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ABSTRACT

The spectrum of AlO is widely used in various applications including the explorations of interstellar space,
studies of laser ablation, combustions of Al-containing fuels and so on. In this work, we reported the
spectroscopy of the AlO radical at temperatures of 300 ~ 15,000 K for the wavenumber range of 1 ~
55,000 cm~!. Firstly, we extended our previous calculations of the potential energy curves (PECs) and
transition dipole moments (TDMs) for AIO (Bai, Qin & Liu, MNRAS, 2022, 510:1649-1656) to higher B>X+,
D2¥+, 12I1 and 1211 electronic states, with the consideration of Davidson correction, scalar relativistic
correction and core-valence correlation. Partition functions, Einstein coefficients and radiative lifetimes
of AlO were then obtained by solving the nuclear-motion Schrodinger equation. The partition functions
reveal that the AIO molecules mainly exist in the X>X+ state at temperatures of 10 ~ 6270 K and in
the AZIT state at temperatures of 6270 ~ 15,000 K in the thermodynamic equilibrium. Finally, line in-
tensities and spectra for different electronic transitions of AlO were calculated. The results show that
the X3+ — C2IT and X?X+ — D?X* transitions dominate in the ultraviolet waveband. Comparisons
of the TDMs, radiative lifetimes, line intensities and spectra with previous theoretical and experimental
values indicate that our calculated data in the ultraviolet waveband are reliable and may be used for the

radiation field calculation.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

The spectroscopy of aluminium monoxide (AlO) is essential for
astronomical observations, since its emission lines have been de-
tected around red supergiant VY Canis Majoris [1], oxygen-rich
stars [2,3], Sunspots [4], R Aquarii [5], and so on [6-11]. More-
over, Al is the second most abundant metal in the Earth’s crust and
often used as a rocket fuel, as a result, considerable amounts of
aluminum oxide are introduced into the atmosphere [12-15]. Reli-
ably analyzing the detected spectra requires wide knowledge of ac-
curate spectral lines, mostly relying on experimental observations
and theoretical calculations. Hence, the study of the AlO spectrum
is of crucial importance to understand the astrophysical environ-
ments or atmospheric phenomenon.

The spectrum for the blue-green (BZX*-X2X+) band system
of AlO was reported experimentally by Pomeroy [16] for the first
time. Since then, a series of studies on the measured spectrum
of AlO have been carried out. Several electronic states of AlO, in-

* Corresponding authors at: Optics and Thermal Radiation Research Center, Insti-
tute of Frontier and Interdisciplinary Science, Shandong University, Qingdao, Shan-
dong 266237, China.

E-mail addresses: z.qin@sdu.edu.cn (Z. Qin), liulinhua@sdu.edu.cn (L. Liu).

https://doi.org/10.1016/j.jqsrt.2023.108587
0022-4073/© 2023 Elsevier Ltd. All rights reserved.

cluding the X2X+, A2IT, B2X+, C2I1, DX+, E2A and F2X+ states,
and the associated electronic transitions, including the A2IT-X2X+
[17,18], B2S+-X2=+ [18-22], C2II-X2X+ [18,23], C2I1-A2I1 [24],
B2X+-A2[T [25] systems, have been identified experimentally in
the past few decades. Molecular parameters of these electronic
states have been collected by Herzberg and Huber [26]. Recently,
a comprehensive overview of the experimental spectroscopy for
the AIO radical was given by Bowesman et al. [27], which con-
cluded that the BZE+-X2%+ and A2[1-X2Z+ systems were exten-
sively studied in the experiments. However, due to a series of the
limitation of experimental conditions, such as the equipment, res-
olution, contamination, etc., experimental data are often limited in
the temperature applicability and spectral range.

