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Abstract. Angular distributions of the Auger electrons and subsequent fluorescence
photons are studied theoretically and experimentally in the vicinity of the core
excitations of NO. In the calculations, lifetime vibrational interference and electronic
states interference were taken into account ab initio. The interference between
excitation-deexcitation amplitudes for transitions via symmetry different intermediate
resonances 1571272 (2A,2X%*), which is forbidden in the solid-angle-averaged or
magic-angle-recorded decay spectra, plays a crucial role in the formation of the
angularly resolved decay spectra. Experimentally, angular distribution parameters
for the NOT (A m - X 12“‘) fluorescence induced by linearly polarized synchrotron
radiation are determined in the vicinity of the N*O resonance in the Raman regime
for core excitation. Theoretical results are in good agreement with the present
experimental fluorescence spectra and with available vibrationally and angularly

resolved resonant Auger electron spectra.

PACS numbers: 33.80.Eh, 32.80.Hd, 33.50.Dq, 33.80.-b
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1. Introduction

A complete photoionization experiment must include the measurement of parameters
characterizing the states of both the photoelectron and the residual ion [1]. Alignment
and orientation of the residual ion are usually obtained from angular distribution or
polarization analysis of fluorescence emitted by a subsequent relaxation of the ion
2, 3, 4]. On the other hand, fluorescence experiments only allow a partial wave analysis
of the emitted photoelectron waves [5, 6]. Therefore, fluorescence spectroscopy is a very
important tool for studying atomic photoionization processes (see, e.g., the review [7]),
as a complementary method to photoelectron spectroscopy. Investigation of angularly
resolved fluorescence spectra in molecules is an important step in the development of
spectroscopy. In our recent works [8, 9] we have investigated polarization of fluorescence
(similar to its angular distribution) emitted after core excitation of the closed shell CO
molecule. In the present work we report a detailed theoretical and experimental study
of angularly resolved fluorescence spectra after core excitation of the open shell NO
molecule.

The decay of the core-excited N*O and NO* resonances has already been studied
by photoelectron spectroscopy (PES) [10, 11, 12, 13], vibrationally resolved constant
ionic state spectroscopy (CIS) [14, 15], mass-selective ion-yield (photofragmentation)
spectroscopy [16, 17], and photon-induced fluorescence spectroscopy (PIFS) [18, 19].
As has been demonstrated in these studies, lifetime vibrational interference (LVI, [20])
is the dominant effect in the solid-angle-averaged or magic-angle-recorded deexcitation
spectra of the resonances. Interference between excitation-deexcitation pathways via
different intermediate electronic resonances, known as electronic state interference (ESI,
[21]), shows up in the decay spectra only, if the angular averaging is reduced [15, 19].
Excitation of the 1s electron to the 27 orbital of NO results in three overlapping doublet
states (24, 2X~ and 2X71) accessible by one-photon absorption from the ground state
X 211, and decaying into final autoionization states of the ‘ion + photoelectron’ with

different symmetries. Owing to these different symmetries, the ESI between these states
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is strictly symmetry-forbidden in the solid-angle-averaged or magic-angle-recorded decay
spectra. However, the presence of a new preferential direction in addition to the direction
of the polarization vector of the exciting radiation lowers the symmetry of the system
(i.e., the molecular axis in the case of oriented molecules or the direction of detection
in the case of angularly resolved measurements on randomly oriented molecules). In
these cases, the symmetry-different states of the system are not any more orthogonal
and they mix, allowing the corresponding amplitudes to interfere [15].

The symmetry-forbidden ESI has been suggested to be responsible for a large
disagreement between the NO*(X 'XT) Auger decay spectra of the core-excited N*O
measured in the non-angular averaged regime and computed within the ‘standard LVI’
theory in [15]. Recently, the symmetry-forbidden ESI in the angularly resolved decay
spectra of the core-excited N*O molecule has been proved [19]. In the present paper we
report on a detailed investigation of the ESI in angularly resolved decay spectra of the
core-excited NO molecule. As an excellent test of the present theory we, first, reproduce
the experimental angular distribution parameters for the NO* (X 'X+) resonant Auger
electrons measured in [15]. Angular distribution parameters for the NO™ (A 'IT) resonant
Auger electrons are also computed. By comparing the presently computed and measured
angular distribution parameters for the NOT (A 'IT — X '$T) fluorescence, we reveal
how ESI influences the angularly resolved fluorescence spectra of the core-excited N*O
molecule. Finally, similar effects are also illustrated theoretically for the core-excited

NO* molecule.

