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ABSTRACT

Absorption oscillator strengths, calculated with the molecular quantum defect orbital method, for the
c4

1
u¢ S+(3)–X v1

g (S + = 0–12), c4
1

u¢ S+(4)–X v1
g (S + = 0–12), c4

1
u¢ S+(6)–X v1

g (S + = 0–12), b 1
u¢ S+(10)–X v1

g (S + =
0–12), b 1

u¢ S+(13)–X v1
g (S + = 0–12), b 1

u¢ S+(20)–X v1
g (S + = 0–12), and c5

1
u¢ S+(1)–X v1

g (S + = 0–12) bands of
molecular nitrogen are reported. The Rydberg–valence interaction between states of 1

uS+ symmetry has been
treated through an interaction matrix that includes vibrational coupling. Due to the homogeneous interaction, the
intensity distribution of the bands within each progression deviates from the Franck–Condon predictions. The
present results for vibronic transitions from the X 01

g ( )S+ ground state agree rather well with reported high-
resolution measurements. As far as we know, f-values for bands originating from v″ > 0 vibrational levels of the
electronic ground state are reported here for the first time. These data may be useful in the interpretation of the
extreme ultraviolet spectra from Earth’s and Titan’s atmospheres, in which several bands of the c 3 ,4 ( )¢ c 4 ,4 ( )¢ and
c 64 ( )¢ progressions have been identified.
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1. INTRODUCTION

The Rydberg and valence bands of molecular nitrogen are of
considerable interest in the analysis of extreme ultraviolet
(EUV) molecular emission observations in the atmospheres of
Earth, Titan, and Triton, where N2 is the dominant constituent
(Strobel & Shemansky 1982; Broadfoot et al. 1989; Meier
1991). According to Ajello et al. (2007), the EUV spectrum of
Titanʼs atmosphere obtained by the Ultraviolet Imaging
Spectrometer (UVIS) on board Cassini consists of excitations
from the X1

gS+ ground state to the c4
1

u¢ S+ Rydberg state and to
the b1

uP and b′ 1
uS+ valence states of N2. In particular, bands

belonging to the c4¢ v1
u (S ¢+ = 3)–X v ,1

g ( )S + c v4
1

u (¢ S ¢+ =
4)–X v ,1

g ( )S + and c4
1

u¢ S+ (v′ = 6)–X v1
g ( )S + progressions,

which are one of the main focuses of this work, have been
detected in nitrogen-rich planetary atmospheres. Feldman et al.
(2001) detected the c4

1
u¢ S+(3)–X1

gS+(4) and c4
1

u¢ S+(4)–X1
gS+(5)

bands in the terrestrial airglow spectra obtained with the Far
Ultraviolet Spectroscopic Explorer (FUSE). Strobel & She-
mansky (1982) identified the c4

1
u¢ S+(3)–X1

gS+(0, 2, 3) and
c4

1
u¢ S+(4)–X1

gS+(0) bands in Titanʼs EUV emission spectra
obtained by the Voyager 1 spacecraft. More recently, Ajello
et al. (2007) performed an analysis of the EUV spectrum of
Titanʼs atmosphere obtained by the UVIS on board Cassini.
Their analysis revealed that the c4

1
u¢ S+(3)–X1

gS+(2–5),
c4

1
u¢ S+(4)–X1

gS+(1, 3–6), and c4
1

u¢ S+(6)–X1
gS+(4, 5, 7, 8) bands

are present in EUV spectra of Titanʼs atmosphere. On the other
hand, the c4

1
u¢ S+(3)–X1

gS+(2–4), c4¢ 1
uS+(4)–X1

gS+(3–5) and
c4

1
u¢ S+(6)– X1

gS+(8) bands have been observed in the spectrum
of Mars obtained by Krasnopolsky & Feldman (2002) using
FUSE. The interpretation of the spectral observations obtained
with FUSE and Cassini requires the knowledge of N2 radiative
parameters such as lifetimes, band oscillator strengths, and
predissociation rates (Liu & Shemansky 2006; Liu et al. 2008;
Huber et al. 2009).

Several studies have been performed on spectroscopic
properties of the c4

1
u¢ S+(3), c4

1
u¢ S+(4), and c4

1
u¢ S+(6) states.