Several theoretical studies for AlO have also been performed
[28-37]. However, most of these studies have focused on the tran-
sition properties and spectra of the A2I1-X2X+ and B2X+-X2%+
transitions in the infrared and visible wavebands. For example,
Yoshimine et al. [29] presented the band strengths for five tran-
sitions (X2Zt-X2X+, A2T1-A2T1, X2X+-A2I1, B2X+- B2%+, B2X+-
X2%+), but only obtained a few bands for the low vibrational lev-
els. The ExoMol’s group [27,38] used experimentally-refined poten-
tial energy and various coupling curves to calculate the line lists
for the BZX* - X2X+, A2[1 - X2+ and X2X+-X2X+ transitions
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Fig. 1. Potential energy curves of sixteen electronic states for AlO. PECs of the BZX+, D2+, 1/2I1 and 17211 are calculated in this work. The other PECs are taken from our

previous work [49].

of AlO, covering the wavenumbers of about 100-28,000 cm~!. To
obtain the spectrum in the ultraviolet waveband, Feng and Zhu
[39] reported the radiative lifetimes of high electronic states (A2I1,
G2A, G2X-, B2Z+, C2I1 and D2 +) of AlO, but their results were
significantly different from the experimental values. Also, the ultra-
violet cross sections of AlO have been not much known yet. Thus,
we plan to carry out a more accurate and comprehensive theoret-
ical investigation on a broad range of transitions in the ultraviolet
waveband of AlO.

Currently, there is a lack of transition spectra for high elec-
tronic states of AlO in the ultraviolet waveband. The aim of this
work is to perform a comprehensive investigation of the electronic
transition properties of AlO, particularly for dipole-allowed tran-
sitions in the ultraviolet waveband. The obtained spectra are ex-
pected to provide guidelines in experimental observations and as-
tronomical detections of AlO. Section 2 presents the state-of-art ab
initio methods. Potential energy curves (PECs) and transition dipole
moments (TDMs) are given in Section 3, together with the radia-
tive lifetimes, line intensities and cross sections of dipole-allowed
transition systems. In Section 4, conclusions are drawn.

2. Methods
2.1. Potential energy curves and transition dipole moments

In this paper, the PECs and TDMs of AIO were calculated using
the internally contracted multireference configuration-interaction
(icMRCI) method [40]. To consider the Davidson correction, core-
valence correlation [41] and scalar relativistic correction [42], the
augmented correlation-consistent polarized weighted core-valence
quintuple-zeta basis set, aug-cc-pwCV5Z-DK, was chosen [43].
These calculations were carried out by the MOLPRO 2015 program
package [44].

In the calculations, 12 inner electrons in the 1s and 2s2p shell
of Al and 1s shell of O were put into six closed-shell molecular
orbitals (MOs) in the symmetry representations of C,,: four a; or-
bitals, one b; orbital, one b, orbital, and no a, orbitals. The re-
maining 9 electrons were put into 8 outermost MOs including the
3s3p shell of Al and 2s2p shell of O, which constituted the active
space and was used to investigate the states correlating to the first
dissociation limit. For better relaxation of the wave functions of
higher electronic states, we added four MOs (3s3p shell of O) to

the active space to calculate the electronic states correlating to the
second dissociation limit. The orbital set was called (10, 4, 4, 0).

2.2. Radiative lifetimes

The radiative lifetime 7, of a certain vibrational level v’ for the
upper electronic state can be determined by [45]

1
Zg,,gg/\u/v/,
where A, is the Einstein coefficient of the spontaneous emission
from the initial (upper) electronic state i with quantum numbers

A’, v, I to the final (lower) state f with quantum numbers A", v”,
I” and can be calculated by [45]

(1)

Ty =

—_— ’ " o 2
Ay = 2.026 x 107503 2= donn [ / Yo (NRe (r)wv/f(r)]
i 2 8o 0
(2)

where vy is the transition wavenumber, Re(r) is the TDM function,
Yo(r) and (1) are the vibrational wave functions of the initial
and final electronic states, respectively.

