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Abstract. Dispersed fluorescence from fragments formed after the de-excitation of the 1s−1π∗ resonances
of N∗O and NO∗ has been measured in the spectral range of 118–142 nm. This range is dominated by lines
of atomic nitrogen and oxygen fragments and by the A 1Π(v′) → X 1Σ+ (v′′) bands in the NO+ ion which
result from the participator Auger decay of the 1s−1π∗ resonances. Ab-initio calculations of the transition
probabilities between vibrational levels during the reaction NO X 2Π(v0 = 0) → N∗O(NO∗) 1s−1π∗ (vr)
=⇒ NO+ A 1Π (v′) → X 1Σ+ (v′′) were used to explain the observed intensity dependence for the A (v′) →
X (v′′) fluorescence bands on the exciting-photon energy across the resonances and on both v′ and v′′

vibrational quantum numbers. The multiplet structure of the 1s−1π∗ resonance and lifetime vibrational
interference explain the observed exciting-photon energy dependence of the A (v′) → X (v′′) fluorescence
intensity. A strong spin-orbit coupling between singlet and triplet states of NO+ is proposed to reduce
additional cascade population of the A 1Π state via radiative transitions from the W 1∆ and A′ 1Σ− states
and to explain remaining differences between measured and calculated integral fluorescence intensities.

PACS. 32.80.Hd Auger effect and inner-shell excitation or ionization – 33.80.-b Photon interactions with
molecules – 33.50.Dq Fluorescence and phosphorescence spectra

1 Introduction

The interference between the excitation pathways of mole-
cules via different vibrational levels of an intermediate
electronic state known as the lifetime vibrational inter-
ference (LVI) had been predicted almost 30 years ago [1].
Since then the LVI has been extensively studied in a num-
ber of papers (see, e.g., the review [2]). Strong LVI in
recorded spectra is expected when the widths of the short-
lived intermediate vibronic states, Γr, are comparable with
their energetic spacing, characterized by the vibrational
constant ωe. In the case of the 1s−1π∗ resonance in the O2

molecule the ratio Γr/ωe ∼ 1.10 (0.149 eV/0.135 eV [3,4])
and the influence of the LVI on measured Auger de-
cay spectra had been found to be strong [4]. In the
N2 molecule this ratio is half as large Γr/ωe ∼ 0.49
(0.115 eV/0.235 eV [3,5]). That causes a relatively small
influence of the LVI on the A, B(v′) → X(v′′) [6] and
C(v′) → X(v′′) [7,8] fluorescence of the N+

2 ion, where

a e-mail: vls@rgups.ru

the initial states A, B and C of the N+
2 have been popu-

lated via the 1s−1π∗ resonance of the N2.

The NO molecule is of special interest for studying
the LVI because the same ionic states can be accessed via
the 1s−1π∗ resonance excitation of either N∗O or NO∗.
The ratios Γr/ωe of these resonances are equal to 0.64
(0.124 eV/0.195 eV [9]) and 1.13 (0.170 eV/0.150 eV [10]),
respectively. Therefore, the differing influence of the LVI
on the decay spectra of the 1s−1π∗ resonances of N∗O
(small influence) or NO∗ (large influence) has been ob-
served by different experimental techniques. The decay of
core-excited N∗O and NO∗ resonances has been studied by
measuring the resonant Auger electron spectra [11–14], vi-
brationally resolved constant ionic state spectra (CIS) [9,
15] and mass-selective ion-yield (photofragmentation)
spectra [16,17]. The electronic part of the Auger de-
cay of the 1s−1π∗(2Λ) resonances in NO has been com-
puted by [18]. In studying the LVI by means of elec-
tron spectroscopy only, the energetic overlaps between
the core-excited 1s−1π∗(2Λ) resonances and between the
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valence-ionized states cause substantial difficulties in the
interpretation of spectra and in the quantitative compari-
son with calculations (see, e.g., [14]). However, by observ-
ing the molecular fluorescence from the excited valence-
ionized states, complementary information about LVI can
be obtained since this fluorescence is state selective [6–8].

Recently, we have investigated the C 2Σ+
u → X 2Σ+

g

fluorescence in the N+
2 ion excited via the 1s−1π∗ reso-

nance [7,8]. Strongly overlapping C(v′) → X(v′′) bands
characterized by the same difference of the vibrational
quantum numbers ∆v = v′−v′′ were observed in [7] due to
the small difference between the vibronic constants of the
C and X states of N+

2 . This overlap requires ultra-high flu-
orescence resolution in order to observe the influence of the
LVI on the fluorescence spectra of the N+

2 . In the case of
the A 1Π → X 1Σ+ fluorescence in the NO+ ion it is pos-
sible to distinguish individual bands since the vibrational
constants ωe of the A and X states of NO+ are quite dif-
ferent (1601.9 cm−1 and 2376.7 cm−1, respectively, [19]).
Therefore, it is expected that the influence of the LVI on
the individual A(v′) → X(v′′) bands even in relatively low
resolution emission spectra (e.g. ∆λfl ∼ 0.73 nm in [20])
can be observed.

The NO+(A 1Π → X 1Σ+) fluorescence (known as
the ‘Miescher-Baer’ band system [21]) is one of the most
thoroughly studied band system in the NO+ ion. Since
the observation of this fluorescence in an uncondensed
discharge in [22] and its interpretation in [23,24] it was
revisited several times in [25–28] in order to determine
the vibrational and rotational constants of the A and X
states of the NO+. Vibrational structure of valence-ionized
5σ−12π

(
1,3Π

)
and 1π−12π

(
1,3Σ±, ∆

)
states of the NO+

ion including the A and X ones was studied in numer-
ous experimental papers by means of photoelectron spec-
troscopy (PES) [29–32] and photoabsorption/photoioniza-
tion spectroscopy (see, e.g., [33] and references therein).
The potential energy curves of the NO+ states were cal-
culated in [34,35].

In the present paper we report a joint experimental and
theoretical study of the lifetime vibrational interference
in the 1s−1π∗ resonant excitation of the N∗O and NO∗
molecule by means of the A 1Π → X 1Σ+ fluorescence
in the NO+ ion. The obtained results are presented simi-
larly to our previous study of the N+

2

(
C 2Σ+

u → X 2Σ+
g

)

fluorescence [7,8]. The paper is organized as follows. The
essentials of the measurements and of the data analysis are
described in Section 2. In Section 3 we continue with the
brief presentation of the theoretical approach used in com-
puting the molecular de-excitation dynamics for the Auger
decay and the subsequent fluorescence emission. Experi-
mental and theoretical results are discussed and compared
in Section 4. In Section 5 we conclude with a brief sum-
mary.

2 Experiment

Photon-induced fluorescence spectroscopy (PIFS) has al-
ready been applied for several experiments investigat-
ing de-excitation of excited molecules [7,8,36–38]. The

present experimental setup is quite similar to these exper-
iments and has been described in detail elsewhere (see,
e.g., [39–41] and references therein). Therefore, only the
essential points of the present experiment will be described
below.

