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Abstract— A manifold of singlet and triplet electronic states of He; is characterized theoretically using the
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R-matrix method. Potential energy curves have been calculated for %,, Z,,
1, 3Hg electronic states. These potential curves are then fitted to analytical potential energy functions

(APEFs) using the Murrell-Sorbie potential function. The spectroscopic parameters, such as D,, W,, WX, ,
B,, a, are determined using the obtained APEFs, and compared with theoretical and experimental data
available. A whole set of vibrational level G(v) and inertial rotation constant B, predicted for these
electronic states by solving the ro-vibrational Schrédinger equation of nuclear motion using Numerov'’s

method completes these characterization.

Keywords— Spectroscopic parameters, molecular constant, vibrational level.

L. INTRODUCTION

The properties of rare gases are of considerable interest
for the development of modelling and as standard values for
experiments. The interatomic potential is of fundamental
importance for understanding the dynamic and static
properties of gases, liquids, and solids. With only four
electrons, He, belong to the limited class of molecular
system for which highly accurate ab-initio quantum
mechanical calculations are feasible. The potential energy
curve of the ground state of He, is purely repulsive,
exhibiting a very shallow van-der-walls Minimum of 9.1
107 eV at 2.97 A [1, 2]. The low-lying excited states of the
helium dimer He, are more or less strongly covalently
bound [3, 4]. The occurrence of highly excited bound states
above a repulsive ground states suggests several important
applications. Since these molecular excited states are
generated in rare gas discharges, one can use the continuum
emissions from these states as light sources in the vacuum
ultraviolet [5, 6]. The existence of humps on nearly all
potential curves of bound excited states of He» has caused
a great amount of theoretical studies, both in qualitative and
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quantitative way. More than 60 electronic states are known
for He, mainly through the extensive classical grating
measurements of Ginter et al [7]. The low-lying electronic
states of He, have been the subject of theoretical and
experimental studies [8, 9] but have not been treated a whole;
with the exception of some states which have been studied
in context of particular problems such as the excited triplet
states which are important in the study of penning ionization
while the lowest triplet states are of interest in spectroscopy
and scattering studies and as potential means of energy
storage [10]. The first calculation of potential energy curves
of  the excited states for He, has been reported by
Buckingham and Dalgarno[11].  Subsequently, many
calculation of the low-lying electronic states were

performed. The lowest I, 32; and the first excited

u

lZg states of He, were computed by Browne [12]. The

lowest singlet AIZ: excited state was calculated by
Mukamel and kadldor [13] and Komasa [14]. The diabatic
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S . 3 3
and adiabatic potential energy curve for the "X, Zg,

’T,, °, A, °A, was obtained by Cohen[8]. Sunil et

al. [15] used the Unitary Group multiconfiguration self-
consistent field (MCSCF) procedure to calculate the

. 1 3 1 3
potential energy curves of C Zg, c Zg, A'X, a’x). They
also produced spectroscopic constants and vibrational

energy levels and their spacing from these curves. The
potential energy curves, vibrational levels and their spacing

for the A'S and C IZQ states have been obtained by Jordan
[16] by combining scattering, spectroscopy and ab- initio

theory. The properties for A 123, C 12; B'l,a 32;

3Hu, b 3Hg excited states of He; have also been calculated
by Yarkony [4]. As can be seen in the literature, these

. . . 1
studies mainly concentrated on the properties of A X,
1 3 .
C %, B'M,, a’x,, M, b°M,, excited states. The
properties of more electronic singlet and triplet excited
states still remain unknown.

The present work is devoted to an accurate
description of the 18 singlet and 19 triplet excited
electronic states of He,. The potential energy curve , the
spectroscopic constants R,, T,, D,, ®W,, WeX, , Be, @, of
It 3 3

MRS § PR § PRI S Y

. 1
the corresponding X, 2

1, 3Hg electronic states have been investigated along

their vibrational levels and the inertial rotation constant B,,.

I1. COMPUTATIONAL DETAILS

In this work, we use the R-Matrix method [17] as
implemented in the UKRMol codes [18]. The basis set
employed is the cc-pVTZ Gaussian basis set for He;
molecule. This set includes polarization functions. The
molecule is treated in a reduced D,;, symmetry in which
there are eight symmetries Ag, Ay, Big, Biu, B2g, Bsg, Bou, Bau.
An initial set of molecular orbital was obtained by
performing Self-Consistent Field (SCF) calculations for the

1 . . .
X Zg state of He,, although in practice the choice of
orbitals is not important in a full configuration interaction
(FCI) calculation. In the close coupling expansion of the

trial wave function of the He, system, we include the ground
state X IZg and the eight lowest excited state A 123
1 3 3
B'll,,C $yand F ', a3, b, ¢ 5, f I,.
Each state was represented by an FCI wave function. In our
CI model we have the occupied orbitals which are
augmented by the virtual molecular orbital up 11ag, Sba,
5bsu, 2big, 11biy, Sbag, Sbsg, 2a,. To obtain potential energy

curves, Our FCI calculations were performed for several
bondlengths.
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The potential curves obtained are then fitted to analytical
potential energy functions (APEFs) using the Murrell-
Sorbie potential function [19]. The general expression of the
Murrell potential function is:

V(p) = —D,(1+ XL, a; p' exp(—ayp)) (1)

where p =R —R,, R is the inter-nuclear distance of
diatomic molecule, R, is it equilibrium inter-nuclear
distance and is regarded as a fixed parameter in the fitting
process. The parameters D, and a; (i = 1,2,3 .....1n) are
determined by fitting. The quadratic, cubic, and quartic