2. Theory

The processes relevant to the present study can be schematically represented as the
following stepwise cascade decay. Linearly polarized synchrotron radiation with photon

energy w excites the ground state of NO into the N*O (NO*) resonances:

1s*50%2r! (X 211, Qovg = 0) + hw — 1s'50%27% (PA /22, Q0,), (1)
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where (2 is the projection of the total electronic angular momentum along the molecular
axis, and v is the vibrational quantum number. The closed shells of NO not participating
in the cascade are omitted for brevity. We consider here only two further decays of the
intermediate core-excited states: participator Auger decays into the NOT(A I, Q'v')

and into the NOT(X ¥, Q"v") vibronic states:
1s'502272 CA /22, Qu,) — 15?50 20t (A L Q') + elmy, (2)
— 15%50227% (X 27, Q") + elmp. (3)

Here, efmyu are the quantum numbers of the photoelectron, which can be expanded
in the asymptotical region via partial waves [22] with fixed projections m and p of
the orbital angular momentum ¢ and spin s, respectively. The resonant population
of the NOT(A I, Q'v') states (2) takes place via emission of er photoelectrons, and
that one of the NOT(X ¥+ Q") states (3) via e0/ed photoelectrons. In addition,
the direct populations of the NO*(A I, Q'v') ionic states in step (2) with emission
of eo/em photoelectrons and of the NOT(X ¥t Q"v”) ionic states in step (3) with
emission of eo/em/ed photoelectrons take place via dipole transitions (not indicated for
brevity). The A 'TI, Qv states of the NOT ion in step (2) decay further via emission of

a fluorescence photon hc/\ into the X 137, Qv states:
S5o'2nt (A ', Q') — 50727 (X 121, Q") + he/ . (4)

In order to describe the angular distributions of the photoelectrons and fluorescence
photons, we apply the ab initio theoretical approach [8].

The angular distribution of photoelectrons after excitation of randomly oriented
diatomic molecules by linearly polarized light is given by the well known formula [22]

dog,., (W) Oy, (W) e
QdQ = 947r [1 + 56,0, (W) Pa(cos 0)} , (5)

where 6 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 df2. In

Hund’s coupling case (a) or (b), the total photoionization cross section, oq,,, (w), and
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the electron angular distribution parameter, 33 , (w), entering Eq. (5) can be computed
via [8, 22]

0Qiv (w) = Z Z Z |Dk (QO7 lelggm:u) |27 (6)

Qo1 I pk

B @) = == 3 33 S

Qo1 bm O'm' kk' p
X 4/30(20 + 1)(20 4 1)(—1)"Fmhet0m=3pm)

¢ o2 14 v 2 1 1 2
X
0 00 m —m' kK —k -k K kE-FK
X Dy, (Qo, Quviebmy) D, (Qo, Qviel'm/p) (7)

where dy,,, is the phase shift of the electron partial wave.
The amplitude for the population of the |;v;) ionic state from the initial state
|Q20vp) in the vicinity of the |2,v,) resonances is given by the sum of the direct and all

possible resonant amplitudes [8]

4r2aadw®l
Dy, (Qo, Qvielmp) = \/ 39—0 (Quvielmp|Dy|Qovo)
Qo

N Z (Qv1elmp|H®|Q,0,) (0, | D |Qov0)
w — EQTUT =+ ’L'FQTW/Q ’

(8)