2.3. Intensities and cross sections

In thermodynamic equilibrium conditions, the energy level dis-
tribution within a single molecule is assumed to follow the Boltz-
mann distribution, the absorption line intensity I (cm molecule=1)
of a single diatomic molecule can be expressed as [46]

goAy; XD (-5 x (1 —exp (— h,;“ﬁ))
N 8m vy, QM)

I(f < 1) (3)

where h, kg and c are the Planck’s constant, Boltzmann constant
and the speed of light in vacuum, respectively. gf“’fis the total de-
generacy. E; is the energy of the electronic state of the initial elec-
tronic state. Q(T) is the partition function and can be calculated by
[47]

Nmax Umax (1) Imax (1)

QT) =) (2-820)2S+1) Y Y (l+1)
n v 1

En,v,l — &0
exp <_hck3T) (4)
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Fig. 2. Residual errors (obs. - calc.) between the empirically derived MARVEL energy levels of AlO (X2X+, A2I1, B2X*, C2IT and D?X+) [27] and our calculated values.

where n is the n-th electronic state. E, ,; is the energy of the n-th

electronic state with quantum numbers, A, v, L &y refers to the 2.0 T T T T T
energy of the lowest energy level. L —— DT -AMT L
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The ground states of the Al and O atoms are 2P, (3s23p) and
3Py (2522p*), respectively. The first excited state of the O atom is
1Dg (2522p*), whose energy is 15,867.86 cm~! relative to its ground

Fig. 3. Transition dipole moments between different electronic states of AlO.
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Fig. 4. Comparisons of the transition dipole moments for the A2IT - X2X+ and B2X+ - X2X+ transitions with the theoretical [37,38] values.

Table 1
Dissociation relationships of sixteen A-Q2 states of AlO.

Separated-atom Atomic States Molecular Dissociation limit (cm~1)
states - -
Experiment [48] This work
Al (3s23p 2Py) + O (2s22p* 3Py) X2+, AT, C211, 1227, 124, 22X, 1427, 1410, 2410, 142, 144, 242~ 0 0
Al (3s23p 2Py) + O B2+, D2XH, 17211, 17211 15,867.86 15,816.24
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Fig. 5. A comparison of the vibrational radiative lifetimes of the B2X* state with
previous theoretical [37,38,52] and experimental values [22,56].

state [48]. Hence, the first and second dissociation limits of the AlO
radical are Al (3s23p 2Py) + O (25%2p* 3Pg) and Al (3s23p 2P,) + O
(2s22p* 1Dg), respectively. Table 1 shows the molecular states of
AlO resulting from the related atomic states. The energy difference
between the first and second dissociation limits was calculated to
be 15,816.24 cm~!, which is in good agreement with the experi-
mental value of 15,867.86 cm~! [48].

The PECs of sixteen electronic states of AlO are plotted in Fig. 1,
where the PECs of the states correlating to the first dissociation
limit have been investigated for the collision of the aluminium
and oxygen atoms in their electronic ground states [49]. Electronic
states including the B2X*, D2+, 12IT and 1”211 states correlat-
ing to the second dissociation limit were calculated in this work.

A barrier on the PEC of the BZX* state emerges around the in-
ternuclear distance R = 2.5 A to avoid crossing with the PEC of
the D2X+ state. This was also mentioned by Honjou [50] who in-
vestigated the electronic structures of the X2+, B2X+, D2X+ and
F22+ states for AlO.

Spectroscopic constants of the bound B2X *and D2 X +states are
calculated and presented in Table 2. Our spectroscopic constants
for the BZX+ state are in quite good agreement with those deter-
mined experimentally, there are slight deviations of about 1.5 cm~!
for the harmonic frequency w, and of about 230 cm~! for the elec-
tronic excitation energy T, relative to the experiment value [26,51].
For the D2X+ state, our equilibrium bond distance is 1.730 A and
the corresponding difference is 0.007 A with the experiment value
[26]. The differences of the w, and T, are about 11 and 455 cm™1,
respectively [26]. This may be due to the neglect of the spin-orbit,
spin-spin, orbit-orbit couplings and other effects in the calculation
of the PECs.