Z%, n=2,3 and 4) could be

derived from function at the equilibrium position as
followed

force constants f, (f;, =

f2= De(af - 2a,) 2
fa = —6D (a3 — a0, +3a3) 3)
fio = D.(3at — 12a%a, + 24a,as3) (@)

The expression relating the spectroscopic constants with the
force constants f,, f5 and f, for diatomic molecules may be

found as
h
€ ™ gmcuRr2 ©)
f:
S e ©)
_ _6BE(fsRe
o= o
WeXe = 22 —&+15(1+w"0‘“’)2 ®)
ere 8 f 6B2

Based on the relationship equations among spectroscopic
parameters and force constants (6)-(8), the spectroscopic
data of diatomic molecule can be calculated. Using the
potential energy curves obtained at the MRCI/ cc-pV5Z
level of theory, the radial Schrodinger equation of nuclear
motion is numerically solved using the Numerov method
[20] to get the vibrational states when J = 0. The complete
vibrational levels G(v), inertial rotation constant B, are
calculated.

III.  RESULTS AND DISCUSSION
The potential energy curves of 37 electronic states of He>
have been investigate, namely four 123, five 'II,, four
323, five °IT

1 .
Zg , five 1Hg for singlet states and five w

3 . .
four Z; and five 3l'[g for triplet states. To obtain the

potential energy curves for the low-lying electronic states of
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He; our calculation were repeated for 130 bondlengths in

the range R = 1.0 to 13.0 a.u. Figure 1 and 2 display,

. . 1 1
respectively, singlet 2., T, &

1 .
o I, and triplet
3 3

T
internuclear distance. From Figures 1 and 2, one can see the
existence of humps at about 2-3 A on nearly all the potential
energy curves of the excited states computed in the present
work . It is seen in these figure that the general profile of
singlet A 12;, c 12; B 1Hg and triplet a 32:, c 32; b 3Hg
potential curves is similar to the ones described by Sunil et
al [15] and Yarkony[4] and are in satisfactory agreement.
The spectroscopic parameters such as the equilibrium
distance R, , the dissociation energy D,, The adiabatic
excitation energies T,, the vibrational harmonic constant
w,, the anharmonic frequencies wex, , the rotational

3
., °II

w 3Hg electronic states as function of

constant B, for the 37 eclectronic states obtained in this
work are presented in Table 1 for 123 and 'TI,, Table 2
for 1Egand 1Hg , Table 3 for 3E§and 3Hu, and Table 4

for 32;; and 3Hg along with the experimental and

theoretical results available.

The lowest excited singlet states of He, are A 123
1 I+ 1
B Tl ,C Z,and F TI,.
For the A 123 state, the R value obtained in this

work is 1.0419 A that compares favorably with the 1.0404
A and 1.0406 A experimental results of Huber and
Herzberg [9] and Focsa [22]. The theoretical R. obtained by
Wasilewki et al. [23], Sunil et al [15] and Yarkony [4] are
slightly higher than the experimental results and our
calculation. In the case of the spectroscopic constants (w,,
WeXe, Ay , B,), our results (1838.45 cm™ , 33.39 cm™,
7.7024 cm, 0,2227 cm’') are reasonably in good
agreement with the theoretical results of Wasilewki et al.
[23] and Sunil et al [15] and the experimental results of
Huber and Herzberg[9], and Focsa[22] as shown in Table 1.

The B 1l_[g electronic state, with a dissociation
energy of 20271.92 cm!, is located at 150351 cm™ (T.)
above the X ]Zg state.  Our results for w, =
1752974 cm™, w,x, =36.7169 cm™1, B, =7.37848

cm™ @,=0.2337 cm™! are in good agreement with those
obtained by Huber and Herzberg [9] (1.0667 cm!, 1765.76

cm!, 7.4030 cm™ , 0.2160 cm™) respectively.

The C lEg state equilibrium inter-nuclear distance
R, dissociation energy D., vibrational harmonic constant,
anharmonic frequencies w, and rotational constant B,
computed to be respectively 1.0930 A, 1654.643 cm’',

43.0382 cm! and 7.0286 cm™' are in reasonably good
agreement with the theoretical MCSCF calculations of
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International Journal of Chemistry, Mathematics and Physics (IJCMP), Vol-9, Issue-2 (2025)

Sunil et al.[15] and the experimental data of Huber and
Herzberg [9](see Table 2).
The F 'II, state located at 165971 cm™ above

X ‘zg state with a dissociation energy of 4862.95 cm™' , the

equilibrium inter-nuclear distance R. = 1.0822 &, w, =
1681.95 cm™!' compares well with the experimental results
of Huber and Herzberg [9].

