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Angular distributions of the CO+�A 2�� photoelectrons and of the CO+�A 2�→X 2�+� fluorescence are
computed in the vicinity of the 1s−1�� resonant excitation of the C�O molecule. In the calculations, lifetime
vibrational interference and the direct transition amplitude for population of the A 2��v�� states were taken into
account ab initio. The weak direct photoionization channel induces broad exciting-photon energy range dis-
persions of the angular distribution parameters �A

e ��� and �2A
X���, and the nuclear vibrational motion causes

variations of the computed parameters across the positions of the C�O�vr� vibronic states. Present calculations
are in good agreement with available vibrationally and angularly resolved resonant Auger spectra. Theoretical
�2A

X��� parameters are in agreement with the experimental results from the polarization analysis of the
CO+�A-X� fluorescence induced by linearly polarized synchrotron radiation.
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I. INTRODUCTION

Alignment and orientation of the residual ion in photoion-
ization provide detailed conclusions on the emitted photo-
electron partial waves �1�. The corresponding parameters are
usually obtained from the angular distribution or polarization
analysis of fluorescence emitted via subsequent relaxation of
the ion �2–5�. Recent progress in the development of experi-
mental and theoretical methods enabled a set of studies of
the fluorescence polarization �similar to its angular distribu-
tion� in atoms �see, e.g., the review �6��. However, to our
knowledge, there are neither experimental nor theoretical
studies of this problem in molecules.

In the present paper we report the joint theoretical and
experimental study of the angular distributions of photoelec-
trons and fluorescence radiation emitted in the vicinity of the
C�O 1s−1�� resonance. Here, the participator Auger decay of
the core-excited state into the CO+�A 2�� valence-ionized
state, and the subsequent A 2�→X 2�+ fluorescence in the
CO+ ion will be studied. From our previous work on the
Auger decay of Kr 3d9np resonances �3–5� we know that, if
the resonant photoionization channel dominates over the di-
rect one �this applies for the C�O excitation�, the correspond-
ing resonant features in the angular distribution parameters
are much broader than in the cross sections. As demonstrated
in �3–5�, the weak direct photoionization channel plays an
important role resulting in broad exciting-photon energy de-
pendencies �dispersions� of the Auger electron angular dis-
tribution and residual ion polarization parameters. The influ-
ence of the weak direct photoionization channel on the decay
of the C�O resonance is, therefore, one aim of the present
work.

Resonant Auger �RA� decay of the C�O 1s−1�� core-
excited molecule is one of the most thoroughly studied pro-

cesses both, experimentally �7–13� and theoretically �10–16�.
In the vicinity of the 1s−1�� excitation �287.4 eV� the ampli-
tude for direct population of the final RA states is small
compared to the resonant transition amplitude. Therefore, the
majority of features in measured RA spectra can be satisfac-
torily reproduced by computations �11–14� neglecting the di-
rect channel �i.e., applying a two-step �2ST� model for reso-
nant excitation and Auger decay� and accounting for the
lifetime vibrational interference �LVI �17�� effects in the
resonant channel. First indications for the importance of the
direct photoionization channel in the description of the RA
spectra of the C�O molecule were reported in �10�. In this
work, the strong exciting-photon energy dependencies of the
branching ratios between the integral intensities of the differ-
ent participator Auger channels observed by detuning the
photon energy from the resonance were explained by the
presence of the weak direct channel.

The RA electron angular distribution parameters for ran-
domly oriented CO molecules were measured with relatively
low resolutions in �7,8�. The electronic parts of the aniso-
tropy parameters were computed in �15,16� within the 2ST
model, and were found in reasonable agreement with the
data of �8�. The angular distribution of RA electrons was
reinvestigated later with higher excitation energy and elec-
tron detection resolution �12,13�, resolving vibrational struc-
tures of both initial and final Auger states. Substantial varia-
tions of measured parameters with the vibrational quantum
numbers of the resonance state, vr, and final Auger states, v�,
were observed in �13� and tentatively assigned to the influ-
ence of the direct photoionization channel in the presence of
the LVI. Opposite results were reported in �9�, where the
molecule-fixed frame Auger electron angular distributions of
the C�O resonance, measured with high energy resolution
and interpreted applying the 2ST model, were found to be
independent of the molecular vibrational motion. Therefore,
another goal of the present work is to study how the vibra-*demekhin@physik.uni-kassel.de
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tional motion in molecules influences angular distributions of
the photoelectrons and fluorescence radiation.

The paper is organized as follows. The present theoretical
approach is described in Sec. II. Theoretical results are dis-
cussed in Sec. III and compared with the present experiment
in Sec. IV. We conclude with a brief summary.

II. THEORY

The processes relevant to the present study can be sche-
matically represented as follows:

�G� CO 2�21�45�2�X 1�+,v0 = 0� + ��

↓ Resonant core excitation

�R� C�O 2�11�45�22�1�1�,vr�
⇓ Autoionization or Direct ionization

�D� CO+ 2�21�35�2�A 2�,v�� + 	�m


↓ Fluorescence decay

�F� CO+ 2�21�45�1�X 2�+,v�� + 	�m
 + hc/�

�1�

The single and double arrows denote electric-dipole and
Coulomb interaction, respectively. Linearly polarized syn-
chrotron radiation with the energy � around 287.4 eV excites
the ground state of the CO molecule �G� into the 1s−1��, vr
vibronic resonances of the C�O molecule �R� with their sub-
sequent autoionization via the participator Auger decay into
the CO+�A 2� ,v��	�m
 continua �D�. In addition, the direct
population of the CO+�A 2� ,v�� ionic states via a �G�
→ �D� dipole transition takes place �not indicated in scheme
�1� for brevity�. The A 2�, v� states of the CO+ ion decay in
the next step via emission of a photon in the visible fluores-
cence range ��=300–700 nm �18�� into the X 2�+, v� states
�F�.

