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The low-lying potential energy curves of the SeO molecule are computed by means of an ab initio multirefer-

ence configuration interaction technique, taking into account relativistic (scalar plus spin—-orbit coupling) effects. The
spectroscopic constants of Q states for X35 ~, al A, b1X+, A3l , A’3A, and A” 3L+ states are obtained, and they
are in good accordance with available experimental values. The Franck—Condon factors and transition dipole moments

to the ground state are computed, and the natural radiative lifetimes of low-lying (2 states are theoretically obtained.

Comparisons of the natural lifetimes of (2 states with previous experimental results and those of isovalent TeO molecule

are made.
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1. Introduction

Selenium (Se) is one of most valuable rare ele-
ments because it is an essential nutrient for the hu-
man body and it is also one of important elements
in biological chemistry. The bonded and nonbonded
interactions between oxygen (O) and selenium have
aroused much theoretical and experimental research
interest.[!) Similar to molecular oxygen (O3), the sele-
nium monoxide, i.e., the SeO molecule, exhibits rich
optical spectra, which can provide a great deal of in-
formation about the SeO molecule. The rotational
energy levels and vibrational energy levels of a SeO
molecule can be directly deduced from molecular op-
tical spectra, and the geometrical structures of the
ground state and the excited state of a SeO molecule
can also be obtained with optical spectra. As a result,
the optical properties of SeO molecules have attracted
great attention in fundamental physics and biological
chemistry.?=4 During the past four decades, a large
number of experimental studies have been reported
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on the spectra of SeO molecules and other related
molecules.!® 1% The emission electronic band systems
from the low-lying states a! A and !+ to the ground
state X3¥ ™ were investigated by employing microwave
discharge in a mixture of a He carrier with SeOCl,."!
The experimental datal®! indicate that the (0,0) bands
of al A = X3¥~ and b'Y+ — X3%~ of SeO molecule
are around 5238 cm ™! and 9685.4 cm ™!, respectively.
The (0,0) and (1,1) emission bands of al A — X3%~ of
SeO molecule were observed at about 5200 cm™! by
using the method of energy transfer from Os(a'A,)
to the ground state of SeO molecules.[¥! The radiative
lifetimes for a'A and b'X* states of SeO were com-
puted by Matsushita et al.[8 and Chattopadhyaya et
al.19 using ab initio calculations. The calculated ra-
diative lifetimes for a'A state in the above two ref-
erences are 1.1 s and 1.4 s, respectively. The com-
puted radiative lifetimes for b'S+ state in the above
two references are 4.7 ms and 10.93 ms, respectively.
However, there are few theoretical studies that have
provided the potential energy curves (PECs) of a SeO
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molecule and the spectroscopic constants of low-lying
states of a SeO molecule, with the spin—orbit coupling
effects taken into consideration. Potential energy
curves including spin—orbit coupling effects can pro-
vide more information about the transition properties
between different electronic states of a SeO molecule.
Hence, in order to better understand the molecular
and spectroscopic properties of SeO molecules, the po-
tential energy curves should be calculated, with the
spin—orbit coupling effects taken into account. In the
present work, we use an ab initio method to com-
pute the PECs of the low-lying electronic states of a
SeO molecule. In the PEC calculations, we consider
the spin—orbit coupling effects with the A—S states in-
teraction technique. According to the PECs, we fur-
ther solve one-dimensional Schrédinger equations to
obtain vibrational wavefunctions, Franck—Condon fac-
tors (FCFs), vibrational energy levels, and spectro-
scopic constants of bound states of the SeO molecule.
Finally, we deduce the natural radiative lifetimes of
low-lying bound states of the SeO molecule from cal-
culated PECs and transition moments.

2. Method and computational de-

tails

In the present study, the electronic structure
calculations are performed by using the Molpro2010
quantum chemical package.''] The calculations are
performed in Cb, symmetry, where the 1 is repre-
sented by Ay, ¥
and By+By represent degenerate states A and II, re-

