.705 0.130 

6.25 0.785 0.922 0.752 0.159 

7. 5· 0.901 0.866 0.804 0.207 

8. 0 . 0.926 0 .• 841 0.803 0.209 



Figure Captions 

Fig. 1. Effective Core Potentials of Xe. 

Fig. 2. ·xe 2 x1r; Potential Energy Curves. All-electron SCF 

and electron gas results are taken from Ref. 5. 

Fig. 3. 
+ 2 + . 

Xe 2 X Eu Potential Energy Curves. All-electron 

POL-CI results are taken from Ref. 5. 

Fig. 4. Xe 2+ Potential Energy Curves Without Spin-Orbit 

Coupling. 

* Fig. 5. Xe 2 Potential Energy Curves Without Spin-Orbit 

Fig. 6. 

Fig. 7. 

Fig. 8. 

Coupling. 

xe 2 
+ 

* xe 2 

Potential Energy Curves 
Including Spin-Orbit Coupling. 

Potential Energy Curves Including Spin-Orbit 
Coupling. 

Potential Energy Curves Including Spin-Orbit 
Coupling. 
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