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Abstract. Partial ion yield spectroscopy was used to study fragmentation processes
in cyanogen after C 1s and N 1s photoexcitation. The interpretation of the core
excitation spectrum mostly follows literature, but the high resolution has in some cases
allowed a more detailed assignment. Using the fact that in Rydberg states there is
an intensity increase as the fragmentation process becomes more extensive compared
to valence orbitals, we have been able to distinguish resonances with valence and
Rydberg character. Furthermore, we have been able to assign features in the ionization
continuum as arising from double excitations or shape resonances, by observation of
the suppression of anion yield at shape resonances.
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1. Introduction

Cyanogen, (CN)j, is a stable gas while its subunit, the radical CN, is of high inter-
est in astrophysical studies, being found in comet tails and nuclei. The amount and
distribution of CN in the Hale Bopp comet revealed some crucial details about the
mechanisms controlling the evolution of comets [1], with the CN fluorescence spectrum
being used to determine comet velocity and rotational properties [2]. To elucidate the
electronic structure of its stable parent (CN)y is therefore quite relevant from both a
fundamental and an applied point of view. Several studies have been reported on (CN),y
electronic structure, including He T and He II valence photoelectron spectra [3, 4, 5],
a synchrotron radiation based pulsed field ionization study [6], and theoretical calcu-
lations of the valence electronic structure with several methods [7, 8, 9, 10]. However,
no extensive investigation is reported on the core excitation and decay properties, the
only existing literature study being an electron energy loss spectroscopy study of the
absorption around both the C and the N K-edges [11].

We present here an investigation of the electronic structure and dynamical
properties of molecular cyanogen by positive and negative ion partial yield spectroscopy,
with the main goal of elucidating its resonant behavior and fragmentation properties
around both C and N K-edges. We have conducted a systematic study of partial positive
and negative ion yields on as many as twenty molecules, which has allowed us to establish
several criteria for spectral assignment based upon some peculiar features of partial ion
yield experiments. Among these are CO [12, 13], COq [14], HO[15], OCS [16], N,O
[17], NO [18], HyS [19], and CHOOH [20]. In particular, we have demonstrated that in
relatively small systems the anion yield in correspondence of shape resonance-related
spectral features is negligible, due to the difficulty of producing a negatively charged
species starting from a species with a double positive charge, resulting from mechanisms
like normal Auger decay [12]. Such a finding has proven a very valuable tool in cases
where the presence of shape resonances was controversial, or in cases where there was
an overlap in energy between shape resonances and doubly excited states embedded in
an ionization continuum. Shape resonances are well known phenomena in molecular
photoionization, and have been studied extensively in the last decades, in particular
after the emergence of synchrotron radiation facilities. The first described case was
the [ = 3 shape resonance in the (1s)~'o, continuum of Ny, discussed in a Letter by
Dehmer and Dill published nearly 30 years ago [21]. There have been instances where
the assignment of certain features in photoionization cross-section spectra to shape-
resonant phenomena or not have been debated. This highlights the need to be able to
unambiguously assign features above the threshold in core photoionization spectra as
arising from shape resonances, or double excitations, i.e., two-hole-two-electron core-
excited states, or correlation satellite thresholds. The key question in assigning a shape
resonance is ascertaining the one-electron character of the feature, which for instance can
be made by measuring the cross section for only the main line. Recently, we showed that
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for a small molecule such as CO, an alternative method is to measure the production
of anions after core excitation [12, 13]. For light elements such as carbon or oxygen,
the decay following the excitation of the core electron into the ionization continuum
will almost always include the ejection of an Auger electron. This leaves the CO ion
in a doubly charged state, from which ion-pair formation is not possible. From doubly
excited states above the threshold, the resonant Auger process allows decay to singly
charged final states, which may form ion pairs upon dissociation in a subsequent step.

The situation becomes more difficult to interpret for larger molecules. In the two-
and three-atomic cases mentioned above [12, 13, 14, 15, 16, 17, 18, 19], anion yield has
been found to be suppressed at shape resonances. However, in the case of SF6, anion
yield of similar relative intensity as in cations has been observed at the position of the
shape resonance, both by Scully et al. [22], and by some of us [23]. The possibility to
distribute charge over several positive fragments opens up decay paths that will allow
anions to be formed even after normal Auger decay. The present investigation thus also
provides information on if the four-atomic molecule (CN), is small enough to allow this
criterion to apply.

