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The calculation results of the R-branch transition emission spectra of (0-0) band of the A1 — X;1 transition system
of SbNa molecule are presented in this paper. These R-branch high-lying transitional emission spectral lines are predicted
by using the difference converging method (DCM). Our results show excellent agreement between DCM spectral lines and
the experimental values, and the deviations are controlled within 0.0224 cm~'. What is more, based on the principle of
over-determined linear equations, the prediction error is quantified in this work, which provides reliable theoretical support
for our predicted DCM calculations. This work provides a lot of useful information for understanding the microstructure

of SbNa molecule.
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1. Introduction

The antimonide is one of the most abundant elements of
the mineral resources in the world.''l Antimony compounds
play a significant role in the chemical industry and electronic
industry.>- For instance, the antimony—sodium (SbNa) not
only has a lowcost and simple preparation process, but also
possesses a short response time and high sensitivity in the vis-
ible and near-infrared range, thus becoming one of the con-
cerned photocathode materials.[®7] However, uncertainties of
the exact structure and physical mechanism bring the diffi-
culty into theoretical guidance of manufacturing technique,
which leads to over reliance on past experience in the produc-
tion, thereby limiting the improvement of its performance.!®!
In order to optimize the production and processing technol-
ogy of SbNa-related materials, we need to explore the micro-
characteristics of SbNa molecule by obtaining more exact
rovibrational transition lines, which are valuable in under-
standing basic molecular structure.[*-!!]

Long-term since, many research groups have focused on
SbNa. In 1971, Evans and Watson!'2 presented a new method
of melting the antimony in sodium at 190 °C-550 °C. This
method should be also suitable for studying the solubility of
mixed solutes. In 1982, Redslob et al. reported a part of the
new measurements of thermoelectric power, electrical conduc-
tivity, magnetic susceptibility and molar volume of liquid Na—
Sb alloy. According to its electronic characteristics, it is con-
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firmed that there is a typical semiconductor behavior within
a certain range.!'3! In 1985, Dolizy and Groliere used optical
transmittance and Auger electron spectroscopy (AES) analy-
ses to obtain some alkali antimonide compounds’ thermody-
namic data, deduced and discussed the dissociation behavior
of alkali antimonide varying with temperature and time.['* In
1993, Songster and Pelton reported the phase diagram, ther-
mochemical properties and phase equilibrium data of the Sb—
Na binary system.[!3] In 2013, Liu ef al. modeled the Sb—Na
binary system to facilitate the calculation and design of new
fusible alloys based on experimental data, and reproduced the
relevant thermochemical properties and phase diagram charac-
teristics as well.[10] What is more, Setzer et al. were interested
specially in the group Va-alkali, they reported transition emis-
sion spectral lines of all seven transitions from five low-lying
excited states data of SbNa in 2015.1'7! Phoebek ez al. demon-
strated the separation of amorphous and crystalline phases
formed in a sodium-ion battery for the first time by tracking
Sb—Na phase transformations in sodium-ion anodes. '8! How-
ever, there is still lack of research on direct correctly high-
lying excitation rotational quantum states data of SbNa, be-
cause of the limitations of current experimental equipment.
About theoretic calculation for transition spectra, the first
principle calculation is a common calculation method used
in the low-lying electronic states of antimony-containing di-
atomic molecules.!'>?’! Due to the mutual interference of

*Project supported by the Sichuan Education Department Project, China (Grant No. 172ZA0369), the Fund for Sichuan Distinguished Scientists of China
(Grant Nos. 2019JDJQO0050 and 2019JDJQ0051), the National Natural Science Foundation of China (Grant Nos. 61722507 and 11904295), and the State Key
Laboratory Open Fund of Quantum Optics and Quantum Optics Devices, Laser Spectroscopy Laboratory, China (Grant Nos. KF201811 and KF2020003).

Corresponding author. E-mail: fanqunchao @sina.com
fCorresponding author. E-mail: fanzhixiang235@ 126.com
$Corresponding author. E-mail: fujiayouxiang@ 126.com

© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

013301-1


http://dx.doi.org/10.1088/1674-1056/abc3b2
fanqunchao@sina.com
mailto:fanzhixiang235@126.com
mailto:fujiayouxiang@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 30, No. 1 (2021) 013301

various coupling effects in the system, the theoretical pre-
diction of high-lying excited rotational quantum states needs
a large amount of calculation.?!! For a certain diatomic
molecule, the calculation error of dissociation energy may be
at a 10> cm™! level, while vibration energy error may be at
10 cm~! level.[202%)