Absorption and emission spectra of bands belonging to the
Rydberg c4¢ X1

u
1

g–S S+ + system have been photographed at high-
resolution (Carroll & Yoshino 1972; Yoshino et al. 1979;
Roncin et al. 1987, Roncin et al. 1991). Lifetime measurements
of the c4¢ 1

uS+(3) and c4
1

u¢ S+(4) states have been performed by
Kam et al. (1989) and Helm et al. (1993), respectively. For
these states, predissociation yields have also been measured
(Walter et al. 1994; Ajello et al. 1998). Moreover, perturbations
in the photoexcitation and predissociation of c4¢ 1

uS+(3) and
c4

1
u¢ S+(4) states have been investigated by Walter et al. (2000)

using photofragment spectroscopy. Emission cross-sections for
v″ progression from c4

1
u¢ S+(3), c4

1
u¢ S+(4), and c4

1
u¢ S+(6) have

been measured at medium- (Ajello et al. 1989) and high-
resolution (Heays et al. 2014). Oscillator strengths, or f-values,
for the c4

1
u¢ S+(3)–X1

gS+(0), c4
1

u¢ S+(4)–X1
gS+(0), and c4¢

1
uS+(6)–X1

gS+(0) bands have been derived from the relative
electron scattering spectra of Geiger & Schröder (1969) by Zipf
& McLaughlin (1978), from electron impact measurements
(Ajello et al. 1989), and from electron energy loss measure-
ments (Chan et al. 1993). More recently, f-values obtained from
high-resolution measurements of the rotational lines have been
reported for the c4

1
u¢ S+(3)–X1

gS+(0) (Stark et al. 2008),
c4

1
u¢ S+(4)–X1

gS+(0) (Heays et al. 2009), and
c4¢ 1

uS+(6)–X 01
g ( )S+ (Huber et al. 2009) bands.

Absorption oscillator strengths for transitions to the
c4¢ 1

uS+(3), c4
1

u¢ S+(4), and c4
1

u¢ S+(6) from v″ > 0 vibrational
levels of the electronic ground state, to our knowledge,
have not been reported to data despite f-values being
important for interpreting molecular spectra. In the
present work, we have calculated absorption oscillator
strengths for the c4

1
u¢ S+(3)–X1

gS+(0–12), c4
1

u¢ S+(4)–X1
gS+

(0–12), and c4
1

u¢ S+(6)–X1
gS+(0–12) bands of N2 with the

molecular quantum defect method (MQDO). This method
has proved to be reliable for dealing with electronic and
rotational line intensities in the EUV spectrum of molecular
nitrogen (Lavín et al. 2004, 2008, 2010; Lavín &
Velasco 2011). It is well known that the N2c4¢ 1

uS+ Rydberg
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state is homogeneously perturbed by valence and Rydberg
states of 1

uS+ symmetry (Yoshino et al. 1979). Hence, in our
calculations of oscillator strengths, we have taken into account
the coupling between the three lowest states of 1

uS+ symmetry.
For this, we have employed a theoretical model of Rydberg–
valence interaction that has been previously used to estimate
transition intensities for mixed states in NO (Bustos et al. 2004;
Velasco et al. 2010). The present calculations indicate strong
interactions between the c4

1
u¢ S+(3) and b 1

u¢ S+(10) states,
c4¢ 1

uS+(4) and b 1
u¢ S+(13) states, and among c4

1
u¢ S+(6), b′1 uS+

(20), and c5¢ 1
uS+(1) states, in accord with previous predictions

(Stahel et al. 1983). As a result of the vibronic coupling, the
bands belonging to the c4¢ uS+(3, 4, 6)–X(v″) progressions can
lose or gain intensity. In order to analyze the transfer of
intensity between the c4¢ X ,1

u
1

g–S S+ + b′ X ,1
u

1
g–S S+ + and

c5¢ X1
u

1
g–S S+ + systems, we have also calculated absorption

oscillator strengths for the b 1
u¢ S+(10, 13, 20)–X1

gS+(0–12), and
c5¢ 1

uS+(1)–X1
gS+(0–12) bands. In this context, Stevens et al.

