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CEPA-PNO and PNO-CI calculations have been performed for the potential 
energy curves of the He~- ground state and the six lowest excited states of 
He2 in the range of 1.4 a0-<R -< 3.5 a0. The calculated equilibrium distances 
as well as the spectroscopic constants are in very good agreement with 
molecular constants as derived experimentally from the rotation-vibration 
spectrum of He2 by Ginter, except for the c 3s state. This latter discrepancy 

3 + is probably due to an "obligatory" hump in the c s state occurring at 3.5 ao 
which cannot be properly treated in our calculation. The relative energetic 
positions of the six lowest states and their ionization energies are reproduced 
by our calculations with an accuracy of 0--400 cm -1. Extrapolation of our 
results to infinite basis sets leads to estimates of the dissociation energies of 
He2 excited states which cannot be measured spectroscopically because of 
the humps in all these states. 

Key words: CEPA - Excited states of He2. 

1. Introduction 

The excited states of He2 show some unusual properties which have attracted 
the early interest both of experimentalists and theoreticians. While the ground 
state of He2 is purely repulsive, exhibiting only a very shallow van-der-Waals 
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minimum of 10.57~ = 0.00091 eV at 2.97/~ [1, 2], several of the excited states 
are chemically bound with binding energies up to 2.5 eV and equilibrium dist- 
ances close to 1.0 ~ [3]. The occurrence of highly excited (-16 eV) bound states 
above a repulsive ground state makes He2 a favoured candidate for the construc- 
tion of a VUV excimer laser. On the other hand, the existence of humps at 
about 2-3/~ on nearly all potential curves of bound excited states has caused a 
great amount of theoretical studies, both in a qualitative and a quantitative way. 

The first calculation of excited state potential curves for He2 has been reported 
by Buckingham and Dalgarno [4], the fundamental discussion of the origin of 
"obligatory" humps is due to Mulliken [5]. Subsequently, many ab initio calcula- 
tions were pdrformed, mainly focussed on the problem of obligatory and non- 
obligatory humps at intermediate distances. A satisfying explanation for the 
existence of these humps was given by Guberman and Goddard [6] in their 
analysis of the nature of He2 excited states. (Concerning a compilation of previous 
ab initio results the reader is referred to Ref. [6].) The long-range part of the 
singlet potentials and the hump heights and positions as calculated by Guberman 
and Goddard have recently been confirmed experimentally by the low-energy 
high-resolution differential cross section measurements of Brutschy and 
Haberland [7]. 

In this paper we focus our attention on the six lowest excited states of He2, 
3 + 1 + 3 + 1 + namely the a ~ , ,  A s b 3IIg, B lIIg, c s C Eg states and in particular 

on the region near the potential minima of these states. Detailed experimental 
information about this part of the potential curves is available from the rotation- 
vibration analysis of electronic transitions between these states as performed by 
Ginter in a series of papers [8-10] in 1965. From these experiments RKR- 
potential curves can be deduced in the vicinity of the minima. Such experimental 
potential curves are presented in [11]. Above these six states about 20 and more 
higher excited Rydberg states have been identified and analyzed by Ginter and 
coworkers in later papers [12-15], but they will not be treated in this paper. 

Apart from the spectroscopic investigations there is a number of recent ab initio 
calculations on the equilibrium properties of the He2 excited states. But contrary 
to calculations on the long-range part of the potentials the agreement between 
experiment (i.e. spectroscopic information) and most of the previous calculations 
is rather poor as far as equilibrium distances, force constants etc. are concerned. 
The early work of Matsen and coworkers, as reviewed in [16, 17], yields rather 
poor equilibrium properties; similarly the Re values for the A and C states 
reported in [6] are by 0.06/~ too large. Only the CI calculations of Mukamel 

1 + and Kaldor oh the A ~ u state are comparable in accuracy to our calculations [18]. 

Since the bound excited states of He2 are Rydberg states with potential minima 
closely resembling the potential minimum of the He~ ion we have also included 

2 + + calculations on the ground state (X Eu) of He2. For this system two excellent 
ab initio calculations exist, one of them [19] for 2.0 ao <-R -< 2.125 ao, i.e. in the 
vicinity of the minimum, the other one [20] yielding a full potential curve between 
R = 1.30 ao and co. 
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2. Method of Calculation and Basis Set 

All calculations are performed using the CEPA-PNO program developed by us 
and described in the first part of this series [21, 22]. We always use canonical 
occupied SCF orbitals and correlate all four electrons. 