More recently, the difference converging method (DCM)
suggested by Fan er al. was used to calculate radiative opac-
ities for hot metal plasmas,[23] differential cross sections
(DCSs) of electron scattering from polyatomic molecules,?*!
and transition spectral lines for diatomic molecules.%->>-26]
Among these cases, good predictions can be achieved by using
the DCM treatment. In an effort to further understand the the-
oretical errors and accuracy for transition spectral lines, in the
present paper we use the DCM and the principle of over deter-
mined linear equations to study the R-branch high-lying tran-
sition emission spectral lines of (0-0) band of the A;1 — X5 1
transition of SbNa molecule. And, considering the source and
propagation of the prediction error, the principle of over de-
termined linear equations can be applied to interpolation and
extrapolation, which yields an average prediction error at a
1072 cm~! level.

2. Theory and method

The classical expression of the R-branch transition spec-
tral lines can be expressed as[*7!

v=v+({J+1)[B D/(J+2) BynJ]
— (1 [Dv/ (J +2)2 v,,ﬂ}
) {Hv, J+2)° U,,Jﬂ
+(J+1)4 (Lo G2 =Ly 0 )

where J and v are the rotational quantum number and vibra-
tional quantum number, { Ly, Ly, Hyr, Hyr, Doyt , Doy, By, By }
are the rotation spectral constants. Vv is the energy difference
of rotational transition. Vg, the sum of the electronic state
energy and the vibration energy, is a constant for the vibration
transition.

Equation (1) can be applied to all transition states of
the same transition band. Combining the idea of differ-
ence, we can further transform it into a functional form of
the spectral constant Lyj4)r through the quadratic differ-
ence of vi — v, and v3 — v4. Similarly, it is easy to trans-
form into a functional form of the spectral constant Ly -5
through the second-order difference of v, — v3 and v4 —
Vs. Since Ly(jgyr = Ly(2~s), the Lys can be eliminated
by further simplification, and the expression of Ly ;.5 can
be obtained similarly, the derivation process is also fit for
Ly(2~6y- Then, we can simplify and obtain the rotation spec-

tral constant L,s,. In this way, the rotation spectral con-

stants {Lv/,LD/I,HD/,HDN,Dv/7Dv//7Bv/,Bv//} in Eq. (1) can
be expressed by the expression composed of transition lines
V1 ~ vy and the corresponding rotational quantum number
J1 ~ Ji2. With the idea of the difference, a new analytical for-
mula without any spectral constant can be finally simplified
and sorted as follows:[°]

Vi = v C1+vp,Co+ v G+ vy, Cy + vy Cs +v4,Ce
+v5,Cr +v5Cs + v Co + vy Cro +vy,, Cr1,  (2)

where vy, ~ v;,, are the 11 best selected experimental data,
C1 ~ Cy; are the expansion coefficients which are directly re-
lated to the rotation quantum numbers J; ~ Jip. It is worth
mentioning that as long as the expansion coefficients and 11
experimental transition lines are ensured we can accurately
predict the transition spectra of R-branch system.

For a certain transition band of a given diatomic molecule,
we can select 11 transition lines from the m known experimen-
tal spectral lines, then there are N = C\! choices. There is a
set of physical criteria to make us clearly to find out the best

data.

|VJ,expt - Vj,cal| —0, (3
|AJ,expz - Af,cal{ =0, Aj=v;1—vy, 4
|Aj,expt/vj—1,expt| - ’AJ,cal/val,call — 0> (5)

where |Vj7exp ;= V]ﬁcal| denotes the difference between experi-
mental and theoretical values, A; = v;_1 — vy is the first spec-
— Ay cal is the difference between the

“_y Q7

tral difference,

experimental values and the theoretical calculations.
ensures that theoretical errors in Egs. (3)—(5) should be as
small as possible. And equation (3) has the priority to en-
sure the sufficient spectral accuracy of the calculated transition
lines. Then the most suitable for this spectral line is one of the
best physical representations of the real lines of the molecular
system. Based on the DCM, combined with the finite exper-
imental transition data and the classical expression of the to-
tal energy level of molecule, the unknown R-branch transition
spectra can be predicted theoretically by multiple difference
and physical criterion screening.