In order to compute the transition energies and amplitudes
entering scheme �1� we applied the theoretical approach de-
veloped in �19–24�. Its brief description and basic equations
determining the angular distributions of photoelectrons and
fluorescence radiation for diatomic molecules are discussed
in the following sections.

A. General relations

We assume for simplicity that either Hund’s coupling case
�a� or �b� applies for the description of the diatomic molecule
�25�. Thus, the initial state of the molecule can be defined as
��0
0v0�, where 
0=�0+�0 is the projection of the total
electronic angular momentum along the molecular axis; �0
and �0 are the projections of the total orbital angular mo-
mentum L and the total spin S on the molecular axis; v0 is
the vibrational quantum number; and �0 denotes the remain-
ing quantum numbers of the initial state. The final state of
the ionization process consists of a bound ionic state
��1
1v1� and a photoelectron in a continuous spectrum,
which can be expanded in the asymptotical region via
�	�m
� partial waves �26� with fixed projections m and 
 of
the orbital angular momentum � and spin on the molecular
axis.

The angular distribution of photoelectrons after excitation
by linearly and circularly polarized light for these coupling
cases was derived previously in �26–28�. In the case where
randomly oriented molecules are excited by linearly polar-
ized light and the spin polarization of the photoelectrons is
not resolved in the experiment, the angular distribution of the
photoelectrons is described by the well known formula for
the differential photoionization cross section,

d�
1v1
���

d

=

�
1v1
���

4�
�1 + �
1v1

e ���P2�cos ��� , �2�

where � is the angle between the electric field vector of the
exciting radiation and the direction of propagation of the
outgoing electron emitted into the solid angle d
. The total
photoionization cross section, �
1v1

���, entering Eq. �2� can
be computed in the length form of the electric-dipole opera-
tor as

�
1v1
��� =

4�2�a0
2�

3g
0

�

0
1

�
�m
k

��
1v1,	�m
�dk�
0v0��2

= �

0
1

�
�m

�

k

�Dk�
1v1,	�m
��2, �3�

where �=1 /137.036 is the fine-structure constant, the square
of the Bohr radius a0

2=28.0028 Mb converts the atomic units
for cross sections to megabarn �1 Mb=10−22 m2�, g
0

is the
statistical weight of the initial electronic state ��0
0�, and the
energy � is connected with the energy of the photoelectron,
	, and the energy of the ��1
1v1� state, E
1v1

, as: �=E
1v1
+	. The transition amplitude Dk�
1v1 ,	�m
� defined in Eq.
�3� is given in �Mb�1/2. The first summation in Eq. �3� must
be performed over all degenerate electronic states ��0
0� and
��1
1�. In this formalism the electron angular distribution
parameter, �
1v1

e ���, is given by �26�

�
1v1

e ��� =
1

�
1v1
��� �


0
1

�
�m

�
��m�

�
kk�

�



�i��+��

�	30�2� + 1��2�� + 1��− 1���+m+ke−i���m−���m��

� 
� �� 2

0 0 0
�
 � �� 2

m − m� k� − k
�

�
 1 1 2

− k k� k − k�
�Dk�
1v1,	�m
�

�Dk�
� �
1v1,	��m�
� , �4�

where ��m is the phase shift of the electron partial wave.
Proceeding along the same lines as suggested in �26� for

treating molecular aspects of the problem we have derived
equations describing the angular distribution of the fluores-
cence emitted in the subsequent ��1
1v1�→ ��2
2v2� transi-
tion. The angular distribution of fluorescence for randomly
oriented diatomic molecules excited by linearly polarized
light is determined by the following formula for the differ-
ential fluorescence intensity:
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dI
1v1


2v2���

d

=

I
1v1


2v2���

4�
�1 + �2
1v1


2v2���P2�cos ��� , �5�

where � is the angle between the electric field vector of the
exciting radiation and the direction of detection of the fluo-
rescence radiation. In the two-step model for the photoion-
ization and fluorescence decay, the total fluorescence inten-
sity, I
1v1


2v2���, is a product of two terms,

I
1v1


2v2��� = �
1v1
����
1v1


2v2, �6�

where �
1v1
��� is defined by Eq. �3�, and the fluorescence

yield for the ��1
1v1�→ ��2
2v2� transition, �
1v1


2v2, is given
by

�
1v1


2v2 =
�
1v1


2v2

�
2v2
�
1v1


2v2
. �7�

The total radiative width in the denominator of Eq. �7� is the
sum of partial radiative widths over all accessible final vi-
bronic states ��2
2v2�. The fluorescence probability �
1v1


2v2

�equals the partial radiative width in atomic units� is given
by �29�

�
1v1


2v2 =
4

3g
1


2�

�
�3

�

1
2

�
q

��
2v2�dq�
1v1��2, �8�

where g
1
is the statistical weight of the electronic state

��1
1�, and the first summation must be performed over all
degenerate electronic states ��1
1� and ��2
2�.

In the above designations the equation for the fluores-
cence angular distribution parameter, �2
1v1


2v2���, reads:

�2
1v1


2v2��� =
1

B
�


0
2

�
qq�

�

1
1�

�
�m


�
kk�

3�− 1�k+q�+1

�
1 1 2

k − k� Mk
�
1 1 2

q − q� − Mk
�

� �
2v2�dq��
1�v1���
2v2�dq�
1v1�

�Dk�
� �
1�v1,	�m
�Dk�
1v1,	�m
� , �9�

where the normalization coefficient B is equal to

B = �

0
2

�

1kq

�
�m


��
2v2�dq�
1v1��2�Dk�
1v1,	�m
��2,

�10�

and parameters k, k�, q, q�, and Mk must satisfy the follow-
ing equality condition:

Mk = k� − k = q − q�. �11�

Two remarks are necessary here. We point out that in con-
trast to the parameter �e �Eq. �4��, the interference between
photoionization amplitudes corresponding to different partial
electron waves �	�m
� is absent in Eq. �9�. This fact is a
consequence of the integration of the fluorescence intensity
over all directions of emission of the photoelectron, since it
is not observed in coincidence with the fluorescent photon.

