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High-level ab initio calculations of aluminum monoiodide (All) molecule are performed by utilizing the multi-
reference configuration interaction plus Davidson correction (MRCI4-Q) method. The core-valence correlation (CV) and
spin—orbit coupling (SOC) effect are considered. The adiabatic potential energy curves (PECs) of a total of 13 A-S states
and 24 Q states are computed. The spectroscopic constants of bound states are determined, which are in accordance with
the results of the available experimental and theoretical studies. The interactions between the A—S states are analyzed with
the aid of the spin—orbit matrix elements. Finally, the transition properties including transition dipole moment (TDM),
Frank—Condon factors (FCF) and radiative lifetime are obtained based on the computed PEC. Our study sheds light on the
electronic structure and spectroscopy of low-lying electronic states of the All molecule.

Keywords: All molecule, potential energy curves (PECs), core-valence correlation, spin—orbit coupling,

multi-reference configuration interaction (MRCI)

PACS: 31.15.A—, 33.70.Ca, 31.15.3j

1. Introduction

Aluminum monohalide plays an important role in the
astrophysics!!! and molecular laser cooling.[>®! The spectro-
scopic constants and the transition properties are critical to the
understanding of the chemical and physical processes of these
molecules. In recent years, aluminum monohalides have at-
tracted increasing research interest due to their potential ap-
plications in molecular laser cooling. Based on the com-
puted potential energy curves (PECs) and the spectroscopic
constants, the laser cooling schemes using either AIF®! or
AIC1™ and AIH,®! have been suggested theoretically. As for
AIBr,P! however, the feasibility of laser cooling is still un-
der debate,!*! owing to the fact that for heavy-atom-contained
molecules, the electronic structure and spectroscopic constants
are strongly affected with the inclusion of the core—valence
correlation (CV) correction and spin—orbit coupling (SOC) ef-
fect.

While the spectrum and structure of electronic states have
received considerable attention in previous experimental and
theoretical investigations for lighter aluminum monohalides
(AIF, AICI, AlBr), our knowledge about All is still insuffi-
cient, especially for the electronic excited states, due to the
abundant inner-shell electrons. To date, the experimental spec-
troscopic information is only available for the ground elec-
tronic state and the first triplet state.!”) Theoretically, Varga

et al.''% computed the molecular constants of the ground state
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by couple cluster single and double method combined with a
perturbative treatment of triple excitation (CCSD(T)) method.
The latest ab initio computation was performed by Hamade
et al.!"!1 in 2009, in which the PECs and spectroscopic con-
stants of 12 A-S states were investigated by using the multi-
reference configuration interaction (MRCI) with single and
double excitations plus Davidson correction (+Q). To the best
of our knowledge, the SOC effect and CV correlation have
not been investigated for All molecule. It has been indicated
that these effects have significant influence on the electronic
structures of the diatomic molecules containing heavy atom,
such as PbO, ZnH and GeO.['2-14] Furthermore, the SOC ef-
fect leads to perturbations for the intercrossing of electronic
states, changing the shape of PECs by the avoided crossing
phenomenon. As a result, the spectroscopic and dynamic
properties of electronic excited states are affected significantly
due to the SOC effect.

The goal of this work is to achieve more accurate and
detailed electronic structure of All molecule. A high-level ab
initio calculation method using MRCI4-Q is employed to com-
pute a total of 13 singlet/triplet A—S states correlating with
the lowest two dissociation limits of All molecule. The CV
correction is considered via singly and doubly electron exci-
tation from inner shells, and the SOC interactions between
the A-S states are evaluated by the SO matrix elements. The
13 A-S states split into 24 € states when the SOC is intro-
duced. The spectroscopic constants of low-lying A—S and
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electronic states are obtained based on the computed PECs.
We also acquire the transition properties of low-lying states
including transition dipole moments (TDM), Frank—Condon

factors (FCFs), and radiative lifetimes.