Since our CEPA program in the present status of development requires a 
one-configuration reference wavefunction it was impossible to obtain the correct 
asymptotic behaviour for the potential curves. As Mulliken has shown [5] the 

3 + correct dissociation of a s say, requires a wavefunction of the kind 

Cl]lo'glo.glo..2o.g I + c2t lo.g lo..lo-.2o-~ I 

i.e. a superposition of two terms, the first of which consists of the "A-core"  of 
He~- ( lo  .2 lo-u) with an 2o.g Rydberg electron attached to it, the second is the 

+ 2 
"B-core"  of He2 (lo-u lo.g) with a 2o-u Rydberg electron. For R -+ oo, dissociation 
into neutral atoms, i.e. He(ls2)+He(ls2s), enforces Ic11=1c21 whereas at the 
minimum the strongly bound A-core dominates, i.e. Ic1[ >>]c21. Any treatment 
based on the A-core reference configuration only may yield acceptable results 
near the minimum but dissociates into a mixture of covalent and ionic states. 
The same argument holds for the other states. We have limited our treatment 
to 1 . 4 0 a 0 - R - < 3 . 5  a0. Inspection of the qualitative potential curves given in 

3 + [16, 17] shows that the humps in all but the c s states occur at much larger 
values of R and that the A-core can be expected to dominate in that region. 

3 + 
For the c s state, however, the position of the obligatory hump (=avoided 
crossing) is close to 3.5 ao such that we cannot hope our CEPA treatment to be 
as reliable for this state as it is for the other ones. 

The orbital basis used in our calculations consisted of Gaussian lobe functions. 
p- and d-type basis functions are constructed from lobes as described elsewhere 
in detail [23, 24]. We started from a 6s Huzinaga basis [25] for each helium 
atom, augmented by three fiat s-functions, four sets of p-functions and one set 
of d-functions (only do- and drr) with suitably chosen exponents. This basis 
consisting of 44 groups (s proved a satisfactory compromise between 
accuracy and computer time. It had to be augmented by two additional diffuse 
rr-functions in order to describe the 17ru Rydberg orbital in the two II states 
(H-basis, 52 groups). The total basis is given in Table 1. 

In Table 2 the results of our SCF and CEPA calculations on the lowest states 
of He are collected. The S states are calculated with the s (but only 22 
groups), the P states analogously with the H-basis. It can be seen that our CEPA 
excitation energies are too low by about 0.1 e V ~ 8 0 0  cm -1. This is caused by 
the fact that our basis accounts for only about 90% of the correlation energy 
of the He ground state (0.03776 a.u. instead of 0.04204 a.u. [27]). Since there 
is no correlation energy for He + and only a very small one (~0.001 a.u.) for the 
excited states this error of 0.116 eV should influence all excitation energies in 
the same way and cancel if energy differences between excited states are calcu- 
lated. Typical errors for them are in the order of 0.01-0.02 eV. 
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Table 1. Basis set for He2 

Nr. Type r/i cl 

1 s 192.4388 0.025612 
28.95149 0.191317 

6.633653 0.850953 
2 s 1.879204 1 
3 s 0.589851 1 
4 s 0.193849 1 
5 s 0.059 1 
6 s 0.018 1 
7 s 0.006 1 
8-10 p 2.5 1 

11-13 p 0.7 1 
14-16 p 0.22 1 
17-19 p 0.06 1 
20-22 d~, dzr 0.28 1 
23-24 ~ pzr 0.02 1 
25-264 p~" 0.006 1 

"Excluded for the E-states. 

Table 2. Results of He-atom calculations 

SCF CEPA 
State a.u. a.u. AE(CEPA) eV a AE(exp) eV ab 

He 11S -2.861131 -2.898889 0 0 
He 23S -2.173650 -2.174556 19.710 19.820 
He 21S -2.123205 -2.145001 20.514 20.616 
He 23p -2.130860 -2.132006 20.868 20.964 
He 2aP -2.121924 -2.122385 20.130 21.218 
He + 2S -1.999531 24.473 24.588 

a Energy conversion factors used: 1 a.u. = 27.2116 eV, 1 eV= 8065.465 cm -1. 
b Ref. [26]. 