The experiment was performed at the UE 56/2 PGM
beamline at BESSY II, Berlin. A 400 lines/mm grating
was used to monochromatize the synchrotron radiation
which was then focused into a differentially pumped tar-
get cell filled with molecular nitric oxide at room tem-
perature and at a pressure of 33.3 µbar. The pressure
was chosen to be in the linear regime of the fluores-
cence intensity-pressure function, to avoid artifacts such as
photoelectron-impact induced fluorescence. The exciting-
photon energy was varied around the N∗O(1s−1π∗) res-
onance from 398.95 eV to 400.85 eV and around the
NO∗(1s−1π∗) resonance from 530.90 eV to 535.45 eV in
steps of 50 meV. A bandwidth of the exciting radiation of
about 100 meV FWHM at 400 eV and 135 meV at 530 eV
was achieved in order to be in the Raman regime for reso-
nance excitation since the natural widths of the N∗O and
NO∗ resonances are 124 meV [9] and 170 meV [10], re-
spectively. The exciting-photon energy was calibrated to
the known [9,10] energy positions of the 1s−1π∗(vr) vi-
brational levels.

Fluorescence radiation between 118 and 142 nm was
observed perpendicular to the exciting-photon beam and
parallel to the

−→
E -vector of the linearly polarized ex-

citing radiation. The fluorescence was dispersed by a
1 m normal-incidence monochromator equipped with
a 1200 lines/mm grating (blaze wavelength: 150 nm;
coating: Al) and recorded by a position-sensitive CsI
microchannel-plate detector. The resolution of this
‘monochromator-detector’ combination was about ∆λfl =
0.2 nm.

Two-dimensional fluorescence yield spectra in the flu-
orescence wavelength range from 118 to 142 nm and in
the exciting-photon energy ranges around the N∗O reso-
nance (398.95–400.85 eV) and the NO∗ resonance (530.90–
535.45 eV) are displayed in Figures 1 and 2, respec-
tively. Figures 1a and 2a show the counts recorded by the
present fluorescence detector, normalized for the exciting-
photon flux. These counts have still not been corrected for
the quantum efficiency of the fluorescence spectrometer-
detector combination. The quantum efficiency (QE) of the
CsI detector equipped with a MgF2 window specified by
its manufacturer (ITT) is given in Figures 1c and 2c. How-
ever, in this curve the reflectivity variation of the Al coat-
ing of the grating, the relative lateral quantum efficiency
of the detector and the blaze angle distribution function
(grating blazed at 150 nm) were neglected. The variation
of these quantities is estimated to contribute an uncer-
tainty of about 5% to the relative fluorescence intensities.

Assignments of the fluorescence lines observed between
118 and 142 nm are listed in Table 1. The numbering of
lines corresponds to Figures 1b and 2b where the inten-
sities integrated over the present exciting-photon energies
are also shown. The NI, NII and OI atomic lines have been
assigned by comparing the experimentally determined
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Fig. 1. The fluorescence spectrum measured in the vicinity of
the N∗O resonance (398.95–400.85 eV) and in the fluorescence
wavelength range from 118 to 142 nm. (a) Dispersed fluores-
cence yield as a function of the exciting-photon energy with
indicated positions of lines corresponding to transitions in NI,
NII and OI fragments. (b) Fluorescence intensities integrated
over the present exciting-photon energy range. Computed posi-
tions of the NO+ (A − X) vibrational bands are shown by ver-
tical bars. Numbering of lines and their assignments as listed
in Table 1. (c) Quantum efficiency of the CsI detector with
MgF2 window as specified by the manufacturer ITT.
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Fig. 2. The fluorescence spectrum measured in the vicinity of
the NO∗ resonance (530.90–535.45 eV) and in the fluorescence
wavelength range from 118 to 142 nm. Notations are the same
as in Figure 1.

wavelengths with known spectroscopic data [42]. Wave-
lengths of the NO+ fluorescence lines in the second col-
umn, λexp, were determined in the present paper by fitting
the measured line shapes by Voigt profiles. They are in a
good agreement with the experimental fluorescence wave-
lengths from [19,20,23]. The small difference between our
experimentally determined λexp for line No. 21 (140.9 nm)
and data known from the literature (141.4 nm [19,20,
23]) which is larger than the present fluorescence wave-
length uncertainty, ∆λfl = 0.2 nm, is due to the non-

Table 1. Assignment of the observed fluorescence lines after
resonant 1s−1π∗ excitation in NO. The numbers in the first
column correspond to the line numbering in Figures 1b and 2b.

No. λ
a)
exp λ

b)
calc Spe- Transition

nm nm cies

1 120.0 NI 2s22p2(3P)3s 4PJ′ → 2s22p3 4SJ′′
2 121.8 OI 2s22p3(2P)3s 1P1 → 2s22p4 1S0

3 122.5 NI 2s22p2(3P)4d 2DJ′ → 2s22p3 2PJ′′
122.6 NO+ A 1Π(v′ = 6) → X 1Σ+(v′′ = 0)

4 122.9 NI 2s22p2(3P)4d 2PJ′ → 2s22p3 2PJ′′
5 124.3 NI 2s22p2(1D)3s 2DJ′ → 2s22p3 2DJ′′

124.6 NO+ A 1Π(v′ = 5) → X 1Σ+(v′′ = 0)
6 126.5 126.7 NO+ A 1Π(v′ = 4) → X 1Σ+(v′′ = 0)
7 127.5 NII 2s22p1(2P)3p 3P2 → 2s12p3 3D3

8 128.9 129.0 NO+ A 1Π(v′ = 3) → X 1Σ+(v′′ = 0)
9 130.2 OI 2s22p3(4S)3s 3S1 → 2s22p4 3P2

10 130.6 OI 2s22p3(4S)3s 3S1 → 2s22p4 3P0,1

11 131.1 NI 2s22p2(3P)3d 2DJ′ → 2s22p3 2PJ′′
12 131.4 131.5 NO+ A 1Π(v′ = 2) → X 1Σ+(v′′ = 0)
13 131.9 NI 2s22p2(3P)3d 2PJ′ → 2s22p3 2PJ′′
14 133.0 133.0 NO+ A 1Π(v′ = 3) → X 1Σ+(v′′ = 1)
15 134.1 134.1 NO+ A 1Π(v′ = 1) → X 1Σ+(v′′ = 0)
16 134.4 NII 2s22p1(2P)3p 3DJ′ → 2s12p3 3DJ′′
17 135.6 135.6 NO+ A 1Π(v′ = 2) → X 1Σ+(v′′ = 1)

135.7 OI 2s22p3(4S)3s 5S2 → 2s22p4 3P0,1

18 137.0 136.9 NO+ A 1Π(v′ = 0) → X 1Σ+(v′′ = 0)
19 138.4 138.4 NO+ A 1Π(v′ = 1) → X 1Σ+(v′′ = 1)
20 139.8 140.0 NO+ A 1Π(v′ = 2) → X 1Σ+(v′′ = 2)
21 140.9 141.4 NO+ A 1Π(v′ = 0) → X 1Σ+(v′′ = 1)

141.7 NO+ A 1Π(v′ = 3) → X 1Σ+(v′′ = 3)
141.2 NI 2s22p2(1D)3s 2DJ′ → 2s22p3 2PJ′′

a) Wavelength for the transitions in NO+, present measurement; for
the NI, OI and NII atomic fluorescence the wavelengths are aver-

aged over the fine-structure components [42]; b) wavelength for the
transitions in NO+, present calculations.

linearity of the microchannel-plate position-sensitive de-
tector near its edge. The theoretical wavelengths of the
A 1Π(v′) → X 1Σ+(v′′) vibrational bands, λcalc, are also
shown in the Figures 1b, 2b and listed in the third column
of Table 1.