is represented by A,, and A;+As

spectively. The relativistic effective core potentials
(RECPs) for Se and O atoms are employed to describe
the scalar relativistic effects in combination with cor-
responding basis sets for valence electrons.!*?13 In or-
der to improve calculation accuracy, the basis set of Se
is augmented by one p polarization function, two d po-
larization functions, one f polarization function, and
one 5s diffusion function with optimized exponents of
0.0328, 0.3630, 0.1330, 0.48000, and 0.039783, respec-
tively; the basis set of O is augmented by three d po-
larization functions, two f polarization functions, and
one 5s diffusion function with optimized exponents of
5.1600, 1.2920, 0.4225, 1.9000, 0.5000, and 0.0550,
respectively. The PECs are calculated with highly
correlated ab initio methods, namely, the complete
active space self-consistent field (CASSCF) approach
followed by the internally contracted multireference
configuration interaction method (MRCI) with Davi-
son size-extensivity correction (+Q).1"~16] As is well

known, the low-lying excited states arise from excita-
tion of valence electrons into empty valence orbitals.
Hence, in the CASSCF calculations, the active space is
made up of 4s, 4p,, 4py, 4p. valence orbitals of Se, 2s,
2Pz, 2Py, 2p. valence orbitals of O, and an additional
o outer-shell orbital. So in the MRCI+Q calculations,
all 12 valence electrons are correlated. The spin—orbit
coupling effects are included in the electronic state cal-
culations of the SeO molecule. The electronic dipole
transition moments between the excited states and the
ground state for SeO are also computed at the spin—
orbit coupling (SOC) level. Sets of spectroscopic con-
stants and wave functions of the bound 2 states are
then deduced using a level program!'”l to solve the
one-dimensional Schrédinger equations. The Franck—
Condon factor (FCF) from the vibrational level v" of
the upper electronic state to the vibrational level v”
of the lower ground state is obtained from the fitted
PEC. The Einstein coefficient A,/,» between vibra-
tional levels v" and v” is defined by

2
Ay = 2.026 x 107%53(TM)? < / Py Yo dr) ,
where ¥ is the transition energy in units of cm™?,
TM is the average electronic dipole transition mo-
ment in Franck—Condon region in atomic units, and
( Ik wvfwvwdr)Q is the FCF between vibrational levels
v" and v”. The radiative lifetime of vibrational level
v’ is given as the inverse of the total transition prob-

ability
—1
T = <Z A'U"u”) .

!

3. Results and discussion

3.1. Potential energy curves of SeO

The 18 A-S electronic states related to the lowest
dissociation limit (Se(*P)+O(®P)) for a SeO molecule
are computed at the MRCI+Q level. The B3X~ elec-
tronic state that dissociates into the second lowest
dissociation limit (Se(!D)+O(®P)) is calculated at
the same level. The PECs for the total 19 electronic
states are shown in Fig. 1. These PECs are illustrated
in energy relative to the minimum energy point of the
ground state XY ~. Each PEC is constructed on 29
discrete points at a series of internuclear distances
from r = 1.29 A (1 A=0.1 nm) to r = 3.6 A. As
shown in Fig. 1, nine of these A-S electronic states
are bound, which are X3X 7, alA, b!TT, clTF, ABA,
A%+ A3ILL 1511, and B3X~. The 1°11 state crosses
the A3II state at an internuclear distance of ~ 2.2 A,
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and the crossing point is very close to the energy mini-
mum (r ~ 2.3 A) of 1°TI state. Therefore, it is difficult
to observe the 1°II state because of the perturbation
of the A3II state.
will exhibit strong avoided crossings when the SOC

Additionally, the crossing points

interaction is taken into account, especially for {2 = 0,
1, and 2. There are many crossings along the PEC
of B3¥~ state, in which the crossings with 1°II and

Energy/10* cm—!

X3%-
AT
2.00

1 " 1 " 1 -
2.50 3.00 3.50

r/A

" 1
1.50

Fig. 1. Computed MRCI+Q potential energy curves for
the low-lying electronic states of a SeO molecule, without
the spin—orbit coupling effects taken into consideration.

1'1I states are energetically the lowest two at a inter-
nuclear distance of ~ 2.0 A and ~ 2.2 A, respectively.
These crossings with repulsive or semi-bound PECs
will make B—X transition more complicated when the
spin—orbit interactions are introduced.