2. Computational details

The ab initio calculations of the electronic structure of
the All molecule are performed with the quantum chemistry
MOLPRO 2012 program package.!'>! The C,, point group as
the Abelian subgroup of the C., has been employed in the
calculation of the electronic structure because of the limita-
tion of the MOLPRO program. The C,, point group holds
A1/B1/By/A; irreducible representation, and the correspond-
ing relationship with C.., point group is 2™ = A, [T = B; +
By, A= A; 4+ Ay, and ¥~ = Ay, respectively. For the All
molecule, four al, two by, two by molecule orbitals (MOs)
are determined as the active space, which correspond to the
atomic orbitals Al 3s3p and I 5s5p.

We calculate 47 single point energies corresponding to
the internuclear distance range of 1.9 A—6.5 A to obtain the
adiabatic PECs of the ground and excited states. In these cal-
culations, the Gaussian-type basis set cc-pwCVQZ-PP!® in
combination with corresponding relativistic effective core po-
tential and cc-pwCVQZ!7! are selected for the I atom and the
Al atom, respectively. The process of the calculation contains
three steps. First, Hartree—Fock (HF) method is used for ob-
taining the single-configuration wavefunction of the ground
state for the AIl molecule. Then, the state-averaged com-
plete active space self-consistent field (SACASSCF)!!8:191 ig
adopted. In the SACASSCF calculation, we involve a total
of 13 electronic states including three Iy+ two T, one !A,
one 'Y, two 3L T, two !I1, one A, and one 3%~ states. Fi-
nally, the MRCI??! approach is employed to treat the dynamic
correlation of the electrons. To balance the accuracy and the
cost of the computation, the 4d orbitals of I is placed in the
closed shells and correlated with the calculation of electronic
correlation energy. In a word, a total of 22 electrons partic-
ipate in the calculation of electronic correlation energy. The
inner electrons of I are taken into account through energy-
consistent pseudopotential (ECP) ECP28MDF. The Davidson

correction?!]

is used to overcome the problem of the size-
consistence, which is introduced by the MRCI method.

The spin—orbit coupling effect is handled at the MRCI
level. The spin—orbit coupling matrix element is dealt with
the help of the state interaction approach via Breit—Pauli
operator??! for Al atom and ECP spin—orbit operator imple-
mented in the ECP of I atom. The off-diagonal spin—orbit
matrix elements are calculated at the MRCI level, however

the diagonal spin—orbit matrix elements are substituted with

MRCIHQ energies. The 13 A-S states split into 24 2 states
when we consider the influence of the spin—orbit coupling.
The PECs of these 13 A-S states and 24 Q states are depicted
following the avoided crossing rule.

According to the PECs of the A—S and £ states, the corre-
sponding spectroscopic constants of the bound states are deter-
mined by resolving the one-dimensional nuclear Schrodinger
equation with the aid of LEVEL program,??! including ex-
citation energy 7T, equilibrium internuclear distance R., vi-
brational constants ®., and ®.)., rotation constant B., and
vibrational-rotational coupling constant .. The dissociation
energy D is obtained by deducting the energy at R. from the
energy at a large separation. The transition properties of the
All molecule, including the TDMs are also evaluated at the
MRCI level. Based on the PECs, the FCFs are also deter-
mined with the help of the LEVEL program. Finally, based
on the TDMs and FCFs, the radiative lifetimes of the several

lowest energy transitions are predicted.

3. Result and discussion
3.1. PECs of 13 A-S states

The 13 A-S states of the All molecule, including seven
singlet states and six triplet states, are studied by using the
MRCI+Q method. Except for 3'Z7 state, which correlates
with the ion-pair dissociation limit A" ('Sy)+17(!S,), all the
other A—S states correlate with the neutral atomic dissociation
limit Al (*P,)-+1 (?Py,). The adiabatic PECs of A-S states are
obtained, which are depicted in Fig. 1.