. . 3
The lowest triplet electronic states are a X,
3 . .
b 3Hg, c 2;’, f °T1,. The lowest-lying electronic state of

He, is the @ % , T, = 144192 cm™1, R, = 1.0459 &,
w, =1781.862cm™, w,x, = 42.3944 cm™?! and B, =
7.6981 cm™! . Beside the a 32:’, state, there is another

excited state that correlates with the first dissociation
channel He(ls* 'S)+He(2s °S): the ¢ X state T, =
155183 cm™, R, = 1.0974 A, w, = 1570.776 cm™* ,
WX, = 55.46 cm™ and B, = 6.9990 cm™!. The b ’I],

state, T, =149171cm™' , R, =1.0640 A , w, =
1769.593cm™! |, w,x, =40.4618cm™' and B, =
7.4389 cm™! dissociating in the same channel He(ls?
IS)y+He(2p 3S) with f °I1, is the second lowest triplet
excited state. From Table 3 and 4, it is not difficult to find
that our calculated bond lengths are in good agreement with
the experimental values of Huber and Herzberg [9]. The

dissociation energy for a “T and ¢ 32; are 150-650 cm’!

closer to theoretical and experimental values available. For
w, and B, the agreement between our results, the
theoretical data computed by Sunil et al [15] and
experimental values of Huber and Herzberg [9], and Focsa
[22] is reasonably good. Our results for w,x, shows a slight
gap in comparison with other theory and experiments.

For the other singlet 123, 1, 12;, 1Hg and
3

ZJr

o 31, electronic states, From Table

triplet 323, 3Hg,
1-4 the comparisons of our calculated data with the
experimental values of Huber and Herzberg [9], one can
find that an excellent agreement is obtained for the values

of the equilibrium interatomic separation R. with the
relative difference 0.061 % < %€ < 1.54% and a very

Re
good agreement for the values of B. with the relative

difference 1.01.1075 % <~ < 1.6% . The values of w,

are in good accordance with the experimental data. A slight
deviation can be observed between our results for w,x, and
the experiment.

Vibrational energy level for singlet 'S/, 'TI,,
12; 1Hg and triplet 323, I, s

o 3Hg electronic
states was calculated by solving the radial Schrodinger
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Fig.1: Potential energy curves of the lowest-lying singlet states of the molecule He; molecule. The symmetry of
each electronic states is indicated in the panel. Present calculation: continuous curves. Black dash and dotted

curves in the ZZ;,", JZ;," and Jﬁgﬁgures; Yarkony [4] and Sunil et al. [15]

equation numerically. We have obtained the maximum
vibrational levels to be: 25 for A 123, 22 for D 123, 17 for
1 1
F '3y, 21 for] %y; 21 for B ', 22 for E 'T,, 20 for
I ]Hg and 21 for L lHg; 19 for F 'T1,, 20 for J 'T1,, 21 for
1 1

M 'T1, and 23 for Q 'II; 16 for C %, 17 for 2 g, 19 for
G 'sf and 20 for K' '55; 27 for a "%, 19 for d ', 20 for
sl 21 for k °E, 22 for 0 °%y; 23 for b *Tl,, 22 for
e’M,, i°M,, 1M, 20 for p *T; 17 for ¢ "X}, 22 for
g 55,21 for k' 5%, n °5g; 19 for f 310, 22 for j °IT,, 21
for m 3l'[u, 22 for q 3l'[u.

The levels spacing G(v+ 1) —
G (v) between the adjacent vibrational states for the 37

vibrational
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electronic states have been calculated. The first six (v =

0 — 5) are collected in Table 5 for singlet states 12:{ , I,
1 . 3 3
Zg, 1Hg and Table 6 for triplet "2, °II,, Eg, 3Hg

states; the remaining ones are available upon request. For

the lowest singlet A 'S% B T, , C 12; and F 'TI, states

and triplet "X, b L, ¢ 32;:, f °T1, states, as can be seen
from Tables 5 and 6, the present results are in excellent
agreement with the experimental data of Brown [25], the
MCSCF calculation of Sunil et al.[14], the MCSCF/CI
calculation of Yarkony[4] and the CI results of Jordan[16]
with the deviations less than 0.18%,0.048%, 0.45%,
0.38% , 0.06% and 0.28% when v=0,1,2,3,4,5
respectively. The present data of B,, are reported in Tables

7 and 8 respectively for the singlet A 12; B 1Hg ,C lEg
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Fig.2: Potential energy curves of the lowest-lying singlet states of the molecule He; molecule. The symmetry of each
electronic states is indicated in the panel. Present calculation: continuous curves. Black dash and dotted curves in the

32:,", 32; and 3Hgﬁgures; Yarkony [4] and Sunil et al.[15]

. 3 3 . 1 1

and F 'TI, states and triplet "X, b 3Hg, c Zg, f 1, states of He, than the singlet A X, B 1Hg ,C Z;,f and
state. For convenient comparison with the present results for F 'TI, states and triplet a 323, b 3Hg, c 32; f3M,. We

lat ~let  3er 4 3 3ot .

A X, C Zya %y, b Tl and ¢ X, electronic states , we cannot make any direct comparison. According to the
also tabulate in Tables 7 and 8 the values from theories and excellent agreement between the present spectroscopic
experiments for these states. From Tables 7-8, it is not parameters, vibrational levels spacing, the inertial rotation
difficult to find the excellent agreement between the present constant B,, and the available theoretical and experimental
results, theoretical values of Yarkony[4], Sunil et al.[14], results, we have reasons to believe that the results presented
Jordan[16] and experimental data of Brown and Ginter [25] in Tables 1-8 4 are accurate and must be reliable.

and Focsa et al. [22] with the errors 0.058 cm™?! |
0.012cm™t, 0.023 cm™, 0.072 cm™1, 0.041 cm™! and

0.029 cm™t forv =0,1,2,3,4,5 respectively. Iv. CONCLUSION

In the present work, the study for the 37 low-lying
5o, 12;, 11'[g and triplet 323,