The dominant electron configurations of the
bound electronic states of SeO are given in Table 1.
At the equilibrium distance of the ground state (r =
1.65 A), all studied bound A-S states arise from the
following three electronic configurations:

1 - 30%1n*27?, (1)
1 — 302173273, (2)
1 — 3021721 40, (3)

The first configuration gives rise to three states
(X3, atA, bXT), the second to four states (¢!X—,
ABA, A¥F) B3X7), and the third to one state
(A3TI). With the increase of internuclear distance r,
the configuration with fully-occupied 27 orbital be-
comes important in the lowest three A—S states, which
indicates that no electron transfer occurs in the dis-
sociation of SeO (X?Y~, alA, b!¥*). At an internu-
clear distance of » = 2.2 A, the double electron excita-
tion becomes prominent in ¢'X 7, AA, A”3%+ B3Y~
states. The transition from bonding 3¢ orbital to anti-
bonding 40 orbital will lead to the increase of equilib-
rium bond length for these states. Similarly, the dou-
ble electron excitation from 17 to 27w and 40 orbital
occurs in A3II state at a longer bond distance. The
transition of two electrons from bonding orbitals (3o
and 17) to antibonding orbitals (40 and 27) causes a
significant change (40.3 A) of bond length for excited
states arising from configurations (2) and (3).

Table 1. Dominant electron configurations of low-lying electronic states of SeO for r = 1.65 A and r = 2.2 A.

State r=165A ch) r=22A4A ch)
X3%- (16)2(20)2(30)2 (17)* (2m)? 0.87 (16)2(20)2(30)2 (17)* (2m)? 0.62
(16)%(20)%(30)2 (1) % (2m)* 0.14

alA (16)2(20)2(30)2 (17)* (2)? 0.85 (16)2(20)2(30)2 (17)* (2)? 0.54
(10)%(20)2(30)% (1) (2m)* 0.23

bix+ (16)2(20)2(30)2 (1m)* (2m)? 0.81 (16)2(20)2(30)2 (1m)* (2m)? 0.54
(10)%(20)2(30)% (1) (2m)* 0.23

ety (10)%(20)2(30)% (1) (2m)3 0.96 (10)%(20)2(30)% (1) (2m)3 0.74
(16)2(20)2(17)3 (2m)3 (40)? 0.14

ABA (16)2(20)2(30)2(17)3(2)3 0.95 (16)2(20)2(30)2(17)3(2)3 0.74
(10)%(20)% (17)3(27)3 (40)? 0.14

ARt (16)2(20)2(30)2(17)3(27)3 0.95 (16)2(20)2(30)?(17)3(2)3 0.74
(10)%(20)2(17)3 (27)3 (40)? 0.14

A3II (16)2(20)2(30)2 (1m)*(27)* (40)* 0.83 (16)2(20)2(30)2 (1n)*(27)* (40)* 0.48
(10)%(20)2(30)% (1) (27)3 (40)! 0.32

B3~ (16)2(20)2(30)2(17)3 (2m)3 0.98 (16)2(20)2(30)2(17)3 (2m)3 0.74
(10)%(20)% (17)3 (27)3 (40)? 0.14
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The next step in the theoretical computation is to
include the SOC effects in the SeO molecular Hamil-
tonian. The Hamiltonian of SeO including spin—orbit
pseudopotential operator is solved in the basis of A—S
MRCI wave functions and the calculated PECs of Q)
states are shown in Fig. 2. The main distinctions of
Fig. 2 are the splitting of A—S electronic states into
their  components. The calculated dissociation en-
ergy D, for the ground state X3%; is found to be
34870 cm ™!, and the spin-orbit coupling effect low-
ers the dissociation energy by 609 cm™! relative to
that obtained at MRCI+Q A-S level. The A-S elec-
tronic state B3X~ split into B3Y; and B3¥] corre-
lating to lower atom limits. The SOC effects lead to
minor changes to the lower bound states; while for
B3Y~ state, the avoided crossings between € levels
are found. As discussed above, the crossings between
B3X~ and 1°II, 1'II states in A—S PECs exhibit the
avoided crossing nature in PECs of Q2 = 0,1 compo-
nents. Similarly, the avoided crossings along the PECs
of ASII occur at ~ 2.2 A due to the perturbation of
1511 state.

6

Energy/10* cm—!
w

2
bIs
1k
alA
X X,
0 = 1 1 1 1 1 1 1 1 1
1.50 2.00 2.50 3.00 3.50

r/A
Fig. 2. Potential energy curves for the low-lying electronic

states of the SeO molecule, with the spin—orbit coupling
effects taken into consideration.

The compositions of low-lying states of SeO at
different bond distances are shown in Table 2. Com-
position coefficients smaller than 0.6% are omitted

in Table 2, but they are of importance for the ac-
In the Franck-
Condon region, the contribution of A-S state X3~

curacy of the transition moment.

to X3%, is dominant; the admixture of !X* character

Table 2. Compositions of Q states of SeO (c?,%) at dif-
ferent bond distances.