There is no doubt that a certain error Av;, between the
experimental value and the actual value is inevitable, so equa-
tion (2) can be changed into

(v, +Avy )Cr+ (vi, +Avy )Co + (v +Avy, )Cs

+ vy, +Avy, )Ca+ (vis +Avyg)Cs

+ vy +Avy)Cs + (v, +Avy, )Cy

+ (vig + Avy )Cs + (vgy + Avy, )Co

+ (V10 +Aviyo )Cro + (viy, +Avy,, )Cit, (6)

/ _
Vin =

where Avy, (i =1,2,...,11) are the errors introduced in exper-

iment. By comparing Eq. (2) with Eq. (6), the prediction error

013301-2
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caused by experimental uncertainty is

AS = C AVJl +C2AV12 +C3AVJ3 —|—C4AVJ4 —|—C5AV]5 —|—C6AV]6
+C7AVJ7 +C8AVJ8 +C9AV19 +C10AV]10 +C11AVJ“ . (D

It is worth noticing that all high-lying transitional emission
spectral lines can be predicted by Eq. (2). Supposing that the
main reason for the theoretical error is the experimental uncer-
tainty of the selected 11 transition lines, and can be estimated
from Eq. (7). So, if there are m (> 11) known experimental
transition lines, there will be m linear equations

__ cal exp
AS; = vi¥ —v;

(o] (J)AVJl +C2(])AV]2 +C3(J)AV13 +C4(J)Av14
+C;s (J)AV]S +C6(J)AV]6 +Cy (J)AVJ7 +Cy (J)Ang
+C9(J)AV19+C10(])AVJ|0+C11(J)AVJ“. (8)

There are 11 independent variables (Avy,~y,,) and m (> 11)
equations in Eq. (8). Based on the principle of over determined
linear equations Av;, = (CIC;)™! x Clo (i=1,2,...,11),
where C; (i=1,2,...,11) denote the expansion coefficients,
C’ is the transposing of the C matrix and the o is the differ-
ence between the experimental value and the theoretical one,
the error Avy, (i=1,2,...,11) can be estimated. Once Avy,
(i=1,2,...,11) is determined, we can use Eq. (8) to estimate
the error by the unknown experimental data predicted by the
formula.

3. Results and discussion

Using the DCM, we calculate the R-branch transition
emission spectral lines of (0-0) band of the A»1 — X»1 tran-
sition system of SbNa molecule in this work. The best 11
selected experimental spectral lines are collected in Table 1,
where the moderate error Avy, (i =1,2,...,11) values are ef-
fectively estimated from Eq. (8), allowing for a rapid predic-
tion in the R-branch transition calculation. Through the merit
of the DCM approach, the numerical values of the R-branch

transition emission spectral lines are easily obtained, which
are listed in Table A1l and Table A2 (see Appendix A), where
the R. branch and Ry branch emission spectral lines are given
up to J$2 = 120. Additionally, the calculated transition lines
are listed with the appropriate number of significant digits cor-
responding to the experimental ones. As can be seen from Ta-
ble Al, differences between experimental spectral lines and
the DCM data are on average less than +0.005 cm~!, and
displayed in Fig. 2(a). In addition to the comparison among
the transition lines, an illustration for the R. branch of the (0—
0) band of the A1 — X;1 system is provided in Fig. 1(a), in
which the DCM transition spectral lines and experimental ones
overlap with each other. Furthermore, in order to confirm the
accuracy of the DCM prediction, especially in the high J lines
without the comparison of the possible measurement with the
theoretical transition lines, it is worthwhile to emphasize two
important theoretical aspects. On the one hand, the estimated
error for the theoretical lines should be taken into considera-
tion. Here, with the help of Eq. (8) and the error Av;, values
listed in Table 1, the magnitudes of deviation A§ determined
are provided in the last column of Table A1 to access the qual-
ity of the DCM prediction determined for R, branch of the (0—
0) band. As expected, the magnitudes of deviation A from
the DCM values are in agreement satisfactorily with their cor-
responding line differences listed in the 4th column (also see
Fig. 5(a)). As shown in the table, the magnitudes for the de-
viation A8 are relatively small in a region of —0.0390 cm™!—
0.0027 cm_l, with a spectral resolution of 0.2 cm~!, which
indicates that the theoretical DCM lines may be considered to
be quite acceptable. On the other hand, assuming the predic-
tion of DCM to be true, the evaluated values for the transition

DCM

line difference AIJDCM = |v17 = VPCM| should be consistent

with those from experiment, and can reproduce correctly main
experimental trends. As shown in Table Al, the theoretical

DCM _

values of APM = |VJ71 v})CM| are found to be in good

agreement with the experimental values.

Table 1. Values of rotational quantum number J; and the error Av,, respectively corresponding to 11 selected known experimental transition

lines of (0-0) band of A1 — X»1 transition of SbNa molecule.