In this framework, one of the reasons to select (CN), is the existing rich literature
on the presence, number and energy position of shape resonances. Cyanogen is a linear
molecule with two strong triple bonds, for which a [ = 3 shape resonance, similar to
Ny, can be expected. However, as there are two pairs of core levels, both an ungerade
and a gerade combination should be possible to form. Theoretical considerations for the
ionization of valence orbitals have therefore shown a very complex picture concerning
the existence of shape resonances in (CN)y [24, 25, 26]. Another reason to perform a
study on (CN), is that the only reported observation of transitions to either Rydberg
states or virtual molecular orbitals was obtained by moderate-resolution electron energy
loss spectroscopy around both the C and the N K-edges [11]. In this literature report,
the experimental resolution was not sufficient to resolve the Rydberg states overlapping
with empty molecular orbitals. Another open question was whether there is a mixing of
valence virtual states of sigma symmetry with the 3s Rydberg level, as has been reported
for instance on acetylene, another molecule with a strong triple bond [27]. A useful
criterion we have been able to establish is that the relative intensity of spectral features
in partial ion yield measurements related to states with a pure Rydberg character
increases with respect to features related to transitions to virtual molecular orbitals
as a function of fragmentation: the more extended the fragmentation process is, the
more prominent the Rydberg series. This finding was explained on the ground of the
transitions to Rydberg states leading mainly to spectator decay, therefore to final states
often dissociative in nature (see e.g. [27, 28]). By using the method described above,
we could identify several above-threshold features in (CN), as either shape resonances
or doubly excited states. In particular, we show that the enhancement in intensity at
threshold for both edges is most likely due to doubly excited states converging to the
ionization threshold of satellites rather than a shape resonance, on the ground of the
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behavior of the negative ion yields. Furthermore, we could perform a new assignment
of the Rydberg series based on our increased spectral resolution together with the
above described effect on the relative intensity of the Rydberg series as a function
of extended fragmentation. A more complete picture of the dynamical properties of
(CN), is therefore presented here, derived mainly by exploiting some specific features
of partial ion yield spectroscopy. We also report and discuss the surprising formation of
N3 fragments. The formation of such fragment requires a strong rearrangement of the
molecular structure following core excitation.

2. Experimental

The measurements were performed using undulator beamline 8.0.1.3 at the Advanced
Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA). This 5-cm-period
undulator beamline is equipped with three interchangeable spherical gratings (150, 380,
and 925 lines/mm) for high resolution and high flux and provides 10! to 6 x 10
photons/s in the 80-1400 eV photon-energy range with a maximum resolving power
of E/AFE < 8000. Calibration of the photon energy was performed by measuring the
position of the Cls — 27, in CO5 (290.77 eV [29]) at the C K-edge, and the position of
the N1s — 27, resonance in Ny (400.87 eV [30]) at the N K-edge. Grating and slit sizes
were chosen to achieve a resolution of 70 meV at 300 eV and 80 meV at 400 eV, while
preserving the photon flux (approximately 5 x 10'? photons/s) to allow for a reasonable
anion signal. Contamination by third-order light from the undulator passing through
the monochromator accounts for less than 1% of the total photon flux.

Partial cation and anion yields were obtained with a magnetic mass spectrometer
described previously [31]. The instrument consists of a 180° magnetic mass spectrom-
eter with a resolution of 1 mass in 50, an electrostatic lens to focus the ions created
in the interaction region onto the entrance slit of the spectrometer, and an effusive-jet
gas cell containing push and extraction plates to move the ions from the interaction
region into the lens. Ions are detected with a channel electron multiplier (CEM) at the
exit slit of the spectrometer. The polarities of the lens, magnetic field, and CEM may
be switched, allowing measurement of either cations or anions produced by photofrag-
mentation. In addition, an analog signal from a capacitance manometer was recorded
simultaneously with the ion signal and incident photon flux to monitor target gas pres-
sure for a point-by-point normalization of the recorded spectra. The working pressure
in the target chamber was approximately 1 x 10~° Torr, and the chamber was isolated
from the beamline vacuum (1 x 107 Torr) by a differential pumping system (2 x 1078
Torr).