In the general case, Eq. �9� cannot be further simplified to the
incoherent sum of partial photoionization cross sections �and
without transition amplitudes for radiative decay� as it was
possible for the atomic fluorescence angular distribution pa-
rameter �3,30�. This is due to the fact that for diatomic mol-
ecules the summations over the indices 
1 and 
1� are in-
complete, since only electronic substates with ��
1� are
degenerate and substates with different absolute values �
1�
are nondegenerate. That is why the final equation for the
parameter �2 contains the interference between photoioniza-
tion amplitudes corresponding to the population of different
degenerate electronic substates ��1
1� and ��1
1��, and the
transition amplitudes for the ��1
1v1�→ ��2
2v2� radiative
decay enter Eqs. �9� and �10� in an explicit form.

In order to test Eqs. �4� and �9� we applied them to the
description of the following process in the He atom:

2p13p1 1S0 + �� → 2p1�2P1 � 2,3 � 2� + 	s1 � 2/	d3 � 2,5 � 2
1P1

→ 1s1 2S1 � 2 + 	s1 � 2/	d3 � 2,5 � 2 + hc/� ,

which is very similar to the presently studied molecular pro-
cess �Eq. �1��. In the calculations, the He atom was first
located in the coordinate origin, and the �e and �2 param-
eters were computed applying the equations valid for the
atomic case �3�. The same parameters were also computed
for the He atom shifted from the coordinate origin by �R
=+1 a.u. along the z axis applying Eqs. �4� and �9�. In both
cases we have obtained equal values for the computed angu-
lar distribution parameters.

B. Potential energy curves

The adiabatic potential energy curves were computed
similarly to our recent works �19,20,22,24� using the PC
GAMESS �General Atomic and Molecular Electronic Struc-
ture System� version Alex A. Granovsky �Ref. �31�� of the
GAMESS �U.S.� QC package �32�. We used a triple-zeta
valence �TZV� basis set �33� adding three polarization shells
of d type and one of f type. A multiconfiguration self-
consistent field �MCSCF� calculation choosing full valence
complete active space �FVCAS� with subsequent multirefer-
ence configuration interaction �MRCI� approach was applied
to calculate the potential energy curves.

The results of calculations for the X 1�+ ground state of
the CO molecule and for the X 2�+ and A 2� states of the
CO+ ion are depicted in Fig. 1�a�. The zero of the energy
scale was set to the v=0 vibrational level of the CO ground
state and potential curves of the CO+ were shifted by
+0.3 eV �24�. The quality of the calculations was checked
by computing the vibrational and rotational spectroscopic
constants. The presently computed spectroscopic constants
for CO and CO+ states are found to be in good agreement
with the experimental �34� ones.

In order to compute the potential energy curve of the
1s−1�� 1� core-excited state of the C�O molecule we ap-
plied the equivalent core “Z+1” approximation similar to our
previous studies of the core-excited states of the N2 and NO
molecules �19,20�. Thus, we computed the potential curve
for the X 2� ground state of the NO molecule. In order to
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eliminate a small inaccuracy of the Z+1 approximation we
used the experimental photoionization spectrum from �11�.
The total photoionization cross section calculated in the vi-
cinity of the C�O resonance is compared with the experimen-
tal �11� one in Fig. 2. In the calculation, we utilized experi-
mental natural widths of 80 meV �35� and the experimental
energy resolution of 60 meV. The energy of the zero vibra-
tional level, Evr=0, of the computed curve was set to the
experimental energy of 287.40 eV �11�. Good agreement
between vibrational intensity distributions in the computed
and measured cross sections was obtained by applying
a small shift to the equilibrium internuclear distance ��re
=+0.005 a.u.� of the computed potential curve. The poten-
tial curve of the 1s−1�� 1� state simulated as described
above is depicted in Fig. 1�b� and used in the further calcu-
lations.

C. Photoelectron molecular orbitals

In order to compute electronic transition matrix elements
we applied the single center �SC� approach �36,37�, which is
a powerful tool to study molecular photoabsorption
�20,22–24�. According to the SC method the molecular or-
bital �MO� of a diatomic molecule �where the projection m
of the angular momentum � along the internuclear axis is
conserved� is represented as an expansion by spherical har-
monics, Y�m�� ,��, with respect to the center �midpoint be-
tween the two nuclei�,

�nm�x,y,z� = �
�

Pn�m�r�
r

Y�m��,�� , �12�

where r, �, � are the coordinates with respect to the center,
Pn�m�r� stands for the radial parts of the partial harmonics in
the SC expansion of the MO.

The radial parts Pn�m�r� of the photoelectron molecular
orbital satisfy the following system of coupled differential
Hartree-Fock equations �23,24,37�,

�
��
�
−

d2

dr2 +
��� + 1�

r2 − 	nm����� + V���
ne �r�

+ V���
ee �r��Pn��m�r� = 0, �13�

under the following normalization conditions for the discrete
and continuous spectra:

�
�

�Pn�m�Pn��m�� = �nn��mm�,

�
�

�P	�m�P	��m�� = ��	 − 	���mm�. �14�

In the system of Eqs. �13� the following designations are
used: 	nm is the one-electron energy measured in Rydberg
units, V���

ne �r� is the potential describing nuclear-electron in-
teraction, and V���

ee �r� is the potential describing direct and
exchange electrostatic Coulomb interactions of the photo-
electron with the ionic core. Due to a nonspherical molecular
field, the system of Eqs. �13� contains the off-diagonal po-
tentials with ����, which couples the equations for the dif-
ferent partial waves. These potentials were calculated using
the LCAO MOs of the occupied shells deconvolved as Eq.
�12�.