Re(J) (0,0) band

R¢(J) (0,0) band

A 2 Avy, -0.1375
5 27 Avy, -0.3262
I 36 Avy, -0.0725
A 40 Av, -0.2606
Js 44 Avy, -0.0081
Js 55 Avy, -0.1953
I 62 Avy, 0.0551

Js 67 Avy, -0.1297
Jo 69 Avy, 0.1211

Jio 85 Avyy, -0.0649
i 88 Avy,, 0.1838

A 2 Avy, -0.0349
5 27 Avy, -0.0304
A 28 Av, -0.0248
A 40 Avy, -0.0259
Js 46 Avy, -0.0174
s 65 Avy, -0.0171
I 67 Avy, -0.0072
Js 70 Avy, -0.0127
o 71 Avy, -0.0033
Jio 75 Avyy, -0.0025
i 78 Avy,, 0.0014
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Fig. 1. Experimentally measured (solid line) and theoretically calculated
(dashed line) transition lines of R-branch transitional emission spectra of (a)
R. (0-0) band and (b) Rs (0-0) band of A1 — X1 transition of SbNa.
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Fig. 2. Difference (v; gxpt — Vs,cal) between experimental and theoret-
ical results of (a) R. (0-0) band and (b) Ry (0-0) band of A21 — X>1
transition of SbNa.

As can be seen from Fig. 3(a), there is a good tendency
for theoretical values APM to rise smoothly with the J quan-
tum number increasing from 1 to 120, which is similar to the
tendency for the experimental values A}:‘xm
mentioning that the expansion coefficient C varies with the
rotational quantum number J as shown in Fig. 4. The ex-
pansion coefficient C is a function of J. As indicated in
Fig. 4, we can obtain the influence of v; on spectral line.
At about J = 94, the R, branch presents a unique intersec-
tion, at this point the calculation error reaches the bottom.
It is obvious that {Cg,Cs,Co,Cjp} change a lot, so the cor-
responding {ve, Vs, v, v} have a great influence on the pre-

. It is also worth

diction of high-lying transitional emission spectral lines. Sim-
ilarly, at about J = 82, the Ry branch presents a unique inter-
section and {C4,Cs,Cs,Cs,Co} change greatly, it means that
{v4,vs,ve,vs,v9 } have a great influence. There is no doubt that
we should pay more attention to the influential wave number
for improving experimental accuracy.

1.4 prerrerer e

[
[\
L

1.0 ;
0.8 ]

0.6 E

0.4

O Expt
x this work 1

0.2
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Transition line differences (cm~1)

1.4p

(b)

—_
N
T

e 2 =
=) [©] [=]
T T T
1 1 1

O Expt
x this work 1

0 20 40 60 80 100 120
Rotation quantum number (J)

Transition line differences (cm—!)

Fig. 3. Experimental and theoretical calculation transition line differences
(Aj = vj—1 — vy) of R-branch transitional emission spectral lines of (a) Re
(0-0) band and (b) R (0-0) band of A,0™ — X;07 transition of SbNa.

The expected example discussed above allows us to con-
sider another case of the Ry branch emission spectral lines of
the (0-0) band of the A;1 — X;1 transition system. The val-
ues of error Avy, in Table 1 are taken from the spectra analyses
described below. As can be seen in Table A2, based on the
72 Ry branch spectral lines reported by Setzer er al.,['”] the
DCM theoretical spectral lines extracted from Eq. (2) are in
fairly good agreement with the available measurements. An-
other evidence can be found in Fig. 2(b), where differences
in vy Expt — Vs pcM between experimental spectral lines and
the DCM data are nevertheless relatively small for most of J-
value region with an accuracy of 0.01 cm~!. In Table A2, one
can note that, however, the deviation Ad calculated is slightly
larger than that obtained in the first case in the low and high J
quantum numbers. Inspection of the deviation Ad and the dif-
ference vy Expt — V7,pcM between experimental spectral lines
and the DCM data reveals that the DCM expansion, namely
equation (2), succeeds in reproducing the experimental spec-
tral lines for J-value increasing up to available measurement.
This is also graphically confirmed by Fig. 6(a), showing that
the deviation A characterized by Eq. (8) accords with the dif-
ference value v gxpt — v7,pcMm- Again, the extrapolation of the
transition line difference APCM = ’v?gM — VPCM’ in the low-
J and high-J regions yields a similar tendency to what is ob-
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tained from the experimental result, which can be found in
Fig. 3(b). A contour plot of the expansion coefficient C given
in Fig. 4(b) emphasizes that most of the coefficients display
small changes in the J < 90 region, which differs from that
obtained in Ry branch system.