1(2Pu)+1(?Py)

Energy/10* cm~!
%)
T

2.0 3.0 4.0 5.0 6.0
R/A

Fig. 1. PECs of A-S states for All molecule.

As shown in this figure, the X' 2+ and 1°T1 states are typ-
ical bound states, while the other states are repulsive states or
quasi-bound states containing a very shallow potential well.
The spectroscopic constants, including T, Re, ®e, ®We)e, Be,
and ¢ of the bound states are calculated by solving the radial
Schrodinger equation of the nuclear motion. The results are
listed in Table 1, along with their main electron configurations
(CFSs) at R..
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Table 1. Spectroscopic constants of bound and quasi-bound A-S states.

State Ro/A To/em™! we/cm™! ov)e)(e/cm’l Be/em™! 10% 0t Dlcm™! CFS at R./% Ref.
X!zt 25368 0 322.77 0.757 0.1178 0.5395 31659 15621662 17667* 77 (81.80)
2.5371 316.25+0.02 0.981 0.1177 .5586 Exp!”!
2.5371 0 316.16+0.02 0.960 0.1177 5586 30590 Exp!®!
2.556 311.72 1.08 Calll!l
2.534 321.2 33576 Call'l
I’ 24874  22306.16 338.20 1.94 0.1224 0.6981 9648 1562166%1706m*Tn% (83.40)
22092.53 332.28 1.671 0.1217 0.6269 Exp™!
2.50 22159 331 1.84 Calllll
1Bzt 370 30932.72 51.93 0.937 0.0556 1245 935 156216021706n%*B 7% (82.53)
2r+ 509  31643.79 24.17 0.227 0.0296  0.06956 312 1562166217668 7% (34.58)
156%166%176%6x*7n%(52.51)
156°166%176%67*7w%(2.04)
3zt 5.27 35528.0 88.76 0.237 0.0273  0.00374- 20510 156%166%1766m*7m (63.18)

1562166%176P 67477 (21.45)

So far, only the spectroscopic constants of X'X* and
111 states of AII have been reported in previous experimen-
tal work. As shown in Table 2, the ground state X!yt of
All molecule is mainly characterized by the electronic con-
figuration 156%16667*7x (81.08%) at R.. Comparing with
the experimental work of Wyse!”! and Martin et al.,® the
deviation of our computed R., @, is considerable small. In
particular, the R. of this work is closer to CCSD(T)!?! re-
sult than MRCI+Q result reported by Hamade et al.!'!l since
in both the former and this work the CV effect is taken into
consideration. The first triplet state, 1311, corresponds to the
electronic configuration of 156%166%6x*71%* (83.40%) at R...
The electronic configuration indicates that the 13I1 state cor-
responds to the one-electron 150 — 77 excitation, so does
the X'It state. Compared with the experimental result,®]
the percentage deviation of 7., and @., are about 1% and
2%, respectively. As for R, the difference between our re-
sult and Hamade et al.’s is smaller than 0.02 A. Consider-
ing different aluminum monohalides AlX (X =F, Cl, Br, 1),
the R. of the ground state X'Z* increases as the halogen
changes from F to I, while the D of X!¥* decreases, which
indicates that the bonding of aluminum and halogen weak-
ens and the stability of aluminum monohalide decreases. This
trend becomes more distinct for the excited state. The first
excited singlet state 1'TT of All molecule is a repulsive one,
in contrast to the bound 1'IT states of other aluminum mono-
halides AlX (X =F, Cl, Br). For the 312+ state, the electron
configuration shows the remarkable multi-configuration char-
acter, composed of 136%146%156%16677*87 (63.18%) and
13021406%150%166P71*87 (21.45%). As shown in Table 1,
the D of the 3' X7 state is considerably large because the PEC
of the 3'X* state gradually turns into 1/R resulting from the
Coulomb interaction between Al™ and I™.