The method for numerically solving the system of inte-
grodifferential Eqs. �13� is described in detail in �23�. There-
fore, only its essentials relevant for the solution in the con-
tinuous spectrum, 	nm�0, are outlined below. In the case of
interaction of M continuous spectra at a fixed energy, one
obtains M degenerate M-component solutions. According to
�38�, linearly independent solutions of the system of Eqs.
�13� at r→� should be sought in the following asymptotic
form:

P�
L�r� = ��

LJ��r� + R�
LH��r�, ∀ L,� = 1 . . . M . �15�
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Here J��r� and H��r� are so-called Coulomb functions �the
linearly independent and normalized on the energy scale so-
lutions in the spherically symmetric Coulomb potential�. The
superscript L in expression �15� numerates the different de-
generate multicomponent solutions, and the subscript � num-
bers the different components of each solution. The M �M
matrix R�

L in expression �15� is referred to as the reaction
matrix or R matrix, and ��

L is the Kronecker symbol.
The new solutions, P�

L�r�, which are normalized on the
energy scale according to Eq. �14�, satisfy the condition of
mutual orthogonality, and describe the observable incoming-
wave channels �outgoing spherical waves only in channel �
=L�, should be chosen as the following linear combinations
of the solutions �15� �39�,

P�
L = �

L�
��

L�

ŨL�
L� cos �L�e

−i�L�UL�
L �P�

L�, �16�

where UL�
L and �L are the solutions of the eigenvalue problem

for the R matrix,

�
L�

R�
L�UL�

L = − tan �LU�
L. �17�

The inhomogeneous �due to exchange Coulomb interaction�
system of coupled Eq. �13� can be solved, for instance, itera-
tively �23�. In the present work, the system �13� and integral
equations for exchange Coulomb potentials were reduced to
a united homogeneous system of coupled differential equa-
tions relative to both, partial harmonics and corresponding
exchange potentials, as suggested in �40� and described in
details in �38�. Solution of the system �13� becomes essen-
tially easier if one takes into account the persistency of the
shape of Pn�m functions at high � values. That allows the
restriction of the expansion �12� for CO to ��20, increasing
the V���

ne �r� and V���
ee �r� potentials for large � �24�.

D. Transition amplitudes

The partial transition amplitude for the population of the
��1
1v1� vibronic state from the initial ��0
0v0� state of a
molecule in the vicinity of the ��r
rvr� resonances is given
by �cf. also �3,41��

Dk�
1v1,	�m
�

=	4�2�a0
2�

3g
0 ��
1v1,	�m
�dk�
0v0�

+ �

rvr

�
1v1,	�m
�
1

�r12�
�
rvr��
rvr�dk�
0v0�

� − E
rvr
+

i

2
�
r

� ,

�18�

where E
rvr
are the energies of the vibronic resonances

��r
rvr�, and their natural widths, �
r
, are assumed to be

independent of the quantum number vr. The amplitude for

direct photoionization �the first term� and different resonant
amplitudes �the sum over the indices 
rvr�, enter the total
transition amplitude �18� coherently.

Spin-orbit interaction of the 1� electrons results in the
nondegeneracy of the 
1= �

1
2 and 
1= �

3
2 fine-structure

components of the CO+ A 2��
1� state. This nondegeneracy
is the reason for the appearance of two components of each
vibrational band of the CO+�A 2�→X 2�+� fluorescence
spectrum corresponding to the 
1= �

1
2 →
2= �

1
2 and 
1

= �
3
2 →
2= �

1
2 transitions �typical separation is about ��

=3 nm at �=500 nm �18��. Therefore, it is important to
consider these states as nondegenerate ones, especially in the
description of the fluorescence angular distribution. In the
calculations of radial integrals we neglect, however, the spin-
orbit interaction of the 1� electrons. In addition, we neglect
the spin-orbit interaction in the continuous spectrum. These
approximations result in equal values of the spectroscopic
characteristics computed separately for the degenerate
A 2��
1= �

1
2 � states and for the degenerate A 2��
1

= �
3
2 � states,

�A1/2��� = �A3/2���, �A1/2
e ��� = �A3/2

e ��� , �19a�

IA1/2
X1/2��� = IA3/2

X1/2���, �2A1/2
X1/2��� = �2A3/2

X1/2��� . �19b�

The transition amplitudes �18� were computed in the present
work within the Franck-Condon approximation. The elec-
tronic matrix elements were computed at the equilibrium in-
ternuclear distance of the ground state of CO, re=2.13 a.u.
�34�. In the calculations of the transition amplitudes �Eq.
�18�� the relaxation of the molecular core was taken into
account similar to our previous study of RA decay in atoms
�3�. Calculations were performed within the sudden approxi-
mation �42� applying the theory of nonorthogonal orbitals
�43�.

The presently computed oscillator strength for the
2�→2� excitation into the C�O resonance is equal to f2�

2�

=0.158 a.u. �in dimensional units �2�
2�=0.637 Mb a.u.�. It is

in good agreement with the oscillator strength of f2�
2�

= �0.167�0.02� a.u. measured in �44�. The total cross sec-
tion for the direct population of the CO+A 2� state computed
at the position of the resonance is equal to �A

dir�287.4 eV�
=0.0350 Mb. It is the sum of the partial cross sections cor-
responding to the production of the 	�, 	�, and 	� photo-
electrons, which are equal to �A	�

dir �287.4 eV�=0.0060 Mb,
�A	�

dir �287.4 eV�=0.0105 Mb, and �A	�
dir �287.4 eV�

=0.0185 Mb, respectively. The total theoretical cross
section �A

dir agrees very well with the experimental data
from �8� measured off-side �left and right� the
resonance: �A

expt�284 eV�=0.036 37 Mb and �A
expt�292 eV�

=0.032 26 Mb. The partial width computed for the partici-
pator Auger decay of the C�O resonance into the CO+A 2�
channel is equal to ���

A =4.53 meV. It is the sum of partial
widths corresponding to the production of the 	� and 	�
photoelectrons, which are equal to ���

A	�=1.07 meV and
���

A	�=3.46 meV, respectively. For a comparison with ex-
periment see discussion at the end of Sec. III A 1.
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III. RESULTS AND DISCUSSION

In what follows we analyze angular distribution param-
eters for the CO+�A 2�� photoelectrons and for the subse-
quent CO+�A 2�→X 2�+� fluorescence computed in the vi-
cinity of the C�O resonance. Electronic parts of the transition
amplitude �Eq. �18�� are discussed in Sec. III A, whereas the
influence of the nuclear vibrational motion is analyzed in
Sec. III B.

