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Abstract. The effect of the exchange interaction in the photoionization
continuum is investigated, using N 1s photoionization of NO into the 1s−12π (1�)

and (3�) final states as an example. The separation in energy of these two final
states is 1.41 eV. Significant differences in their partial photoionization cross-
sections are observed over a wide range of energies and cannot be accounted for
by the different multiplicity of the states. We suggest that the deviation of the
3�/1� cross-section ratio from the statistical weighting at intermediate energies
is dominated by the difference in the final-state potential experienced by the
photoelectron and at asymptotically high energies by the multiplet-dependent
amount of intensity going into multi-electron (shake-up) processes. Calculations
underpinning this point are presented. We also show supporting measurements of
the 3�/1� cross-section ratio for O 1s ionization and the absolute photoabsorption
cross-section for NO over a wide energy range covering the core level region.
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1. Introduction

One hundred years after Einstein’s introduction of the concept of the photon in order to explain the
photoelectric effect [1], photoionization experiments with an astounding degree of sophistication
are possible. For isolated molecules, experiments can be performed, which probe the energy
distribution and spatial distribution of photoelectrons from a fixed-in-space molecule. This can
be achieved by aligning the molecule with a laser pulse [2, 3], or by determining the molecular
axis direction in retrospect by detection of one or several ionic fragments, e.g. [4]–[14]. From
these experiments, in a number of cases the full quantum mechanical transition matrix for the
photoionization process has been extracted (e.g. [12], [15]–[18]).

To interpret experiments at this level of detail, the mechanisms which have to be taken into
account for the formation of the photoelectron single-particle wavefunction have to be known
precisely. Although the photoelectron is asymptotically free, in the molecular region it is still part
of a multi-electron system with a total wavefunction which has to be properly antisymmetrized.
For bound systems, antisymmetrization of the multi-electron wavefunction leads to energy
differences between states with identical electronic configuration, but different spin coupling.
This is often described as the consequence of an exchange interaction. In the photoionization
of open-shell systems, exchange interactions between the bound electrons will lead to energy
differences between the final ionic states. However, the extent to which the exchange interaction
between bound electrons and the outgoing photoelectron affects the ionization process is not
easily accessible.

In this paper, we report partial cross-section data for photoionization of the N 1s electrons
in nitric oxide (NO) up to a kinetic energy of 600 eV and compare the results with calculations.
Due to its valence, electronic configuration of 3σ24σ21π45σ22π1 NO is an open-shell molecule,
in which core-level photoionization can lead to two channels differing by the spin coupling
within the remaining ion: NO N 1s−12π (1�) and N 1s−12π (3�). These two ionic states create
scattering potentials for the outgoing photoelectron, which differ in the exchange interaction that
the photoelectron experiences while leaving the molecular ion. We show that the partial cross-
sections pertaining to the two channels behave differently over a wide range of photoelectron
energies. Since for a molecule as light as NO, the spin–orbit coupling is very small, this represents
a clear example of the influence of the exchange interaction on the photoionization process.
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The basic features of the N 1s photoelectron spectrum of NO are known from investigations
with a Mg Kα X-ray source by Bagus et al [19]. These authors were able to resolve the energy
difference between the singlet and triplet ionic state and found an intensity ratio of the singlet to
triplet lines of 1 : 3.43(8) at a photon energy of 1.254 keV, which differs significantly from the
expected statistical value of 1 : 3. This was attributed to different amounts of relaxation in the
two ionic states. Assuming that the dipole matrix element is identical for the two states at high
energies, their intensity ratio in a photoelectron spectrum depends, apart from the degeneracy
factor, on the overlap between the valence orbitals in the initial and final state. Due to relaxation,
this factor is generally less than unity, which leads to a reduction of the main line intensity and
a proportionate appearance of shake-up satellites. Its quantitative dependence on the ionic state
was reproduced by a calculation of Darko et al [20].