(2011) have recently addressed the importance of the study of
the exchange of intensity between the c X4

1
u

1
g–¢ S S+ + and

b X1
u

1
g–¢ S S+ + systems for the interpretation of Titanʼs atmo-

sphere spectra.

2. METHOD OF CALCULATION

In the electric dipole approximation, the absorption oscillator
strength for a transition from a bound vibrational level v″ of the
lower electronic state into a vibrational level v′ of the upper
electronic state is defined as (Larsson 1983)

f
mca

h
v R v

8

3
, 1v v v v e

2
0
2

2 ( )p
n= ¢ ¢  ¢ 

where v vn ¢  is the wavenumber of the band origin in cm−1, and Re
is the electronic transition moment (in atomic units). The integral
in Equation (1) can be written as a product of independent
vibrational and electronic factors:

v R v q R . 2e v v e
2 2 ( )¢  = ¢ 

Here qv v¢  is the Franck–Condon factor, which is given by
the square of the overlap integral of the vibrational wave
functions of the two electronic states involved in the transition.
In this work we have used the Rydberg–Klein–Rees (RKR)
method to determine the potential energy curves. From these
potential energies, the rotationless vibrational wave functions
—and hence qv v¢ —are then obtained by solving the Schrö-
dinger equation with the Numerov algorithm.

Equation (2) is appropriate when both the lower and upper
states are unperturbed. However, if the upper state is perturbed
by interaction with other vibrational levels—which occurs in
N2—the factorization is no longer possible. In order to include
the homogeneous interaction between the Rydberg and valence
states of 1

uS+ symmetry in the calculation of transition
moments, we have followed a perturbation model that has
previously been described in detail (Bustos et al. 2004). Briefly,
for each state, the wave function is a linear combination
e v,0 0∣ > of the unperturbed wave functions e v, ,e∣ >

e v e v C, , , 3
e

ne

v

v

e v v0 0
1 0

,

e

e

e

,max

0∣ ∣ ( )åå> = >
= =

where ne is the number of electronic states considered in the
interaction, ve is the vibrational level of the electronic state e,
and ve,max is the highest vibrational level of the electronic
state e. The perturbation coefficients are obtained by diag-
onalization of a vibronic interaction matrix whose diagonal
elements are the energies of the unperturbed states and whose
off diagonal elements are the coupling parameters. The
expression for the vibronic transition moment from a non-
perturbed X, 0∣ > to the mixed e v,0 0∣ > state is:

M C R S , 4v
e

ne

v

v

v v e v
eX

0
1 0

, 0
e

e

e e0

,max

0
( )*åå=

= =

where Sv
eX

0e
is the vibrational overlap integral.

By introducing the last expression into Equation (1), we
have

f
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h
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In this work, the electronic transition moment for Rydberg
transitions has been calculated with the MQDO method, which
has been described in detail elsewhere (Martín
et al. 1996, 2001). In this approach, the radial part of the
MQDO wave functions is derived by analytically solving the
Schrödinger equation, formulated in terms of a one-electron
Hamiltonian with a parametric potential of the form:

V r
c l c

r r

2 1

2

1
, 6

2
( ) ( )( ) ( )d d

=
- + - +

-

where δ is the quantum defect for a given molecular state and c
is an integer with a narrow range of values that ensure the
normalizability of the wave functions. The angular part of the
MQDO wave functions is a symmetry-adapted linear combina-
tion of spherical harmonics, so that the complete MQDOʼs
form bases for the different irreducible representations of the
molecular point group, D h¥ in the case of N2. One of the main
advantages of this method is that it yields analytical
expressions for the transition integrals and thus of oscillator
strengths, avoiding potential convergence problems.