Qrvr

where Eq ,, and I'g, ., are the energies and natural widths of the vibronic resonances
|2,v,.), respectively; gq, is the statistical weight of the initial electronic state [€);
wtl corresponds to the length and velocity forms of the dipole transition operator
D; a = 1/137.036 is the fine structure constant; and the square of the Bohr radius
az = 28.0028 Mb converts atomic units for cross sections into megabarn (1 Mb =
10722 m?). Summation of resonant amplitudes over index v, accounts for the LVI
in the amplitude (8). Although it includes summation over intermediate electronic
resonances ()., the ESI is not present in the transition amplitude (8) and, thus, in

the total cross section (6), owing to symmetry considerations. Indeed, each of the

intermediate electronic resonances 2A /2%%((2,.) autoionizes into individual continua with
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equal symmetry. However, if § # 54.7° (i.e. not the magic angle), the cross terms with
different amplitudes Dy Dy 4y, corresponding to the excitation and decay of different
electronic resonances, enter the differential cross sections (5) via the angular distribution
parameter (7), and are responsible for the ESI in the angularly resolved Auger electron
spectra.

For randomly oriented diatomic molecules excited by linearly polarized light,
the angular distribution of fluorescence emitted via the subsequent |Qiv1) — |Qqvs)
transition is given by [§]

g (w) 1577 () [

Qiv1

dQ 47

1+ 528222 (W) Py(cos 9)] 9)

Qiv1

where 6 is the angle between the electric field vector of the exciting radiation and the
direction of detection of the fluorescence radiation. Here, the total fluorescence intensity,
I (w), is a product of the total cross section (6) and the fluorescence yield, nggj 8]

Qv

Qova Qova

Iﬂﬂll ((.U) = anvl( ) XQ1U17 (10)

allowing, therefore, no ESI in the solid-angle-averaged fluorescence intensities (10). The

equation for the fluorescence angular distribution parameter, 522%(w), reads [8]

Qv
8207 (w) ZZZZZ

Qoﬂz aq’ Y tmp kK
1 1 2 1 1 2
kE -k q—¢ qg —¢ k—F
X (Qa09|Dy [ 01)* Dy (Qo, Qjvielmp)
X (Qo05| Dy |y 01) Dy (Qo, Qvielmye) , (11)

with the normalization coefficient

B=Y "> [{Qa|Dy[ Q1) || Dy (R, Qvnelmps) |, (12)

Qo2 Q1kg tmpu

Eq. (11) includes the interference (cross terms) between the amplitudes for the

population and radiative decay of different degenerate electronic substates of the ion

with Q; # Q) [8].
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One should note that in the case of closed shell molecules as, e.g., CO, the cross
terms in the fluorescence angular distribution parameter (11) are forbidden [8], similar
to the fluorescence angular distribution parameter of the closed shell atoms [6, 7, 23].
For the open shell NO molecule, the cross terms between the 2A and 2%+ excitation-
deexcitation amplitudes are allowed, and enter the differential fluorescence intensities
(9) via the angular distribution parameter (11). Thus, ESI can also be observed by
measuring the angularly resolved fluorescence spectra of open shell molecules. We
emphasize that the absence of the phase difference (dg, — dpms) between partial waves
in Eq. (11) as compared to Eq. (7) provides a hint for future partial wave analysis
in molecules. The latter fact is the 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 fluorescence photon. For this purpose, determination of the
fluorescence angular distribution parameter $1 under excitation by circularly polarized
radiation is required [5, 6]. We also note, that interference between different partial
waves in the f1 and (2 parameters for the open shell atoms and molecules could make
a partial wave analysis more complicated than that for the closed shell ones.

As one can see from Egs. (7) and (11), the calculation of angular distribution
parameters (3¢ and (2 requires the photoionization amplitudes (8) for emission of
the partial continuous photoelectron waves with given angular momentum ¢ and its
projection m. There are several theoretical approaches enabling to compute these partial
waves. In the multichannel Schwinger method (see, e.g., [24, 25] and references therein),
continuous channels are the solutions of the Lippmann-Schwinger equation in a basis set
of atom-centered Gaussian functions with subsequent one-center partial wave expansion.
Another comparatively simple method is known as the one-center approximation (see,
e.g., [26, 27] and references therein). It utilizes photoelectron continuous partial waves
computed in the field of one atomic center which emits an electron, neglecting thereby
interatomic and molecular field effects in the continuum. The latter approximations are

absent in the generalization of the atomic random-phase-approximation for diatomic
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molecules (see, e.g., [28, 29] and references therein). According to this method, the
Hartree-Fock zero order basis set of one-particle wave functions containing both, discrete
excited states and continuous partial electron waves, is calculated numerically in prolate
spheroidal coordinates in the field of a frozen core ion.