The energy levels are highly sensitive to the values of T, and
re, thus we modify the calculated PECs by incorporating exper-
imentally derived T, and r. values. Compared with the empiri-
cally derived MARVEL energy levels, the residual errors are pre-
sented in Fig. 2. The residual errors for the X2X+, BZS+, C2I1 and
D2X +states exhibit an increasing trend with vibrational levels in
each electronic state. These errors range between 0 and 50 cm~!.
However, the energy level of the A2IT state exhibits larger resid-
ual errors, reaching up to about 100 cm~! at higher rotational lev-
els. This can be attributed to the significant deviation between the
calculated w, and we). and the experimental values of the A%TI
electronic state.

The uncertainty of the levels is expected to grow with the en-
ergy, resulting in a quadratic dependence on J and linear depen-
dence on v. To estimate these uncertainties, the following approx-
imate expression can be used [53]:

unc=av+b(J+1)+c (8)

where a, b and c are electronic state-dependent constant. For the
X2%+, A%TI, B2+, C2I1 and D2X+ states, uncertainties were es-
timated based on the progression of residuals from Fig. 2. Overall
energy level uncertainties are summarized in Table 3.
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Table 2
Spectroscopic constants of the BZX+and D>E+* states of AlO, along with previous experimental and theoretical ones.
State Te/cm™! ReJA wefcm™! We Xefcm™! Befcm™! 103 /cm™!
B2+ This work 20,451.02 1.6666 871.74 3.6691 0.634 0.60436
Exp. [26] 20,688.95 1.6670 870.05 3.52 0.6041
Exp. [51] 20,685.04 870.37 3.651 0.10 0.6090
Cal. [28] 1.663 946
Cal. [52] 19,628 1.6881 871
Cal. [37] 20,192 1.677 869 4.18
Cal. [50] 20,625 1.677 846 41
Cal. [36] 20,534.9 1.6680 875.75 3.9354 9.99 0.6036
D22+ This work 39,811 1.730 808.86 7.33 0.5650 10.48
Exp. [26] 40,266.7 1.723 819.6 5.8
Cal. [28] 40,268 1.727 817.5
Cal. [37] 40,685 1.726 833
Cal. [50] 40,082 1.728 816 5.8
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Fig. 6. Curves of (a) the comparison of the partition functions of AlO with those from Barklem and Collet [57] and ExoMol group [38] and (b) the proportion of each

electronic state relative to the total partition functions.
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Fig. 7. A comparison of absorption line intensities of the ground state with those
in the ExoMol molecular spectroscopy databases.

3.2. Transition dipole moments

Utilizing the icMRCI method, the TDMs for dipole allowed tran-
sitions between doublet or quartet states are computed, where
those for the X2X+ - A2I1, A2TT - 12A, A2[T - 225, A2IT - 12%-,
X2¥+ - 1210, 1211 - 122, 1211 - A21T, 2411 - 142+, 1411 - 142,

Table 3
Uncertainty estimates (in cm~1!) are applied for the rovibronic energy levels of AlO
as a function of state quantum numbers.

State v <5 v=>5

X2u+ 0.0001 Jx*> + 0.01)x + 0.1, ux =0 40 - 60
- 0.0007 Jx? 4+ 0.004 Jx + 10.7, vx = 1
—0.001 Jx? + 0.003 Jx + 12.6, vx = 2
—0.001 Jx* + 0.002 Jx + 13.8, vx = 3
—0.002 Jx> +0.03 Jx + 141, vx =4
A2T1 0.005 Jp2 + 0.8 Ja - 3.6, up =0
0.007 Ja2 4+ 0.6 Ja - 23.2, up = 1,2
0.006 Jo% + 0.4 Jo - 9.0, up = 3
0.003 o2 + 1.0 Jo - 30.7, up = 4
B2x+ 0.0006 Jg2 - 0.02 Jp + 0.6, vg =0
- 0.0005 Jg% - 0.0007 Jg + 14.1, vg = 1
—0.0001 Jp2 - 0.03 Jp + 20.3, vg = 2
20 - 40, vg = 3,4
[« —0.01Jc2 + 09 Jc - 0.3, uc =0, Jc < 40
0.005 Jc2 + 0.2 Jc + 0.1, uc = 1, Jc < 68
10 - 40, other v¢ and Jc level
0.002 Jp% - 0.02 Jp + 2.2, vp = 0,10 < Jp <40
10 - 30, other vp and Jp level
20 - 40