Unfortunately, no theoretical results, no experiments can be singlet st

found in the literature about G (v) and B, for other excited
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1
Table 1 : Spectroscopic constants of He; singlet " X7, I1, electronic states

State R} D,(em™) T, (em™) w.(cm?) wx.,(em™) B,(cm™) a,(cm™)

250 A ST

This work 1.0419 19185.8442 146 545 1838.45 33.39 7.7024 0.2227

CEPA® 1.0457  19324.0742 1846.33 33.78
MCSCF® 1.0457 19453.4843 1848.10 34.20 7.7030 0.2155
MCSCF/CI° 1.0440 19804 146 120 1860.30
ECG! 19996 146 390 1863.10
Experiment® 1.0406 146 365 1861.33 35.28 7.7789 0.2166
Experiment! 1.0404 1861.30 35.20 7.7814 0.2197
350D 'zt

This work 1.0671 5607.1225 165 002 1712.55 35.86 7.3905 0.2811
Experiment® 1.0694 165 085 1746.43 35.54 7.3650 0.2180
3do F'sF

This work 1.0797 4966.1907 165 643 1718.18 42.49 7.2616 0.2479
Experiment® 1.0894 165 813 1564.25 40.00 7.0980 0.2460
4sc H'sT

This work 1.0789 13488.2263 170 850 16691.12 42.72 7.2358 0.2216
Experiment® 1.0770 171 951 7.2600 0.2300
4do ] 5t

This work 1.0790 1323.1801 172 222 1707.89 34.79 7.1980 0.2178

5s0 12:

This work 1.0774 12026.4901 173 548 1708.16 41.05 7.2553 0.2357
Sdo M 'sf

This work 1.0797 10656.204 173 667 1712.75 35.81 7.2221 0.2229
Experiment 1.0910 174 748

I,

3dm F I,

Thiswork  1.0822 486295 165745  1681.95 4877 7.1920 0.2498
Experiment? 1.0849 5162.4133 165971 1670.57 40.03 7.1560 0.2350
4dm ] 11,

Thiswork  1.0817  14502.17 171181  1691.52 40.32 7.1974 0.2325
Experiment? 1.0908 172 290 7.080
5dm M 11,

This work 1.0805 17261.05 173 706 1702.67 37.8620 7.2144 0.2299
Experiment? 1.0910 174 788 7.0700

6dm 11,

This work 1.0806 18349.05 175 065 1698.76 34.4075 7.2131 0.2283

7dm 1,

This work 1.0807 18866.41 175 882 1703.47 29.9749 7.2116 0.2215

3CEPA calculations of Wasilewsli et al [23]
PMCSCF calculations of Sunil et al [15]
*MCSCF/CI calculation of yarkony [4]
4ECG calculation of Komasa [14]
*Experiment from Huber and Herzberg [9]
‘Experiment from Focsa et al. [22]

3

1, Z;, 31'[g electronic states of He, molecule

has been performed using the UK R-Matrix molecular codes.

The potential energy curves and the spectroscopic constant
have been determined for the lowest-lying states. The
comparison of our results, for different states, with

www.aipublications.com

theoretical data and experiment shows an excellent
. 1
agreement. For excited states other than A X,
1 Ig+ Ig+ 1 3+ 13 34 £33
B 1l,,C %, CZX%,, FT, X,b T, ¢ %, f T,
Vibrational states have been predicted for the first time. For
each vibrational state, the vibrational levels
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Table 2 : Spectroscopic constants of singlet !

Z;," R JHg electronic states

State R} D, (em™) T, (em) w,(cm™) w.x.(cm™) B,(cm™) a.,(ecm™)
s+
Zg
2po C '3}
This work 1.0930 8680.967 157 669 1654.643  43.0382 7.0286 0.2489
CEPA® 1.0970 8380.178 1652.43 28.74

MCSCF® 1.0953 8729.935 1652.90 40.40 7.0202 0.2300
MCSCF/CI° 1.0960 8819 157 108 1655.60
Experiment® 1.0917 8862842 157 415 1653.43 41.04 7.0520 0.2150
Experiment! 1.0915 1571.809 7.07067 0.2470

1o+

3po X,

This work 1.0811 2375.710 1694.27 49.3427 7.2061 0.2590
4po G 5}

This work 1.0808 12019.30 168 233 1697.35 47.3762 7.2088 0.2260
5po K’ 12;

This work 1.0798 11277.42 172319 1705.64 46.7682 7.2236 0.2291

IHg
2pm B 'TI,
This work 1.0686 20271.92 150 351 1752.974  36.7169 7.37848 0.2337
CEPA 1.0726 20355.86 1744.76 32.59

MCSCF/CI 1.0710 20925 150 012 1764.3
Experiment® 1.0667 21219.76 149914 1765.76 34.39 7.4030 0.2160
Experiment! 1.0672 1766.151  34.586 7.3955 0.2156
3pm E ',

This work 1.0791 14392.23 165 791 1705918 32.1155 7.2329 0.2270
Experiment® 1.0764 165911 1721.19 34.76 7.2705 0.2156
4prr 1 ',

This work  1.0804  17227.48 171186  1699.204 33.2736 72151 0.2224
Experiment® 1.078 172 266 7.242 0.223
Sprr L 1Hg

This work 1.0791 173 692 1705
Experiment® 1.079 174 794 7.23 0.222
6pm P ',

This work 1.0808 18364.31 175027 1709.67 35.4396 7.2096 0.2140
Experiment® 1.080 176 160 7.23 0.222