Further data on the inner-shell photoionization of NO was obtained in an early photon
energy-dependent experiment, but the separation of the two exchange-split ionic states was not
possible [21]. Subsequent investigations concentrated on the shape resonance region. Symmetry-
resolved ion yield spectroscopy yielded shape resonance positions very close to the ionization
thresholds of the N and O K-shells [22]. In the σ-channel of the ion yield, at the N K-edge a double
structure of the resonance was observed, which was interpreted with the aid of spin-state resolved
photoelectron spectra as a first maximum due to double excitations, followed by a single-shape
resonance, which can decay in both the 3� and 1� channel [23]. The same group has investigated
the partial wave composition of the outgoing N 1s wavefunction by photoelectron spectroscopy
from NO molecules with selected spatial-axis directions [24].

In this paper, we will first present and discuss our results for the NO N 1s photoionization
of NO. Subsequently, some results for the O 1s edge will be presented.

2. Experiment

Experimental results were obtained at several runs at the synchrotron radiation facilities NSLS
(Brookhaven, USA), HASYLAB (Hamburg, Germany) and BESSY (Berlin, Germany). The
bulk of the photoelectron spectra were taken on the X1B undulator beamline at the NSLS
[25], using a stationary, magic angle cylindrical mirror analyser (CMA), the axis of which is
collinear with the incoming synchrotron radiation beam [26].A rotationally symmetric slit around
the interaction region served as the gas inlet. The instrument is equipped with a cylindrically
symmetric entrance lens and therefore can be operated in constant pass energy mode. Two
different series of NO N 1s main line spectra were recorded with pass energies of 15 eV and
30 eV, giving an electron energy resolution of 95–135 meV and 195–290 meV, respectively,
depending on the electron kinetic energy. The photon energy resolution for the two series was set
to 80 and 200–320 meV, respectively. A series of NO O 1s main line spectra was recorded with
a pass energy of 15 eV and a photon energy resolution of 200–240 meV. All spectra taken with
this setup were normalized to the intensity of the incident light by alternate measurements of
either the Ne 2p photoelectron line (N 1s spectra) or the Ar 2p photoelectron line (O 1s spectra)
[27]. The transmission function of the analyser has been determined earlier [28] and was used
to normalize the data. At HASYLAB, an electron time-of-flight (TOF) analyser, similar to the
one described in [29], was used under the quasi-magic angle in a plane perpendicular to the
light propagation axis. In this setup, the target gas entered the interaction region through a thin
needle (∅ = 220 µm) also mounted perpendicular to the photon beam. The spectra were obtained
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on the BW3 undulator beamline with 350–460 meV total experimental resolution, depending
on the photon energy [30]. For the time-to-energy conversion of the TOF-spectra the known
kinetic energy positions of the NO-KLL Auger lines [31] have been used as well as the NO N 1s
main line [32]. Finally, some high-resolution spectra were recorded at the undulator beam line
U49/1-SGM [33] of the third generation synchrotron radiation source BESSY. Here, a
hemispherical analyser (Scienta ES-200 [34]) was used, again mounted within the dipole plane
under the quasimagic angle. At a pass energy of 10 eV a total experimental resolution of 67 meV
for the N 1s spectrum was achieved. For the O 1s spectrum, the settings were 20 eV pass
energy and 90 meV total experimental resolution. The ionization volume was enclosed by a
stainless steel gas cell, which included a photoelectron dump to prevent backscattered electrons
from entering the analyser and electrodes to apply a compensation voltage along the light axis
passing through the sample volume [35]. The photon energy scale was calibrated using results
from electron energy loss spectroscopy (EELS) measurements for NO N 1s → π∗, 2�− ν′ = 0
at hν = 399.67 eV [32] and—in the case of the experiment at BESSY II—N2 N 1s → π∗,
1σu → 1πg, ν

′ = 0 at hν = 400.88 eV [36]. In all experiments, the synchrotron radiation was
linearly polarized with the electric field vector directed along the horizontal. Components of the
gas inlet system were made of corrosion resistant substances, such as stainless steel and PTFE
and the system was flushed with an inert gas repeatedly before and after letting in NO.