In the present work, partial photoelectron continuous waves were computed by
applying the single center (SC) method [8, 9, 30]. In the SC method, a one-particle
molecular orbital is represented with respect to a single center of a molecule via
expansion in terms of spherical harmonics, and a molecular orbital of a photoelectron
in the continuum is a numerical solution of a system of coupled Hartree-Fock equations
in spherical coordinates with precise molecular field potentials (see [30] for details).
These potentials were calculated using the MO LCAO representation of the occupied
shells of a molecule. The resulting photoelectron waves were renormalized in order
to satisfy the condition of observable incoming partial waves [31] as described in [§].
Transition amplitudes (8) were computed in the present work within the Franck-Condon
approximation. The electronic matrix elements were computed at the equilibrium
internuclear distance of the ground state of NO, r.=2.175 a.u. [32]. In the calculations of
the amplitudes (8) relaxation (monopole rearrangement) of the molecular core was taken
into account similar to our previous study of the C*O resonance [8]. The vibrational
parts of the amplitudes (8) were computed utilizing ab initio potential energy curves

from our previous study of NO [18].

3. Experiment

The photon-induced fluorescence spectroscopy (PIFS) has already been applied for
polarization analysis of atomic fluorescence [4, 23] and for studying core-excited
molecules [8, 18]. The present experimental setup is similar to experiments of [18, 23].
The experiments were performed at the planar elliptical undulator beamline UE56/2-
PGM-2 at BESSY II, Berlin. A 400 lines/mm grating was used to monochromatize

the synchrotron radiation which was then focused into a differentially pumped target
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cell filled with molecular nitric monoxide at room temperature and at a pressure of
33.3 pbar. The exciting-photon energy was varied around the N*O resonance in steps
of 25 meV covering the energy range from 398.8 to 401.1 eV. The band width of the
exciting radiation was 110 meV FWHM in order to be in the Raman regime of excitation
(natural width of the N*O resonances is 124 meV [14]). The exciting-photon energy was
calibrated to the known [14, 34] energy positions of the 1s7!'27%(v,) vibrational levels.

Fluorescence radiation between 133 and 157 nm was dispersed by a 1 m normal-
incidence monochromator equipped with a 1200 lines/mm grating and recorded
by a position-sensitive Csl microchannel-plate detector.  The resolution of this
‘monochromator-detector’ combination was about 0.2 nm. Fluorescence wavelength was
calibrated to the known positions of the A 'TI(v') — X ¥ (v”) vibrational bands [35].
The polarization vector £ of the undulator light may be set to horizontal or vertical
at this beamline. The fluorescence was observed in the vertical plane perpendicular
to the exciting-photon beam. Thus, the spectra recorded with vertical and horizontal
polarization correspond to the photon emission parallel (||) and perpendicular (L) to
the & vector, respectively (see the setup geometry in [23]). The detected fluorescence
intensity was normalized to the exciting-photon flux yielding at each energy the two
spectra I (w, ) and I(w, ).

In order to analyze energy dependencies of the fluorescence intensities we introduced
the integrated fluorescence intensities similar to our previous papers [8, 18]. Relative
integrated fluorescence intensities for the A TI(v') — X !'$7(v”) bands at a given
exciting-photon energy, /j(w) and I, (w), have been determined by integrating the
measured fluorescence intensities, Ijj(w, A) and I (w, A), over the wavelength intervals

centered around the vibrational band positions

Lyy(w) = /Iu/L(w, A) dA. (13)
The angular distribution parameter 52(w) and the total fluorescence intensity I(w) for

the present experimental geometry can be obtained from Eq. (9) by setting # = 0° and
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90°, and are given by
_ I”(w) + 2[J_(CU)
3 )
_ o Lw) = I (w)
IH(w) —I— 2]l(w)

I(w)

(14)

32(w) (15)

The present experimental results are discussed in subsection 4.2.