120

80F”
40
0k
—40

—80

Expansion coefficients (C)

—120

0 20 40 60 80 100 120 140 160
Rotation quantum number (J)

120 T T T

80
40

o0&
—40]

—80

Expansion coefficients (O)

_1200 20 40 60 80 100 120 140 160

Rotation quantum number (J)

Fig. 4. Variations of expansion coefficients C; with rotational quantum num-
bers J of (a) R. (0-0) band and (b) R¢ (0-0) band of A1 — X, 1 transition
of SbNa.

Moreover, it can be seen from data analysis that the
differences between the experimental values and the theo-

. J=74 _

retical ones change from VEXpt_Vcal‘max = 0.0043 cm™!
J=65 _

to |VExpt_VCal min | = 0.0001 cm~! for Re-branch, from

J=25 _ J=56
= 0.0224cm™! to |VExpt_VCal’ =

|VExpt — VCal |max min

0.0001 cm ™! for R¢-branch, respectively, which are both illus-
trated in Fig. 2. Equally important, the estimated error of the
unknown experimental data could be predicted from Eq. (8).

The maximum values and the minimum values are

48|72 = 0.0390 cm ™!, [A8]"-" =0cm™!
for R.-branch,
A8, = 0.1390 em™!, |A8[11T =0.0001 em !

for Rg-branch, respectively, which are illustrated in Fig. 5.
Comparing Fig. 2 with Fig. 5, we can see from Fig. 6 that
the values of deviation AS estimated by the unknown experi-
mental data from Eq. (8) almost overlap with the differences
in vy xpt — VJ,pcM, showing the reasonable accuracy of the un-
known high-lying transitional emission spectrum. It provides
reliable theoretical support for predicting high-lying transi-
tional emission spectral data.
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Fig. 5. Estimated error A§ with rotational quantum numbers J of (a) Re
(0-0) band and (b) R¢ (0-0) band of A1 — X1 transition of SbNa.
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Fig. 6. Estimated error A§ and difference (v, gxpt — vs,cal) transition lines of
R-branch transitional emission spectra of (a) R (0-0) band and (b) R¢ (0-0)
band of A1 — X5 1 transition of SbNa.

4. Conclusions

In this work, the DCM method is used to study the R-
branch transition emission spectral lines of (0-0) band of the
Azl — X51 transition of SbNa molecule, and only using 11
known experimental transition lines, the high-lying transition
spectra up to rotational quantum number J = 120 are obtained
and analyzed. The calculation results show that the predicted
transition lines are consistent with the experimental transition
lines. What is more, based on the principle of over determined
linear equations, the prediction error Ad is calculated within an
accuracy of 0.01 cm~!. From all the above we understand that
the DCM method to predict unknown transition lines is con-
sidered reasonably in this work. These high-lying transition
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emission spectral lines provide the valuable reference data for
further understanding the internal structure and properties of
SbNa molecule. This method also provides a possible way to
investigate and analyze a predicted unknown error in diatomic
molecule.
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Apprendix A: Supporting information

The DCM R-branch transition lines of the (0,0) band of
the A1 — X;1 transition of SbNa are listed in Table A1 and
Table A2, respectively.

Table Al. Experimental and theoretical R-branch emission spectra and re-
lated data of (0,0) band of the Ay1 — X>1 transition of SbNa (All quantities
are in unit cm™1).

R<(0,0) band

V] Expt VWpem  ViEspt—Vipem Afpg Azpem ASY
6141.6225 ~0.0133

1 6141.8491 0.2265 —0.0124
2 6142.0858 0.2368 —0.0110
3 6142.3328 02470 —0.0100
4 6142.5901 0.2572 -0.0090
5 6142.8576 02675 —0.0080
6 6143.1353 02777 -0.0071
7 6143.4232 0.2879 —0.0063
8 6143.7214 0.2981 —0.0056
9 6144.0307 0.3093 —0.0058
10 6144.3492 0.3185 —-0.0049
1 6144.6780 0.3288 —0.0045
12 6145.0169 03390 —0.0049
13 6145.3661 03492 —0.0038
14 6145.7256 0.3594 —0.0035
15 6146.0963 0.3708 —0.0048
16 6146.4746 0.3782 -0.0029
17 6146.8633 0.3888 —0.0022
18 6147.2628 0.3994 —0.0014
19 6147.6722 0.4094 —0.0009
20 6148.0928 0.4206 —0.0015
21 6148.5241 04313 —0.0025
22 61489599 6148.9628  —-0.0029 0.4386 -0.0009
23 6149.4119 61494143  —-0.0024 04520 0.4515 —0.0023
24 6149.8736 6149.8726 0.0010 04617 0.4584 —0.0001
25 61503426 61503438  —0.0012  0.4690 04712 —0.0013