All spectra were subjected to a least squares fit to determine the spectroscopical quantities
of interest. We included vibrational excitations up to v′ = 3 for each of the two multiplet lines.
For the line shape, we have used a Lorentzian form distorted by Post-Collision-Interaction (PCI).
An analytical parametrization of the resulting profile derived by Kuchiev and Sheinerman was
chosen [37, 38]. For each of the two multiplet states, one vibrational progression was modelled by
a coupling constant a, from which the intensities of all vibrationally excited states v′ were derived
with the aid of the linear coupling approximation: p(v′) = exp(−a) av′

/v′! [39]. The vibrational
levels were assumed to be equidistant in energy. The resulting curves were convoluted by a
Gaussian to account for experimental broadening. For the spectra taken with the CMA, the
empirically determined analyser transmission profile was also convoluted with the calculated
profile [40].

The absolute photoabsorption cross-section of NO was measured with a gas cell employing
Si : N windows [41]. The cross-section was extracted from measurements of the photocurrent in
front and behind of the cell, using a scan with an evacuated cell and otherwise identical parameters
for normalization. Measurements were carried out at the HE-TGM1 beamline of the synchrotron
radiation source BESSY I, predecessor of the current BESSY facility. The influence of higher
order radiation has been suppressed by an arrangement of two grazing incidence mirrors. Further
information on the apparatus has been published [42]. In order to subtract the valence contribution
to the cross-section in the core-level region, we have approximated its influence by fitting a power
law to a portion of the cross-section at photon energies below the first K-shell resonance and
subtracting the resulting curve at all photon energies. Absolute cross-sections shown in this work
include this correction.

3. Theory

Theoretical results were obtained by first performing a multiconfiguration self-consistent-field
(MCSCF) calculation on the ion ground state of NO+ using all core and valence orbitals.
The natural orbitals were then used in CI calculations for both neutral and ion states and
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in multichannel Schwinger configuration interaction (MCSCI) calculations [43]–[45]. The
maximum l used for the expansion of the bound and continuum orbitals was 60 and in the
asymptotic region it was 18. At the experimental ground state equilibrium bond distance of
1.1508 Å [46], the ionization potentials were 409.59 and 410.44 eV for the 3� and 1� states,
respectively. We have performed two-channel MCSCI calculations of the transition matrix
elements for the N 1s photoionization of NO molecules leading to the 3� and 1� final states at
bond distances R of 1.0508, 1.1008, 1.1508, 1.2008 and 1.2508 Å.

Calculated values of the energy difference between the 1� and the 3� potential curve at these
bond lengths are somewhat lower than the observed adiabatic exchange splitting (see below).
Their trend shows a decrease from 0.9655 eV over 0.9079, 0.8494, 0.7882 to 0.7224 eV with
increasing bond distance, which shows that the N–O bond in the NO+ N 1s−1 1� state undergoes
slightly less shortening than in the 3� state. This agrees with the findings in earlier calculations
[47] and with the observation of a larger degree of vibrational excitation in the 3� than in the
1� state at photon energies away from the threshold region [48].

The partial cross-sections were very rapidly varying functions of the internuclear coordinate
R, so that intermediate values could not be interpolated by standard spline or polynomial
functions. Thus, we fit each partial cross-section to a Fano profile, the parameters of which
were found to be well approximated by quadratic polynomials in R. Vibrationally specific partial
cross-sections were obtained by integrating over R the product of the R-dependent Fano profiles,
the initial ground state and the final-state vibrational wavefunctions.Vibrationally averaged cross-
sections were then obtained by a summation of the vibrationally specific cross-sections to all final
ion vibrational states. Averaging over the vibrational motion had a significant effect in the region
of shape resonance near the threshold. At energies above 50 eV kinetic energy, we give cross-
sections that were computed with the bond length fixed at R = 1.1508 Å. As a consequence, the
calculations for the partial cross-section have a discontinuity in the order of 1% at 50 eV kinetic
energy.

4. Results: NO N 1s

The high resolution N 1s photoelectron spectrum of NO, recorded at BESSY, is shown in figure 1.
The splitting of the main line into two components corresponding to triplet and singlet spin
coupling can easily be resolved. Its value is 1.41 eV. This exchange effect is purely dependent
on the ionic states and the magnitude of the splitting does not vary with photon energy. The
vibrational fine-structure of the two lines is also well resolved and a vibrational energy of
237(5) meV was determined within the harmonic approximation for both lines. The ionization
potentials of the N 1s−12π(3�) and (1�) states were found at 410.34 and 411.81(2) eV by
extrapolation of the pre-edge Rydberg series [32], and at 410.32(4) and 411.68(13) eV by
photoelectron spectroscopy with an x-ray line source [49]. These give exchange splittings of
1.36 and 1.47 eV, respectively. Our value lies in between these previous measurements.