4. Results and discussion

Resonant photoabsorption and different resonant photoelectron spectra of N*O are
discussed in details in, e.g., [13, 14, 15, 36]. For clearness of the present discussion,
an overview of the N*O resonant photoionization spectrum from [18] is depicted in
panel (a) of Fig. 1. In what follows we analyze the impact of ESI on angularly resolved
decay spectra of the core-excited NO molecule. The NO*(X '371) resonant Auger
electron spectra of N*O are discussed in subsection 4.1, and the NO*(A 'II) Auger
decay and A 'II — X YT fluorescence emission spectra of N*O — in subsection 4.2.
The NOT(A 'TI) Auger decay and A 'TI — X 'S+ fluorescence emission spectra of the
O(ls — 2m) core-excitation of NO* are investigated theoretically in subsection 4.3.
In order to illustrate the influence of ESI on the computed decay spectra and to
reveal different contributions, the present calculations were performed in different

approximations:

(i) Direct: only direct photoionization channels were accounted for;

(ii) Separate(Res): only resonant photoionization channels were accounted for
separately for each intermediate electronic resonance. In this case, computed
angular distribution parameters become independent of the exciting-photon energy
even though the nuclear vibrational motion and LVI are included [8, 9];

(iii) NoESI(Dir+Res): the direct and all electronic resonant amplitudes were
incorporated incoherently, by weighting the angular distribution parameters
computed in the ‘Direct’ and ‘Separate(Res)’ approximations by the corresponding

cross sections;



Interference effects in angularly resolved decay spectra of NO 11

(iv) ESI(Res): interference between all resonant electronic amplitudes was taken into

account;

(v) ESI(Dir+Res): interference between the direct and all resonant amplitudes was

taken into account.

4.1. Angularly resolved X 'S Auger spectra of N*O

The accuracy of the present theoretical approach was checked by computing the
participator Auger spectra of the N*O resonance into the NOT(X 3% ¢”) states. The
presently computed angular-averaged Auger decay spectra are in good agreement with
the magic-angle recorded Auger intensities of [13, 15] (not shown here for brevity).
The presently computed angular distribution parameters 3%,, for Auger electrons are
compared with the experimental [15] ones in Fig. 1. Panel (b) of the figure depicts the
experimental 3%, values as functions of the vibrational quantum number v”, measured
in [15] at different exciting-photon energies. These energies are indicated in the resonant
photoionization cross section in panel (a) by the vertical arrows. Panel (c) of Fig. 1 shows
the 3%, parameters computed in the most accurate approximation ‘ESI(Dir+Res)’.
Fig. 1 illustrates good agreement between the present theory and experiment [15]. This
enables us to clarify the reasons responsible for the disagreement between the (3%,
parameters computed and measured in [15] (see figure 12 and relevant discussion in
[15]).

Parameters (5%, (w) computed in different approximations for the vibronic states
X 13+, 0" =0 and 1 are depicted in Fig. 2 as functions of the exciting-photon energy.
Namely for these two states the ‘standard LVI’ theory of [15] fails to predict the exciting-
photon energy dependencies observed in the experiments. The 3%, values computed
separately for the 2A and 22" resonances are +0.276 and —0.133, respectively (shown
in Fig. 2 by horizontal bars). Due to the ‘filtering effect’ [14] in core excitation spectra
of NO based on selection rules in the Auger decay matrix element, the 2X~ resonance

is not ‘visible’ in the X '37* final Auger state. Interference between the 2A and 2%+
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Figure 1. (Color online) Panel (a): experimental and theoretical photoionization
cross sections for the N*O resonance (data from [18]). The individual contributions
from the transitions via the 2A (dash-dot-dot), X~ (dash), and X% (dot) states are
also shown. The exciting-photon energies selected in [15] for measurements (panel (b))
are indicated by vertical arrows. Panels (b) and (c¢): angular distribution parameters
for the NOT X '¥F(v") photoelectrons measured in [15] and computed in the present
work as functions of the vibrational quantum number v” for selected exciting-photon

energies (indicated in panel (a)) in the vicinity of the N*O resonance.

electronic resonances causes the counterintuitive exciting-photon energy dependencies
of the computed (3%, (w) parameters (‘ESI(Res)” approximation in Fig. 2). Indeed, one
would expect that the computed parameters must decrease with energy in between these
two resonances, following their individual 8%,, values (horizontal bars). The computed

parameters, however, increase first with the energy, exhibiting already trends observed
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Figure 2. (Color online) Angular distribution parameters for the NOTX %+ (v” = 0
and 1) photoelectrons measured in [15] and computed in different approximations in the

vicinity of the N*O resonance. Computed parameters were convolved with a Gaussian

of 100 meV FWHM.

in the experiment [15] (shown by open circles).