3. RESULTS AND DISCUSSION

Molecular nitrogen has a closed shell electronic configuration
in its 1

gS+ ground state: (1 g
2)s (1 u

2)s (2 g
2)s (2 u

2)s (1 u
4)p (3 g

2)s .
Focusing on excited electronic states of 1

uS+ symmetry, the
valence b 1

u¢ S+ and the Rydberg c4¢ 1
uS+ and c5¢ 1

uS+ states are
prominent in the EUV spectrum of N2. The excited c4¢ 1

uS+ and
c5¢ 1

uS+ states correspond to the two lowest members of the npσ
Rydberg series that converges into the X2

gS+ ground state of the
cationic core N2

+ (Carroll & Yoshino 1972).
In order to calculate oscillator strengths, we have taken into

account the interaction between vibrational levels of the three
1

uS+ states: the valence state b 1
u¢ S+ (v = 0–27) and the Rydberg

states c4
1

u¢ S+ (v = 0–8) and c5¢ 1
uS+ (v = 0–2). The electronic

interaction energies used in the interaction matrix are those
reported by Stahel et al. (1983). For the calculation of the
vibrational overlap integrals with the RKR model, we have
used the molecular constants given by Edwards et al. (1993) for
the X1

uS+ ground state and by Stahel et al. (1983) for the
c ,4

1
u¢ S+ c5¢ ,1

uS+ and b 1
u¢ S+ excited states. The electronic

2
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transition moments for c X4
1

u
1

g–¢ S S+ + and c5¢ X1
u

1
g–S S+ + have

been calculated with the MQDO methodology. For the
b X1

u
1

g–¢ S S+ + transition, we have used the electronic transition
moment reported by Stahel et al. (1983). For our calculations,
we need the ionization energy of a N2 molecule and the
energies of the Rydberg c4

1
u¢ S+ and c5¢ 1

uS+ states as input. In the
present work, these data have been taken from Huber &
Jungen (1990).

In Table 1 we displayed the main eigenvector components of
the c4¢ v1

u (S+ = 3, 4, and 6), b v1
u (¢ S+ = 10, 13, and 20), and

c5¢ v1
u (S+ = 1) vibronic states that are the subject of this work.

Contributions that are less than an absolute value of 0.10 are
not included. Our calculations show that the c4

1
u¢ S+(3) Rydberg

and b 1
u¢ S+(10) valence states are highly mixed with each other.

A substantial mixing of the Rydberg c4
1

u¢ S+(4) and valence
b 1

u¢ S+(13) states is observed from Table 1. Concerning
the b 1

u¢ S+ (20) valence state, it is perturbed mainly by the
c5¢ 1

uS+ (1) and c4
1

u¢ S+(6) Rydberg states. As can be seen from
Table 1, the electronic character of the conventionally named c5¢
1

uS+ Rydberg state is predominantly b′1 uS+. These results are in
agreement with earlier predictions (Stahel et al. 1983). The
Franck–Condon factors presently obtained from the RKR
approximation are given in Table 2.

The perturbed MQDO absorption oscillator strengths for the
Rydberg c4¢ 1

uS+ (v′ = 3, 4, 6)–X v1
g (S +  = 0–12) and c5¢ 1

uS+

(v′ = 1)–X v1
g (S +  = 0–12) bands, and the valence

b v1
u (¢ S ¢+ = 10, 13, 20)–X1

gS+(0–12) bands are listed together
with f-values derived from experimental measurements (Zipf &
McLaughlin 1978; Ajello et al. 1989; Chan et al. 1993;
Stark et al. 2008; Heays et al. 2009; Huber et al. 2009) in

Tables 3 and 4. To simplify notation, we will omit, from now
on, the lower state X1

gS+ and the symmetry of the upper
electronic state to denote bands; for instance, we will use the
notation c4¢(3, 4) to denote the c4

1
u¢ S+(3)–X1

gS+(4) band. As
already mentioned, in the literature we have only found
comparative f-values for vibronic transitions from the X1

gS+(0)
ground state, despite the spectroscopic properties of N2 having
been intensively investigated in the last few decades. In order to
analyze the perturbation effects, the f-values calculated with non-
mixed transition moments, Equation (2), are also included in
Tables 3 and 4.
The unperturbed MQDO absorption oscillator strengths for

the c4¢(3, 0), c4¢(4, 0), and c4¢(6, 0) bands are extremely weak due
to the poor Franck–Condon overlap between the vibronic upper
c4¢(v′ = 3, 4, 6) states and the X(0) ground state. Our
calculations with mixed transition moments reveal that the
b′–X(0) contributions to the vibronic transition momentum
completely dominate the oscillator strengths for the above
bands. Therefore, the c4¢(3, 0), c4¢(4, 0), and c4¢(6, 0) bands
borrow their intensities from the b′(10,0), b′(13, 0) and b′(20,
0) bands, respectively. On the other hand, the decrease in the
intensity of the c5¢(1, 0) band is significant. It can be explained
in terms of the strong homogeneous interaction b′–c5¢. An
overview of Tables 3 and 4 shows that the MQDO perturbed
oscillator strengths for transitions toward the valence state
b′1 uS+ and the two Rydberg states c4¢ 1