26 6150.8232 6150.8254 -0.0022 0.4806 0.4816 -0.0018
27 6151.3146 6151.3139 0.0007 0.4914 0.4884 -0.0002
28 6151.8130 6151.8142 -0.0012 0.4984 0.5003 -0.0013
29 6152.3252 6152.3249 0.0003 0.5122 0.5107 -0.0013
30 6152.8446 6152.8438 0.0008 0.5194 0.5190 -0.0002

31 6153.3733 6153.3745 —-0.0012 0.5287 0.5306 -0.0008
32 6153.9136 6153.9139 -0.0003 0.5403 0.5395 -0.0008
33 6154.4620 0.5481 0.0009
34 6155.0221 6155.0213 0.0008 0.5593 0.0013
35 6155.5927 6155.5904 0.0023 0.5706 0.5691 0.0019
36 6156.1693 6156.1698 —0.0005 0.5766 0.5794 0.0013

37 6156.7597 6156.7593 0.0004 0.5904 0.5896 0.0011
38 6157.3587 6157.3581 0.0006 0.5990 0.5987 0.0011

Table Al. (Continued).

R¢(0,0) band

/ V;Expt VB‘DCM VJ.Expt — VJ,DCM AJC,Expt Ajpem A&

39 6157.9685 6157.9666 0.0019 0.6098 0.6085 0.0011
40 6158.5872 6158.5894 -0.0022 0.6187 0.6228 -0.0031
41 6159.2152 6159.2143 0.0009 0.6280 0.6249 0.0007
42 6159.8522 6159.8514 0.0008 0.6370 0.6371 0.0013
43 6160.5004 6160.5004 0.0000 0.6482 0.6490 -0.0005
44 6161.1561 6161.1571 -0.0010 0.6557 0.6567 0.0001
45 6161.8235 6161.8252 -0.0017 0.6674 0.6681 -0.0007
46 6162.5000 6162.5005 -0.0005 0.6765 0.6753 0.0008
47 6163.1870 6163.1867 0.0003 0.6870 0.6861 0.0005
48 6163.8833 6163.8847 -0.0014 0.6963 0.6980 -0.0011
49 6164.5890 6164.5869 0.0021 0.7057 0.7023 0.0021
50 6165.3039 6165.3069 -0.0030 0.7149 0.7200 -0.0027
51 6166.0282 6166.0265 0.0017 0.7243 0.7196 0.0026
52 6166.7641 6166.7654 -0.0013 0.7359 0.7389 -0.0022
53 6167.5070 6167.5091 -0.0021 0.7429 0.7437 -0.0019
54 6168.2616 6168.2577 0.0039 0.7546 0.7486 0.0023
55 6169.0231 6169.0219 0.0012 0.7615 0.7642 0.0007
56 6169.7939 6169.7945 -0.0006 0.7708 0.7726 -0.0002
57 6170.5764 6170.5772 -0.0008 0.7825 0.7826 -0.0008
58 6171.3682 6171.3667 0.0015 0.7918 0.7896 0.0005
59 6172.1670 6172.1664 0.0006 0.7988 0.7997 0.0010
60 6172.9775 61729771 0.0004 0.8105 0.8107 -0.0004
61 6173.7972 6173.7943 0.0029 0.8197 0.8173 0.0011
62 6174.6240 6174.6251 -0.0011 0.8268 0.8308 -0.0012
63 61754624 6175.4586 0.0038 0.8384 0.8335 0.0027
64 6176.3077 6176.3085 —-0.0008 0.8453 0.8498 -0.0007
65 6177.1647 6177.1647 0.0000 0.8570 0.8562 -0.0007
66 6178.0277 6178.0275 0.0002 0.8630 0.8629 0.0008
67 6178.9025 6178.9019 0.0006 0.8748 0.8743 0.0006
68 6179.7857 6179.7889 -0.0032 0.8832 0.8870 -0.0027
69 6180.6775 6180.6768 0.0007 0.8918 0.8879 0.0018
70 6181.5794 6181.5808 -0.0014 0.9019 0.9040 -0.0005
71 6182.4889 6182.4886 0.0003 0.9095 0.9078 0.0020
72 6183.4107 6183.4100 0.0007 0.9218 0.9215 -0.0002
73 6184.3380 6184.3389 -0.0009 0.9273 0.9289 -0.0008
74 6185.2738 6185.2781 -0.0043 0.9358 0.9392 -0.0025
75 6186.2219 6186.2196 0.0023 0.9481 0.9415 0.0022
76 6187.1767 6187.1786 -0.0019 0.9548 0.9590 -0.0015
77 6188.1409 6188.1415 -0.0006 0.9642 0.9628 -0.0005
78 6189.1148 6189.1120 0.0028 0.9739 0.9705 0.0018
79 6190.0959 6190.0956 0.0003 0.9811 0.9836 0.0000
80 6191.0851 6191.0874 -0.0023 0.9892 0.9918 -0.0014
81 6192.0853 6192.0852 0.0001 1.0002 0.9978 -0.0003
82 6193.0914 1.0062 0.0012
83 6194.1102 6194.1105 —-0.0003 1.0191 -0.0017
84 6195.1364 6195.1332 0.0032 1.0262 1.0227 0.0007
85 6196.1673 6196.1697 -0.0024 1.0309 1.0365 -0.0023
86 6197.2086 6197.2098 -0.0012 1.0413 1.0401 -0.0001
87 6198.2572 6198.2600 -0.0028 1.0486 1.0502 0.0001
88 6199.3208 6199.3201 0.0007 1.0636 1.0601 -0.0009
89 6200.3888 1.0687 -0.0022
90 6201.4660 1.0772 -0.0033
91 6202.5486 1.0826 -0.0016
92 6203.6434 1.0949 -0.0039
93 6204.7427 1.0992 -0.0023
94 6205.8528 1.1101 -0.0032
95 6206.9693 1.1165 -0.0022
96 6208.0963 1.1271 -0.0042
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Table Al. (Continued).