10 - 110

40 - 60

40 - 60

D2x+ 40 - 60

All other states 40 - 60

2411 - 142, 1411 - 142+, 2411 - 1%A and 1411 - 1A have been
investigated in our previous work [49]. The TDMs for the D2X+
- AI1, D2Z+ - X2%+, B2X+ - A2[1 and B2XZ+* - X2Z+* transi-
tions were calculated in this work, as shown in Fig. 3. The rela-
tive phases of the TDMs were selected to be consistent with the
phases of the ab initio curves produced in our MOLPRO calcula-
tions [35]. Comparisons with earlier theoretical and experimen-
tal results are displayed in Fig. 4, which indicates that our TDMs
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for the A2IT - X2X+ and B2X* - X2X+ transitions agree well
with the previous theoretical results [37,52,54]. It is worth noting
that the BZX* state avoids crossing with the higher lying D2X+
state near 2.5 A as it changes its leading electron configuration
from 50260 1274702379809 to 56260227470 13798079, resulting

Journal of Quantitative Spectroscopy & Radiative Transfer 302 (2023) 108587

in the large variation in the TDMs of the BZX*-X2X+ and B2X*-
AZI1 systems near 2.5 A.

To clearly understand the electronic transitions between dif-
ferent states, electron configurations of these states were calcu-
lated. Table 4 lists the leading electron configurations of eleven
bound states around their corresponding equilibrium internuclear
distances. From these leading electron configurations, we can eas-
ily determine which electron undergoes the radiative transition in
a certain electronic transition process. Honjou [50] presented the
variation in the weights of important electron configurations for
the X2X+, B2X+ and D2+ states with the internuclear distance.
Our electron configurations are consistent with those reported by
Honjou [50].

3.3. Radiative lifetimes

The blue-green (B2X+-X2X*) band system of AlO radical has
been extensively studied, producing many experimental radiative
lifetimes of the B2X+ state. The B2X* state can decay to the X2X+
and AZIT states, so the BZX* - X2+ and B2X+ - A21 transitions
are considered here to calculate the radiative lifetimes of the B2X+
state. Einstein coefficients of the B2X+ - X2X+ and B2X+ - AZI1
transitions were obtained by solving the nuclear-motion equation
over the PECs and TDMs, as implemented in the LEVEL program
[55]. The radiative lifetime of each vibrational level of the B2X+
state was determined using Eq. (1), where radiative lifetimes of the
first three vibrational levels are plotted in Fig. 5 and presented in
Table 5, along with previous theoretical and experimental data. Our
radiative lifetimes are consistent with those measured by Johnson
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Fig. 9. Absorption line intensities of eleven electronic transition processes of AlO.
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Table 4

Main electron configurations of electronic states of AlO around their corresponding equilibrium internuclear distances.

Electronic state Main electron configuration®

Electronic state Main electron configuration®

X2x+ 50260227470 137980°(0.794) AT 50260221370237980°9(0.937)
B2y 50260 '21470237°80°(0.770) 12A 50260227370"'37180°(0.927)
5026022m4701371°80°(0.147)
12%- 50260227370 137180°(0.935) Il 5026022m470°371805°9(0.335)
50260127470 "'37180°(0.302)
D?x+ 5062602213701371185°(0.708) 145+ 502%60227370137180°(0.671)
5026022m370°371801(0.066)
14A 5026022370 '371180°(0.669) 142~ 50260227370 "'37180°(0.666)
5026022370°3711801(0.070) 50260227370°371801(0.071)
1411 50260121470 '371180°(0.936)
Notes.

a Core configuration is 10220230240 214.

et al. [22] and calculated by Zenouda et al. [37]. However, our ra-
diative lifetimes are longer than those reported by Patrascu et al.
[35,38], as our calculated TDMs of the X2X+ — BZX* transition
are smaller than those used by Patrascu et al. [38], as illustrated in
Fig. 4.