The commercially obtained sample (Apogee Technology) had 98.5% purity, and
was used without further purification.
In order to obtain reasonable statistics, most of the spectra presented here are the



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield 5

sum of several recordings, separately normalized, especially the weaker channels such as
the doubly charged cations and the anions.

3. Results and discussion

The electronic structure of (CN), generally agreed upon is the following [7, 8, 10]:

(10)*(10)*(204)*(20u)*(304)* (30u)* (40g)* (17ra) " (40)* (504)* (1my)  (2m,) (24)

where (27,) and (27,) are the two lowest unoccupied molecular orbitals (LUMO).
Due to the presence of two carbon and two nitrogen 1s orbitals, a gerade-ungerade
splitting is expected for both pairs. Using restricted Hartree-Fock SCF calculations,
Bell [9] obtained a gerade-ungerade splitting of 28 meV for C 1s. For N 1s, he reports
no splitting. The consequence is that there are no symmetry restrictions to inner shell
excitations to virtual molecular orbitals. Furthermore, the number of possible shape
resonances is also related to such parity splitting, in the sense that continuum states
with both g and u symmetry are in principle reachable. Kreile et al. [24], using
a LCAO/MSXa method, calculated that there are four shape resonances for valence
photoionization, with m,, o,, 04, and o, symmetry, corresponding to the virtual orbitals
obtained in minimal basis set description: 27, 50, 60, and 60, respectively. Excitation
to the unoccupied 27, orbital results in bound state. Lynch et al. [26] also suggest that
there are four shape resonances for valence ionization, but that these are a ¢, resonance
due to a [ = 3 resonance for the C-C bond, a 0, and a 0, resonance, which are symmetric
and anti-symmetric combinations of the [ = 3 resonance in the C-N bonds, and an
unusual shape resonance in the 7, continuum. The presence of a core hole may drag the
C-C o, resonance below the ionization threshold. Therefore the absorption spectra and
consequently the partial ion yields spectra display a wealth of above-threshold features.
We will suggest a new interpretation for some of such features at both C and N K-edges.

3.1. C K-edge
At the C K edge 11 different charged fragments were observed:

e cight singly charged cations: C,N3, CoNT, CNJ, CN*, Cf, Nj, C*, N+,

e two doubly-charged cations: CT+, N+,

e and one anion: CN™.

Additionally, there is a fragment with a mass-to-charge ratio of 13 u/e, which could

correspond to CNT+ or 13C*. The spectrum of this fragment is very similar to 2CT,
and its relative intensity is close to the known isotopic ratio of 2C* and *C*, why we

assign it to the C* fragment. There are no dramatic differences among the various
yields for the positive fragments, therefore we will show only a selected few. However,
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we will show that some trends can be identified which are useful for the spectral inter-
pretation.

In Fig.1, we show the total ion yield (equivalent to absorption) obtained as the sum
of all detected ions. The insert in Fig. 1 shows a blow-up of the 289-296 eV region.
The previously reported electron energy loss spectrum obtained at the C K edge with
an energy resolution of 0.35 eV [11] was interpreted on the ground of the following as-
signment: the lowest-energy and most intense feature at photon energy of 286.3 eV was
assigned to a transition from the C 1s level(s) to the 27, unoccupied orbital. Accord-
ing to the calculations in [8], the other virtual orbital of 7 symmetry, 27,, should be
separated from 2w, by 5 eV, and therefore the related transition was assigned to the
peak at 291.7 eV. In the intermediate region, another multiple feature is present, which
the authors in [11] attribute to a transition to the 3s Rydberg state. Benefiting from a
much higher energy resolution, we can suggest a more accurate assignment.

In the spectrum, the 2w, feature exhibits a strong vibrational progression, not
resolved in the electron energy loss spectrum [11], with a spacing of the peaks of
approximately 0.27 eV. In the 12; ground state of cyanogen, the symmetric and anti-
symmetric C—N stretch vibrations have energies of 289 meV and 268 meV, respectively
[32]. The 2m, orbital has anti-bonding C-N character [8, 9], why a lowering of the
C-N stretch vibrational frequencies compared to the ground state possibly could be
expected. The vibrational splitting can also be compared the experimentally determined
energy of the C-N stretch in the radical OCCN, 0.26 eV [33], or the calculated energies
of the symmetric and anti-symmetric C-N stretch vibrations in the NCCN™ anion,
247 meV and 225 meV [34], since these molecules and core-excited cyanogen have iso-
electronic valence shells. Because the twofold degeneracy of the 'II,, excited state will be
removed by vibronic coupling through the Renner-Teller effect, we can not unequivocally
attribute the peaks to either symmetric or anti-symmetric C-N stretch vibrations. For
instance, in ethyne, another linear four-membered molecule, vibronic coupling effects in
the C 1s — 7* excitation lead to a domination of bending modes, but also allow both
symmetric and anti-symmetric C-H stretch vibrations [35]. From attempts to curve fit
the spectrum with Voigt profiles, where the Gaussian contribution primarily comes from
the uncertainty in the photon energy and the Lorentzian contribution comes from the
lifetime of the core hole, it is clear that excitation of a single vibrational mode is not
sufficient to describe the 27, feature.

