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Franck-Condon factors and r-centroids were computed for the D2Σ+ - A2Πi and D2Σ+ - B2Σ+ band systems of the aluminum oxide
molecule for thev′ = 10; v” = 10 matrix using the method developed by Jarmain and McCallum. The latest Fourier-transform Spectrometer
molecular constants of the ground and excited state are used. The intensities of these bands are discussed, and the Franck-Condon factors
and r-centroids obey the established relationships.
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1. Introduction

The Franck-Condon factor is an important entity in the di-
atomic molecular spectra. These factors give an idea about
the intensity of a band appearing in a particular band sys-
tem of a molecule. The Franck-Condon factor is an overlap
of the wave-functions of two vibrational states taking part in
a transition. In 1966, Krishnamachariet al., [1] observed a
new band system of aluminum oxide (AlO) which was D2Σ+

- X2Σ+ falling into the region of 2200- 2800̊A. They used
the direct current (DC) arc at low pressure to excite this band
system. In the furtherance of these studies, Singhet al. [2]
reported the rotational constants of D2Σ+ state by analyz-
ing the 2-0, 1-0, 0-0 and 0-1 bands of the D2Σ+ - X2Σ+

transition. The D-X system was reinvestigated again in 1973
by Singh and Saxena [3], who gave the rotational analysis
of 11 more bands. In 1985, Singh and Saxena [4] excited
AlO and photographed many bands of D2Σ+ - A2Π and C2Π
- A2Π intercombination systems of AlO, and the rotational
constants of the A2Π state were derived. Rotational pertur-
bations have been observed in the A2Π state. In the present
study, the Franck-Condon factors of D-A and D-B band sys-
tems will be calculated using the latest molecular constants.
These FCF and r-centroids will be added, and new informa-
tion not reported earlier in the literature.

2. Method of computation

2.1. Franck-Condon factors

The Franck-Condon factor is the square of the integral over
the product of the vibrational eigenfunction of the two states
involved (the so-called overlap integral). It controls the in-
tensity distribution from band to the band across a system.
Franck Condon factors and r-centroids play an important

role in finding out the variation of electronic transition mo-
ment with internuclear distance [5,6]. The principle based on
the electronic jumps is faster compared to the nuclear mo-
tion. This principle directs us to see that the bands are in-
tense if the jump from a higher vibrational level to a lower
level takes place from either thermin or rmax position on
the potential energy curves’ straight to lower level, because
then there is a minimum or zero change in position,i.e.,
∆r(∆r = re′ − re′′ ) and in momentum is possible. In emis-
sion, for onev′ value, there are two values ofv”. The lo-
cus of such points on the Deslandres table called the Condon
parabola [5]. If the Condon parabola is wide open, then bands
of many progressions and sequences appear in a band system.
On the other hand, if the Condon parabola is narrow and tends
to degenerate in a diagonal line in the Deslandres table along
the main sequence, then only the bands of the 0-0 sequence
or the 0-1 or 1-0 sequences will hardly appear. The inten-
sity depends on many other factors, such as the probability of
transition, the population of the upper state from where the
transition is taking place, the line strength or band strength
(depending on the rotational line or vibrational band), and
the electronic transition moment.

In emission, the expression is given as:

Iv′v′′
em =

(
64
3

)
π4cNv′υ

4R̄e2

[∫
Ψv′Ψv′′dr

]2

, (1)

where c is the velocity of light, Nv′ is the number of
molecules in thev′th level, υ is the frequency of radiation,
R̄e is the average value of Re (i.e., electronic transition mo-
ment), andΨv′ andΨv′′ are the wave functions of thev′ and
v” levels, respectively.

In absorption, the expression is given by:

Iv′v′′
abs =

(
8π3

3hc

)
I0∆xNv′′υR̄e2

[∫
Ψv′Ψv′′dr

]2

, (2)
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whereh is the Planck’s constant,I0 is the initial intensity,
∆x is the thickness of the medium, andNv” is the number
of molecules in thev” level. R̄e andRe are related to each
other by the expression:

Rv′v′′
e = R̄e

[∫
Ψv′Ψv′′dr

]
. (3)

The Franck Condon principle, which governs the intensi-
ties of the bands based on the assumption that the variation
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of Rv′,v′′
e with r, i.e., internuclear separation is slow. The

Franck Condon principle also states that the electron jumps in
a molecule take place so fast in comparison to the vibrational
motion that immediately afterward the nuclei still have very
nearly the same relative position and velocity as before the
jump. In short, the bands obeying this principle are strong.
If the minima of the potential energy curve of the upper elec-
tronic state and the lower electronic state lie above one an-
other orr′e ∼ r′′e the 0-0 sequences may likely appear with
strong intensities and other sequences like∆v = ±1, etc.
may not be seen at all. Ifr′e > r′′e or minima of the upper PE
curve is displaced slightly with respect to minima of lower
PE curve then bands of the same intermediate sequence may
be stronger. Ifr′e À r′′e , then the maxima of intensity may
lie in the continuum. In the case of emission, there are usu-
ally two maxima inv′′ progressions because molecule in the
upper electronic state can be in any excited vibrational level

and jumps can occur from either turning points on PE curve.
Details are given in Herzberg [5], and Straughan and Walker
[6].