The observed atomic fluorescence provides information
on the probabilities of the dissociative Auger decay and
the dissociative double Auger decay of the 1s−1π∗ reso-
nance. However, the precise interpretation of the above
processes requires extensive computation of potential en-
ergy curves for highly-excited states of NO, NO+ and
NO2+ and is outside the scope of the present paper. In
the present paper we concentrate on the interpretation of
the molecular fluorescence observed for the NO+ ion.

One can see that the 6→0, 5→0 and 0→1 bands of
the A → X system are blended by atomic transitions (see
ambiguous assignment of lines nos 3, 5 and 21 listed in
Tab. 1), whereas the well separated but weak 2→2 band
in the NO∗ case could not be resolved in the present ex-
periment. All other bands of the A 1Π → X 1Σ+ system
were resolved and possess nontrivial intensity variations
with the exciting-photon energy across the resonances.
In order to analyze the observed energy dependence of
the fluorescence intensities we introduced the integrated
cross sections similar to our previous papers [7,8]. Relative
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integrated cross sections for the A 1Π(v′) → X 1Σ+(v′′)
bands at a given exciting-photon energy, σXv′′

Av′ (ω), have
been determined by integrating the fluorescence intensi-
ties, I(ω, λ), corrected for the QE of the detector over a
wavelength interval of 0.4 nm centered at the wavelength
λv′,v′′

exp as listed in Table 1:

σXv′′
Av′ (ω) =

∫ λv′,v′′
exp +0.2 nm

λv′,v′′
exp −0.2 nm

I(ω, λ) dλ. (1)

In order to analyze the total intensities of the A(v′) →
X(v′′) bands we used the relative doubly integrated emis-
sion cross sections, σ̄Xv′′

Av′ , defined as:

σ̄Xv′′
Av′ =

∫ ω2

ω1

σXv′′
Av′ (ω) dω, (2)

where the exciting-photon energy range (ω1 − ω2) corre-
sponds either to the N∗O resonance (398.95–400.85 eV)
or to the NO∗ resonance (530.90–535.45 eV). The experi-
mental cross sections σXv′′

Av′ (ω) and σ̄Xv′′
Av′ are discussed and

compared with the present theory in Section 4.

3 Theory

In order to explain the NO+
(
A 1Π → X 1Σ+

)
fluores-

cence intensity distribution observed in the present exper-
iment we consider, as the first step, the direct population
of the 5σ11π42π1 A 1Π(v′) states of the NO+ ion from the
1σ22σ23σ24σ25σ21π42π1 X 2Π(v = 0) ground state of the
NO molecule via Auger decay of the 1σ1(2σ1)2π2 2Λ (vr)
doublet states of the intermediate NO∗ (N∗O) resonance:

X 2Π(0) + �ωex → 1σ1(2σ1)2π2

⎧
⎨

⎩

2Σ− (a)
2∆ (b)
2Σ+ (c)

⎫
⎬

⎭
(vr)

=⇒ 5σ11π42π1 A 1Π(v′) + e−, (3)

where the single and double arrows denote electric-dipole
and Coulomb interaction, respectively. The influence of
additional cascade population of the NO+ A 1Π(v′) states
is estimated in Section 4.3. In the present calculations we
neglect a possible coupling of the channels in the final
state of the Auger decay (3) since the multiplet splitting
of the intermediate states is at least by two orders of mag-
nitude larger than their fine-structure splitting. Thus we
assumed that the de-excitation pathways (3a–3c) via the
different 1σ1(2σ1)2π2 2Λ (2Λ = 2Σ−, 2∆ or 2Σ+) inter-
mediate electronic states populate the 5σ11π42π1 A 1Π
electronic state via different Auger channels and, there-
fore, incoherently (see also discussion in [15]). However,
the excitation pathways via different vibrational levels vr

of the particular 1σ1(2σ1)2π2 2Λ intermediate electronic
state populate the A 1Π(v′) levels in a coherent way (LVI).

The excited A 1Π(v′) states can either fluoresce to the
5σ21π42π0 X 1Σ+(v′′) states via the 2π → 5σ transition
(λ00 ≈ 137 nm):

5σ11π42π1 A 1Π(v′) → 5σ21π42π0 X 1Σ+(v′′)+
hc

λfl
, (4)

or, if energetically possible, to the 5σ21π32π1 A′ 1Σ−(v′′)
and 5σ21π32π1 W 1∆(v′′) states via 1π → 5σ transitions
(λ00 ≈ 2450 nm and λ00 ≈ 4950 nm, respectively). Al-
though the NO+

(
b 3Π → X 1Σ+

)
triplet–singlet dipole

transitions, which are possible due to spin-orbital inter-
action, have been observed in [20], we neglect, in the
first step, possible A 1Π → 3Λ transitions. The influ-
ence of spin forbidden dipole transitions is discussed in
Section 4.3.

In order to compute the transition energies and ampli-
tudes entering the schemes (3) and (4) we computed the
potential energy curves and probabilities for the Auger
and radiative decays by applying the theoretical approach
described in details in [7,8,37,38]. A brief description of
the approximations used for solving these problems can
be found in the subsequent sections.

3.1 General relations

Fluorescence emission cross sections for the A 1Π(v′) →
X 1Σ+(v′′) transitions in the NO+ ion were calculated by:

σXv′′
Av′ (ω) = σAv′ (ω) χXv′′

Av′ , (5)

where ω is the energy of the exciting radiation, χXv′′
Av′ is the

fluorescence yield for the A 1Π(v′) → X 1Σ+(v′′) transi-
tion and the total population cross section σAv′ (ω) is the
sum of the partial cross sections σΛ

Av′ (ω) (where 2Λ =
2Σ−, 2∆ or 2Σ+) for population of the A 1Π(v′) vibra-
tional levels from the NO X 2Π(v = 0) ground state via
the particular 1σ1(2σ1)2π2 2Λ resonance of N∗O and NO∗:

σAv′ (ω) =
∑

Λ

σΛ
Av′ (ω) . (6)

The cross sections σΛ
Av′ (ω) were computed as in [7]:

σΛ
Av′ (ω) =

4
3
π2αa2

0ω

×
∑

β

∣
∣
∣
∣
∣∣

∑

vr

〈
v′

∣
∣∣VAβε

π∗(Λ) (R)
∣
∣∣ vr

〉〈
vr

∣
∣∣Dπ∗(Λ)

0 (R)
∣
∣∣ 0

〉

ω − E(Λ)vr
+ ı · Γπ∗(Λ)/2

∣
∣
∣
∣
∣∣

2

,

(7)

where the length form is used for the dipole transition op-
erator D, α = 1/137.036 is the fine structure constant,
and the square of the Bohr radius a2

0 = 28.0028 Mb con-
verts the atomic units for cross sections to Mb (1 Mb =
10−22 m2). The energy ω in equation (7) is connected with
the energy of the Auger electron, ε, and the energy of the
A 1Π(v′) state, EAv′ , as ω = EAv′ + ε; and E(Λ)vr

– is the
energy of the 1σ1(2σ1)2π2 2Λ (vr) vibronic states. The
natural widths of the 1σ1(2σ1)2π2 2Λ electronic states,
Γπ∗(Λ), are connected with the Auger decay and are simi-
lar for the 2Σ−, 2∆, 2Σ+ states [9,10].