Figure 2 shows the permanent dipole moments (PDMs) of

X!yt 132+, 235+ 1311, and 3'Z 1 states. The All molecule is
arranged along the z axis, and the origin is located in the cen-
ter of mass of the All molecule. The positive direction points
from Al to L. It can be seen that all the calculated PDMs at large
internuclear distance are close to zero a.u. except for PDM of
the 3'X* state. The variation of PDM of the electronic states
can reflect the ionic characteristics of these states. The center
of positive charges with the position vector A is set to be at
zero, corresponding to the dissociation limit of neutral atoms.
The PDM of the X!X* and 1°IT state have a negative peak
at about R = 4.4 A and R = 2.9 A, respectively. The PDM
of the 3'X* state is negative and becomes linearly-dependent
R when R is larger than 5.0 A, which is attributed to the fact
that the dissociation limit of the 3'Z" state comes from ion-
pair A" (!Sy)-+1"(S,). There is a suddenly complementary
change of the dipole moment for each of the 13X* and 232+
state at about R = 2.3 A, which may be due to the avoided
crossings. To clarify this, we show in Table 2 the main electric
configurations of 13X and 23X states with the R in a range
of 2.2 A-2.5 A. It can be seen from the table, the main elec-
tronic configurations of 13X* and 237 states are exchanged
near R = 2.4 A, indicating the wave functions of the 13X and
23%* states are exchanged, which leads to the changes of the
PDMs.

Table 2. Main electric configurations of 13X* and 23X+ states.

1562166%170%67* 71 1562166217667%%B 712

RIA 13zt 23yt 13zt 233+
22 79.82% 0 4.25% 85.00%
23 72.01% 0 11.29% 85.30%
24 2.16% 0 83.4% 85.45%
25 0 81.94% 85.68% 0
26 0.16% 81.75% 85.62% 0.17%
2.7 0.43% 81.54% 85.53% 0.45%
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Dipole moment/a.u.

2.0 3.0 4.0 5.0 6.0
R/A

Fig. 2. Dipole moments of five A-S states.

3.2. SOC effect on the AIl molecule

For the heavy molecule All, the effect of the SOC may
not be neglected. The SOC effect causes the A—S states to
split and mix with common 2 symmetry. From Fig. 1, we can
see that the PEC of the 1°IT state crosses other states at energy
of 30500 cm~!'-32000 cm™! in an R range of 3.5 A-5.5 A.
The I°II state crosses 13Z1, 3A, 1A, 21EF, 127 3%~ 1110,
and 23X states, with the crossing points located at a high vi-
brational level (v’ > 33).

To analyze the interaction between the 1°IT state and
other states in detail, the SO matrix elements as listed in Ta-
ble 3 are computed. The calculated SO matrix elements ver-
sus internuclear distance are plotted in Fig. 3. The spin—orbit
operator is represented in the basis of the real spin-electronic
function denoted as |SO,).*! We find that the absolute val-
ues of SO matrix element involving 1°IT state are all about
1200 cm™! in the region where 13IT state is close to other
states. This result suggests that the spin—orbit effect between
the excited states of All molecule is significant.

Table 3. SO matrix elements of A-S state.

Spin—orbit matrix elements

SOy = —i{13XF|Hyo|1°TT),
80, = —i (13 |Hyp|* A)y
503 = —i('A[Hso|’TI)x

S04 = —i(2'£¥|Hso|1311),
S0s5 = —i('Z7|Hso|1°T1),
S0¢ = —i (13T |Hso|*£7),
807 = —i{(1'T|Hsp|13T1),

SOg = —i (23T |Hyo|1°1T),

1500

1000

500

—500

—1000

—1500

Spin—orbital coupling terms/cm~!

2.0 3.0 4.0 5.0 6.0
R/A

Fig. 3. R dependent SO matrix elements of several A-S states.