In the photon energy region 290-295 eV, we resolve several peaks which were over-
lapping in the electron energy loss spectra, and we obtain photon energies of the res-
onances which are slightly different from [11]. The ionization threshold is set at 294.5
eV, and there is one extra resonant feature at threshold which is tentatively discussed
as related to a shape resonance of mainly oc_y character. All energies and peak as-
signment are reported in Table 1. The intense peak observed at 292.15 eV shows a
clear vibrational progression with a spacing of 0.28 eV, close to the vibrational spacing
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measured on the 27, resonance, and we assign it to the 2, molecular state. Based on
calculated energies of the Rydberg states obtained using the quantum defects dso = 1.03
and opo = 0.67 given in [8], we can assign the Rydberg states to the observed peaks
as follow: 3s at 290.91 eV, 3p at 291.75 eV, 4s at 293.02 eV, and an additional state
not observed in the Electron loss spectrum, namely 4p at 293.37 eV. The 4p state in
our spectrum shows a structure we assign to a vibrational progression with a spacing of
0.24 eV, consistent with the C-N stretching mode.

Although our assignment refers to pure Rydberg states denomination, low Rydberg
states are commonly described as Rydberg-valence mixed character [36]. In Fig. 2 we
show the ion yields measured for CoN3, CN*, and N*. The general appearance of the
partial yield spectra in the energy region below threshold is quite similar, but there are
some significant differences which can aid in achieving a detailed spectral assignment.
By comparing the partial yields shown in Fig.2, we notice an effect we have reported
for several other systems [27, 28], and namely that the relative intensity of the Rydberg
series is higher for the smaller fragments. This is due to the fact that the excitations to
Rydberg states decay mainly through spectator processes, and therefore the final states
are mostly dissociative in nature. In the present case, we can exploit this observation in
the following way: we notice an increase of the spectral features in the photon energy
region between 292.7 and 293.7 eV, but the relative intensity of the broad feature with
the first maximum at 290.91 eV, which in [11] is attributed to a transition to the Ryd-
berg 3s state, does not mimic that of the sharp peaks at higher photon energy. We can
then deduce that the feature is not purely Rydberg in nature, but has an admixture of
virtual valence orbitals with ¢ symmetry. This mixing has been reported for acetylene,
in which we were able to identify the mixing by the relative intensity changes in the
ion yields as a function of fragmentation [27]. We propose the same explanation for the
present case. We also notice that this feature has additional structure, with a spacing
of about 0.8 eV. This is not compatible with a vibrational mode, and we attribute this
to that the above mentioned mixing results in more than one level.

In the above-threshold region, the literature spectrum shows two features at 306
and 313 eV, assigned as o¢_y and o¢o_¢ shape resonances, plus the already mentioned
broad feature exactly at threshold (located at 294.5 eV by photoemission experiments)
[11]. The assignment of the two continuum features far above threshold, centred at ap-
proximately 306 and 314 eV in our measurement, as related to shape resonances mainly
localized on the C-N or the C-C bond is reasonable, based upon the simple argument
about the length and strength of the bonds. Although we have never agreed with the
"bond length with a ruler” model (see for instance [37]), it is quite natural to relate the
strength of the photoelectron trapping responsible for the shape resonance phenomenon
to the depth of the potential well and therefore to the strength of the chemical bond,
in a system with more than one type of bond. The fact that the continuum feature
assigned to the oc_¢ shape resonance is not observed at the N K edge confirms this
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assignment. The relative intensities of the shape resonances are enhanced in the doubly
charged fragments, interestingly for the oc_¢ particularly in the N** fragment (not
shown). We have observed such a tendency also in other molecules [27]. As for the
number of shape resonances predicted by the calculations, at least four [24, 26|, we can
comment that some of these are likely to be pushed below threshold by the presence of
the core hole, and therefore we can relate some of them to the above assigned virtual
orbitals with either 7 or o character. In our opinion, the open question is the assignment
of the spectral feature at threshold.