Radiative lifetimes of the A2IT, 12A, C2I1, 12X~ and 1411 states
were also calculated, as shown in Table 5. The calculated radiative
lifetimes of the AZIT states agree with those of Patrascu et al. [38].
The radiative lifetime of the C2IT state at the first vibrational level
(v’ = 0) has been observed in the experiment and the value is
13 + 2 ns [23]. Compared with the value calculated by Feng and
Zhu, our value is closer to the experimental value and the corre-
sponding difference is only 6.3 ns [39]. For other excited states,

only Feng and Zhu [39] have calculated their radiative lifetimes,
but their results are not agreement with other theoretical and ex-
perimental results. For example, previous theoretical and experi-
mental radiative lifetimes of the BZX ™ state at the first vibrational
level ranged from 100 to 130 ns, but the value calculated by Feng
and Zhu was 233 ns [39], and thus their results may be question-
able.

3.4. Intensities

Partition functions of AlO versus the temperatures of 10 ~
15,000 K were calculated using the rovibrational energy levels of
eleven electronic states (X2X+, A2I1, B2X+, 142+, 14A, 142,
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Table 5

Journal of Quantitative Spectroscopy & Radiative Transfer 302 (2023) 108587

Vibrational radiative lifetimes of the A2IT state via the ATl - X?X+ transition, of the BZX+ state via the B2X* - X2+ and B2+ - A%II transitions, of the
12A state via the 12A - A2I1 transition, of the C2IT state via the C2IT - X2+, C2TI - A2IT and C2I1 - B2+ transitions, and of the 14I1 state via the 14IT -

14A, 1411 - 142+ and 1411 - 14~ transitions.

v 0 1 2 3 4 5 6
A2TT? This work 107.4 61.5 413 32.7 27.9 23.8 21.0

Cal. [38] 107.8 65.1 47.8 38.8 37.6 28.0 25.0

Cal. [39] 162.4 106.4 80.6 65.7 55.9 49.0 43.8
B2y +b This work 121.8 124.2 126.7 129.2 131.7 134.2 136.8

Exp. [22] 128.6 + 6 1255 +£ 2.6 130.5 £ 6.5

Exp. [56] 100 + 7 102 + 7 102 + 7

Cal. [38] 92.4 94.6 96.7 99.0 101.2 103.6 106.6

Cal. [37] 124 126 128

Cal. [52] 110.2 1129 115.6

Cal. [39] 233 235 236 238 239 241 242
12A° This work 90.0 55.6 38.0 27.4 20.3 154 11.9

Cal. [39] 504.8 450.0 364.0 263.3 175.5 1133 73.3
b This work 19.3 19.5 19.9 20.1 204 20.6 21.0

Exp. [23] 13+£2

Cal. [39] 51.0 50.8 50.5 50.2 49.8 49.3 48.8
1252 This work 7.0 6.4 5.9 5.4 4.8 4.4 3.9
14112 This work 13.7 7.6 5.8 4.4 34 2.6 2.0

Notes.

2 The unit of the radiative lifetime is us.
b The unit of the radiative lifetime is ns.
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Fig. 11. A comparison of our calculated emission cross sections of the B2X+ — X2+ transition using a Voigt line shape at T = 1700 K and p = 1 atm [51] with the

experimental data from Saksena et al. for the wavenumbers of 18,000 ~ 20,000 cm~!.

12A, 12X, C211, D22+ and 14I1) and displayed in Fig. 6(a).
Barklem and Collet [57] calculated the vibrational and rotational
energies based on Dunham expansion using the experimental
spectroscopic data of the X2X+, A2TI, B2X+, C2IT and D2X+ states
and then obtained the partition functions of AlO for the tempera-
tures of 0.0001 ~ 10,000 K. We considered more electronic states
and thus our partition functions are larger than those given by
Barklem and Collet [57] at high temperatures. In addition, the Ex-
oMol group [38] also calculated the partition functions of AlO for
the temperatures of 10 ~ 8000 K, but only three electronic states
(X22+, A%TT and B2X+) are considered. As a result, the partition
functions of the ExoMol group are also smaller than our values at
high temperatures.