4CEPA calculations of Wasilewsli et al. [23]
"MCSCF calculations of Sunil et al. [15]
°“MCSCEF/CI calculation of yarkony [4]
4ECG calculation of Komasa [14]
*Experiment from Huber and Herzberg [9]
‘Experiment from Focsa et al. [22]

and the inertial rotation constants are determined. As a
whole, comparison of our potential energy curves,
spectroscopic constants, vibrational levels and inertial
rotation constants with the available experiments and
theories shows that the present results are both accurate and
reliable. The new excited electronic states may provide a
reliable theoretical basis and information for the
experimental spectral properties related to the electronic
structure for He, molecule and the potential curves will be

www.aipublications.com

a useful guide for the experimentalist to properly assign the
transitions resulting from the highly dense set of excited
states.
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. . 3 .
Table 3 : Spectroscopic constants of He; triplet * 5, °IT, electronic states

State R, () D.(em™) T,(cm™) w,(cm™™) wyx.,(cm™) B,(cm™) a,(cm™)
32:lr
2s0 a5t
This work  1.0459 15151.723 144192  1787.862 42.3944 7.6981 0.2467
CEPA? 1.0483 15057.039 1816.00 34.50
MCSCF®  1.0504 15312.362 1794.50 36.40 7.6342 0.2291
MCSCF/CI®  1.0500 15751 143 907 1808.2 38.89
Experiment® 1.0457 15805.519 144 048 1808.56 38.21 7.7036 0.228
Experiment’ 1.0454 1808.50 37.812 7.7076 0.2340
3sad st
This work  1.0705 12822.321 164278  1744.252 34.9554 7.3498 0.2206
Experiment® 1.0712 164 479 1728.01 36.13 7.3412 0.2244
3do £zt
This work  1.0749 1713.78 37.6847
Experiment® 1.0914 165 685 1635.77 44.41 7.071 0.246
4so h 5T
This work  1.0754  4282.231 170 628  1720.027 38.7203 7.2828 0.2347
Experiment® 1.077 180884 1637.9 7.264 0.23
4do j st
This work  1.0846 170 628
Experiment® 171323
5sak xt
This work  1.0766 11611.005 173427  1716.256 38.8348 7.2670 0.2370
Experiment® 1.079 173698 1635.3 7.232 0.23
5dom i
This work ~ 1.0815
Experiment® 1.091 173730
3dn f 311,
This work  1.0891  2886.745 165674  1656.729 46.3226 7.1948 0.2482
Experiment® 1.0865 165 877 1661.48 44.79 7.136 0.235
4dm j 311,
This work  1.0849 13840.001 171198  1654.725 7.1557 0.2361
Experiment® 1.0827 171 402 1680.94 40.81 7.1860 0.2296
5dm m 311,
This work  1.0818 17017.051 173674  1692.115 7.1972 0.2287
Experiment® 1.091 174 778 7.07
6dm q °I1,
is wor . . . . .
Thi k  1.0809 18226.804 175047  1701.809 7.2074 0.2241
Experiment® 1.0898 176 169 7.092
7dm 11,
is wor . . . . .
Thi k  1.0804 18818.942 175848  1709.569 7.2146 0.2196

4CEPA calculations of Wasilewsli et al. [23]
"MCSCEF calculations of Sunil et al. [15]
‘MCSCEF/CI calculation of yarkony [4]
4ECG calculation of Komasa [14]
*Experiment from Huber and Herzberg [9]
‘Experiment from Focsa et al. [22]

www.aipublications.com Page | 31



http://www.aipublications.com/

Epée and Mbayang International Journal of Chemistry, Mathematics and Physics (IJCMP), Vol-9, Issue-2 (2025)

. . . 3 3 .
Table 4 : Spectroscopic constants of He; triplet Z; , "I, electronic states

State R} D, (cm™) T, (em)) w,(cm™) w.x.(cm™) B,(cm™) a.,(cm™)
35+
Zg
2po ¢ 32;
This work 1.0974 4158.907 155183 1570.776  55.46 6.9990 0.3061
CEPA? 1.0980 4015.210 1644.85 35.04

MCSCF® 1.1004 4606.30 1582.60 52.50 6.9322 0.2560
MCSCF/CI® 1.1030 4858 154 703  1589.5
Experiment? 1.0977 4802.16 155 053 1583.85 52.74 7.0048 0.3105
Experiment® 1588.34 54.16 6.9900 0.2638

3po 32;

Thiswork ~ 1.0825  1064.052 1676.084  55.53 71877  0.2616
Experiment!
4po g 32;

Thiswork  1.0814  10738.52 1694.519  44.24 72016 02378
Experiment¢ 1.0801 1589.92 41 7.2207 0.2478
5po k' 32;“

Thiswork  1.0811  10924.47 1700933 44.16 72067 02234
Experiment¢ 1.0684 1686.90 38.10 7.379 0.349

3
I,
2pm b T,
This work 1.0640 19403.571 149171 1769.593  40.4618 7.4389 0.2508
CEPA? 1.0689 19341.562 1756 33.22
MCSCF/CI® 1.0681 19947 148 943
Experiment? 1.0635 20250.93 148 835 1769.07 35.02 7.4473 0.2196
Experiment® 1.0645 35.249 7.4334 0.2191