Equation (7) can be transformed neglecting the R-
dependencies of the transition moments (e.g., by applying
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the Franck-Condon approximation):

σΛ
Av′ (ω) =

4
3
π2αa2

0ω
∣
∣
∣Dπ∗(Λ)

0

∣
∣
∣
2 ∑

β

∣
∣
∣VAβε

π∗(Λ)

∣
∣
∣
2

×
∣
∣
∣∣
∣

∑

vr

〈v′ |vr 〉 〈vr |0 〉
ω − E(Λ)vr

+ ıΓπ∗(Λ)/2

∣
∣
∣∣
∣

2

. (8)

The first sum over index β in equation (8) is propor-
tional to the partial Auger rate for populating the final
A 1Π electronic state from 1σ1(2σ1)2π2 2Λ resonances. In
atomic units, Γ A

π∗(Λ) is given by:

Γ A
π∗(Λ) = 2π

∑

β

∣
∣∣VAβε

π∗(Λ)

∣
∣∣
2

. (9)

The second sum of the transition amplitudes over index
vr in equation (8) accounts for the interference between
the population pathways via different vibrational levels vr

of intermediate resonance (LVI).
The fluorescence yield for the A 1Π(v′) → X 1Σ+(v′′)

transition χXv′′
Av′ entering equation (5) was computed by:

χXv′′
Av′ =

Γ Xv′′
Av′∑

K′′,v′′ Γ K′′v′′
Av′

(10)

where index K ′′ denotes possible fluorescence decay chan-
nels of the A 1Π state (K ′′ = X 1Σ+, A′ 1Σ− or W 1∆).
The fluorescence probability Γ Xv′′

Av′ (which equals the par-
tial radiative width in atomic units) is given by [43]:

Γ Xv′′
Av′ =

4
3 gA

(
2π

λv′v′′

)3 ∣
∣〈v′′

∣
∣DX

A (R)
∣
∣ v′

〉∣∣2 , (11)

where gA = 2 is the statistical weight of the A 1Π state.

3.2 Molecular orbitals and potential curves

The adiabatic potential energy curves were computed
similarly to our recent papers [7,37,38] using the
PC GAMESS (General Atomic and Molecular Elec-
tronic Structure System) version Alex A. Granovsky
(www http://classic.chem.msu.su/gran/gamess/
index.html) of the GAMESS (US) QC package [44]. We
used a triple-zeta valence (TZV) basis set [45] adding
three polarization shells of d-type and one of f -type.
A Multi Configuration Self Consistent Field (MCSCF)
calculation choosing Full Valence Complete Active Space
(FVCAS) with subsequent Multi Reference Configuration
Interaction (MRCI) approach was applied to calculate
the potential energy curves at a limited number of
internuclear distances.

The results of calculations for the ground state of NO
molecule and for some states of the NO+ ion are presented
in Figure 3 and compared with the results known from lit-
erature in Table 2. For the sake of compatibility between
the data listed in Table 2 and those shown in Figure 3
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Fig. 3. (Color online) Present calculations. (a) Potential en-
ergy curves for the X 2Π ground state of the NO, and the
X 1Σ+ and A 1Π states of NO+ relevant to the present pro-
cess (solid lines). Singlet W 1∆, A′ 1Σ− and triplet b′ 3Σ−,
w 3∆, b 3Π, a 3Σ+ states of NO+ are also shown by dash
and dash-dot-dot lines, respectively. The dissociation limits are
marked by hollow triangles and the Franck-Condon region for
the ground state of NO is drawn in by vertical dot lines. (b) and
(c) Potential energy curves for the 2Σ−, 2∆ and 2Σ+ states of
core-excited N∗O and NO∗ molecules simulated in the present
work in the ‘Z + 1’ equivalent core approximation (see discus-
sion in the text).

the zero of the energy scale was set to the v = 0 vibra-
tional level of the NO ground state and all the computed
ionic potential curves of NO+ were shifted by +0.35 eV.
The latter shift was applied to eliminate the systematical
difference originating from the different size of the virtual
space used in the molecular ions CI calculations. Potential
curves for the X 2Π ground state of NO, and the X 1Σ+

and A 1Π states of NO+ relevant to the present process
are drawn in by solid lines. To have a complete overview,
the singlet W 1∆, A′ 1Σ− (dash lines) and triplet b′ 3Σ−,
w 3∆, b 3Π, a 3Σ+ (dash-dot-dot lines) states of NO+

are also shown. From Table 2 a good agreement between
computed and measured [19,46] spectroscopic constants is
obvious.

In order to compute the potential energy curves of
the 2Σ−, 2∆ and 2Σ+ states of the N∗O or NO∗ core-
excited molecule we apply the equivalent core ‘Z + 1’ ap-
proximation. This approximation is rather restricted [47]
and results, for instance, in a wrong order of the N∗O
electronic states [48]. Therefore we used experimental
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Table 2. Comparison between experimental [19,46] and theo-
retical spectroscopic constants for the ground state of the NO
molecule and some states of the NO+ ion. Molecular constants
D0, ωe, ωexe, re and IPa have the standard meaning [19].

State/ D0 ωe ωexe re IPa

Source eV cm−1 cm−1 Å eV

NO X 2Π
MRCI 6.15 1903 16.4 1.1586
[19,46] 6.497 1904.2 14.08 1.1508
NO+ X 1Σ+

MRCI 10.64 2367 16.7 1.070 9.26
[19,46] 10.851 2376.7 16.26 1.0633 9.264
NO+ a 3Σ+

MRCI 4.27 1273 15.3 1.298 15.63
[19,46] 4.452 1303.1 15.16 1.281 15.663
NO+ b 3Π
MRCI 4.38 1723 19.0 1.178 16.52
[19,46] 4.471 1710 14.18 1.1756 16.560
NO+ w 3∆
MRCI 4.09 1321 11.7 1.296 16.81
[19,46] 4.156 1316.9 10.83 1.279 16.875
NO+ b′ 3Σ−

MRCI 3.36 1298 12.1 1.301 17.54
[19,46] 3.431 1283.2 10.77 1.2759 17.600
NO+ A′ 1Σ−

MRCI 3.10 1278 13.5 1.299 17.80
[19,46] 3.212 1279.9 13.21 1.287 17.819
NO+ W 1∆
MRCI 2.81 1227 14.9 1.310 18.09
[19,46] 2.955 1217.7 11.59 1.301 18.076
NO+ A 1Π
MRCI 2.58 1567 16.5 1.203 18.32
[19,46] 2.705 1601.9 20.21 1.1939 18.325

photoionization spectra measured in [49] to calibrate the
energies and equilibrium distances of the potential energy
curves computed for the X 3Σ−

g , a 1∆g and b 1Σ+
g states of

O2 and the X 3Σ−, a 1∆ and b 1Σ+ states of NF molecules.
Calculations were performed within the Franck-

Condon approximation which influences the calculated
photoionization spectra by no more than 5% [18]. The
following parameters were used in the calculations: (i) the
relative intensity ratios to excite the 2Σ+, 2∆ and 2Σ−
states of N∗O (1.00:1.95:2.43) and NO∗ (1.00:2.13:3.52)
from [18]; (ii) the natural widths of 124 meV [9] for N∗O
and 170 meV [10] for NO∗; and (iii) the experimental [49]
exciting-photons resolutions of 75 meV and 130 meV, re-
spectively, for the N∗O and NO∗ cases. The energies of
the zero-vibrational levels of the 1σ1(2σ1)2π2 2Λ states,
E(Λ)vr=0, and the shifts, ∆re(Λ), for the equilibrium in-
ternuclear distances, rcalc

e , calculated within the ‘Z + 1’
approximation were adjusted in the present work in order
to reproduce the photoionization spectra from [49].