We have measured the cross-section for ionization into the 3� and the 1� final states over a
wide range of energies. The sum of both components is displayed on an absolute scale in figure 2.
We arrived at this figure by scaling the low-energy data of our work and the literature data by
Lindle et al [21] to coincide with the maximum of the absorption curve at 415.4 eV. At this low
energy, contributions of N 1s photoelectron satellites to the total absorption cross-section are not
expected. Implicitly, we also assume that the total photoabsorption cross-section at its maximum
is not influenced by neutral double excitations that decay to other channels than the N 1s main
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Figure 1. The NO N 1s main line photoelectron spectrum, showing the ionic 3�

and 1� states split by the exchange interaction. Circles: experiment; solid line:
least-squares fit; dashed lines: vibrational components of the fit, not convoluted
with the apparatus function.
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Figure 2. Intensity of the NO N 1s photoelectron main lines, sum of both
multiplet components. Open circles are from Lindle et al [21]. All data sets
were scaled to coincide with the absolute photoabsorption cross-section at
its maximum at 415.4 eV. The valence contribution to the cross-section was
subtracted beforehand, as explained in the experimental section.

line. As the sum of our N 1s single-hole and satellite cross-sections at higher photon energy is
again consistent with the total absorption data, see below, we conclude that within the accuracy
of our data our scaling procedure is justified.

The symmetry resolved ion yield curve measured by Hosaka et al [23] shows two local
maxima in the σ channel. Of this, the second peak at 415 eV, which is the absolute maximum, is
assigned to the shape resonance in both 3� and 1� channel, while the first peak at 412.5 eV is
tentatively assigned to double excitations. In our light attenuation measurement the cross-section
has less pronounced structures, which might be due to directional averaging. Agreement of our
data to the older study by Lindle et al [21] is satisfactory.
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Figure 3. Partial photoionization cross-sections for the two NO N 1s−1 final
states. Circles and triangles mark different experimental data sets. Experimental
errors are about the symbol size. Theoretical results up to 50 eV include averaging
over the vibrational motion, see text. Small symbols and the dotted line represent
the 1� results, multiplied by 3.33 (see text).

The difference between the N 1s single-hole cross-section and the core-level photo-
absorption cross-section has to be attributed to N 1s satellite production, of which no photon
energy-dependent studies are known to the authors. Spears et al [50] find a total satellite intensity
of 25% relative to the main line at the photon energy of the Al Kα line. If we use this number to
partition the photoabsorption cross-section at 530 eV, the contribution of N 1s related shake-off
processes is another 16% of the N 1s single-hole cross-section. A measurement of the total N
1s satellite intensity at 430.65 eV carried out within the scope of this work gives an intensity of
discrete satellites of 35% relative to the sum of the main lines, which is in good agreement to the
difference of the single-hole cross-section to the photoabsorption curve at this energy. (At this
low energy, shake-off processes are unimportant.) No influence of the NO O 1s → π∗ resonance
on the N 1s cross-section can be seen.

We have disentangled the cross-section for ionization into the 3� and the 1� final states over
a wide range of energies. Results are displayed in figure 3, together with the calculated curves.
The cross-sections show an unusually steep decrease just above the photoionization threshold, as
a consequence of the shape resonance embedded in the photoionization continuum at this photon
energy. Early calculations within the multiple scattering model [51] placed the shape resonance
somewhat higher at around 420 eV. In our calculations, the shape resonance positions are found
at 413.2 and 415.2 eV for the 1� and 3� states, respectively. Due to the poor transmission of our
analyser at low kinetic energies, we can only note from the experimental data that the 3� state
most probably has a maximum in the cross-section at 415.4 eV. The shape resonances appear
to be somewhat broader and the increase of the cross-section is less pronounced than in the
calculation.