To obtain a better insight into its nature, we report in Fig. 3 the partial yields
for the only negative ion detected at the C K edge, CN~, and its positive counterpart
CNT, in the 289-320 eV energy region. One of the criteria we have established to assign
shape resonances is the fact that in small molecules they do not show up in the negative
ion yields because it is unlikely to start from a doubly positive charged fragment and
produce a negatively charged one [12]. We can see that while the continuum resonances
above threshold do not appear in the CN~ yield, but they do in the CNT yield, the
feature at threshold shows up clearly in both yields and appears to be enhanced in the
CN~ spectrum. We therefore conclude that it is not a likely to be a shape resonance,
but rather a neutral doubly excited state. There is a satellite threshold opening at
about 303 eV [11], and the feature at threshold is likely to correspond to a double
excitation leading to that threshold. The relative distance (8.5 ¢V) is similar to the
distance between the 27, peak at 286.3 eV and the mainline threshold (8.2 V), which
supports such an assignment. We will show that this argument works even more clearly
at the N K edge (see discussion below).

3.2. Formation of Ny

Among the different ions produced after core excitation of (CN),, the singly charged N3
fragment is observed. Formation of N requires a strong rearrangement of the molecular
structure as it involves the breaking of two triple bonds between the nitrogen and the
carbon atoms and the formation of a new bond between the two nitrogen atoms. Other
examples of intramolecular atomic rearrangement were previously observed, involving
the breaking of a H-X bond and formation of another bond during the reconfiguration
of the electronic structure of the molecule following photoionization: formation of Hj
from H,O [38]; and Hy, H and HCI* from CH3Cl [28]. In both of these examples,
rearrangement is possible due to the high mobility of protons and is aided by vibrational
excitation. More recently, we reported the observation of the formation of OF after core
excitation in formic acid [20]. Such rearrangement is surprising because it requires the
breaking of two bonds, the two oxygen atoms being attached to the same carbon in the
molecule, and the formation of a bond between the two oxygen atoms. In the case of
cyanogen the formation of Nj appears even more surprising because the two nitrogen
atoms do not share the same carbon atom but are spatially separated by the C-C bond.
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In Fig. 4, we compare the partial ion yield for N* and N3 in the energy region of the 2,
resonance, 285-289 eV, and in the Rydberg region, 289-296 eV. The two spectra were
arbitrarily normalized to the intensity of the 27, resonance to permit relative intensity
comparison. First of all, the differences between the spectra speak against the origin of
N3 being a recombination fragment, in which case the NJ yield would be expected to
mimic that of NT. We observe in the Nj partial ion yield an enhancement of the high
vibrational levels along the 27, resonance (top panel in Fig. 4, in particular the v = 4
and v = 5 C-N stretch vibrational states which are found very weak in the N* partial
yield. After excitation to higher vibrational states in the core-excited neutral state,
the electron decay reaches final states in turn highly vibrationally excited, where the
vibrational excitation helps the wavepacket to pass the potential barrier to formation
of NJ. This could suggest an assignment of the vibrational progression as mainly due
to the anti-symmetric C-N stretch mode, since this would lower the symmetry of the
molecule, and the symmetric stretch would also distance the nitrogen atoms from each
other. In addition, excitation of bending modes can be expected, only their vibrational
frequencies are lower, and would not be resolved in the spectrum. This observation
confirms the crucial role of vibrational excitation in the formation of such ionic species
after core excitation.

In the bottom panel of fig. 4, we observe in the NJ partial yield an enhancement of
the peak at 290.91 eV that we assigned to the transition to the 3s Ryberg state. We note
that the transition to the 27, molecular orbital is at the same relative intensity compared
to the N partial yield. Therefore, we interpret this enhancement as a confirmation of
the Ryberg-valence mixed character of the 3s state. Similar observations were made
at the N K edge, although due to the presence of a N, contamination in the sample,
it was not possible to observe the high vibrational states along the 2w, resonance as
they overlap with the very intense Ny N1s — 27 resonance which appears at 400.87
eV in the NJ partial yield. We also note that for the other fragment which requires
a rearrangement of the the molecular structure, CNJ, the relative intensity of the 3s
feature is rather decreased compared to the 2w, feature, both at the C K and N K
edges, and no enhancement of higher vibrational excitations can be observed at the 2w,
resonance.