3pme I,

This work 1.0758 20343.64 164 695 1732.021  35.0069 7.2776 0.2162
Experiment? 1.0754 165 598 1721.22 34.970 7.2838 0.2215

4pmi 31"[g

Thiswork  1.0807  20626.07 170065 1703236  34.5463 72114 02163
Experiment? 1.0785 171 290 1637.94 35.25 7.242 0.223
Sprcl 3Hg

This work 1.0817 20721.44 172 553 1701.272  33.8314 7.1979 0.2128
Experiment¢ 1.0797 173 884 1633.96 35.25 7.226 0.222
6pm q 3Hg

Thiswork  1.0811 2072943 173937 1705911 31.3335 72058 02115
Experiment? 1.0801 175 281 1701.18 35.35 7.220 0.224

4CEPA calculations of Wasilewsli et al. [23]
"MCSCEF calculations of Sunil et al. [15]
*MCSCEF/CI calculation of yarkony [4]
dExperiment from Huber and Herzberg [9]
“Experiment from Focsa et al. [22]
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Table 5 : Vibrational energy levels spacing E, ., — E, (cm™?1) for IZ:, ]Hg, ]Z;," and I, singlet States of He,

State v 0 1 2 3 4 5
This work 17882443 1718.0851 16579791  1597.9264  1507.9269  1427.9807
MCSCF* 1779.20 1708.85 1637.75 1566.17 1492.43 1417.30
2sa A'st MCSCF/CI®  1789.76 1719.25 1648.46 1577.17 1503.93 1429.25
ECG® 1791.56 1720.38 1648.05 1575.23 1501.73 1426.82
Experiment’  1790.76 1719.69 1647.98 1575..40 1501.90
350 p 'zt  This work 1620.0748  1529.4481  1440.7501  1353.9809  1269.1405  1186.2289
3do F 's;  This work 1633.8730  1550.7592  1468.8867 13882556  1308.8658  1230.7173
4so H ‘s This work 16243542 15539856  1479.8557  1401.9646 13203123  1234.8988
4do ] 'y This work 1637.6142  1566.1002 14932963  1419.2026  1343.8191  1267.1456
5s0 'yt  This work 1632.0840  1555.6589  1478.8686  1401.7133  1324.1929  1246.3074
5dg M s+ This work 1640.6387  1567.6437  1493.7295  1418.8960  1343.1433  1266.4773
u
IHg
2pm B ', This work 1640.2003  1677.8059  1514.3799 14499221  1384.4325  1317.9112
3pm E T,  This work 1659.7599  1587.8686  1514.8809  1440.7968  1365.6162  1289.3392
4pm 1 M1,  This work 1634.9500  1566.0122  1496.3942  1426.0959  1355.1173  1283.4585
4fm ', This work 1632.8916  1563.1812 14923829 14204965  1347.5222  1273.4598
Spr L I,  This work 1630.3919  1560.4173  1489.2295  1416.8287 13432148  1268.3878
S5fm M, This work 1636.8370  1565.9909  1494.0392 14209818  1346.8188  1271.5501
6pr P 'T1,  This work 16412428  1571.8551  1501.4703  1430.0884  1357.7094  1284.3334
6fm ',  This work 16350122 1566.2296  1496.4363  1425.6324  1353.8178  1280.9925
s+
Zg
This work 1579.1033  1494.1395  1404.7647 13059818  1198.7898  1070.1888
2po ¢ 'sr MCSCF* 1572.60 1491.13 1405.44 1311.47 1206.55 1081.32
¥ VBPA! 1573.11 1488.02 1400.14 1307.73 1203.24 1070.4
Experiment’  1571.82 1489.26 1402.11 1308.17 1202.33
3pa 12;; This work 1603.2510  1511.4271  1418.7640 13252617  1230.9203  1135.2617
apo 'sy  This work 1627.9266  1556.6480  1483.4340  1408.2845  1331.1997  1252.1795
Afo C 12;; This work 1639.9846  1566.8975 14925799  1416.7319  1339.6535  1261.2446
5po ¢ sy This work 1632.6517  1558.4528  1482.9929 14062721 13282904  1249.0477
5fa C 12;; This work 1636.2473 15623533 1487.5834 14119375 13354156  1258.0177
1Hu
This work ~ 1598.2935  1514.1571  1429.5253  1344.3982  1258.7758  1172.6581
3dn F 11, CI® 1604 1516 1334
4dm] ',  Thiswork  1616.1537  1540.2523  1463.7894  1386.7650  1309.1791  1231.0317
Sdr M '11,  Thiswork  1627.7894  1552.6459  1476.8672  1400.5718  1323.7596  1246.4307
6dm ', This work ~ 1627.0210  1555.1979  1483.2895  1411.2958 13392169  1267.0527
7dn ', Thiswork ~ 1633.2980  1562.0982  1489.8304  1416.4947  1342.0912  1266.6197

*MCSCEF calculations of Sunil et al [15]
"MCSCF/CI calculation of yarkony[4]
°ECG calculation of Komasa [14]
4Valence Bond pseudopotential approcach (VBPA) of Jordan [16]
°CI Method of Chabalowski [24]
‘Experiment of Brown et Ginter[26]
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Table 6 : Vibrational energy levels spacing E,,.; — E, (cm™?) for 32';, 3Hg, 32; and I, Triplet States of He2