A. Electronic transition amplitudes

In this subsection we investigate the influence of the di-
rect electronic transition amplitude on the computed spectral
characteristics. For this purpose the model calculations ne-
glecting the molecular vibrational motion were performed.
The results of the model calculations are depicted in Fig. 3.
Calculations were performed within several approximations:

�i� Direct PI: the direct transition amplitude only was ac-
counted for;

�ii� Resonant PI or 2ST model: the resonant photoioniza-
tion amplitude only was accounted for;

�ii� Interference: interference between the direct and reso-
nant amplitudes was taken into account;

�iv� No interference: the direct and resonant amplitudes
were taken into account incoherently.

1. Cross section and photoelectron angular distribution

One can see from Fig. 3 that the resonant photoionization
channel almost entirely determines the absolute photoioniza-

tion cross section in the vicinity of the C�O resonance
��A

dir�287.4 eV�=0.035 Mb��A
res�287.4 eV�=7.88 Mb�. If

one neglects the direct transition amplitude, the 2ST model
applies for the interpretation of the RA decay. As a result the
angular distribution parameter is independent of the exciting-
photon energy and equals in our case �A

e �287.4 eV�=0.72.
The parameter �A

e ��� computed within the direct PI approxi-
mation is practically constant in the vicinity of the reso-
nance, since the direct amplitude varies only slightly in this
energy interval. Its presently computed value is equal to
1.18.

Being included in the calculations, the direct transition
amplitude influences the computed photoionization cross
section negligibly �solid and thick dotted curves in panel �a�
are practically indistinguishable�. On the other hand, the di-
rect amplitude gives rise to the exciting-photon energy de-
pendence of the computed angular distribution parameter
�solid curve in the panel �b��. One can see that the resonant
channel significantly influences the computed �A

e ��� far
away from the resonance, and the corresponding resonant
profile in the �A

e ��� is much broader than in the �A���. It is
straightforward to show analytically that, if the direct ampli-
tude is much weaker than the resonant one �Fano’s parameter
�q��1�, the ratio between the full widths at half-maximum
�FWHMs� of resonant profiles in the angular distribution pa-
rameter and in the cross section is approximately equal to
	�A

res /�A
dir, which in the present case yields a ratio of 15.

The experimental values of the �A��� and �A
e ��� mea-

sured in �8� at three energies around the resonance are de-
picted in Fig. 3 by open circles with error bars. The exciting-
photon energy resolution in the experiment �8� was about 0.5
eV. Resolution of the electron detection was not enough to
resolve vibrational structure of the CO+A 2��v�� state.
Therefore, we compare the model �A��� and �A

e ��� with
these experimental data. The theoretical parameters addition-
ally convolved with a Gaussian of 0.5 eV FWHM are shown
in the uppermost and middle panels of Fig. 3 by dash-dotted
curves. Good agreement between the computed and mea-
sured �A��� and �A

e ��� is obvious from Fig. 3. The value of
the computed photoionization cross section at its maximum
of 1.65 Mb agrees with the measured value of
�A

expt�287.4 eV�=1.918�0.2 Mb �8�. The latter fact con-
firms that the presently computed partial width, ���

A

=4.53 meV, provides a correct rate for the participator Au-
ger decay of the C�O resonance into the CO+A 2� channel:
���

A =���
A /��� =4.53 /80=5.66%.

2. Fluorescence angular distribution

In the presently considered case one can proceed with
simplifications of Eq. �9� for the fluorescence angular distri-
bution parameter. For this purpose we notice that the crossed
terms with 
1��
1 in Eq. �9�, corresponding to the ampli-
tudes for population of different degenerate electronic sub-
states ��1
1� and ��1
1��, are absent owing to the required
condition �11�. This is due to the fact that for the �
1= 1

2 �
state summations in Eq. �9� must be performed over the two
degenerate substates with 
1, 
1�= �

1
2 , and for the �
1= 3

2 �
state—with 
1, 
1�= �

3
2 , separately. If one would neglect
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FIG. 3. �Color online� Results of the model calculations per-
formed without accounting for molecular vibrational motion. Panel
�a�: cross section for the population of the CO+A 2� electronic state
in the vicinity of the C�O resonance. Panel �b�: angular distribution
parameter for the CO+A 2� photoelectrons. Panel �c�: angular dis-
tribution parameter for the CO+�A 2�→X 2�+� fluorescence. Com-
puted parameters additionally convolved with a Gaussian of 0.5 eV
FWHM are shown in panels �a� and �b� by dash-dotted curves.
Open circles: experiment �8�.
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the fine-structure splitting of the CO+A 2� state and assume
these states as degenerate, the corresponding crossed terms
with 
1��
1 were allowed in Eq. �9� for the
	�-photoelectrons. The absence of the 
1��
1 terms for the
nondegenerate states is due to the interaction of the total
orbital momentum L and total spin S of the ion via the spin-
orbit operator. This effect is the analog of disalignment pro-
cesses of polarized ionic states of atoms �45�.