3.3. PECs of 24 Q states

As discussed earlier, the SOC effect plays an impor-
tant role in All molecule. After considering the SOC ef-
fect, the 13 A-S states split into 24 € states, including
six states of 2 = 0*, five states of Q = 0, eight states
of Q =1, four states of £ = 2, and one state of Q = 3.
The dissociation limits split into five asymptotes, including
AICPy 5)+I(P3)p), AICP3)5)+1(P3)2), AICPy )2)+1CPy ),
AI(P32)+1(*Py p), and AIT("S)+17('S). The detailed dis-
sociation relationships of 2 states are listed in Table 4.
The energy interval of AI(Pj)-Al(*P3/;) and I(*P3))-
I(*P, ),) are calculated to be 128.698 cm ™! and 7274.12 cm™ !,
respectively, which are close to the experimental results
112.061 cm~! and 7715.211 ecm~1.[25261 A5 for the ion-pair
AT (1S)+1~(!S), we estimate the 1/R Coulomb compensation
from R = 6.5 A to infinite distance. The computational value
of the AI* ('S)+17(!S) is 3074 cm™! higher than experimen-
tal result, which maybe results from the fact that the R = 6.5 A
is not far enough to treat the All molecule as two independent
ions. According to the rules of avoided crossing, the PECs
of 24 Q states are depicted in Fig. 4. Basically, under adia-
batic approximation, the rule of avoided crossing requires the
two electronic states with the same species (same 2 quantum
number in this work) to avoid crossing since the only remain-
ing good quantum number in the diatomic molecule is 2 when
the SOC effect is taken into account. The spectroscopic con-
stants of the bound states determined by the PECs are listed
in Table 5. In order to compare the {2 states with correspond-
ing A-S states evidently, figure 5 shows the R dependent A—S
components of some low-lying Q states.

Table 4. Dissociation limit relationships of €2 states.

Q states Atomic state Energy/cm l
Calc. Expt.
2,1,1,X0%, 0" AICPy/2)+1CPs3)0)
3,2,2,1,1,1,04,07,07,07  AICP;5)+I(P;5) 128.698 112.061%
1,0t,0° AICP; ) +ICPy ) 727412 7603.15°
2,1,1,0%,0° Al(P3)+I(Py ) 7368343 7715211
0+ AIT(1S)+I-(1S) 26682  23608°

aRef. [25], PRef. [26], °Ref. [27].

The ground Q state X almost completely originates
from the A—S state X!X*. Hence, the spectroscopic constants
are also close to the A-S state X!Xt. Nevertheless, the D of
X0t state is about 2244 cm~! smaller than that of the cor-
responding A-S state. Our calculation shows that the energy
difference between the X' X+ state and the X0 state is about
90.6 cm~! and 2336.2 cm™! at R, and R = 6.5 A, respec-
tively. This arises from the fact that the SOC splitting of 1
atom is significant at atomic limit, and also consistent with the
scenario in Fig. 5, in which the component of repulsive state
231 increases obviously in the range of R > 4.5 A. For the
1311 state, after considering the SOC effect, the (2)0T, (1)1,
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(1)0~, and (1)2 state are generated. The interval of *ITy,—
31, is 229 cm™!, which is in reasonable agreement with ex-
perimental value 201 cm™!.[!8] The electric dipole transitions
of (1)0™—X" and (1)2-X™ are forbidden, thus only other two
transitions can be observed experimentally. Comparing with
the 1311 state, the R, values of these four Q states are larger.
The T, values of (2)0*, (1)1, and (1)0~ reduce 336.8 cm™!,
107.2 cm™~!, and 57.4 cm™! respectively, and the 7, of (1)2 in-
creases 207.4 cm~!. As shown in Fig. 5, the A—S components
of the (2)0™, (1)0~, (1)1, and (1)2 states are complicated. For
example, the A—S components of the (1)1 state are the mixture
of the 1°T1, 32, 132*, and 111 states in the region of R from
3.5 A to 4.5 A, indicating the complicated SOC interaction
between these A—S states (see Fig. 3).