State v 0 1 2 3 4 5
This work 1714.1754 1650.6992 1589.6591 1531.0552 1474.8874 1421.1559
MCSCF* 1720.38 1643.05 1563.88 1482.53 1397.10 1308.21
250 a 323 MCSCF/CI® 1731.05 1653.95 1576.24 1496.09 1409.44 1321.50
CI° 1736 1655 1577 1506 1412 1312
Experiment¢ 1732.14 1654.31 157431 1492.76 1408.11
3so d 323 This work 1673.2273 1600.2297 1525.1740 1448.0604 1368.8889 1287.6594
3do f 323 This work 1584.7543 1528.9654 1500.8587 1500.4343
4sc h 32: This work 1642.3289 15841737 1485.5422 1406.4343 1326.8501 1246.7896
4do j 323 This work 1605.1672  2537.6206 1470.5430 1403.9345 1337.7949 1272.1243
5so k 32:; This work 1638.3830 1560.1509 1481.5437 1402.5616 1323.2043 1243.4721
Sdom 32: This work 1629.2474 1557.1552 1484.3147 1410.7258 1336.3887 1261.3032
650 0 32: This work 1630.3698 1557.1924 1483.7196 1409.9512 1335.8874 1261.5281
6do d 32: This work 1626.1563 1562.3987 1494.6169 1422.8108 1346.9805 1267.1260
3
I1
g
This work 1682.7091 1596.7356 1511.7126 1427.6401 1344.518 1262.3468
2o b 300 MCSCF/CI® 1696.50 1625.17 1550.60 1478.25 1410.12 1334
T
P & Cr 1697 1629 1558 1485 1416 1342
Experiment¢ 1698.87 1628.25 1557.62
3pme 3Hg This work 1662.1265 1591.4575 1519.9808 1447.6964 1374.6043 1300.7046
4pm i 3Hg This work 1634.9500 1566.0122 1496.3942 1426.0959 1355.1173 1283.4585
Afm 3Hg This work 1634.8957 1568.3629 1500.9208 1432.5693 1363.3083 1293.1380
5pr i 31‘[g This work 1634.4627 1566.7118 1497.9783 1428.2623 1357.5637 1285.8826
5fm 31‘[g This work 1641.5362 1569.5846 1496.7210 1422.9454 1348.2578 1272.6582
6pm p 31‘[g This work 1638.9041 1570.2252 1499.8019 1427.6341 1353.7218 1278.0651
3¢+
)
8
This work 1477.7705 1367.983 1240.5562 1096.0440  934.2619 785.2097
2po ¢ 3+  MCSCF* 1479.39 1371.63 1247.23 1093.80 872.54
g Experiment? 1480.02 1371.72 1247.56 1095.84 882.30
3v+  This work 1590.3228 1505.4479 1421.4982 1338.4736 1256.3742 1175.2000
3poc %,
35+  This work 1620.4046 1545.8592 1470.8643 1395.4199 1319.5261 1243.1827
dpo g Zg
3v+  This work 1638.2468 1562.4306 1486.3166 1409.9047 1333.1949 1256.1873
4fo X,
1 3v+  This work 1630.3905 1558.9147 1486.4653 1413.0425 1338.6462 1262.2763
Spo k' Zg
5fo 32;r This work 1639.9878 1565.7257 1490.5378 1414.4240 1337.3845 1259.4191
3
I
3dm f 311, This work 1559.9702 1464.5234 1370.4452 1277.7355 1186.3944 1096.4219
4dm j 311,  This work 1583.7719 1512.5752 1441.1247 1369.4203 1297.4620 1225.2499
5dmm °I1, This work 1618.3158 1543.9267 1468.9215 1393.3004 1317.0633 1240.2103
6dm q °11,  This work 1629.9540 1558.1398 1486.3683 1414.6395 1342.9324 1271.3099
7dm 311,  This work 1638.4887 15566.2396  1492.7709 1418.0824 1342.1744 1265.0467

*MCSCEF calculations of Sunil et al [15]
®MCSCF/CI calculation of yarkony[4]
°CI Method of Chabalowski [24]
4Experiment of Brown et Ginter[26],
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Table 7 : Rotational constant B, (cm™Y) for ‘57, 11, 12; and I, singlet States of He,