uS+ and c5¢ 1
uS+ from the

X1
uS+ (0) ground state are in very good agreement with the

recent f-values obtained from high-resolution measurements
(Stark et al. 2008; Heays et al. 2009; Huber et al. 2009) for
most bands. The close agreement between MQDO f-values
obtained with mixed transition moments and recent

Table 1
Main Components of Wave Functions for the c4

1
u¢ S+(3, 4, 6), b 1

u¢ S+ (10, 13, 20), and c5
1

u¢ S+ (1) Vibronic States (Coefficients 0.10∣ ∣)

Vibronic State Wave Function Components

c4¢ 3 0.83 (c4¢ 3) −0.48 (b′ 10) −0.16 (b′ 11) −0.10 (b′ 12) L L L
c4¢ 4 0.85 (c4¢ 4) −0.45 (b′ 13) −0.15 (b′ 14) −0.10 (b′ 15) 0.10 (c5¢ 1) L L
c4¢ 6 0.94 (c4¢ 6) 0.16 (c5¢ 1) −0.14 (b′ 20) −0.13 (c5¢ 0) −0.11 (b′ 21) −0.10 (b′ 18) L
b′ 10 0.87 (b′ 10) 0.47 (c4¢ 3) −0.10 (b′ 11) L L L L
b′ 13 0.88 (b′ 13) 0.45 (c4¢ 4) L L L L L
b′ 20 0.90 (b′ 20) −0.31 (c5¢ 1) 0.21 (c4¢ 6) −0.12 (b′ 19) L L L
c5¢ 1 0.61 (b′ 21) 0.56 (c5¢ 1) −0.43 (b′ 22) 0.18 (b′ 20) −0.15 (b′ 23) 0.14 (c4¢ 7) 0.11 (b′ 19)

Table 2
Franck–Condon Factors for the c X ,4

1
u

1
g–¢ S S+ + b X ,1

u
1

g–¢ S S+ + and c X5
1

u
1

g–¢ S S+ + Transitions of N2

X1
gS+ c4 u

1¢ S+ b u
1¢ S+ c5

1
u¢ S+

v″ v′ = 3 v′ = 4 v′ = 6 v′ = 10 v′ = 13 v′ = 20 v′ = 1

0 0.000 0.000 0.000 0.035 0.081 0.055 0.079
1 0.015 0.001 0.000 0.068 0.041 0.048 0.756
2 0.221 0.029 0.000 0.042 0.000 0.007 0.157
3 0.436 0.264 0.006 0.002 0.031 0.020 0.008
4 0.289 0.312 0.071 0.014 0.022 0.013 0.000
5 0.038 0.331 0.307 0.035 0.000 0.007 0.000
6 0.002 0.058 0.126 0.013 0.022 0.018 0.000
7 0.000 0.004 0.369 0.001 0.018 0.000 0.000
8 0.000 0.000 0.109 0.023 0.000 0.017 0.000
9 0.000 0.000 0.011 0.022 0.019 0.006 0.000
10 0.000 0.000 0.001 0.001 0.016 0.006 0.000
11 0.000 0.000 0.000 0.012 0.000 0.014 0.000
12 0.000 0.000 0.000 0.026 0.017 0.000 0.000

3
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experimental results indicates that the procedure used in this
work adequately accounts for the valence–Rydberg mixing, so
it is valid for predicting absorption intensities.

The band intensity distribution in the c X ,4
1

u
1

g–¢ S S+ +

b X ,1
u

1
g–¢ S S+ + and c5¢ X1

u
1

g–S S+ + systems, as it is known,
deviates from a normal Franck–Condon type intensity pattern
due to the interaction. Later in this section, we discuss the
perturbation effects in the intensity distribution for the
vibrational progressions investigated here. In order to more
clearly visualize the irregular vibronic intensities pattern shown
by progressions, perturbed and unperturbed MQDO f-values
are displayed in Figures 1–3.