The intensity ratio of photoelectrons pertaining to different multiplet levels of an open-shell
system has been examined for atomic oxygen by Schaphorst et al [52]. These authors distinguish
between ‘kinetic’ and ‘dynamic’ effects. The kinetic effects are caused by the difference in
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Figure 4. Intensity ratio of the two NO N 1s−1 photoelectron lines, above:
wide energy range (note the log scale), below: expanded view of the region
near threshold. Three experimental data sets (circles and triangles) and theory
from this work (solid line) are shown. To perform the ratio of data points at
equal kinetic energy, the original measurements at equal photon energy were
interpolated linearly or by a polynomial fit. The value at 844 eV is from [19].

the ionization thresholds of the multiplet levels. If the cross-section ratio is performed at equal
photon energies, this leads to variations even if the multiplet specific cross-sections versus kinetic
energy only differ by degeneracy factors. In contrast, dynamic effects arise from a multiplet
specific kinetic energy-dependent behaviour of the photoionization amplitudes. For the cross-
section ratio of the oxygen 2s12p4 (2,4P) states, the variation was attributed solely to kinetic
effects [52].

Figure 3 displays our data versus their respective kinetic energy. Significant differences
between the cross-sections of the two channels exist between 10 and 50 eV kinetic energy. (To
make this fact more evident, in the figure we have put in a copy of the 1� cross-section data
multiplied by a factor to align them with the 3� cross-section at the high energy end of the
figure.) In figure 4, the difference between the two channels is seen as a significant minimum in
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the 3�/1� intensity ratio at around 20 eV kinetic energy. This observation clearly distinguishes
the results from other photoionization experiments on closed- and open-shell systems.

5. Discussion: NO N 1s

To examine the source of the observed dynamic effect, consider the simple frozen core Hartree–
Fock model given in [53]. For each final state of the ion+electron system, 2�, 2�+, 2�−, 2�, and
each underlying ionic state, 3� or 1�, a single-particle differential equation for the continuum
orbital can be formulated. For the 2� final state, we get

(
f +

∑
i

(2Ji − Ki) + J2σ + J2π ± K2σ

2
± K2π

2
− ε

)
ψkσ = 0. (1)

Here, f contains all one-particle operators (kinetic energy and Coulomb attraction from the
nuclei), Jk and Kk are the Coulomb and exchange operators with an electron in orbital k, i

runs over all doubly occupied orbitals in the ionic state and ε is the single-particle energy of the
continuum electron. The N 1s orbital is designated as 2σ. For the remaining final states, equations
are similar and differ mainly in the symmetry of the continuum orbital. (Two additional terms,
which pertain to Coulomb- and exchange-like interactions with the 2π valence orbital are present
only for 2� final states and will not be discussed here.) The important point in equation (1) is that
it differentiates between the two ionic state symmetries by the ‘sign of the exchange operators’
K2σ and K2π. In each case, these appear with the upper (positive) sign in the single-particle
equations pertaining to the 3� ionic state and with a negative sign for the 1� ionic state. Since
the exchange operators generally have a positive contribution to the potential, the triplet potential
is less attractive than the singlet potential. This fact can also be seen from our numerical coupled-
channel results: we find the shape resonances at photoelectron kinetic energies of 2.1 eV and
4.4 eV for 1� and 3� states, respectively. The fact that the resonances appear at different positions
in each channel also shows that the amount of interchannel coupling is relatively small, in contrast
to the valence ionization of NO [45]. Overall, the computed results shown in figure 3 indicate
that the two-channel calculations given here show a difference in the 1� and 3� cross-sections
comparable to that found in the experiments, although the calculations each disagree with the
experimental results in a manner that suggests that the inclusion of shake-up channels will be
important. Including these additional channels would more accurately represent the dynamic
response of the target to the photoelectron and could thus change the position and the width of
the shape resonance.

If we single out the exchange operators in equation (1), insert their definition and introduce
a symbol Ô which summarizes the effect of all other operators, we have

Ôψkσ(r) ± φ2σ(r)
2

∫
dr′ φ∗

2σ(r
′)ψkσ(r′)

|r − r′| ± φ2π(r)
2

∫
dr′ φ∗

2π(r
′)ψkσ(r′)

|r − r′| = εψkσ(r) (2)

and again we arrive at analogous equations for the other final-state symmetries. The negative
signs again correspond to the 1� ionic state.