The total N∗O and NO∗ photoionization cross sections
calculated in the present work are compared with the ex-
perimental data measured by [49] in Figure 4. The contri-
butions from transitions to the 2Σ−, 2∆ and 2Σ+ states
are also shown. One can see a good overall agreement
between computed and measured photoionization spectra
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Fig. 4. Experimental N∗O and NO∗ photoionization cross sec-
tions from [49] (open circles) together with presently computed
ones (solid lines). The contributions from the transitions to the
2Σ− (dash), 2∆ (dash-dot-dot) and 2Σ+ (dot) states are shown.

Table 3. Spectroscopic constants for the potential energy
curves of N∗O and NO∗ states calculated in the present work.
Adjustments of both re(Λ) and E(Λ)vr=0 for potential curves
of the O2 and NF molecules were made in order to reproduce
the N∗O and NO∗ photoionization spectra from [49].

State E0 ωe ωexe r
∗)
e ∆r

∗)
e

eV meV meV Å Å

N∗O (2∆) 399.37 194 1.9 1.228 +0.005
N∗O (2Σ−) 399.66 203 1.6 1.224 +0.010
N∗O (2Σ+) 400.00 184 2.1 1.235 +0.005

NO∗ (2Σ−) 531.33 150 1.5 1.340 +0.015
NO∗ (2∆) 532.39 155 1.2 1.318 +0.005
NO∗ (2Σ+) 533.42 157 1.3 1.306 − 0.005

∗) Listed values of the re are connected with the computed
rcalc

e values and shifts ∆re(Λ) via equation re = rcalc
e + ∆re.

depicted in Figure 4. The presently computed vibrational
constants ωe, ωexe and adjusted values of E0 = E(Λ)vr=0

and re = re(Λ) (as well as the shifts ∆re = ∆re(Λ)) for
potential energy curves of the N∗O and NO∗ states are
listed in Table 3. These constants are in good agreement
with the experimental [9,10,49] and theoretical [18] data
available from literature. The potential energy curves of
the 2Σ−, 2∆ and 2Σ+ states of core-excited N∗O and NO∗
molecule simulated in the present work are depicted in
Figures 3b and 3c and used in the further calculations of
the A → X fluorescence intensity distribution.

4 Results and discussion

In the following sections we analyze the fluorescence emis-
sion cross sections (1) and (2) measured in the present ex-
periment. Therefore in Section 4.1 we compute cross sec-
tions for direct population of A 1Π(v′) states via Auger
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decay of N∗O and NO∗ resonances. The experimental and
theoretical cross sections for the NO+

(
A 1Π → X 1Σ+

)

fluorescence are compared in Section 4.2. The influence of
radiative cascade transitions in the NO+ ion on the cal-
culated fluorescence spectra is estimated in Section 4.3.

4.1 Direct population of the A 1Π state

Partial σΛ
Av′ (ω) and total σAv′ (ω) cross sections for pop-

ulation of the A 1Π state via Auger decay of the N∗O
and NO∗ resonances were computed in the two approxi-
mations: with and without accounting for the LVI. Calcu-
lations were performed within the Franck-Condon approx-
imation applying equation (8). We used the same intensity
ratios to excite the 2Σ+, 2∆ and 2Σ− states of N∗O and
NO∗ as in computing the photoionization cross section
in Section 3.2. In order to compute the Auger rates (9)
entering equation (8) the single center technique in com-
bination with the MO LCAO technique was used as in our
previous papers [7,38].

The relative partial Auger rates Γ A
π∗(Λ) calculated in

the present work are 1.00:1.00:0.06 for the 2Σ+,2∆, 2Σ−
states of the N∗O resonance and 1.00:1.00:0.01, respec-
tively, for the NO∗ resonance. These ratios are in good
agreement with calculations of [18] which amount to 1.00:
0.92:0.12 for the 2Σ+, 2∆, 2Σ− states of the N∗O res-
onance and to 1.00:1.08:0.04, respectively, for the NO∗
resonance. The difference between these two calculations
is connected with the fact that we used a single-electron
HF approach for the final state of the molecular Auger
transition whereas the CI approach and atomic integrals
from the data tables of [50] have been applied by [18]. One
can recognize that the partial Auger rate (9) for populat-
ing the A 1Π state via the 2Σ− resonance is almost by
one order of magnitude smaller than the partial rates for
the 2∆ and 2Σ+ resonances which are practically equal.
This is due to the destructive and constructive interference
between direct, J , and exchange, K, Coulomb integrals
entering the expressions for the VAβε

π∗(Λ) matrix elements
(
VAβε

π∗(Σ−) ∝ J − K and VAβε
π∗(Σ+,∆) ∝ J + K

)
.

Total population cross sections σAv′ (ω) computed for
the v′ ≤ 4 vibrational levels relevant to the present mea-
surements are depicted in Figure 5. In both cases, N∗O
and NO∗, the partial cross sections σΛ

Av′ (ω) are also shown
in the uppermost panels for the v′ = 0 vibrational level
only. One can recognize that the partial cross section
σΣ−

A0 (ω) for population of the A 1Π(v′ = 0) level via the
2Σ− intermediate state is very small compared with the
σ∆

A0 (ω) and σΣ+

A0 (ω) ones, which is due the very low Auger
rate Γ A

π∗(Σ−) in comparison with the Γ A
π∗(∆) and Γ A

π∗(Σ+)

rates. This results in a dip in the total cross sections
σAv′ (ω) for population of the A 1Π(v′) levels via the N∗O
resonance which is situated between two maxima. Since
the order of the electronic states for the NO∗ resonance is
different the above dip in the total population cross sec-
tion is in this case located on the low energy side of the
two maxima.
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Fig. 5. Total cross sections for population (6) of the A 1Π (v′)
vibrational levels via the N∗O and NO∗ resonances computed
with (solid line) and without (dashed line) taking into account
the LVI. In both N∗O and NO∗ cases (for the v′ = 0 vibrational
level only) the uppermost panels illustrate the partial cross
sections (8) for the 2∆ (dash), 2Σ− (solid), and 2Σ+ (dash-
dot-dot) states.