As mentioned above, calculations of the electronic character
of the c4¢(3) and b′(10) states using the previously described
diabatic state mixing model reveal that these states are highly
mixed with each other. The effects of the mutual interaction in
the intensity distribution of the c4¢(3)–X(v″) and b′(10)–X(v″)
vibrational progressions can be appreciated in Figures 1(a) and
(b), respectively, where large departures from Franck–Condon
predictions are observed in both progressions. Without the
perturbation, the Franck–Condon factors would predict that the
c4¢(3, 3) band should be the strongest band in the v′ = 3
progression. However, our calculations predict the c4¢(3, 2) and
c4¢(3, 4) to be the most intense bands. The weakening of the

Table 4
Absorption Oscillator Strengths for the Valence b 1

u¢ S +(v′ = 10, 13, 20)–X 1
gS +(v″) Progressions of N2

b 101
u ( )¢ S + Progression b 131

u ( )¢ S + Progression b 201
u ( )¢ S + Progression

v″ MQDOa MQDOb Expt MQDOa MQDOb Expt MQDOa MQDOb Expt

0.0042(4)c 0.0118(13)d

0.001643e 0.010(1)f 0.018373e

0 0.0081 0.0029 0.0022g 0.0190 0.0087 0.004443e 0.0133 0.0088 0.0173g

0.0017h 0.00455h 0.0177h

1 0.0153 0.0084 0.0095 0.0036 0.0113 0.0205
2 0.0093 0.0013 0.0001 0.0018 0.0017 0.0005
3 0.0004 0.0197 0.0068 0.0024 0.0046 0.0044
4 0.0030 0.0016 0.0046 0.0199 0.0030 0.0000
5 0.0072 0.0036 0.0001 0.0052 0.0015 0.0001
6 0.0027 0.0039 0.0046 0.0016 0.0039 0.0061
7 0.0002 0.0000 0.0035 0.0031 0.0000 0.0002
8 0.0044 0.0036 0.0000 0.0000 0.0034 0.0022
9 0.0042 0.0047 0.0036 0.0035 0.0011 0.0002
10 0.0002 0.0006 0.0030 0.0030 0.0012 0.0019
11 0.0021 0.0012 0.0000 0.0000 0.0028 0.0018
12 0.0045 0.0039 0.0030 0.0027 0.0000 0.0002

Notes.
a MQDO, with unperturbed transition moment.
b MQDO, with perturbed transition moment.
c Stark et al. (2008). The experimental error is given in parentheses.
d Huber et al. (2009). The experimental error is given in parentheses.
e Ajello et al. (1989).
f Heays et al. (2009). The experimental error is given in parentheses.
g Chan et al. (1993).
h Zipf & McLaughlin (1978).

Figure 1. Absorption oscillator strengths as a function of the vibrational quantum number v″ for the (a) c4
1

u¢ S+(3)–X v1
g ( )S + and (b) b 1

u¢ S+(10)–X v1
g ( )S + progressions

of N2.
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intensity of the c4¢(3, 3) band is a consequence of the perturbing
effect of the b′(10) valence state. The perturbed oscillator
strengths calculated with Equation (5) involve either the sum or
the difference of terms corresponding to the various vibrational
levels that contribute to the transition moment. Therefore, the

homogeneous interaction can lead to constructive or destructive
interference in the band f-value. The present calculations reveal
that the coupling c4¢(3)–b′(10) causes destructive interference in
the c4¢(3, 3) band and therefore a decrease of its f-value.
Regarding the b′(10)–X(v″) progression, the b′(10, 3) is the

Figure 2. Absorption oscillator strengths as a function of the vibrational quantum number v″ for the (a) c4
1

u¢ S+(4)–X v1
g ( )S + and (b) b 1

u¢ S+(13)–X v1
g ( )S + progressions

of N2.