State r/A 3x~ 3zt 3m 3A !y~ Iyt i A I
X$sy 1.6 99 1

1.7 98.8 1

2.0 98 1.8

2.2 96 4.0
X3S, 1.6 99.9

1.7 99.9

2.0 99.6

2.2 98.9 0.6
a'Ax 1.6 99.9

1.7 99.9

2.0 0.6 99.1

2.2 2 97.5
b'sd 16 1 98.9

1.7 1.1 98.8

2.0 1.9 97.8

22 3.5 95.9
clEy 1.6 9 90.9

1.7 10.1 89.7

2.0 13.6 86.1

2.2 14.4 85
AlBA; 1.6 99.9

1.7 99.9

2.0 99.5

2.2 98.4 1.44
AL3A, 1.6 99.7

1.7 99.7

2.0 99 0.6

2.2 96.8 2 0.9
AL3A; 1.6 99.6

1.7 99.7

2.0 99.3

2.2 98.4 1
AV %2t 16 99.4

1.7 99.8

2.0 99.4

2.2 99.4
AY3st 1.6 91 8.9

1.7 89.7 10.1

2.0 85.9 13.7

2.2 84.3 14.4 1
AT, 1.6 99.9

1.7 99.9

2.0 98.8 0.9

2.2 63 0.5 36.2
A3, 1.6 99.2 0.6

1.7 99.2 0.6

2.0 97.7 0.5 1.4

2.2 37.6 61.4
Alll, 1.6 99.8

1.7 99.8

2.0 98.2 1.5

2.2 13.3 0.8 85.5
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in X7 makes more electronic-dipole transitions to
X3%, state allowed. As bond distance r increases,
the character of !X % becomes more prominent. The
crossing point between the ground state and b'X+ at
r =28 A (Fig. 1) becomes an avoided crossing point
between X3%; and b'Y{, which indicates a strong
coupling in the two A-S states at a long range of
bond distance. The state mixing between the X3X~
and A”33% states results in Q = 1 component of the
ground state X3¥~. From Table 2, a large percentage
(~10%) of A”3¥T character is found in the ¢' X7 state,
which is important for the transition property of the
¢!y state. The most striking feature in state com-
position is R-dependent coupling between the triplet
II state and the quintet II state. The °II character in
Q components of ®II is negligible for r = 2.0 A, while
for r = 2.2 A the composition of the ®II character is
over 36% for the A 311y, 61% for the A;31I;, and 85%
for the A3Il,. The 3II state is intensely perturbed
through the admixture of the °II character. The in-
troduction of SOC relativity leads to obvious changes

for low-lying excited states of SeO.

3.2. Spectroscopic constants

Based on the computed {2-state potential en-
ergy curves, the spectroscopic constants of the SeO

molecule are numerically obtained. The values of

adiabatic transition energy 7. of low-lying electronic
state, equilibrium bond distance 7, vibrational fre-
quency we, and rotational constant B, are shown in
Table 3. The adiabatic transition energies are com-
puted as the differences between the energy minimum
of the ground state and energy minima of the consid-
ered excited states. The SOC splitting of the ground
state is computed to be 96.3 cm ™!, which is compa-
rable to an experimental value of 165.9 cm™!. The
values of the theoretical T, of a and b are 5813 cm ™!
and 10274 cm ™!, respectively, which are reasonably in

L and

agreement with experimental values of 5300 cm™
9724 cm~!, respectively. The calculated values of har-
monic vibrational frequency we of the X3%,, X3%7
states differ from the experimental results by 1.6%
(~ 15 em™!). The calculated we of the b'¥{ state
is underestimated by 4% compared with experimental
one. Our calculated vibrational frequencies for these
states accord well with the experimental data. The
values of rotational constant B, for the X33, , X3%
and blEa' states are also in good agreement with ex-
perimental results, with an error of 0.061 cm™'. The
values of equilibrium bond distance r, for the X$%g,
X3%, b!Y] states are different from experimental
values by 0.01 A. The spectroscopic constants of the
A’ 3A; and A3TI; states, which have not yet been ob-
served in experiment, are computed and listed for fur-

ther comparison with experimental results.

Table 3. Computed and experimental spectroscopic constants of SeO.