Table A2. (Continued).

R:(0,0) band

R¢(0,0) band

! V?.Expt V'J),DCM VJExpt — VJ,DCM AJC,Expl Ajpem AS? / V}Expt VI},DCM V] Expt — VJ,DCM AJC‘Expl Ajpcm AS¢
97 6209.2336 1.1373 -0.0076 23 6149.4957 0.4556 —-0.0162
98 6210.3732 1.1396 -0.0055 24 6149.9650 0.4693 -0.0194
99 6211.5226 1.1494 -0.0052 25 6150.4177 6150.4401 -0.0224 0.4750 -0.0169
100 6212.6833 1.1607 -0.0080 26 61509153 6150.9262 -0.0109 0.4976  0.4861 -0.0134
101 6213.8488 1.1655 -0.0078 27 61514101 6151.4257  -0.0156 0.4948 04995 -0.0156
102 6215.0265 11778 -0.0119 28 6151.9176 6151.9264  —0.0088 0.5075  0.5007 —0.0090
103 6216.2084 1.1819 -0.0120 29 61524414 05150 ~0.0050
104 6217.3936 1.1852 —0.0080 30 6152.9729 05314 —0.0087
105 6218.5970 1.2034 -0.0145 3l 6153.5004 05365 —0.0069
106 6219.8032 12063 -0.0152 32 61540522 61540570  -0.0048 05476 —0.0032
107 6221.0151 12118 -0.0148 33 6154.6131 61546171  —0.0040 05609 05601 —0.0047
108 6222.2403 12253 -0.0196 34 6155.1842 6155.1858  —0.0016 05711 0.5686 —0.0031
1(1)(9) Zzii";gi;‘ iiigi ‘g'g;(s); 35 6155.7649 0.5792 —0.0032
: : : 36 6156.3544 0.5894 —0.0029
i 6225.9467 12422 -0.0197 37 6156.9515 6156.9542  —0.0027 0.5999 -0.0036
ig 2352?2 3232 :g:gijg 38 6157.5607 6157.5640  —0.0033 0.6092  0.6098 —0.0033
4 622072588 19692 00276 39 6158.1788 6158.1837  —0.0049 0.6181  0.6197 -0.0044
s 6231.0014 L9796 00077 40 6158.8074 6158.8152  —0.0078 0.6286  0.6316 —0.0091
41 6159.4539 0.6386 —0.0065
ﬁ: ggiégzz iig?i :g:ggg? 42 6160.0961 6160.1037  -0.0076  6160.0961 0.6498 -0.0078
118 6234.8691 12928 ~0.0335 4 6160.7619 0.6582-0.0060
119 6236.1752 13060 -0.0380 a4 6161.4299 0.6679  —0.0020
120 6237.4851 13099 —0.0390 4 6162.1116 0.6818 -0.0069
46 6162.7925 6162.8016  —0.0091 0.6899 —0.0072
27 Expt> €xperimental transition spectra of R-branch from Ref. [17]. 47 6163.5009 0.6993 -0.0061
5y peu. caleulated transition spectra of R-branch by DCM from Eq. (2) 48 6164.2010 6164.2103 —0.0093 0.7094 -0.0079
in this work. 49 6164.9220 6164.9280 ~0.0060 0.7210  0.7177 -0.0047
“Transition spectra difference Ay = [Vy—1 — Vy|. 50 6165.6509 6165.6483 0.0026 07289 07203 0.0036
dAS, calculated by transition spectra of R-branch from Eq. (8) in this 51 6166.3890 6166.3978 ~0.0088 0.7381 0.7495 —0.0103
work. 52 6167.1391 6167.1365 0.0026 0.7501  0.7386 0.0012
Table A2. Experimental and theoretical R-branch emission spectra and re 53 61678936 6167.9023 ~0.0087 0.7545 07659 -0.0071
. X e 1C¢ - 1SS1 S L -