In addition, the values of the radiative decay probabilities
��
2v2�dq�
1v1��2 entering Eq. �9� are independent of the
signs of the �
1 and �
2. As a result, in our case, Eq. �9�
can be rewritten as the incoherent sum of partial photoion-
ization cross sections, similarly to the atomic fluorescence
angular distribution parameter �3,30�,

�2A
1

X
2��� =

−
1

10
�A
1	���� +

1

5
�A
1	���� −

1

10
�A
1	����

�A
1
���

,

�20�

where the kinematics coefficients are the same for the �
1

= 1
2 � and �
1= 3

2 � initial fluorescence states. One can see that
the value of the parameter �2 is independent of the transition
amplitudes for radiative decay into the X 2�+�v�� states,
which cancel in Eq. �20� due to the normalization coefficient
�Eq. �10��. More importantly, it is independent of the vibra-
tional quantum number v�. As a consequence, one should
expect similar angular distributions for all fluorescence
bands within the A 2��v�=const�→X 2�+�v�� vibrational
progression.

If the exciting-photon energy is tuned off the resonance,
one can neglect the resonant photoionization channel. Apply-
ing the values of the partial direct cross sections listed in
Sec. II D, Eq. �20� yields the value of �2A

X���=−0.01 �direct
PI�. Due to the symmetry of the final state “ion+electron”
the resonant photoionization is possible only into the 	� and
	� channels. Therefore, on the top of the resonance one can
neglect the partial photoionization cross section into the 	�
channel: �Av�	�

res , �Av�	�
res ��Av�	�

dir . As a result, Eq. �20� yields
the value of �2A

X�287.4 eV�=−0.1 �2ST model�. Accounting
for the direct transition amplitude results in the dispersion of
the �2A

X��� parameter �interference�. The dispersion has a
wide energy range and covers about 15 natural widths
around the resonance.

We note that the dispersions of the parameters �A
e ��� and

�2A
X��� across the resonance appear even though the direct

transition amplitude is included in the calculations incoher-
ently with the resonant one. This fact is demonstrated only
for the fluorescence angular distribution parameter in the
lowest panel of Fig. 3, where the �2A

X��� computed in the no
interference approximation is depicted. By comparing the
solid and dashed curves, one can see that the interference
influences the shape of the resonant profile in the �2A

X���
parameter �but not its width� making it asymmetric.

B. Nuclear vibrational motion

The accuracy of the present calculations was tested by
computing the RA spectra of the C�O molecule. The pres-

ently computed integral intensities of the participator
1s−1��→A 2� Auger spectra �solid circles� are compared in
Fig. 4 with the integral intensities computed �solid triangles�
and measured �open squares� in �13�. One can see from this
figure that the present calculations reproduce the resonant
structures of the vibrationally resolved participator RA spec-
tra measured in �13� better than calculations from �13�.

Results of the present calculations of the photoionization
cross sections and angular distribution parameters for photo-
electrons and for fluorescence radiation �experiment descrip-
tion see below� are summarized in Figs. 5–8 for the
CO+A 2��v�=0–3� states, respectively. Calculations were
performed within several approximations:

�i� With LVI: the direct photoionization channel and the
LVI were accounted for in the calculations;

�ii� Without LVI: the LVI was excluded from the calcula-
tions;

�iii� 2ST model: the direct photoionization channel was
excluded from the calculations;

�iv� No vibrations: calculations without accounting for the
nuclear vibrational motion.

By comparing the solid and dashed curves in the panels
�b� and �c� of Figs. 5–8, one can see that vibrational struc-
tures of the electronic states involved in the RA decay result
in substantial variations of the computed angular distribution
parameters. These variations are distinct even for the weakly
populated intermediate vibrational states vr=2–4, which are
practically invisible in the cross sections. The shape of the
above variations in the computed angular distribution param-
eters is determined not only by the absolute value �like in-
tensities of RA spectra�, but also by the sign of the product of
the two Franck-Condon factors corresponding to the excita-
tion and subsequent Auger decay of the resonance,
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FIG. 4. �Color online� Computed and measured �13� integral
intensities of the CO+A 2��v�� participator RA spectra. Excitation
energies correspond to the positions of the vr=0 �lowest panel�,
vr=1 �middle panel�, and vr=2 �uppermost panel� vibrational levels
of the intermediate C�O resonance. Intensities emphasized by open
circles are equalized in the measured and computed RA spectra.
Positions of the v� vibrational levels are indicated by vertical bars.
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�v� �vr��vr �v0�, providing an additional tool for studying
nuclear dynamics accompanying the RA decay.

Panels �a� of Figs. 5–8 illustrate a small but visible influ-
ence of the LVI on the computed �Av����. This fact is in
accordance with conclusions from �11,13�. The angular dis-
tribution parameters are more sensitive to the interference

effects than the total cross sections �3–5�, being the result of
the interplay between partial photoionization amplitudes.
From panels �b� and �c� one can conclude that in the pres-
ence of the direct photoionization channel the LVI influences

the computed dispersions �Av�
e ��� and �2Av�

Xv���� consider-
ably, although the energy separation between the vr levels of
the C�O resonance, �e=250 meV �11�, is about three times
larger than their natural lifetime width, ��� =80 meV �35�.

If one neglects the weak direct photoionization channel
the computed angular distribution parameters become inde-
pendent of the exciting-photon energy �of the vr� even
though the nuclear vibrational motion and LVI are included.
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FIG. 5. �Color online� Comparison between the theory and ex-
periment. Panel �a�: Cross section for the population of the
CO+A 2��v�=0� vibronic state in the vicinity of the C�O reso-
nance. Panel �b�: angular distribution parameter for the
CO+A 2��v�=0� photoelectrons. Panel �c�: angular distribution pa-
rameter for the A 2��v�=0�→X 2�+�v�� fluorescence bands pro-
gression. The computed parameters were additionally convolved
with a Gaussian of 70 meV FWHM corresponding to the present
experimental resolution.
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0.0

0.5

1.0
With LVI
Without LVI
2ST model
No vibrations
Present exper.
Kukk et al. [13]

CO+ A 2Π (v'=2)