State Te/cm™1 we/cm ™1 Be/cm™1! re/A
Cal. Exp. Cal. Exp. Cal. Exp. Cal. Exp.
X3xy 0 02 900.09  914.69* 0.4694  0.4655% 1.642  1.648%
Xg 357 96.3 165.9 899.94  915.43° 0.4694  0.4738* 1.642  1.633%
alAg 5813.2 5300% 857.81 - 0.4627 0.461% 1.653 1.65
b 'sd 10273.8  9723.5P 808.81 838.8P 0.4538  0.4560° 1.670  1.665P
Al3As 23149.1 - 587.56 - 0.3473 - 1.909 -
AL3 A, 23976.1 - 588.45 - 0.3477 - 1.908 -
AL3A 24599.9 - 586.27 - 0.3452 - 1.914 -
Ay3st 248158 - 587.20 - 0.3472 - 1.909 -
AY3sd 249010 - 588.60 - 0.3454 - 1.914 -
Al 31259.1 - 388.85 - 0.3423 - 1.921 -
A3IL 31667.1 - 362.56 - 0.3418 - 1.925 -
A3I, 32100.0 - 342.83 - 0.3409 - 1.933 -

aExperimental values in Ref. [18], Pexperimental values in Ref. [19].
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3.3. Electronic dipole transition mo-
ments and radiative lifetimes

The electronic dipole transition moments (TMs)
of low-lying excited states are computed at SOC level.
The transition moments for all states are fitted to a
quartic polynomial function at an internuclear dis-
tance ranging from 1.29 A to 3.6 A. The average
TMs in Franck—Condon region from the X3%7, al Ao,
bIN, A13As, AL3A,, AL3AL, ASTHy, AL, A3IL
states to the ground state X3¥; or X3%] are shown
in Table 4. For simplicity, we denote X3¥;, X3%] as
X1, Xo, respectively. The Franck—Condon factors for
SeO from the v' = 0 vibrational level of excited states
to the v” vibrational level of ground states (X; and
Xy) are shown in Table 5. Since the FCFs from v = 0
to v = 16-21 are small, we neglect them in Table 5.
In the a, b-X transitions, the FCF of v'—v" (v/ = v")
is the most intense. For the a'A, state, the maxi-
mum FCF is 0.97435 corresponding to 0—0 transition.
The calculated 0-0 transition energy in a-X; transi-
tion is 5695.03 cm !, which is in agreement with early

experimental valuel! within 495.03 cm~'. For b'%f
state, the strongest transition to the ground state oc-
curs at 0-0 with FCF being 0.8696. The computed
0-0 transition energy in blngX is 10133.48 cm™!,

I compared with

which is overestimated by 448 cm™
early experimental result.l®) The radiative lifetimes of
low-lying excited states are given in Table 6. Since the
ground state X is split into two components (X; and
Xs), we denote natural lifetimes for transitions from
the v' = 0 vibrational level of certain excited state to
X1 as ; and to X5 as 7o, and the total natural lifetime

of v/ = 0 as 7o, and they are related to each other by

(4)

The natural lifetime of X5 derived from X,—X; tran-

1/7tot = 1/71 + 1/79.

sition is 2.0x10° s. It is easily understood from this
result that X, state is a stable state. The com-
puted lifetime of b'X{ is 6.2 ms, which roughly ac-
cords in magnitude with the experimental value of
1.4 ms and other theoretical results of 4.7 msl® and

10.93 ms.!'% The calculated lifetime of a' Ay is 0.14 s,

Table 4. Average transition dipole moments (in atomic units) in the Franck—Condon region.

State X alAg blud sy AL3A, A} 3t Ay set
X4 5.123x1074 - 0.0060 - - 0.0084 -
X2 - 0.0045 0.0065 0.0120 0.0035 0.0353 0.0123

Table 5. Franck—Condon factors for transitions from the v’ = 0 vibrational energy levels of SeO excited electronic

states to v”/ = 0-15 and v"/ = 22 vibrational energy levels of the ground states (X; and X2).