lated data of((g),O) band of the Ap1 — X, 1 transition of SbNa (&ll quantities >4 6168.6645 6168.6725 ~0.0080 0.7709 07702 -0.0093
are in unit cm-1). 55 6169.4423 6169.4408 0.0015 0.7778  0.7682 0.0014
56 6170.2294 6170.2295  —0.0001 0.7871  0.7887 -0.0021

R¢(0,0) band 57 6171.0236 6171.0280 -0.0044 0.7942  0.7985 -0.0041
Y ot Poem VBt — VoM ASp Arpow AG 58 6171.8317 6171.8343  -0.0026 0.8081  0.8063 —0.0032
59 6172.6491 6172.6494  —0.0003 0.8174  0.8152 -0.0010
6141.6502 -0.0749 60 6173.4735 6173.4754  —0.0019 0.8244  0.8260 -0.0027

; gigfzgg 8§§:§ :8:8233 61 6174.3096 6174.3128  —0.0032 0.8361  0.8374 -0.0043
3 61423566 09461 0.0585 62 6175.1526 6175.1500 0.0026 0.8430  0.8372 0.0042
63 6176.0129 0.8628 —0.0060

: giiigégg 8:;232 :8:82?; 64 6176.8699 6176.8695 0.0004 0.8566 0.0018
6 61431589 02781 _0.0471 65 6177.7430 6177.7431 ~0.0001 0.8731  0.8736 0.0020
7 6143.4475 02887 _0.0445 66 6178.6254 6178.6339  —0.0085 0.8824  0.8908 —0.0077
8 6143.7468 02993 —0.0411 67 6179.5163 6179.5290  -0.0127 0.8909  0.8951 -0.0119
9 61440567 03099 —0.0388 68 6180.4191 61804205  —0.0014 0.9028  0.8915 -0.0017
10 61443773 03205 —0.0387 69 6181.3303 6181.3342  —0.0039 09112 09137 -0.0037
1 6144.7085 03312 —0.0322 70 6182.2525 6182.2553  —0.0028 09222  0.9210 —0.0044
12 6145.0504 03420 —0.0319 71 6183.1794 6183.1843  —0.0049 0.9269  0.9291 -0.0059
13 6145.4033 03528 00321 72 6184.1211 6184.1139 0.0072 0.9417  0.9296 0.0073
14 6145.7617 0.3584 —0.0237 73 6185.0655 0.9516  0.0011
15 6146.1369 03752 -0.0261 74 6186.0252 0.9597 -0.0003
16 6146.5213 0.3845 —0.0248 75 6186.9869 6186.9940  —0.0071 0.9688 —0.0073
17 6146.9149 0.3935 —0.0235 76 6187.9663 6187.9603 0.0060 0.9794  0.9663 0.0041
18 6147.3189 0.4040 —0.0212 77 6188.9479 6188.9485  —0.0006 0.9816  0.9882 0.0001
19 6147.7336 0.4147 -0.0207 78 6189.9417 6189.9427  —0.0010 0.9938  0.9942 0.0002
20 6148.1585 0.4249 —0.0175 79 6190.9397 0.9970  0.0039
21 6148.5936 0.4352 —0.0181 80 6191.9521 1.0124  0.0021
22 6149.0259 6149.0401 -0.0142 0.4464 —0.0163 81 6192.9744 1.0223  0.0001
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Table A2. (Continued).
R¢(0,0) band [1]
a b c d [2]
Viextk Vipcm  VIEpt—ViDeM  Afgpg Arpem A
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