σ 1/
2+

σ 3/
2

[M
b]

βe 1/
2=

βe 3/
2

β2
1/

2=
β2

3/
2

a)

b)

c)

0.6

0.8

1.0

1.2

287.0 287.5 288.0 288.5

-0.12

-0.08

-0.04

0.00

Γ
app

= 70 meV

Exciting-photon energy [eV]
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Indeed, within the Franck-Condon approximation and in ab-
sence of the direct photoionization channel, the complete vi-
brational part of the transition amplitude �Eq. �18�� cancels
in the numerators and denominators of Eqs. �4� and �9�. As a
result, the computed values of the angular distribution pa-
rameters are determined only by the electronic part of the
resonant transition amplitude, which is the same for all inter-
mediate and final vibrational states. These values of �Av�

e

=0.72 and �Av�
Xv�=−0.1 are depicted in Figs. 5–8 for all final

vibronic states A 2��v�� and each vr level by horizontal bars
with lengths equal to ��� =80 meV �2ST model�.

Computed parameters �Av�
e ��� are compared in the panels

�b� of Figs. 5–8 with vibrationally resolved angular distribu-
tion parameters for RA electrons measured in �13� for differ-
ent A 2��v�� vibronic states at the positions of the vr=0, 1,
and 2 resonances �open squares�. One can see that interfer-
ence effects accounted for in the present calculations quali-
tatively explain variations of the �Av�

e values on both vibra-
tional quantum numbers, vr and v�, observed in �13�. Small
disagreement between computed and measured �Av�

e values
may be due to the presently applied Franck-Condon approxi-
mation.

IV. EXPERIMENT

The photon-induced fluorescence spectroscopy �PIFS�
�46� has already been applied for polarization analysis of
atomic fluorescence �3,30,47� and for studying core-excited
molecules �19–21�. The present experimental setup is quite
similar to these experiments.

The experiments were performed at the U49/2 PGM1
beamline, BESSY II, Berlin. A 600 lines/mm grating was
used to monochromatize the linearly polarized synchrotron
radiation which was then focused into a differentially
pumped target cell filled with carbon monoxide at room tem-
perature and at a pressure of 26.7 
bar. The exciting-photon
energy was varied from 287.08 to 288.02 eV in steps of 20
meV. A bandwidth of the exciting radiation of about 70 meV
FWHM at 287.4 eV was achieved in order to be in the reso-
nant Raman regime for core excitations, since the natural
widths of the C�O resonance is equal to 80 meV �35�. The
exciting-photon energy was calibrated to the known �11� en-
ergy positions of the 1s−1��, vr vibrational levels.

Fluorescence radiation between 378 and 578 nm was ob-
served perpendicular to the exciting-photon beam and per-
pendicular to the E� vector of the linearly polarized exciting
radiation. The fluorescence was dispersed by a 1-m-normal-
incidence monochromator equipped with a 600 lines/mm
grating and recorded with a two-dimensional position-
sensitive detector based on resistance anode. The resolution
of this “monochromator-detector” combination was about
�� fl=0.5 nm. The polarization of the fluorescence radiation
in the visible spectral range was analyzed by a Wollaston
prism in front of the detector �47�. The prism splits the fluo-
rescence radiation into two components �I� and I�� polarized
parallel or perpendicular to the electric field vector of the
synchrotron radiation, respectively. The angular separation of
the two beams leaving the Wollaston prism symmetrically

with respect to the optical axis amounts to 5°. Due to this
separation two spectra appear simultaneously in the focus
plane of the monochromator, i.e., on the position-sensitive
detector. At each energy those two spectra were analyzed,
yielding I��� ,�� and I��� ,��.

Experimental results

The two-dimensional fluorescence spectrum measured for
the I��� ,�� component is displayed in Fig. 9. Figure 9�a�
shows the counts recorded by the fluorescence detector, nor-
malized for the exciting-photon flux. Assignments of the ob-
served A 1��v��→X 1�+�v�� vibrational bands according to
�18� are shown at the top of the Fig. 9�b� by vertical dotted
lines, where the intensities integrated over the present
exciting-photon energies are also shown. In the present fluo-
rescence range, the 0→1 and 0→0, 1→1, 2→1, and 3
→0 bands of the A→X system are well resolved. The other
fluorescence bands were either blended by transitions in
atomic fragments �marked at the bottom of Fig. 9�b��, or too
weak to be resolved.

In order to analyze energy dependencies of the fluores-
cence intensities we introduced the integrated fluorescence
intensities similar to our previous papers �19,20�. Relative
integrated fluorescence intensities for the A 1��v��
→X 1�+�v�� bands at a given exciting-photon energy, I����
and I����, have been determined by integrating the mea-
sured fluorescence intensities, I��� ,�� and I��� ,��, over the
wavelength intervals centered around the vibrational band
positions as illustrated in Fig. 9�b� for the 0→0 band by
vertical arrows,
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FIG. 9. �Color online� The fluorescence spectrum measured for
the I��� ,�� component in the vicinity of the C�O resonance
�287.08–288.02 eV� and in the wavelength range from 378 to 578
nm. �a� Dispersed fluorescence yield as a function of the exciting-
photon energy in a logarithmic grayscale. Energy positions of the vr

vibrational levels from �11� are indicated by horizontal dashed lines.
�b� Fluorescence intensities integrated over the present exciting-
photon energy range. Positions of the CO+�A-X� doublet vibrational
bands from �18� are shown by vertical dotted lines. Positions of
lines corresponding to transitions in CI, CII, OI, and OII fragments
according to �48� are indicated at the bottom by vertical bars.
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I�/���� =� I�/���,��d� . �21�

Equation �22� reveals relations between the I���� and I����,
the angular distribution parameter �2��� and the total fluo-
rescence intensity I��� for the present experimental geom-
etry according to �2�,

I��� =
2

3
�2I���� + I����� , �22a�

�2��� =
I���� − I����

2I���� + I����
. �22b�

Results of the present measurements are shown by open
circles in panels �a� and �c� of Fig. 5 �for the 0→1 and 0
→0 bands�, Fig. 6 �for the 1→1 band�, Fig. 7 �for the 2
→1 band�, and Fig. 8 �for the 3→0 band�.