! alAs-Xo bt X DI & AL3A-Xo AV 3nF-x, AL3SE-Xo
0 9.7435x 101 8.6960x 101 4.2210x 1075 4.4051x 10~° 3.7272x 1075 2.1338x 10—5
1 2.5328x 10—2 1.2190x 10~ 1 5.4617x 10~* 5.6517x 10~%  4.9227x 10~ 3.1568x 10~*
2 3.1784x 10~* 8.1647x 103 3.3620x 103 3.4492x 103 3.0928x 103 2.2197x 1073
3 1.6198x 10~6 3.2549x 10~ 1.3141x 102 1.3360x 102 1.2314x 10~2 9.7970x 1073
4 1.4704x 10~8 9.4409% 106 3.6500x 10~2 3.6819x 102 3.4781x 10—2 3.0133x 10—2
5 1.3053x 10~8 3.94612x 10~7  7.6260x 10~2 7.6517x 1072 7.3773x 1072 6.8031x 10~2
6 1.9806x 10~ 11 8.5302x 109 1.2438x 10~1 1.2449x 10~1 1.2194x 10~1 1.1699x 10~1
7 - 3.3768x 10~9 1.6271x 10~1 1.6277x 1071 1.6135% 10~1 1.5825% 10~1
8 - 9.7013x 10~ 11 1.7412x 10~1 1.7419% 10~1 1.7436x 10~1 1.7339x 10~ 1
9 - 7.0961x 10—10 1.5459% 10~1 1.5456x 10~1 1.5615% 10~1 1.5781x 10~ 1
10 - 2.0962x 10~ 10 1.1511x 10~1 1.1493x 101 1.1729x 10~1 1.2165% 10~ 1
11 - 2.0329x 10— 11 7.2467x 1072 7.2211x 1072 7.4532x 102 8.0266x 10~2
12 - 5.0466x 10~ 3.8798x 102 3.8560x 10—2 4.0322x 10~2 4.5463x 10~2
13 - - 1.7752x 102 1.7561x 10~2 4.0322x 10~2 2.2064x 10~2
14 - - 6.9715x 1073 6.8385x 1073 1.8649x 10~2 9.1205x 1073
15 - - 2.3578x 103 2.2854x 1073 7.3965x 1073 3.1924x 1073
22 - - 1.5436 x10~8 8.3554 x10~9 2.361 x10—8 9.6762 x10~8
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which is obviously less than other theoretical values
1.1 s and 1.4 s.'9 This discrepancy results from
the absence of magnetic transitions considered in this
work. The radiative lifetimes (Table 6) for other low-
lying states of the SeO molecule have not been ob-
tained experimentally. However, the radiative life-
times for these states of an isovalent TeO molecule
have been computed in Ref. [20] with the LSC-SO-CI
method. The computed lifetime for ¢'3; state of the
TeO molecule is 1.4 ms, whereas the calculated life-
time for 'Sy state of SeO is 0.9 ms, the lifetime for
c'Xy state of SeO accords in magnitude with that of
the TeO molecule. The computed lifetimes for A4 3A,,
Al 3%, AY 3% states of TeO are 1.9 ms, 8.1 ps, and
1.2 ms, respectively. Similarly, the calculated lifetimes
for those states of SeO are 8 ms, 66 us, and 0.58 ms,
respectively. The lifetimes for A53A, in SeO and in
TeO molecules are both on the order of 1073 s.

Table 6. Radiative lifetimes for transitions from the v’ = 0
vibrational energy levels of SeO excited electronic states to
the X1 and Xo states.

State 71(s)-X1 T2(s)—X2 Ttot /S
XS327 2.0x10° - 2.0x10°
alAg - 0.14 0.14
bixg 0.013 0.011 6.2x1073
sy - 9x10—4 9x10~4
AL3A - 8x1073 8x1073
Ay syt 1.2x1073 7.0x107° 6.6x107°
Ay syt - 5.8x10~% 5.8x10~%

4. Summary

The potential energy curves of SeO are computed
with the MRCI+Q method. For better accuracy, the
Q-state potential energy curves of SeO with the in-
clusion of the spin—orbit coupling effects are also ob-
tained by diagonalizing the Hamiltonian containing
the spin—orbit pseudopotential operator in the basis
of the A—S MRCI wavefunction. The electronic dipole
transition moments from the low-lying excited states
to the ground state are theoretically obtained. Sub-
sequently, the radiative lifetimes for the v’ = 0 vibra-
tional level of low-lying states are calculated based on
the fitted ()-state potential energy curves and calcu-

lated electronic-dipole moments. The computed re-

sults in this paper are consistent with available exper-
imental and other theoretical results. In addition, the
spectroscopic data and transition properties which are
absent in experiments are provided for further com-
parison.
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