One can see from the left panels of Figure 5 that
both maxima in the total population of the A 1Π(v′) vi-
brational levels via the N∗O resonance are permanently
shifted toward larger exciting-photon energies with in-
creasing v′ quantum number. This is due to the fact that
the potential energy curves for the NO+ A 1Π state and
for the core-excited N∗O electronic states are very simi-
lar at the respective equilibrium internuclear distances (cf.
value of ωe(A 1Π) ≈ 199 meV with ωe(N∗O) ≈ 195 meV
and value of re(A 1Π) = 1.19 Å with re(N∗O) ≈ 1.21 Å,
listed in Tabs. 2 and 3). Therefore, the Franck-Condon
factors for Auger decay |〈v′ |vr 〉|2 are approximately diag-
onal and high vibrational levels v′ of the A 1Π state are
mainly populated via high vibrational levels vr of the N∗O
resonance. This argumentation is not true for the NO∗ in-
termediate states and, therefore, the above shift is not as
obvious from the right panels of Figure 5.

One can also see from Figure 5 that the influence of the
LVI on the computed cross sections for population of the
A 1Π(v′) states via the intermediate N∗O resonance is not
very large. This holds because the vibrational spacing of
195 meV is about 1.5 times larger than the natural width
of 124 meV of the N∗O resonance [9]. On the other hand,
the areas and shapes of the σAv′ (ω) calculated with and
without LVI for the NO∗ resonance are very different be-
cause its natural width of 170 meV is already larger than
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Table 4. Relative integrated cross sections (12) for total pop-
ulation of the A(v′ ≤ 4) vibrational levels via the N∗O and
NO∗ resonances calculated in different approximations. The
sum over the v′ index of the direct population cross sections
(lines ‘a’ and ‘b’) is normalized to 100%.

Sate A(v′)
Level 0 1 2 3 4 ... Sum

N∗O a) 34.8 29.2 18.1 9.7 4.7 ... 100

N∗O b) 42.4 29.2 15.3 7.4 3.4 ... 100

N∗O c) 146 53.2 23.7 10.2 4.2 ... 240

NO∗ a) 9.3 7.7 6.4 6.2 6.7 ... 100

NO∗ b) 24.2 17.3 11.4 8.5 6.9 ... 100

NO∗ c) 239 94.2 43.3 20.5 10.5 ... 436
a) Lifetime vibrational interference is neglected; b) lifetime vi-
brational interference is accounted for; c) cascade population
via radiative decay of the A′ 1Σ− and W 1∆ states is accounted
for.

the vibrational spacing of 150 meV [10]. In order to illus-
trate the interference effects quantitatively, we introduced
the integral cross sections, σ̄Av′ , for total population of
the A 1Π(v′) vibrational levels via the 1s−1π∗ resonance:

σ̄Av′ =
∫ ω2

ω1

σAv′ (ω) dω, (12)

where the integration is performed within the present exci-
ting-photon energy range similar to equation (2). Rela-
tive values of the σ̄Av′ computed in the different approx-
imations for the v′ ≤ 4 vibrational levels relevant to the
present measurements are listed in Table 4. The sum of the
direct integral population cross sections over v′ is normal-
ized to 100%. From this table one can recognize that LVI
transfers the integral population of the A 1Π(v′) states
from higher to lower v′ vibrational quantum numbers.

The accuracy of computing the population σΛ′Σ′v′ (ω)
was tested by calculating the Auger spectra of the res-
onantly excited NO molecule measured in [14,15]. The
presently computed participator 1s−1π∗ → X 1Σ+ Auger
spectra of the N∗O and NO∗ molecules (not shown in the
present paper) are in good agreement with the theoretical
and experimental data from [14,15]. The overall agree-
ment between the presently computed total spectra for
the spectator 1s−1π∗ → ΛΣ Auger decay and the spec-
tra from [14] is satisfactory. However, for some partial
spectator Auger spectra discrepancies between the spec-
tra computed by [14] and ours exist. This can be related
to the different potential curves and partial Auger rates
used in our paper and in [14] (in [14], Morse potentials
and Auger rates were adjusted in order to fit the experi-
mental spectra).

4.2 Cross sections for the A → X fluorescence

The relative values of presently measured cross sections
for the A 1Π(v′) → X 1Σ+(v′′) fluorescence σXv′′

Av′ (ω)
are shown in Figure 6 whereas the experimental dou-
bly integrated cross sections σ̄Xv′′

Av′ are listed in Table 5.

Table 5. Doubly integrated cross sections σ̄Xv′′
Av′ (2) observed

for the A(v′) → X(v′′) fluorescence of the NO+ ion after Auger
decay of the 1s−1π∗ resonance of N∗O and NO∗ and calculated
in the different approximations (relative to the σ̄X1

A1 in %).

N∗O NO∗

Band a) b) c) d) a) b) c) d)
4–0 24 17 12 8(1) 131 60 17 13(2)
3–0 44 34 25 22(4) 107 65 29 30(7)
2–0 59 50 42 35(8) 79 63 44 36(8)
3–1 15 12 9 12(2) 37 23 10 20(4)
1–0 50 50 50 40(8) 50 50 50 44(8)
2–1 57 49 41 41(2) 77 61 43 39(4)
0–0 17 21 39 24(1) 17 20 36 22(2)
1–1 100 100 100 100 100 100 100 100
2–2 4.9 4.1 4 4(1) 7 5 4
0–1 61 74 140 117(5) 61 71 129 123(6)

a) Theory: lifetime vibrational interference is neglected; b) the-
ory: lifetime vibrational interference is accounted for; c) theory:
cascade population of the A 1Π state via radiative decay of the
A′ 1Σ− and W 1∆ states is accounted for; d) experiment: data
corrected for the QE of CsI detector.

The values of σ̄X1
A1 for the prominent and well separated

A(v′ = 1) → X(v′′ = 1) band (line No. 19) were set in Ta-
ble 5 to 100%. Ambiguous separation of observed overlap-
ping lines and background fluorescence emission results in
the error bars listed together with measured values of the
σ̄Xv′′

Av′ . Experimental cross sections σXv′′
Av′ (ω) for the bands

2–0 (line no 12), 3–1 (line no 14), 1–0 (line no 15) and 0–0
(line no 18), although resolved in the present experiment,
are not shown in the right panels of Figure 6 due to the
low count rate (signal-to-noise ratio) in the NO∗ case (see
also Fig. 2b), whereas the 2–2 band (line No. 20) in this
case was not resolved.

In order to calculate cross sections for the A 1Π(v′) →
X 1Σ+(v′′) fluorescence we computed the radiative widths
Γ Xv′′

Av′ and fluorescence yields χXv′′
Av′ . In computing the flu-

orescence yield via equation (10) we neglected the pos-
sible A 1Π → A′ 1Σ− and A 1Π → W 1∆ transitions
which have negligibly low probability compared with the
A 1Π → X 1Σ+ fluorescence due to the small transition
energy factor (λv′v′′)−3 entering equation (11). The partial
fluorescence widths Γ Xv′′

Av′ for the A(v′) → X(v′′) transi-
tions were computed in the present work with account-
ing for the dependence of the electron transition moment
DX

A (R) on the internuclear distance via equation (11).