The quantity in the square bracket appearing in Eq. (1)
and (2) is known as Franck Condon factor usually denoted
by qv′v′′ and expressed as

qv′v′′ =
[∫

Ψv′Ψv′′dr

]2

. (4)

There are different methods of calculating Franck-
Condon factors. Expressions are not simple, as the expres-
sion for wave-functionsΨv′ andΨv′′ are very complex and
sometimes may involve special functions. Chakraborty and
Pan [7] have surveyed these methods Sharp [8]. Telleet al.
[9] have also given the methods to calculate Franck-Condon
factors. The comparative study of the FCFs and r-centroids
carried out by Nadhemet al., [10,11] and Ramon S. da Silva
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et al., [12]. In the present study, we used a program devel-
oped by Jarmain and McCallum [13,14] to calculate these
factors. In this program, the Klein-Dunham series is used
to represent the spectroscopic input data, namely, the vibra-
tional and rotational constants. The RKR potential curves
are then computed. The Schrödinger wave equation is solved
numerically, and the resulting vibronic eigenfunctions are
used to calculate the Franck Condon factors and r-centroids
[10,11,15].

2.2. r-centroids

Various methods of calculation of r-centroids are described
by Jarmain and Nicholls [14]. r-centroids is defined as

rv′,v′′ =

∫
Ψv′

1 (r)rΨv′′
1 (r)dr∫

Ψv′
1 (r)Ψv′′

2 (r)dr
. (5)

WhereΨv′
1 (r) andΨv′′

2 (r) are the vibrational wave func-
tions of the levelv′ and v′′. If these are normalized, then
the denominator of Eq. (5) is equal to unity. The methods
for the calculation of r-centroids are described by Jarmain
and Nicholls [14], which are (i) direct method, (ii) quadratic
equation method, and (iii) difference method. In the present
study the direct numerical method is used for the computation
of r-centroids.

2.3. Molecular constants

The vibrational and rotational constants of the A2Πi, B2Σ+

and D2Σ+ states are summarized in Table I and are derived
from the experimental studies [16-20]. The Franck-Condon
factors and r-centroids of the D-A and D-B band systems are
computed and presented in Tables II and III, respectively.

3. Results and discussion

The Franck-Condon factors and r-centroids of the band sys-
tems B2Σ+ - X2Σ+, C2Πr - X2Σ+ and C2Πr -A2Πi was re-
ported earlier by Londheet al. [21]. The Franck-Condon fac-
tors and r-centroids of the D2Σ+ - X2Σ+ system were earlier
reported by Smirnovet al. [22,23] in 1978. Later, Mummi-
gatti and Jyoti [24] reported the Franck-Condon factors of

42 bands of this system and Reddyet al. [25] reported the
Franck-Condon factors of 23 bands. In the present study, the
Franck-Condon factors and r-centroids of the D2Σ+ - A2Πi

and D2Σ+ - B2Σ+ systems are computed using the constants
given by Singhet al.,[17,18].

The locus of the strongest band is a parabola called the
Condon parabola. The Franck-Condon factors give a mea-
sure of the relative band intensities for an electronic transi-
tion. The Franck-Condon factors of such bands are shown in
bold in Tables II and III. The∆r values,i.e., r′e−r′′e (where re
is the internuclear distance in a particular electronic state), of
various transitions can be calculated from Table I. It is clear
from this table, the value of∆r of D-B transitions is 0.1164
A0,so the Condon parabolas must be wider [5]. On the other
hand, the value of∆r of the D-A band system is 0.0474 A0,
which is smaller than the previous values of∆r. Therefore,
the Condon parabola of the D-A band system is expected to
be narrow compared to earlier ones shown in Table II. Only
a few bands of the±1 sequences appear with appreciable in-
tensity.

4. Conclusion

Franck-Condon factors and r-centroids were computed for
the D2Σ+ - A2Πi and D2Σ+ - B2Σ+ band systems of the
AlO molecule. The difference (∆r) in the equilibrium inter-
nuclear distances of the upper and lower states of the D-A
and D-B band systems are 0.0474 A0 and 0.1164 A0, respec-
tively. Therefore, the Condon parabola of D-A must be nar-
row in comparison to that of the D-B band system. The bands
of the∆v = ±1 sequences appear with maximum intensity.
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