Figure 3. Absorption oscillator strengths as a function of the vibrational quantum number v″ for the (a) c4
1

u¢ S+(6)–X v ,1
g ( )S + (b) b 1

u¢ S+(20)–X v ,1
g ( )S + and (c) c5¢

1
uS+(1)–X v1

g ( )S + progressions of N2.
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strongest band in spite of an unfavorable Franck–Condon
factor. It should be mentioned that the largest contribution to
the b′(10)–X(3) transition moment comes, not from the
unperturbed b′(10) state itself, but rather from the diabatic
c4¢(3) state, owing to the better vibrational overlap of the latter
with X(3). Thus, the increase in the oscillator strength of the
valence b′(10, 3) band can be attributed to intensity borrowing
from the Rydberg c′(3, 3) band.

The Rydberg c4¢(4) vibronic state is strongly mixed with the
valence b′ state, mainly b′(13). Our calculations predict an
irregular vibronic intensity pattern for the c4¢(4)–X(v″) and
b′(13)–X(v″) progressions, as is evident from Figures 2(a) and
(b), where perturbed and unperturbed MQDO f-values for both
progressions are plotted. It can also be observed in Figure 2(a)
where there is a decrease of the intensity of the c4¢(4, 4)
absorption band and an increase of the b′(13, 4) band when
interaction is considered in the model. The analysis of the c4¢
and b′ contributions to the transition moment for these bands
reveals that the coupling c4¢(4)–b′(13) is destructive for the
c4¢(4, 4) band but constructive for the b′(13, 4) band. In fact, the
b′(13, 4) band is the strongest band in the b′(13)–X(v″)
progression even though the b′(13, 0) should be, by far, the
strongest band from Franck–Condon considerations. The most
intense absorption bands of the c4¢(4)–X(v″) progression, that is,
the c4¢(4, 1), c4¢(4, 3), c4¢(4, 4), c4¢(4, 5), c4¢(4, 6) vibronic bands
have been detected from Titanʼs emissions (Ajello et al. 2007).
A few comments about the c4¢(4, 1) are appropriate. In the
absence of the c4¢(4)–b′(13) perturbation, the MQDO f-value is
very weak for the c4¢(4, 1) band due to an unfavorable Franck–
Condon factor. Calculations with mixed transition moments
predict the c4¢(4, 1) band to be relatively strong, gaining its
intensity from the b′(13, 1) band. It seems that the c4¢(4, 1) band
becomes observable in the atmosphere of Titan only because of
this mixing.

The three excited levels c4¢(6), c5¢(1) and b′(20) are strongly
coupled, as is inferred from Table 1. The non-perturbed and
perturbed MQDO f-values for the c4¢(6)–X(v″), b′(20)–X(v″),
and c5¢(1)–X(v″) vibrational progressions are plotted in Figures 3
(a)–(c), respectively. In contrast to what is expected on the
basis of the Franck–Condon factors, the c4¢(6, 0) and c4¢(6, 1)
and c4¢(6, 2) bands are relatively strong. The increase in the
oscillator strengths corresponding to these bands is due to
the perturbation exercised by b′ and c5¢ states; in fact, the
transition moment for them is dominated by b′, mainly b′(20),
and at a minor extent, by c5¢(1). For the remaining bands of the
c4¢(6)–X(v″) progression, the transition moment is dominated
mainly by c4¢. According to our calculations, the c4¢(6, 5) and
c4¢(6, 7) are the most intense bands in this progression. These
bands, together with the c4¢(6, 4) and c4¢(6, 8) bands have been
detected in the atmosphere of Titan (Ajello et al. 2007).
Concerning the v″ vibrational progression from b′(v′ = 20)
valence state, deviations from predictions based on the Franck–
Condon principle are observed. The anomalous behavior of the
b′(20, 1) band can be attributed to the b′(20)–c5¢(1) coupling,
which causes a constructive interference. Thereby, the valence
b′(20, 1) grows in intensity at the expense of the Rydberg
c5¢(1, 1) band and indeed becomes the strongest band in the
progression b′(20)–X(v″). In Table 4 and Figure 3(b) the
homogeneous interaction effect in the valence b′(20, 4) band is
noticeable. For this band, the b′ and c4¢ contributions to the
transition moment are of comparable magnitude and opposite
sign, leading to the almost complete disappearance of the band.