For the Q2 states in the higher energy region, complicated
state-mixing and interactions are presented under the influ-
ence of the SOC effect. Their PECs are very complex with
many avoided crossing points. The (4)0" and (5)07 state hold
the avoided crossing point around R = 3.6 A. Turing to the
(5)1 and (6)1 state, there is an avoided crossing point at about
R =3.3 A. This generates a small potential well of (6)1 state.
The state Q = 3 is purely generated from the 3A state, there-
fore, the shape of the PEC for 2 = 3 is similar to that of the
corresponding A—S state. Most of €2 states have shallow po-
tential wells, but the depths of these wells are still too shallow
to support many vibration levels and their R. values deviate
significantly from that of the X0 state. So, it can be expected
that the spectra of the All in this energy range will be very
diffuse and these states are hard to observe experimentally.

AI*(1So)+1-(So) —(1)0~
A1<2P372)+1(?P01/z) (a) 4.5 —(2)0~ (b)
_ 4+ 1(2P12)+1(2P1/2) B —(3)0~
| | —(4)07 A1(2P4,0)+1(2P
4.0 el (®P3/2)+1(?P1/2)
s 3l § )07 AIEP, ) +1(P )
Ao i
S 1(*P3/2)+1(*P3/2) =~ 3.5F
E 2l AL(?P1)5)+1(*P3)2) ;
o0 o0 3.0f
5 — X0t —(4)0* 5] 2 2
a —(2)0t —(5)0* =] Al(?P1/2)+1(?P3/2)
g 1r —(3)0+ —(6)0+ M o5t AL(?P3/2) +1(2P52)
2=0" =0t
0 1 1 1 1 20 1 1 1 1 1 1 1 1 1
2.0 5.0 6.0 2.0 3.0 4.0 5.0 6.0
R/A
—(1)2
4.5k (5)1 (C) 4.5} _5232 (d)
o - —(3)2
T - Lo4.0) —4)2
4.0 —(8)1 .
g ® é 3 Al(*Py3/2)+1(?P1/2)
ol
é 3.5 ACPHCR ) | S 351 AI(%P/2) +1(Pay2)
E 3ol AL(P1/2)+1(CP12) E? 30l Al(?Py/2)+1(?P3/2)
o0 3.
g Al(*P3/2)+1(*P3/2) s
A 25} AICP)+ICPy) | H 251
=1 2.0 2=2.3
9307730 10 50 60 20 30 40 50 60
R/A R/A
Fig. 4. PECs of a total of 24 Q states.
Table 5. Spectroscopic constants of several bound £ states.
Q state To/em™! Ro/A w./em™! ooe)(e/cm’1 Be/em™! 12e/em™! Dicm™! Reference
X0* 0 2.5359 322.5 0.97 0.118 0.059 29256.6
(2)0* 21969.3 2.4883 335.9 2.29 0.122 0.075 7474.4
21892.1 2.4795 337.0 1.77 0.123 0.074 Expt. 8!
(H1 22198.9 2.4939 331.9 2.42 0.122 0.078 7176.5
22092.7 2.4825 333.4 1.84 0.123 0.073 Expt. 8!
(10~ 22248.8 2.5849 328.6 2.82 0.113 -0.14 7088.0
(1)2 22513.9 2.4983 329.1 2.51 0.121 0.08 6858.0

3.4. TDMs, FCFs, and radiative lifetimes of Al molecule

The transition dipole moments containing (2)1-X0T,
(1)1-X0™", and (2)0"—X0™ are calculated each as a function

of R in range from 1.9 A to 6.5 A. The corresponding func-

tions of TDMs are depicted in Fig. 6. As illustrated in this
figure, the absolute TDM value of the (2)1-X0™" transition is
much larger than those of (1)1-X0% and (2)0"—XO0™ in the