The cross terms between 2A and YT resonant amplitudes in Eq. (7) are responsible
for this effect. Due to the energy denominator, the resonant amplitude in Eq. (8) changes
its sign across the resonance. At exciting-photon energies below the 2A resonance, both
amplitudes have the same sign. At energies above the 2X* resonance, they again have
the same sign (but opposite to the previous one). Thus, in these energy ranges, the
cross terms are positive. In between the 2A and 22* resonances, the amplitudes have
opposite signs, and the cross terms are negative. The change in sign of the cross terms

in Eq. (7) across the N*O resonance from positive to negative and again to positive
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is responsible for the change of the ESI from constructive to destructive and again to
constructive.

The individual contributions of direct photoionization to the angular distribution
parameters are illustrated in Fig. 2 by dashed curves. Being included in the calculations
in addition to the two electronic resonant channels (‘ESI(Dir+Res)’ approximation),
direct photoionization brings the computed (3%, (w) parameters into good agreement
with experiment [15]. The large impact of the weak direct photoionization in the
case of v = 0 and 1 final vibronic states is caused by the following reasons. The
Auger electron intensities of the N*O resonance are spread over a wide range of final
vibrational states X 37 0" (up to v” = 13 [13, 15]). In addition, the v = 0 and 1
states have relatively low resonant population. As a result, the direct photoionization
of these states is not negligibly small in comparison with the resonant ones. In order
to illustrate the complete effect of the ESI, the §%,.(w) parameters computed within
the ‘NoESI(Dir+Res)’ approximation are also depicted in Fig. 2 by dotted curves (to
be compared with the solid curves). The dotted curves somehow follow the individual
B%.,» values of both ?A and ?27T resonances and resemble the ‘standard LVI theory
of [15] (note, that the ‘NoESI(Dir+Res) approximation includes also an incoherent
contribution from the direct photoionization, which is absent in the ‘standard LVI’

theory of [15]).

4.2. Angularly resolved A *I1 Auger and A Tl — X Y% fluorescence spectra of N*O

In the present experiment, the following two vibrational band progressions of the
AI(v') — X 137 (v”) fluorescence have been resolved in the fluorescence range between
133 and 157 nm: v =0 — v =0..4and v =1 — v = 0...2 (see overview of the
fluorescence spectrum, e.g., in [35]). The weak progression v' =2 — v” = 1,2 was also
resolved with very low signal-to-noise ratio (not discussed later). From Eq. (10) it is
obvious that the exciting-photon energy dependence of the total fluorescence intensity

is determined only by the cross section for population of the initial fluorescence state,
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Figure 3. (Color online) Results of the present calculations performed in different
approximations (see text) together with the present experimental results. Computed
parameters were convolved with a Gaussian of 110 meV FWHM. Panel (a): cross
section for the population of the NOT A TI(v' = 0) vibronic state across the N*O
resonance. Experimental data are normalized to the theory at the maximum. Panel
(b): angular distribution parameter for the NO™ A TI(v' = 0) photoelectrons. Panel
(c): angular distribution parameter for the A II(v' = 0) — X X F(v”) fluorescence

bands progression. No normalization is required for experimental 2 values.

and is independent of the final fluorescence state. Similarly, the fluorescence angular
distribution parameters (11) are independent of the vibrational quantum number of
the final fluorescence state [8, 9]. As a consequence, similar exciting-photon energy
dependencies of the fluorescence intensities 114" (w) and angular distribution parameters
3259 (w) have been observed for each vibrational band within a given A 'TI(v/ =

const) — X 137 (v") progression. Therefore, we discuss hereafter the fluorescence
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Figure 4. (Color online) Parameters computed and measured for the NOT A I

(v' = 1) state across the N*O resonance (see notations in Fig. 3).

bands 0-2 (A &~ 146.2 nm) and 1-2 (A ~ 143.0 nm) only, which represent both presently
resolved progressions.