3.3. N K-edge

At the N K edge, 13 different charged fragments were detected:

e cight singly charged cations: C,Nj, CoN*, CNJ, CN*, CJ, N, C*, N*,
e three doubly charged cations: CoN*+, Ct+ Nt+
e and two anions: CN™ and C~.
Again, we also observe a fragment with mass-to-charge ratio of 13 u/e, which we

assign to the 3C* fragment. As for the C K edge, we show in Fig. 5 the total ion yield
spectrum obtained as the sum of all detected fragments. The literature assignment for
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this edge is analogous to the one already reported for the C K edge. In particular, the
features in the electron energy loss spectrum are assigned as follows [11]: the lowest-
energy and most intense feature at a photon energy of 398.9 eV is assigned to a transition
from the N 1s level(s) to the 27, virtual molecular orbital, a peak at 403.4 eV is related
to a transition to the 3s Rydberg state, a peak at 404.7 eV is assigned as overlapping
transitions to the 2w, virtual orbital and the Rydberg 3p state, and a peak at 405.6 eV
is assigned to a transition to the 4s Rydberg state. The ionization threshold is located
at 407.4 eV as measured by photoelectron spectroscopy. An intense resonant feature at
threshold is assigned as a o¢_n shape resonance, and another feature in the ionization
continuum at 419.3 eV is assigned to another os_y shape resonance. On the ground of
arguments similar to those we already reported for the C K edge, we can propose a more
complete assignment for the below-threshold features, based on our better experimen-
tal conditions. The observed energies and suggested assignments are reported in Table 1.

Just as in the C K edge case, the 27, feature exhibits a vibrational progression with
a splitting between the peaks of approximately 0.27 eV, which we assign as coming from
C-N stretch vibrations. Also here, the width and line shape of the individual peaks are
not compatible with a single vibrational progression being excited.

We can identify and assign the following features: the broad multi-structured fea-
ture with a maximum at 403.45 as transition(s) to the 3s Rydberg state mixed with
virtual orbitals of the same symmetry; the peak at 404.5 eV as a transition to the 3p
state, and that at 404.95 eV as a transition to the 27, virtual molecular orbital; the
peak at 405.60 is a transition to the 4s state; and finally the transition at 405.95 eV is
the 4p state, with possible vibrational levels. We use the same argument reported above
for the C K edge for the assignment of the 3s Rydberg level as mixed to states with
molecular orbital character. We show in Fig. 6 the partial ion yields for CoN§, CN*,
and N*. We observe a trend in relative intensity as a function of fragmentation, similar
to that at the C K-edge, but more pronounced. The states with pure Rydberg character
(namely 4s and 4p) are more prominent for the smaller fragments, and therefore the
states in the spectral region of the Rydberg 3s, which do not mimic this behavior, are
not solely or mainly Rydberg in character.

In Fig. 7, we report the yields for the two negative ions detectable around the N
K-edge, namely CN™ and C™, together with their positive counterparts. In analogy
with the C K edge, we notice that the feature at threshold is clearly visible in the
negative ion yields. However, due to poor statistics it is less clear in these yields if the
continuum features discussed above as attributable to shape resonances are present or
not. We may argue again that while the feature at 420 eV is likely to be a o¢_x shape
resonance, the threshold feature is related to a doubly excited state leading to a satellite
threshold rather than to a shape resonance. A satellite with ionization threshold around
416 eV has been identified [11], which supports this interpretation.
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4. Conclusion

We have recorded partial-ion-yield spectra of the (CN)s molecule in the vicinity of
the C 1s and N 1s ionization thresholds. From characteristics in the cationic partial
yield spectra in combination with improved resolution, a more detailed assignment
compared to the only published core-excitation spectrum has been possible. The Nj
fragment, which requires substantial molecular reorganization, has been observed, and
its formation was shown to be aided by vibrational excitation. Assignment of features
due to doubly excited states or shape resonances in the ionization continuum has been
possible by the suppression of the shape-resonant contribution in anion-yield spectra.
We have observed similar behaviour in several other small molecules, showing that
negative-ion-yield measurements are generally useful in X-ray spectroscopy of molecules.
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Table 1. Observed energies and assignment for excitation of Cls and Nls electrons
in (CN)z to the 27 unoccupied molecular orbitals and Rydberg states. The calculated
energies were obtained using the quantum defects dso = 1.03 and dpo = 0.67 [8]. A
comparison with Hitchcock and Brion [11] is also included.