To investigate the contributions of different states to the total
partition functions, the proportion of a specific electronic state to
the total partition functions can be determined. For example, the
proportion of the B2X* state can be computed by

_ Qesopnipss () — Qesiraen(T) 9
- - 9
Qtotal( )
where Qy.s+,pnp:x+(T) are the partition functions considering
the X*X*, A’I1 and B*X* states, Q. (T) are the total partition
functions considering eleven electronic states mentioned above.
The proportion of each state is plotted in Fig. 6(b), which shows
that the AIO molecules mainly exist in the X2X* state at the tem-

Wpg2y+

peratures of 10 ~ 6270 K and in the A2IT state at the temperatures
of 6270 ~ 15,000 K.

Based on Einstein coefficients and partition functions, absorp-
tion line intensities can be calculated. Fig. 7 shows a comparison
of our calculated rotational spectrum of the X2X+ state with that
from the ExoMol database [38]. It can be found that the line po-
sitions calculated in this work are in good agreement with those
in the ExoMol database. However, our line intensities are slightly
lower than those given in the ExoMol database. Such difference
maybe results from the TDM values used, as shown in Fig. 8.

The absorption and emission line intensities of eleven elec-
tronic transitions of AIO were calculated and shown in Fig. 9 and
Fig. 10, respectively, where the line intensities of the X2X+ — A2[]
and X2¥+ — B2X* transitions are strong in the infrared wave-
band, the X2X+ — B2X+, AT — C2I1, A%I1 — 123, A2IT — 12A,
X2¥+ — D2%+ and A2I1 — D2+ transitions have strong radiation
in the visible waveband, and the X2X+ — C2IT and X2%+ — D2%+
transitions work in the ultraviolet waveband.

As the temperature increases, the peak value of the absorp-
tion line intensity of each transition decreases gradually. For low
temperatures, the ground state mainly absorbs energy to be ex-
cited, because the AlO molecules mainly exist in the ground state
at temperatures of 10 ~ 6270 K. For example, the X2X+ — AZ2[],
X2yt - B2Xt, X2¥+ — C2I1 and X2¥+ — D2X* transitions
have strong line intensities at 3000 K. As the temperature in-
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Fig. 12. A comparison of our calculated absorption cross sections at T = 300 K,
3000 K and 8000 K with those from Patrascu et al. [35,38].

creases, the transition from the AZ2IT state gradually works at
8000 K, since the AIO molecules mainly exist in the A2IT state.
However, their absorption line intensities are weak at 8000 K be-
cause of the small TDMs of the A%IT — C2I1, A’IT — 12%-,
A2IT — 12A and A?I1 — D?X* transitions near the equilibrium
internuclear distances.

Fig. 10 shows the emission line intensities of eleven electronic
transitions at 300 K, 3000 K and 8000 K. For low temperatures,
the transition processes from the AZIT, B2X+ and C2IT states to
the ground state play a key role. As the temperature increases, the
emission line intensity increases gradually, and the de-excitation of
the D2X+ becomes an important process.

Journal of Quantitative Spectroscopy & Radiative Transfer 302 (2023) 108587
3.5. Cross sections

The blue-green (BZX+ — X2X+) band of AlO is widely observed
in the experiments. Saksena et al. [51] observed the spectrum at
high vibrational levels (v’ - v" =3 -2,4-3,2-3,3-4,4 -5,
5 — 6 and 6 — 7) at the rotational temperature of about 1700 K for
the first time. We reproduce the spectrum of AlO at 1700 K and 1
atm using a Voigt line shape, as shown in Fig. 11. Our calculated
positions and intensities of the spectral lines are basically consis-
tent with those observed in the experiment for the transitions be-
tween the low vibrational levels. However, with the increasing vi-
brational levels, there are some differences between our calculated
results and the experimental data, which may result from the ne-
glect of the spin-orbit, spin-spin, orbit-orbit, spin-other-orbit cou-
plings and other effects in our calculation of the PECs [58]. Also,
we only considered the spectrum of 27Al'®0 in the local thermal
equilibrium (LTE). The spectra of other isotopes in the LTE or non-
LTE may also contribute. In addition, the pressure of 1 atm was
used in this work, which was not mentioned in the experiment.