Computed cross sections σXv′′
Av′ (ω) for the A 1Π(v′) →

X 1Σ+(v′′) fluorescence excited via N∗O and NO∗ res-
onances are compared with available experimental cross
sections in Figure 6. For a better comparison with ex-
periment the cross sections computed via equation (5)
were additionally convolved with Gaussians of 100 meV
and 135 meV FWHM for the N∗O and NO∗ excita-
tions, respectively. In order to facilitate comparison of the
exciting-photon energy dependencies we equalized the re-
spective areas of computed and measured cross sections
σXv′′

Av′ (ω). One can see from Figure 6 that the shapes of
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Fig. 6. (Color online) Comparison between presently measured and computed cross sections for the A 1Π(v′) → X 1Σ+(v′′)
fluorescence excited via the N∗O and NO∗ resonances. Cross sections computed via equation (5) were additionally convolved
with Gaussians of 100 meV and 135 meV FWHM, respectively. For better comparison of shapes the areas of computed cross

section were set equal to the respective areas of the measured ones whereas the doubly integrated cross sections σ̄Xv′′
Av′ (2) are

compared in Table 5. For the NO∗ case the fluorescence cross sections calculated neglecting the LVI are shown by short-dash
lines and those estimated with additional cascade population of the A 1Π state via radiative decay of the A′ 1Σ− and W 1∆
states by dash-dot lines.

the computed σXv′′
Av′ (ω) agree very well with the shapes of

the measured ones. From equation (5) it is evident that
the energy dependence of the fluorescence emission cross
sections σXv′′

Av′ (ω) originates from the energy dependence
of the cross sections σAv′ (ω) for total population of the
A 1Π(v′) states. Therefore, dips in the fluorescence inten-
sities observed for the A(v′) → X(v′′) bands occur due to
the small Auger rate Γ A

π∗(Σ−) compared with the Γ A
π∗(Σ+)

and Γ A
π∗(∆) rates (see also discussion in Sect. 4.1).

Fluorescence cross sections calculated neglecting the
LVI are shown in the right panels of Figure 6 for the NO∗
case by short-dash lines. One can see that accounting for
the LVI changes the exciting-photon energy dependencies
of the calculated σXv′′

Av′ (ω) and improves the agreement be-
tween theory and experiment noticeably. Unfortunately,
the influence of the LVI on the calculated cross sections
in case of the N∗O excitation cannot be tested experimen-
tally due to the present exciting-photon resolution and,
therefore, was not represented in Figure 6.

The relative values of doubly integrated cross sections
σ̄Xv′′

Av′ calculated in different approximations are compared
in Table 5 with measured ones. The experimental values
of the σ̄X1

A0 in both, N∗O and NO∗, cases are larger than
the theoretical ones since the 1–0 fluorescence band in the
present measurements cannot be separated from the NI
atomic line and the 3–3 band (see line No. 21 in Tab. 1).

One can see from Table 5 that accounting for the LVI
changes the computed values of σ̄Xv′′

Av′ (small changes in
the N∗O and large ones in the NO∗ cases) and definitely
improve the agreement between computed and measured
doubly integrated cross sections. For instance, account-
ing for the LVI decreases the computed values of σ̄X0

A4
and σ̄X0

A3 in the NO∗ case by the factors of 2.2 and 1.7,
respectively. However, in both the N∗O and NO∗ cases
the differences between computed ‘columns b)’ and mea-
sured ‘columns d)’ values of the σ̄Xv′′

Av′ are still remarkable.
To some extent this disagreement can be related to the
fact that we measure the fluorescence from the aligned
A 1Π(v′) states whereas the computed fluorescence refers
to isotropic states. An investigation of the A 1Π → X 1Σ+

fluorescence anisotropy is planned to be done in the future.

4.3 Cascade population of the A 1Π state

In this section we estimate the influence of possible cas-
cade processes in the NO+ ion on the measured A 1Π →
X 1Σ+ fluorescence emission cross sections. The energy
level diagram describing some singlet and triplet states of
the NO+ ion is shown in Figure 7. Since the probability
for predissociation is usually by several orders of magni-
tude larger than the radiative decay probability [51] we
restricted our consideration to singlet and triplet states of
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Fig. 7. (Color online) Scheme of radiative cascades in the NO+

ion: (a) A 1Π → X 1Σ+ fluorescence; (b) cascade population
of the A 1Π state via radiative decay of the A′ 1Σ− and W 1∆
states; (c) de-population of the A′ 1Σ− and W 1∆ states via
spin forbidden transitions to the b 3Π state; (d) and (e) de-
population of the A 1Π state via radiative transition to the
A′ 1Σ− and W 1∆ states and spin forbidden transitions to
the b′ 3Σ−, w 3∆ and a 3Σ+ states. The energy positions of
the vibrational levels of the NO+ states were obtained using
experimental data from [46].

the NO+ ion lying below the first N(4S)+O+(4S) disso-
ciation limit (20.107 eV [19,52]). The 1,3Π and 1,3∆, Σ−
states of the NO+ ion have a relatively strong population
via the 1sελ − 5σ2π and 1sελ − 1π2π participator Auger
decays of the 1s−1π∗ resonance [18]. One can see from this
diagram that higher vibrational levels of the A′ 1Σ− and
W 1∆ states can (if energetically possible) additionally
populate the A 1Π(v′) states via radiative transitions ‘(b)’,
which in the pure ΛΣ-coupling scheme are the only deexci-
tation channels for the A′ and W singlet states. Therefore,
radiation cascades will transfer population of the A′ 1Σ−
and W 1∆ states to the A 1Π(v′) levels (basically to the
lower v′ quantum numbers due to the transition energy
factor).

It is difficult to estimate the individual populations of
the A′ 1Σ− and W 1∆ states on the basis of the experi-
mental Auger spectra due to the overlapping between lines
belonging to different valence-ionized states, as mentioned
in the introduction. Therefore, the total cross sections for
populating the A 1Π(v′) states, σc

Av′ (ω), which account
for the direct and additional cascade transitions, were cal-
culated in the present paper as:

σc
Av′ (ω) = σAv′ (ω) +

∑

K′′,v′′
σK′′v′′ (ω) χAv′

K′′v′′ , (13)

where σK′′v′′ (ω) are cross sections for population of the
K ′′(v′′) states via Auger decay of the 1s−1π∗ resonance,
and χAv′

K′′v′′ is the yield for K ′′(v′′) → A 1Π(v′) fluores-

cence emission. In the subsequent calculations we neglect
a possible spin-orbit coupling between singlet and triplet
states of the NO+ ion. This restricts: (i) possible K ′′ states
populating the A 1Π state to the A′ 1Σ− and W 1∆
states only; and (ii) possible de-excitation channels for
the A′ 1Σ− and W 1∆ states to the A 1Π state only.

Relative values of integral population cross sections
σ̄c

Av′ calculated via equations (13) and (12) are listed in
the lines ‘c)’ of Table 4. One can see from this table, that
radiative transitions from the A′ 1Σ− and W 1∆ states
increase the population of the A 1Π states strongly, es-
pecially for lower v′ levels. The ratios of population cross
sections calculated with and without accounting for the
cascade processes, σ̄c

Av′/σ̄Av′ , are: 3.4, 1.8 and 1.6 for the
v′ = 0, 1 and 2 levels in the case of the N∗O excitation and
9.9, 5.4 and 3.8 for the v′ = 0, 1 and 2 levels in the case
of the NO∗ excitation. As a result, exciting-photon energy
dependencies of the theoretical population cross sections
σc

Av′(ω) and, consequently, of the fluorescence emission
cross sections σXv′′

Av′ (ω) are determined mainly by the en-
ergy dependencies of the cross sections for population of
the A′ 1Σ− and W 1∆ states via the 1s−1π∗ resonance.
This fact is demonstrated in the right panels of Figure 6 for
the NO∗ case only. One can see that the exciting-photon
energy dependencies of the fluorescence emission cross sec-
tions σXv′′

Av′ (ω) calculated with accounting for the radiation
cascades (dash-dot lines) differ from the measured ones.