Cross sections 04, (w) and angular distribution parameters for the photoelectrons
B9, (w) and for the fluorescence (2% (w) computed within the most accurate
approximation ‘ ESI(Dir+Res)’ for the final states NO* A 'TI(v/ = 0 and 1) are depicted
in Figs. 3 and 4, respectively, by solid lines. The two maxima in the computed cross
sections 04, (w) at lower and higher exciting-photon energies correspond to the decay
of the ?A and 2X7 resonances, respectively [18]. Weak contributions from the 2%~
resonance are located between the two maxima but blended. This is due to the

cancellation of the direct and exchange Coulomb integrals in the corresponding Auger

decay matrix element [18]. The relative electronic probabilities for the excitation and
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decay of the 2X*, 2A, and 2X~ states computed in the present work are equal to
1:2:0.1, respectively. One can see that the weak direct photoionization influences
the computed o4, (w) negligibly (solid and dash-dot-dotted curves in panels (a) are
practically indistinguishable). The same holds for the computed parameters 39, (w)
and 32X (w) close to the resonance. The weak direct photoionization influences the
angular distribution parameters noticeably only for large energy detunings from the
resonance (cf solid and dash-dot-dotted curves in panels (b) and (¢)). Due to an almost
diagonal Franck-Condon matrix for Auger decay | < v'|v, > |* (corresponding potential
energy curves are very similar around the respective equilibrium internuclear distances),
the resonant amplitude is gathered in a few final vibrational states with v' ~ v, [18].
As a result, the resonant population amplitudes in this case are much larger than the
direct ones (contrary to the X 'Y final Auger state considered in subsection 4.1).

Angular distribution parameters computed for the direct (Direct) and for each
electronic resonant photoionization channel separately (Separate(Res)) are depicted in
Figs. 3 and 4 by dashed lines and horizontal bars, respectively (note, that the ﬁ2§;ﬂ”
values for the fluorescence angular distribution parameter are equal to —0.1 for all
electronic resonances). These angular distribution parameters were weighted by the
corresponding cross sections and are depicted in panels (b) and (¢) by dotted curves
(‘NoESI(Dir+Res)’ approximation). As expected, neglecting the ESI does not change
the computed cross sections (not shown in the figures). One can see that neglecting
the ESI changes the computed (3%, (w) and 325% (w) dispersions drastically. The
ESI is responsible for the curvature changes of the dispersions between the 2A and
253+ resonances from concave to convex and vice versa. Moreover, for the 325Y (w)
parameter, ESI also changes its sign twice across the resonance. As discussed above, in
the case of the 32%"’ (w) parameter, ESI is described by the cross terms in Eq. (11) and
is allowed between the 2A and 2X* amplitudes. These amplitudes change their signs
across the resonances, causing the illustrated effect.

The total fluorescence intensities 75Y (w) and angular distribution parameters
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32X (w) measured for the 0-2 and 1-2 fluorescence bands are depicted in Figs. 3
and 4, respectively, by open circles. From panels (a) it is evident that the measured
fluorescence intensities are in very good agreement with the computed cross sections for
the population of the initial fluorescence states. The measured ﬁ?fg,” (w) parameters
are shown in panels (c) only at those energies where the present count rate (signal-to-
noise ratio) was reliable (error bars A2 within £0.1). One can see that the measured
absolute values and dispersions of the 622(512 (w) parameters are also in good agreement
with those computed by including ESI between three intermediate resonances (solid
curves). Although the experimental error bars are still large, the present measurement
supports the effect of EST illustrated by the theory, including the changes of its sign (the

present experimental uncertainties are less than the difference between the 3252 (w)

parameters computed in the NoESI(Dir+Res) and ESI(Dir+Res) approximations).