A c o m m e n t  is necessary to the SCF calculat ion for the 21S state with the 
e lectronic  configurat ion ls2s. It is well know n  [28] that  in this case the SCF 

approx imat ion  is not  un ique ly  defined: Minimiz ing  the energy expecta t ion  value 
of the l ( l s 2 s )  conf igurat ion with respect  to the ro ta t ion  l s  ~--~2s does no t  yield 
an upper  b o u n d  to the t rue energy of the 2~S state and  is not  equ iva len t  to the 
Br i l louin  condi t ion  (ls2lH]~(ls2s))= 0, as long as the orbitals  l s  and  2s are 
or thogonal .  (Compare  the respective discussion in Ref. [22].) We  have used two 
a l ternat ive  procedures :  (a) F rozen  core SCF, s tar t ing from He+;  this yields an 
energy of - 2 . 1 5 4 6 3 4  a.u., r easonably  close to the energy m i n i m u m  of me thod  
(1) as given in [28]; (b) SCF by means  of the Bri l louin  condi t ion,  yielding 
- 2 . 1 2 3 2 0 5  a.u. (compare Tab le  2, and  me thod  (2) of Ref. [28]). The  subsequen t  

CEPA-ca lcu la t ions  with single excitat ions inc luded star t ing from ei ther  (a) or 
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(b) as reference coincide within less than 0.0005 a.u. For the calculation of the 
1 + potential curve of the C s ~ state of He2 consistently method (b) has been chosen. 

3. Spectroscopic Constants 

Table 3 contains our CEPA results for nine points between 1.4 a0 and 3.5 ao on 
2 + the potential curves of the six lowest states of He2 and of the X Yu ground 

state of He~. Though the separation of these points seems to be quite large, in 
particular near the minima, we found that the calculation of spectroscopic 
constants from these points is possible without problems. Using two independent 
and completely different programs for the analysis of the potential curves we 
obtained results that differed by no more than 0.003 ao for Re and 2 cm -1 for 
the lowest vibrational levels. 

A series of different fits to the calculated points was tried in order to evaluate 
spectroscopic constants and to calculate the rotation-vibration spectrum: Poly- 
nomial fits in powers of R ;  polynomial fits using inverse powers of R and the 
calculated asymptotic energies; polynomial fits in inverse powers of R allowing 
for humps at intermediate separations. The results deviate only very slightly 
from each other. 

The Tables 4 and 5 contain the most important spectroscopic properties as well 
as the dissociation energies for the ground state of He~ and the six lowest states 
of He2. The dissociation energy De is defined with respect to separated atoms, i.e. 

D~ = E(oo)-  E(Re). 

For states with a hump this has to be distinguished from the "activation energy" 
for dissociation, Da ---E(Rmax)-E(Re),  i.e. the difference between the energies 
at the position of the hump and the equilibrium distance. 

Additional information such as Dunham coefficients, rovibrational levels, results 
of different fitting procedures etc. is available upon request. 

4. Discussion of the Results 

(a) Contrary to many other examples there is no large difference between CI 
and CEPA results, therefore Tables 4 and 5 contain only the latter. For a system 
with only four electrons large "size consistency errors" cannot be expected, not 
even for the dissociation energy [31]. The CEPA results are slightly better than 
the CI results for energy differences such as De and Too, but this does not hold 
in general for other properties. 

(b) Since all excited states of He2 are Rydberg states their potential curves 
closely resemble that of He~-, at least in the vicinity of the minima at R ~ 2.0 ao. 
The extra Rydberg electron has a rather small but significant influence on 
equilibrium properties: If it is bonding (2o-g in the a, A states and to a smaller 
extent l~ru in the b, B states) Re is smaller and ~o~ larger than for He~-, and vice 
versa if it is antibonding (2o-u in the c, C states). These effects are fairly well 
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described already in the SCF approximation,  therefore the C E P A  corrections 
to propert ies  like Re, toe, t0eXe are nearly the same for the excited states of He2 

3 + + 
(except for the c yg state) as for the ground state of He2.  

3 + Typical errors of the calculated propert ies are (except for c s  

SCF CI or CEPA 
Re(ao) - 0 . 0 4  . . . .  0.03 +0.01 
~oe(cm -1) +120 ~15 
wexe(cm -1) - 2  - 2  

which is in line with previous CEPA calculations [32, 33]. It should be emphasized 
that our selection of only 9 points over a rather  large range of the potential  
curves may cause relatively larger errors in Re, we, ~o~xe, but should lead to a 
reasonable description of the higher vibrational levels. Since our values both for 
we and O~eXe are too small, agreement  with experiment  becomes much better  
for the vibrational levels with v = 2 . . . .  , 6  (which are not documented here, but 
are available on request). 