Frank—Condon region. This can be understood as the fact that
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the main A—S components of (2)1 state is 1T state, whose
transition to X' X is spin-allowed. The reason why the TDM
values of (2)1-X0" decreases rapidly as R increases is that
the A—S components of (2)1 state changes from 1'IT state to
other triple states near R = 2.5 A as shown in Fig. 5. The tran-
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sition (1)1-X0" and (2)0"™-X0" mainly originates from the
spin-forbidden transition 13TI-X'X*+. However, the transition
intensity of (2)0"—XO0™ is much larger than that of (1)1-X07,
because the former transition comes from the spin-allowed
213+ -X!'2F component.
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Fig. 5. Curves of A—S component versus R of X0, (1) 0™, (2)0™, (1)1, (1)2, and (2)1 states.

The Frank—Condon factors of the (1)1-X0™" and (2)0"—
X0 are calculated with the aid of LEVEL program as listed in
Table 6. It can be seen from Table 6 that the Av = v/ — v =0
bands of (1)1-X0" and (2)0™—XO0™ transition are more intense
than the other bands, indicating that (1)1, (2)0™", and X0 state
have similar equilibrium internuclear distances. For the afore-
mentioned transitions, the radiative lifetime 7 of the vibration
level v’ for a specified state is defined as the inverse of the

total transition probability

4.9355 x 10°g’
( y qv,v,,AEg,v,,) « |[TDM|?’
V//

Ty = (Av’)71 =

where g’ is the degeneracy of the upper state, g~ is the
Frank—Condon factor of the two vibrations levels, the energy

difference AE,,» is in unit of cm~!, and TDM (in atomic unit)

is the average electronic transition dipole moment. The results
of the radiative lifetimes are listed in Table 7. The computed
radiative lifetimes of (2)0" and (1)1 are 21 ps and 95 ps, re-

spectively.
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Fig. 6. Transition dipole moments of All molecule.
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Table 6. Franck—Condon factors of transitions (2)0*—X07" and (1)1-X0*.

V=0 1 2 3 4 5 6 8 9
(2)0T=X0*
V=0 0.800812 0.169654 0.025619 0.003395 0.000446 0.000063 0.000010 0.000001 0.000000 0.000000
1 0.186576 0.499057 0.242683 0.058713 0.010839 0.001786 0.000290 0.000048 0.000007 0.000001
2 0.012423 0.300470 0.304118 0.264903 0.090999 0.021749 0.004360 0.000804 0.000145 0.000025
3 0.000187 0.030287 0.374412 0.174908 0.257189 0.117814 0.034819 0.008266 0.001713 0.000334
4 0.000001 0.000525 0.052134 0.419937 0.092483 0.231784 0.137453 0.048480 0.013313 0.003086
5 0.000000 0.000005 0.001014 0.076528 0.444754 0.043843 0.197953 0.149229 0.061183 0.019136
(H1-x0"
Vv =0 0.845436 0.135274 0.017060 0.001960 0.000234 0.000032 0.000005 0.000001 0.000000 0.000000
1 0.148347 0.599785 0.203765 0.040542 0.006439 0.000951 0.000145 0.000023 0.000003 0.000000
2 0.006191 0.249937 0.427364 0.235228 0.065152 0.013268 0.002371 0.000404 0.000071 0.000012
3 0.000021 0.014951 0.326009 0.300623 0.243033 0.087807 0.021854 0.004619 0.000881 0.000166
4 0.000004 0.000040 0.025716 0.383799 0.208326 0.234057 0.107016 0.031340 0.007664 0.001629
5 0.000000 0.000013 0.000049 0.037717 0.427252 0.143923 0.214063 0.121608 0.040652 0.011317
Table 7. Radiative lifetimes of the transitions (2)0"—X0* and (1)1-X0*.
Radiative lifetimes
Transition Unit v =0 vi=1 vi=2 v =3 V=4 Vv =5
(2)0t-x0* us 21.6 21.5 21.5 21.4 21.4 21.5
(H1-X0* ps 95.18 95.02 94.94 94.89 94.89 95.11
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