4.8. Angularly resolved A 'I1 Auger and A 11 — X 3% fluorescence spectra of NO*

The relative electronic probabilities for the excitation and decay of the 2X%, 2A, and
2y}~ states of NO* computed in the present work are equal to 1:2:0.03, respectively.
These resonances appear in the spectra in the following energetical order: 2X~, 2A,
and ?X" [37, 38] (contrary to their order in the N*O resonance). Due to the small
excitation-deexcitation rate for the 2X~ resonance, only the 2A and ?X* resonances
are again responsible here for the main interference effects. The resonant O(1ls — 2m)
excitation amplitude is spread over a wide range of intermediate vibrational states, up
to v, = 20. In addition, potential energy curves for the intermediate and final states are
considerably shifted in R relatively to each other [18], resulting in small Franck-Condon
factors for Auger decay | < v'|v, > |?. Therefore, it is expected that the influence of
the weak direct photoionization can be observed even in the total (magic angle) cross
sections, similarly to the O(1s — 2) excitation of CO* [9, 39].

Present theoretical results for the NO* resonance are summarized in Figs. 5 and 6 for

the final states NO™ A II(v; = 0 and 1) with the highest population probabilities. The
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Figure 5. (Color online) Parameters computed for the NOT A I (v' = 0) state

across the NO* resonance (see notations in Fig. 3).

computed parameters are convolved with a Gaussian of 140 meV FWHM, corresponding
to the experimental resolution expected at these energies [18]. From panels (a) of these
figures it is evident that the direct photoionization is not negligibly small in the case of
the O(1s — 27) core-excitation of NO* (cf dashed lines and dash-dot-dotted curves).
Being included coherently with the resonant photoionization, it causes destructive and
constructive interferences at the low and high energy sides of the resonance, respectively
(cf dotted and solid curves in panels (a) of Figs. 5 and 6). As mentioned above, the
interference between intermediate electronic resonances is forbidden by symmetry in the
total cross sections (the dotted curves in panels (a) are simply shifted by the constant
direct photoionization relatively to the dash-dot-dotted curves).

The symmetry-forbidden ESI between the 2A and 2% resonant amplitudes is
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Figure 6. (Color online) Parameters computed for the NOt A I (v = 1) state

across the NO* resonance (see notations in Fig. 3).

clearly visible in the angular distribution parameters (39, (w) and 3252 (w) depicted
in panels (b) and (c) of Figs. 5 and 6. Similarly to the case of the N*O excitation, it
changes drastically the exciting-photon energy dependencies of the angular distribution
parameters (cf dotted and solid curves).  Considerable influence of the direct
photoionization on the angular distribution parameters in the on- and off-resonance
excitation regimes is also evident from these figures (cf dash-dot-dotted and solid curves).
Finally, clear fingerprints of the very weak 2X~ resonance can be seen for the v’ = 1 final
state (Fig. 6), as the asymmetric resonant feature in the angular distribution parameters

at exciting-photon energy of around 532.25 eV.
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5. Conclusions

Dispersions of the angular distribution parameters for the NOT X 13X+ and A II
photoelectrons and for the A 'II — X '¥* fluorescence have been calculated in the
vicinity of the N*O (NO*) resonances ab initio. The angular distribution parameters
of the resonantly excited NO*(A 'IT — X 'X7) fluorescence have been determined in
the vicinity of the N*O resonance in the Raman regime for core excitation by means
of photon-induced fluorescence spectroscopy (PIFS). The present calculations are in
good agreement with the presently measured angularly resolved fluorescence spectra
and enable us to interpret vibrationally and angularly resolved Auger decay spectra of
[15].

It is illustrated by the theory that the interference between the amplitudes for
excitation and decay of neighboring core-excited N*O and NO* resonances of different
symmetries plays a significant role in the formation and interpretation of their angularly
resolved Auger electron and fluorescence emission spectra, although it is symmetry-
forbidden in the solid-angle-averaged spectra. The interference between the weak direct
and dominant resonant photoionization channels is also very important, influencing
the non-angle-averaged spectra not only in the off-resonance detuning regime, but in
proximity of the resonances, too. These interferences determine both, the absolute
values of the parameters for angular distributions of photoelectrons and fluorescence

photons and their exciting-photon energy dependencies across the resonances.
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