(c) Similarly, since all states considered here are Rydberg states SCF results for 
excitation or ionization energies are expected to be  rather accurate. The correla- 
tion energies of all the He2 states at their respective equilibrium distances (except 

1 + 
for the C Yg state for which SCF is t reated differently, compare  Sect. 2) are 
only by 0.002 to 0.005 a.u. larger than the one of He~. Thus, correlation enlarges 
the ionization potentials 1 only by 4 0 0 - 1 0 0 0 c m  -1. (For the higher excited 
Rydberg states the correlation correction should be even smaller, as we have 
shown in a similar study on H20*  [34].) But this leads to a considerable 
improvement  of the ionization potentials: The SCF results are generally by about  
1200-1600 cm -1 too low, the C E P A  results by only 300-600 cm -1. The remain-  
ing errors are primarily due to basis set deficiencies which affect the SCF 
approximation,  but much more  the correlation. 

(d) The accuracy of the relative excitation energies, i.e. the Too values with 
respect to the a 3E~+ state, is even better: Within the E-states our results are 
good to about  100 cm -1, the two H-states are about 250 cm -~ too high. This 
indicates that the H-basis is slightly worse than the E-basis. 

(e) An estimate for the dissociation energies De of the different states can be 
obtained in the following way: Our basis set is capable of yielding about 90% 
of the total correlation energy of the He  atom ground state. If we assume that 
the same percentage of the total correlation energy is also covered in the states 
of He2 we find for He~-: Calculated total correlation energy at the C E P A  
minimum: 0.0658 a.u., extrapolated total correlation energy: 0.0729 a.u. (to be 
compared  to Liu's value of 0.0712 a.u. [19] and to the one obtained by Maas 
et al. of 0.0679 a.u. [20], both at R = 2.0625 ao); calculated and extrapolated 
extra molecular correlation energies: 0.0280 and 0.0309 a.u. respectively. The 

1 The ionization potentials IPo0 can be obtained from Table 5 as difference between the Too value 
of the corresponding state and the Too value of He~. 
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difference of 0.0029 a.u. = 0.079 eV has to be added to the calculated dissociation 
energy, giving De(ext rap . )=  2.493 eV which is rather  close to the estimate of 
2.475 eV of [20]. 

Using the same argument  for the excited states of He2 we get the following 
3 + 1 + extrapolated De values: a Eu: 1.954 eV; A Yu: 2.476 eV; b 3IIg: 2.476 eV; 

3 + 1 + B ~IIg: 2 .611eV;  c Eg: 0 .581eV;  C Zg: 1 .134eV.  Assuming that our basis 
sets cover 85 or 95% of the total correlation we get an error estimate of 4-0.04 eV 
consistently for all states. It is remarkable  that the dissociation energies of three 

2 + + 
states, namely X Eu of He2 and A, b of He2 nearly coincide; for X of He~ 
and A of He2 this has been also observed experimentally [11]. 

3 + (f) The only severe deviation f rom experiment  occurs for the c Zg state. The 
vibration frequency in CEPA approximation is still 60-80 cm -1 higher than the 
experimental  value [8]. The reason is probably the inadequacy of the present  
C E P A  program to properly account for the " A - c o r e "  versus "B-core"  interaction 

3 + which affects the c Zg potential  curve already at rather  short distances because 
of its low dissociation energy. 

5. Conclusions 

Since the excited states of Hee are very well known spectroscopically the main 
object  of our C E P A - P N O  calculations was to investigate how reliable C E P A  
results are for equilibrium propert ies of excited states and for excitation energies 
themselves. The results seem to be encouraging. The values obtained for equili- 
br ium propert ies  (Re, we, WeXe) are comparable  in their accuracy to those of 
previous C E P A  calculations on molecular ground states [32, 33], even for the 

1 + 
C ~g state being the first excited state of aY~ symmetry.  Typical errors are in 
the order of 0.01 a0 for Re and 20 cm -~ for oJe. 

The excitation energies with respect to the repulsive He2 ground state are by 
about  1000 cm -a too small. C E P A  calculations on He  atom excited states show 
that this discrepancy is due to basis set deficiencies: Our basis describes only 
90% of the correlation within the He  K-shell; but this defect of about  0.1 eV 
occurs consistently for all excitation energies of He  and He2. Relative excitation 
energies, i.e. energy differences between excited states are much more  accurate. 
Typical errors are in the order of 200 cm -1. 

For nearly all propert ies considered here the C E P A  method brings a considerable 
improvement  with respect to SCF results. Though Hee is a rather favourable 
example (only four electrons; one can afford a rather  large basis set; Rydberg 
states of simple electronic structure in the vicinity of the minima) we are confident 
that we can get results of similar accuracy also for larger systems. 
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