On the left-hand side (lhs) this equation contains the transformed continuum wavefunction,
with contributions of bound state functions, multiplied by some exchange operators, added or
subtracted. These latter contributions (last two terms on the lhs of the equation) differ from zero
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Figure 5. The NO O 1s main line photoelectron spectrum. The exchange split
of the 3� and 1� states is much smaller than for the N 1s main line. Circles:
experiment; solid line: least-squares fit; dashed lines: vibrational components of
the fit, not convoluted with the apparatus function.

only in the molecular region. We expect the largest exchange terms to be the combination of
the 2σ orbital with the σ continuum channel, since the former is strongly centred around the
nitrogen core and will overlap with positive parts of the continuum wavefunction only. This
contribution is ‘positive’ for the 3� and ‘negative’ for the 1� state. Since equation (2) is an
eigenvalue equation, the latter contributions plus the continuum wavefunction transformed by
the kinetic energy operator and the Coulomb attraction operator, summarized as Ô, have to match
the continuum wavefunction itself. For a given value of the kinetic energy ε, this is only possible
if the effect of the kinetic energy and Coulomb attraction operators on the continuum orbital
compensate the contributions of bound state character by the exchange terms. In order to achieve
this, the continuum orbital of the 1� state, where the bound state terms are negative, needs to
have ‘more’ charge density in the molecular region than the continuum orbital of the 3� state.

We suggest that this mechanism leads to the larger cross-section for the singlet channel
at higher kinetic energies, where the shape resonance has little influence on the photoemission
process. For the exchange terms with the 2π-bound orbital and with the π continuum channels, we
expect lesser effects from this mechanism, since the wavefunctions are more extended and overlap
in regions with matching and with opposite sign. Eventually, for very high kinetic energies, the
continuum wavefunction oscillates rapidly in the molecular region. Thus, destructive interference
of the continuum and bound state wavefunction will make the exchange integral insignificant.

6. Results: NO O 1s

The high resolution core-level photoelectron spectrum at the O 1s edge is shown in figure 5. The
exchange splitting for the NO O 1s−1 states is much smaller than for the N 1s−1 states, 0.48 eV
according to our measurements. This difference can be understood by inspecting the charge
density of the singly occupied 2π orbital at the nitrogen and oxygen cores. Due to the higher
electronegativity of the oxygen, the bonding 1π orbital is drawn towards the oxygen, so that
the antibonding 2π electron is localized towards the nitrogen and thus interacts more strongly
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with the N 1s orbital than with the O 1s orbital. Within this work, the vibrational spacing for
both progressions was assumed to be equal and was found at a value of 200 meV. Unpublished
work by one of the authors [54], indicates that the 1� progression in fact has a somewhat larger
vibrational energy, but this does not influence the results further discussed in this publication.

The intensity ratio of the two multiplet components after O 1s photoionization is displayed
in figure 6. Since the two components can only be separated by curve-fitting, the data analysis
has a larger degree of uncertainty than in the N 1s case. We nevertheless see that the basic
trend observed for the triplet/singlet ratio at the nitrogen edge is reproduced. This points to the
universality of the dynamical origin for unequal multiplet components.

7. Concluding remarks

To summarize, we have seen significant differences in molecular photoionization channels which
differ only by the spin coupling of the remaining open shells. This explicitly shows the effect of
exchange interactions on the photoelectron continuum wavefunctions. Because of the difficulty
of including the non-local exchange operators, often in first approximations to photoionization
it has been neglected. This work gives an experimental example of the error introduced by that
assumption.

A tentative explanation of the effects using properties of the respective wavefunctions has
been given. We would finally like to mention again that the asymptotic value of the cross-section
ratio is influenced by shake-up satellites borrowing intensity from both multiplet states [20]. It
is conceivable that this intensity borrowing is photon energy dependent as well and would thus
lead to some variation of the multiplet ratio at the highest photon energies we have discussed.
This factor has not been considered here, since no energy-dependent measurements of the NO
core-level satellite structure are known to the authors. For a further investigation of a possible
relation between NO satellites and multiplet intensity, however, an investigation of the satellite
structure at a number of energies seems to be indispensable.
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