State v 0 1 2 3 4 5
This work 7.64806 7.43851 7.24214 7.05895 6.78895 6.53212
ECG? 7.67010 7.44750 7.2128 6.9857 6.7505 6.5096
250 A 12: VBPA® 7.66800 7.44420 7.2174 6.9876 6.753 6.510
Experiment® 7.70600 7.44670 7.2194 6.9870 6.748 6.503
Experiment¢ 7.67101 7.44692
3sg D 12:; This work 7.25567 6.97204 6.68584 6.39706 6.10571 5.81179
3do F 12: This work 7.13717 6.88501 6.62862 6.35799 6.10313 5.83402
4sc H 12:; This work 7.12522 6.90513 6.68654 6.46945 6.25346 6.03976
4do ] 'sr  This work 7.08861 6.86699 6.64156 641232 6.17927  5.94241
5so 12:; This work 7.13709 6.89545 6.65699 6.41263 6.16539 5.91526
S5do M 123- This work 7.11024 6.88379 6.65378 6.42023 6.18312 5.94246
1
I1
8
2pm B 1Hg This work 7.19654 6.986111 6.77652 6.56775 6.35982 6.15273
3pn E 1Hg This work 7.16980 6.94564 6.71769 6.48594 6.25040 6.01106
apm I 1Hg This work 7.11919 6.89042 6.65987 6.42754 6.19344 5.95755
Afm 1Hg This work 7.10497 6.88256 6.65964 6.43623 6.21231 5.98789
Spm L 1Hg This work 7.10413 6.88391 6.66587 6.45001 6.23633 6.02484
5fn 1Hg This work 7.10794 6.88610 6.66283 6.43813 6.21200 5.98443
6pm P 1Hg This work 7.10216 6.88431 6.66257 6.43695 6.20744 5.97405
6fm 1Hg This work 7.09528 6.87739 6.65680 6.43350 6.20749 5.97877
1
Z+
g
This work 6.97163 6.71222 6.43761 6.14780 5.84280 5.52259
2po C 1z+ VBPAP 6.9463 6.6967 6.4364 6.1632 5.8690 5.5240
& Experiment® 6.9450 6.7000 6.4410 6.1670 5.8670 5.5300
1+ This work 7.07548 6.80743 6.53032 6.24414 5.94888 5.62456
3poc2 %
4po G 122- This work 7.09580 6.86991 6.64415 6.41850 6.19297 5.96756
4fo 12;- This work 7.11355 6.88806 6.65772 6.42253 6.18248 5.93759
5pa K' 12;- This work 7.10877 6.87735 6.64363 6.40763 6.16934 5.92877
5fo 12;- This work 7.11878 6.88729 6.65355 6.41758 6.17938 5.93894
1
Hu
3dn F 1Hu This work 7.06636 6.81065 6.54907 6.28160 6.00826 5.72904
4dm | 1Hu This work 7.08064 6.84441 6.60442 6.36069 6.11321 5.86199
5dn M 1Hu This work 7.09908 6.86620 6.63041 6.39171 6.15009 5.90556
6dn 1Hu This work 7.09900 6.87128 6.64414 6.41760 6.19165 5.96629
7dm 1,  This work 7.10096 6.88043 6.66092 6.44242 6.22493 6.00846

?ECQG calculation of Komasa [14]
®Valence Bond pseudopotential approcach (VBPA) of Jordan [16]
°Experiment of Brown et Ginter[26]
dExperiment from Focsa et al. [22]

°Experiment from Ginter [25]
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Table 8 : Rotational constant B, (cm™Y) for 37, 11, 32; and I, triplet States of He;

State v 0 1 2 3 4 5
2s0 a 32: This work 7.57637 7.34312 7.12337 6.91710 6.72433 6.54506
Experiment® 7.58914 7.34874 7.10175
3sa d 32: This work 7.23884 7.01339 6.78313 6.54806 6.30819 6.06352
3do f 32: This work 7.12114 6.82764 6.59118 6.41176 6.28938 6.22404
4sc h 323 This work 7.16484 6.92540 6.68124 6.43235 6.17875 5.92042
4do j 32: This work 7.04669 6.82075 6.59602 6.37250 6.15019 5.92910
5so k 323 This work 7.14804 6.90736 6.66298 6.41489 6.16311 5.90763
Sdom 323 This work 7.08884 6.86226 6.63254 6.39970 6.16372 5.92462
655 0 32: This work 7.12082 6.88906 6.65652 6.42320 6.18909 5.95420
6do d 323 This work 7.06020 6.85960 6.65572 6.44856 6.23813 6.02443
3
I
2pm b 3Hg This work 7.31282 7.05678 6.79555 6.52913 6.25753 5.98073
Experiment® 7.32343 7.10061
3pme 31, This work 7.16903 6.94914 6.72558 6.49835 6.26745 6.03287
p 8
4pm i 31‘[g This work 7.10281 6.88334 6.66077 6.43511 6.20635 5.97451
Afm 3Hg This work 7.09250 6.87799 6.66103 6.44163 6.21977 5.99546
5pr 1 311 This work 7.09112 6.87523 6.65629 6.43430 6.20925 5.98116
p g
5fm 31‘[g This work 7.11389 6.89183 6.66766 6.44137 6.21296 5.98244
6pm p *T1,  This work 7.09974 6.88553 6.66856 6.44883 6.22634 6.00110
prp "l
6fm 3Hg This work 7.07616 6.78037 6.47305 6.15420 5.82381 5.12845
3
2+
g
2po ¢ 3s+  This work 6.84315 6.51479 6.16414 5.79121 5.39600 4.97850
g Experiment® 6.85395 6.55682 6.22636
3po 2 32;- This work 7.05653 6.79180 6.52393 6.25293 5.97878 5.70150
4po g 32;; This work 7.08536 6.85084 6.61357 6.37355 6.13079 5.88527
Afo 32; This work 7.12159 6.88490 6.64707 6.40809 6.16798 5.92672
Spo k' 32; This work 7.094472 6.86879 6.64031 6.40928 6.17572 5.93960
S5fo 32; This work 7.11295 6.88359 6.65055 6.41381 6.17339 5.92928
3
Hu
3dm f 311, This work 7.05120 6.75975 6.46272 6.16011 5.85191 5.53813
4dm j 311, This work 7.03778 6.80277 6.56892 6.33621 6.10465 5.87425
5dm m 311, This work 7.08244 6.84993 6.61370 6.37372 6.13001 5.88257
6dm q 31,  This work 7.09602 6.86846 6.63745 6.40298 6.16506 5.92368
7dm 311,  This work 7.10442 6.88154 6.65545 6.42613 6.19358 5.71882

*Experiment of Focsa et al. [22]
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