Finally, the c5¢ 1
uS+(1) state, according to our calculations,

suffers strong homogeneous interaction with nearby vibrational
levels of the b′ state, predominantly b′(21) and b′(22). A
striking feature of the c5¢(1)–X(v″) progression is a significant
decrease of the absorption oscillator strength for the c5¢(1, 1)
band when perturbation is taken into account. Such a decrease
is due to destructive interference b′(19–22) and c5¢ 1

uS+(1). On
the contrary, the bands originating from v″�4 are gaining
significant strength with increasing v″, as can be seen in
Table 3 and Figure 3(c).
In summary, using the MQDO method we have calculated

absorption oscillator strengths for c4
1

u¢ S+ (3, 4, 6)–X v1
g (S +  =

0–12), b 1
u¢ S+(10, 13, 20)–X v1

g (S +  = 0–12), and
c5¢ 1

uS+ (1)–X v1
g (S +  = 0–12) progressions in molecular

nitrogen. Included in this set of progressions are several bands
observed in emissions from the atmospheres of Earth and Titan.
To the best of our knowledge, f-values for bands with
v″ > 0 are reported here for the first time. The comparison
between MQDO f-values obtained with non-mixed and mixed
transition moments and experimental results, when available,
suggest that the procedure used in this work properly takes into
account the valence–Rydberg mixing. In addition, perturbed
MQDO results and emission cross-section measurements,
reported by Heays et al. (2014), display a similar vibrational
dependence for c4′

1Σu
+ (v′ = 3, 4, 6)–X1Σg

+(v″) progressions,
as can be seen in Table 3. Emission from the b′(10), b′(13), and
b′(20) valence states has not been observed in laboratory
fluorescence spectra (Ajello et al. 1989; Heays et al. 2014).
However, our calculations predict the b′ 1Σu

+(10, 13, 20)–X1Σg
+

(v″ = 0–12) bands to have appreciable excitation intensities.
This seems to indicate that the absence in emission of the
corresponding bands may be due to the strong predissociation
of the b′(10), b′(13), and b′(20) states. Indeed, the b′ 1Σu

+ state
has been reported (Helm et al. 1993) to be predissociated by
continuum states of triplet symmetry, mainly 2 3Πu. It is
expected that the rotational structure of bands presently studied
will be also influenced by the valence–Rydberg interaction. In
previous calculations (Lavin & Velasco 2011) of oscillator
strengths for rotational lines of the c4′

1Σu
+(3)–X1Σg

+(v″ = 0–5)
bands, it was observed that the intensity distribution of the
rotational lines within each of the vibronic bands deviates from
predictions based on Hönl–London factors.
We have analyzed the transfer of intensity between the

c4¢ X ,1
u

1
g–S S+ + b′ X ,1

u
1

g–S S+ + and c5¢ X1
u

1
g–S S+ + systems due to

the homogeneous interaction. Our calculations with mixed
transition moments show that the c4¢(3, 0), c4¢(4, 0), and c4¢(4, 1)
bands are observable in N2-rich planetary atmospheres because
of the c4¢–b′ interaction. Recently Stevens et al. (2011)
performed a spectral analysis of Cassini UVIS observations
of Titanʼs airglow, and found that the blended (3, 2)+(4, 3)
bands, near 945Å, and the (3, 4)+(4, 5) bands, near 985Å, are
the most prominent bands in c4

1
u¢ S+ (v′ = 3, 4, 6)–X v1

g ( )S +

progressions. The present calculations are consistent with these
results concerning the v″ progressions from v′ = 3 and v′ = 4;
however, our calculations predict that f-values for the c4¢(6, 5)
and c4¢(6, 7) bands are remarkably similar in magnitude to those
for the c4¢(3, 2), c4¢(3, 4), c4¢(4, 3), and c4¢(4, 5) bands. These
results agree with the UVIS EUV airglow spectra from Titan
presented by Ajello et al. (2007). These authors attributed the
strong Titan emission feature at 944Å to the c4¢(3, 2), c4¢(4, 3),
c4¢(6, 5) together with b′(9, 2) and b′(16, 4) bands, and the
strong feature at 987Å to the c4¢(3, 4), c4¢(4, 5), and c4¢(6, 7)
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bands. This suggests that members of the c4
1

u¢ S+

(v′ = 6)–X v1
g ( )S + progression should also be included in

models of the EUV airglow of Titan.

This work has been supported by the Junta de Castilla y
León (Project No. Va077U13).
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