The relative doubly integrated cross sections for the
A 1Π(v′) → X 1Σ+(v′′) fluorescence calculated with ac-
counting for the radiative transitions from the A′ 1Σ− and
W 1∆ states are listed in the columns ‘c)’ of Table 5. One
can recognize from this table, that the above cascade tran-
sitions bring the relative values of calculated cross sections
σ̄Xv′′

Av′ in a better agreement with the experimental ones.
Indeed, dipole transitions from the A′ 1Σ− and W 1∆
states decrease the relative cross sections for the fluores-
cence from higher v′ vibrational levels of the A 1Π state
which, in turn, is due to the strong increase of the total
population of lower v′ levels. Thus, radiation cascades im-
proves the agreement between the theoretical and experi-
mental doubly integrated cross sections σ̄Xv′′

Av′ but deterio-
rate the agreement between the calculated and measured
exciting-photon energy dependencies of the σXv′′

Av′ (ω).
In order to reduce the dominating cascade popula-

tion of the A 1Π state via radiative transitions from the
A′ 1Σ− and W 1∆ states we suggest a substantial spin-
orbit coupling between the singlet and triplet states of
the NO+ ion. This makes possible the A′ 1Σ− → b 3Π
and W 1∆ → b 3Π spin forbidden dipole transitions
(marked by ‘(c)’ in scheme 7) which can be observed in
the visible range approximately between 500 and 950 nm.
The suggested coupling is supported by the measurements
of [20] where the fluorescence from the b 3Π → X 1Σ+

triplet–singlet transitions has been clearly observed. In
addition, we propose mechanisms for the de-population
of higher v′ vibrational levels of the A 1Π state which
could bring the theoretical doubly integrated cross sec-
tions for the A 1Π → X 1Σ+ fluorescence in a better agree-
ment with the experimental ones and will not influence the
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exciting-photon energy dependencies of the calculated flu-
orescence cross sections σXv′′

Av′ (ω). These mechanisms are:
the A 1Π → A′ 1Σ− and A 1Π → W 1∆ transitions ‘(d)’
in scheme 7 and the A 1Π → b′ 3Σ−, A 1Π → w 3∆ and
A 1Π → a 3Σ+ transitions ‘(e)’ neglected in the present
calculations of the A 1Π → X 1Σ+ fluorescence yield. The
above singlet–singlet transitions manifest themselves as a
fluorescence in the infrared wavelength region, whereas
the singlet–triplet fluorescence can be observed in the vis-
ible range between 400 and 800 nm. In order to take all
the above population and de-population pathways into ac-
count, precise calculations of absolute fluorescence rates
for the (a)–(e) transitions in scheme 7 are required.

From the experimental point of view, in order to esti-
mate the real influence of the radiation cascade processes
on the observed A 1Π → X 1Σ+ fluorescence, one needs
to measure the ratio of integral cross sections for popu-
lating the A 1Π(v′ = 0) and A 1Π(v′ = 1) states. From
Table 4 it is evident that the ratios σ̄A0/σ̄A1 (lines ‘b)’)
are equal to 1.5 for the N∗O and 1.4 for the NO∗ cases,
whereas the ratios σ̄c

A0/σ̄c
A1 (lines ‘c)’) are equal to 2.7

and 2.5, respectively. Unfortunately, in the present exper-
iment, none of the above theoretical ratios could be tested
since the observed transitions from the A 1Π(v′ = 0) state
are either too weak (0–0 band) or were not separated
from the other lines (0–1 band). Therefore, an additional
experimental information on the most intensive and well
separated 1–2, 0–2, 0–3, 0–4, 1–5, 0–5 and 1–6 bands of
the NO+

(
A 1Π → X 1Σ+

)
system excited via the 1s−1π∗

resonance is of considerable interest. These bands can be
observed between 140 and 180 nm [20]. Both, precise cal-
culations of the radiative cascade transitions in the NO+

ion and the experimental investigation of the extended flu-
orescence wavelength interval are the subjects of a forth-
coming paper.

5 Summary

Cross sections for the excitation of fluorescence in the
wavelength range between 118 and 142 nm were measured
for the nitric oxide by photon-induced fluorescence spec-
troscopy as functions of the exciting-photon energy be-
tween 398.95 eV and 400.85 eV and between 530.90 eV
and 535.45 eV, corresponding to the N∗O and NO∗ res-
onances, respectively. Resolution of the exciting-photon
radiation was set to 100 meV and 135 meV FWHM at
400 eV and 530 eV, respectively. The fluorescence reso-
lution was ∆λfl = 0.2 nm. The observed fluorescence is
dominated by transitions in the neutral and charged N
and O fragments and by A 1Π(v′) → X 1Σ+(v′′) vibra-
tional bands of the NO+ ion. In order to explain the ob-
served cross sections for A → X fluorescence emission we
computed the potential energy curves for the molecular
states involved in the considered process. The molecular
constants computed for these states are in good agreement
with the experimental data. The photoionization spectra
computed for the N∗O and NO∗ intermediate states are
also in good agreement with the measured ones.

Cross sections for the A 1Π(v′) → X 1Σ+(v′′) fluores-
cence were computed in the present paper with taking into
account the lifetime vibrational interference between path-
ways connected with different 1s−1π∗ (vr) vibrational lev-
els. It was demonstrated that the complex dependencies of
the measured cross sections for the A → X fluorescence on
the exciting-photon energy and on both v′ and v′′ vibra-
tional quantum numbers are due to the small Auger rate
for the 2Σ− intermediate N∗O and NO∗ core-excited state
compared with the rates for the 2∆ and 2Σ+ states and
due to the lifetime vibrational interference (very strong in
the NO∗ case). In order to reduce the remaining differ-
ence between calculated and measured doubly integrated
fluorescence cross sections the additional cascade popu-
lations of the A 1Π state via radiative transitions from
the W 1∆ and A′ 1Σ− states were estimated. It was ob-
tained that the cascade transitions improve the agreement
between calculated and measured doubly integrated cross
sections σ̄Xv′′

Av′ and simultaneously deteriorate the agree-
ment between the exciting-photon energy dependencies of
the calculated and measured σXv′′

Av′ (ω).
The discrepancy between the energy dependencies of

the cross sections calculated with accounting for the ra-
diative cascade transitions and the measured fluorescence
emission cross sections led us to infer a significant spin-
orbit coupling between singlet and triplet states of the
NO+ ion which makes possible spin forbidden dipole tran-
sitions. A more accurate interpretation of the present ex-
periment requires a detailed theoretical study of the ra-
diative cascade processes in the NO+ ion including the
spin forbidden dipole transitions and measurements of the
A 1Π(v′) → X 1Σ+(v′′) fluorescence excited via the N∗O
and NO∗ resonances in an extended wavelength range up
to 180 nm.
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