C K-edge N K-edge
State Energy (eV) Energy (eV)
This Term Calc. Ref.  This Term Ref.
study value energy [11] study value [11]

(1s)~'2m, 286.3 -8.2 286.3 3989 -85 3989
(1s)7'3s 29091 -3.59 -3.51 290.5 403.45 -3.95 4034
(1s)~'3p 291.75 -2.75  -2.51  291.7 404.50 -2.90 404.7
(1s) 127,(v =0) 292.15 -2.35 291.7 404.95 -2.45 404.7
o, (v =1) 292.43

2, (v = 2) 202.71

(1s)~'4s 293.02 -1.48 -1.54 293.1 405.60 -1.80 405.6
(1s)"Yp(r =0) 29337 -1.13 -1.23 405.95 -1.45

dp(v =1) 293.61

(1s)7'1P 294.5 0 0 294.5 4074 0 407.4

FIGURE CAPTIONS

e Fig. 1: Total ion yield (sum of all fragments detected) measured after photoioniza-
tion around the C K edge in (CN),, with suggested assignments. The designation
D.E.S. indicates Doubly Excited State.

e Fig. 2: Partial ion yields measured for for CoN3, CN*, and N* around the C K
edge in (CN)s,.

e Fig. 3: (Color online) Comparison of the partial ion yields measured for CN* and
CN~ in the 289-320 eV energy region around the C K edge in (CN)y. The spectra
were arbitrarily normalized on the 27, resonance.

e Fig. 4: Comparison of the partial ion yields measured for N* and NJ in the region
of the 2w, resonance (top panel) and in the Rydberg energy region, 289-296 eV.
The spectra were arbitrarily normalized to the intensity of the 2w, resonance.

e Fig. 5: Total ion yield (sum of all fragments detected) measured after photoioniza-
tion around the N K edge in (CN),, with suggested assignments.

e Fig. 6: Partial ion yields measured for for CoNg, CN*, and N* around the N K
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edge in (CN),.
e Fig. 7: (Color online) Comparison of the partial ion yields measured for CN* and

CN~, and C* and C~, in the 402-430 eV energy region around the N K edge in
(CN)j. The spectra were arbitrarily normalized on the 27, resonance.



Intensity (arb.units)

6000

5000

4000

3000

2000

1000

Photofragmentation of cyanogen upon K-shell excitation by partial ion yield
I I I I
. 2m, 2000 _
1500
1000
500 7]
290 291 292 293 294 295 296]
1%} Photon energy (eV)
ul 2 3
- < < |
’—‘ © <
| | |
290 300 310 320 330

Photon energy (eV)

Figure 1.

15



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield 16

100 . . . .
80
60
40
20

0
10000

8000
6000
4000
2000

Intensity (arb.units)

1600 - -
1200 -
800 - N -
400 - -

0 ! | !
284 288 292 296 300

Photon energy (eV)

Figure 2.



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield 17

Intensity (arb.units)

1 L l l l

290 295 300 305 310 315 320
Photon energy (eV)

Figure 3.



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield 18

1600 2m, 'V=() —
1200

800

Intensity (arb.units)

L RO T PN

285 286 287 288 289
Photon energy (eV)

600 - 3s/valence ]

Intensity (arb.units)
N
=
S
|
|

0 BE= | il L
289 290 291 292 293 294 295 296
Photon energy (eV)

Figure 4.



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield

Intensity (arb.units)

o 402 404 406 408 410

Photon energy (eV)

400 410 420
Photon energy (eV)

Figure 5.

430 440

19



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield 20

120

80

40

16000
12000
8000
4000

Intensity (arb.units)

1600
1200
800
400

400 405 410
Photon energy (eV)

Figure 6.



Photofragmentation of cyanogen upon K-shell excitation by partial ion yield 21

Intensity (arb.units)

405 410 415 420 425 430
Photon energy (eV)

Figure 7.