Absorption cross sections of AlO at T = 300 K, 3000 K and
8000 K were calculated to compare with those reported by Pa-
trascu et al. [35,38], as shown in Fig. 12. The results indicate
that the absorption cross sections for the X2X+ — AZ2[I transi-
tion are generally larger than those reported by Patrascu et al. for
wavenumbers ranging from 600 cm~! to 18,000 cm~!, while the
calculated absorption cross sections for the X2%+ — B2X+ transi-
tion are generally smaller for wavenumbers ranging from 18,000
cm~! to 24,000 cm~!. These differences are expected, since the
TDMs we employed for the X2+ — AZIT and X2¥X+ — B2X+
transitions are distinct from those used by Patrascu et al. [38], as
illustrated in Fig. 4. Furthermore, the transition wavenumbers we
have obtained also differ from those reported by Patrascu et al.
[35,38], which can be attributed to the presence of residual errors.

Absorption cross sections of AIO at different temperatures
were calculated and presented in Fig. 13. With the tempera-
tures increasing, the absorption cross sections become gradu-
ally flat, and the difference with temperature is notable around
30,000 cm™!. Fig. 14 shows the contribution of each transition to
the total absorption cross section at 3000 K. The X2%+ — AZ2[],
X2¥+ - B2X+, X2X+ — C2IT and X2X+ — D2X* transitions play
dominant roles at different wavebands, where the X2X+ — AZII
transition dominates in the infrared waveband. The X2X+ — B2X+
transition plays a dominant role in the visible waveband, which
is consistent with the blue-green band observed in the experi-
ments [18-22]. As the wavenumber increases, the X2X+ — C2I1
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Fig. 13. Temperature dependence of the absorption cross sections of AlO using a Voigt line shape.
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Fig. 14. The contribution of each transition to the total absorption cross section at 3000 K using a Voigt line shape.
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Fig. 15. Temperature dependence of the emission cross sections of AlO using a Voigt line shape.
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and X2X+ — D2X* transitions dominate in the ultraviolet wave-
band.

Fig. 15 shows the emission cross sections of AlO at differ-
ent temperatures. For low temperatures, the emission cross sec-
tions are large in the infrared waveband, and they gradually de-
crease with the increasing wavenumbers. As the temperature in-
creases, the emission cross sections gradually increase at different
wavebands, but the increase gradually slows down above 8000 K.
Fig. 16 shows the contribution of each transition to the total emis-
sion cross sections at 3000 K. The main emission processes are
similar to the main absorption processes at a specific waveband.

4. Conclusions

In this work, ab initio spectra of AlO have been presented at the
temperatures of 300 ~ 15,000 K. PECs of four states (B2X+, DX+,
1211 and 1/2T1) and TDMs of four transitions (X2X+ — AZII,
X2¥+ - B2Xt, X2¥t - (201 and X2X+t — DZX+) were cal-
culated at the icMRCI/aug-cc-pwCV5Z-DK level of theory to com-
plement our previous ab initio data, and the PECs were modified
by incorporating experimentally derived T, and r,. values. The ob-
tained PECs and TDMs were then introduced the nuclear-motion
Schrédinger equation to obtain partition functions, Einstein coeffi-
cients, radiative lifetimes, line intensities and spectra of AlO. The
partition functions reveal AIO molecules mainly exist in the X2X+
state for the temperatures of 10-6270 K and in the A%IT state for
the temperatures of 6270-15,000 K. Compared with the previous
theoretical results, our calculated radiative lifetimes are closer to
the experimental data.

In the calculations of line intensities and spectra, eleven tran-
sitions were considered. Our calculated absorption line intensi-
ties for the ground state and the absorption cross sections of the
X2¥+ - A2[] and X2X+ — BZX™ transitions are close to those
in the ExoMol database. This indicates our calculated data in the
ultraviolet waveband is dependable and may be used for the plan-
etary exploration and radiation field calculation.
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