One can see from Eq. �6� that the exciting-photon energy
dependence of the total fluorescence intensity is determined
by the cross section for population of the initial fluorescence

state. Therefore, experimental intensities IAv�
Xv���� are com-

pared in the panels �a� of Figs. 5–8 with the theoretical cross
sections �Av����. The measured intensities are normalized to
the computed cross sections at the position of the vr=0 vi-
bration level. From these figures good overall agreement be-
tween the measured fluorescence intensities and computed
photoionization cross sections can bee seen. A small dis-
agreement is possibly due to the photoelectron impact in-
duced fluorescence and additional population of the final
A 2��v�� states via radiative cascade decay of highly excited
ionic states.

The present polarization analysis of the resonantly excited
CO+�A 2�→X 2�+� fluorescence discloses a slight aniso-
tropy in the fluorescence emission with a small negative an-
gular distribution parameter, depicted in panels �c� of Figs.
5–8 by open circles. As seen from Eq. �21�, parameter �2 is
proportional to the difference between intensities I�− I�. In
the present case ���2��1�, this difference is by one order of
magnitude smaller than the intensities themselves. The latter
fact leads to large experimental uncertainties in the determi-
nation of the parameter �2 �typical experimental errors are
indicated by bars for selected energy points�. The figures
illustrate overall agreement between signs and absolute val-

ues of the measured and computed �2Av�
Xv���� parameters

around the vr=0–2 resonances. The average curvatures of
the measured and computed parameters have similar ten-
dency. In the majority of the cases the measured dispersions

�2Av�
Xv���� possess also similar variations across the reso-

nances vr, supporting the impact of the nuclear vibrational
motion illustrated by theory.

The absolute values of the measured �2Av�
Xv���� parameters

in Figs. 5–8 are systematically lower than the computed
ones. A possible reason might be an additional population of
the initial fluorescence state A 2��v�� via radiative cascades
of highly excited ionic states. The latter effect in atoms
causes disalignment of the initial fluorescence state and leads
to a decrease of the absolute value of �2 �see, e.g., �3� and

references therein�. In addition, molecular rotational motion
not included in the present calculations can be a reason for
the decrease of the absolute value of �2. The radiative decay
lifetime of the CO+�A 2�� state, estimated from the fluores-
cence width �Eq. �8��, is about 2.5 
s. Rotational splittings
of the individual A 2��v� ,J��→X 2�+�v� ,J�� fluorescence
lines �not resolved in the present experiment� is by orders of
magnitude larger than their radiative width �18�. Thus, dur-
ing the radiative decay lifetime the total electronic angular
momentum L�+S� has enough time to precess around the
total angular momentum J�=L�+S�+R�, where R� is the an-
gular momentum due to nuclear rotation, resulting in a
disalignment of the CO+�A 2�� ionic state �45�. An investi-
gation of the above effects is outside the scope of the present
paper.

V. SUMMARY

Dispersions of the angular distribution parameters for the
CO+�A 2�� photoelectrons, �Av�

e ���, and for the CO+�A 2�

→X 2�+� fluorescence, �2Av�
Xv����, have been calculated in

the vicinity of the 1s−1�� resonance of the C�O molecule.
For this purpose basic equations describing the angular dis-
tribution of fluorescence radiation in diatomic molecules are
derived. The potential energy curves of the relevant states
and bound molecular orbitals of the CO molecule were com-
puted within the MO LCAO approach, whereas the single
center �SC� method with precise molecular field potentials
was applied in order to compute partial waves for the pho-
toelectron in the continuous spectrum. In the calculations,
the interference between the different resonant and direct
photoionization channels was taken into account. The com-
puted absolute direct photoionization cross section, oscillator
strength for the 1s−1�� excitation, and Auger decay rate are
in good agreement with the experimental data from �8,44�.
The computed relative intensities of the participator
1s−1���vr�→A 2��v�� RA spectra agree well with the ex-
perimental �13� ones.

The direct transition amplitude and the lifetime vibra-
tional interference �LVI� effects cause significant changes of
the computed angular distribution parameters with respect to
the 2ST model. The interference between dominating reso-
nant and weak direct transition amplitudes causes the long-
range exciting-photon energy dependencies of the �Av�

e ���

and �2Av�
Xv����. In the presence of the direct photoionization

channel, LVI gives rise to significant variations of the com-
puted parameters across the positions of the vr vibrational
levels of the intermediate resonance. The present theoretical
results explain substantial variations of the Auger electron
angular distribution parameters observed in �13� for the de-
cay of the resonantly excited C�O�vr� vibronic states into
vibrationally resolved final Auger states.

In order to measure the angular distribution of the reso-
nantly excited CO+�A 2�→X 2�+� fluorescence, polarization
analysis of the fluorescence intensities in the wavelength
range between 378 and 578 nm has been performed by
photon-induced fluorescence spectroscopy in the exciting-
photon energy range between 287.08 and 288.02 eV within
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the Raman regime for the C�O excitation. The presently

measured parameters �2Av�
Xv���� are in good qualitative agree-

ment with the theoretical ones. Nonconstant dependencies of

the experimental �2Av�
Xv���� on � confirm that the nuclear dy-

namics influences the angular distribution of fluorescence ra-
diation in molecules. However, the small absolute value of
the angular distribution parameter of the CO+�A→X� fluo-
rescence makes it difficult to quantitatively confirm predicted
dispersions experimentally. The 1s−1�� excitations of the NO
and N2 molecules can be suggested as the objects for angu-
larly and vibrationally resolved resonant Auger and fluores-
cence spectroscopies.
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