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Abstract. The state-selective dissociation pathways for ionic and excited
neutral fragments of gaseous and condensed, @llbwing Cl2p core-level
excitation have been characterized by combining photon-induced ionic disso-
ciation, x-ray absorption, resonant photoemission and/\iBible dispersed
fluorescence measurements. The CR2@& excitation of CCJ induces
significant enhancement of the *Cllesorption yield in the condensed phase
and the CClyields in the gaseous phase. Based on the resonant photoemission
studies, excitations of Cl2p electrons to valence orbitals and Rydberg states
decay predominantly via the spectator Auger transitions. The transitions of Cl 2p
electrons to the Rydberg state of gaseous,@&€zd to a noteworthy production

of excited atomic neutral fragments*{)@&nd excited diatomic neutral fragments
(CCI). These results provide insight into the state-selective ionic and neutral
fragmentation processes of molecules via core-level excitation.
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1. Introduction

The electronic decay pathways and subsequent profound dissociation dynamics of polyatomic
gaseous molecules and molecular adsorbates on surfaces via excitations of x-ray photons have
been subjects of extensive research because of their scientific importance and technological
applications I]-[3]. By means of synchrotron radiation with energy tunable in the x-

ray region, the site-selective photoexcitation and accordingly preferential cleavage of a
specific chemical bond of molecules via core-level excitation have been observed for several
systems 4]—-[10], but not for some moleculed ], 12]. The intricate fragmentation dynamics

of core-excited states of gaseous molecules and solid-state analogs remains a topic of broad
interest L3]-[16]. However, the fragmented ions reported in the literature were predominantly
positive ions fi]-[8], [13]-[16]. The investigation of the dissociation dynamics of neutral
fragments of molecules via inner-shell photoexcitation is still in its infa®¢y[ L 7]-[19]. The
investigation of neutral species of gas-phase molecules and molecular adsorbates on surfaces
following core-level excitation is a promising field due to the complexity of the new physical
processes involved in molecular dissociation. For the gas phase, neutral-fragment measurements
are currently very difficult because of the low efficiency of detectors for neutralgvidWdle
dispersed fluorescence measurement in the visible and ultraviolet regions is a powerful method
to detect excited neutral and ionic products produced by electronic excitation. Fluorescence
excitation spectra provide abundant information about the dissociation dynamics and electronic
relaxation processes of core-excited moleculds Besides, the dissociation pathways of
core-excited molecules in the solid phase is known to be strongly modified as compared
with the gaseous-phase due to an electronic interaction with a substraier aedghboring
molecules at the solid surfacg][ Accordingly, to elucidate the dissociation dynamics of core-
excited molecules, coordinated studies of gaseous-phase molecules and solid-state analogs
using various techniques are indispensable. To date, however, there have been relatively few
reports of coordinated studies of ionic fragments and neutral fragments produced by inner-shell
excitation of molecules.

Carbon tetrachloride (C@) and the freon molecules (GEl,_,, n = 1-3) are important
atmospheric pollutants, leading to the destruction of oza0k Adsorbed on single-crystalline
surfaces, halomethanes are model systems for studies of surface photochétiisBggides,

CCl,; molecules are also used in reactive ion etching of semiconductors. In this study, we
used CCJ as a model molecule for investigations of the dissociation dynamics of ionic and
neutral fragments of gaseous and condensed @@bwing excitations of Cl2p electrons to
various resonances by combining photon-induced ionic dissociation, resonant photoemission,
ion kinetic energy distribution, x-ray absorption, and Wsible dispersed fluorescence

New Journal of Physics 10 (2008) 053009 (http://www.njp.org/)


http://www.njp.org/

3 I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

measurements. The most striking observation is that the Cl2p core-to-Rydberg excitations of
gaseous CGllead to a noteworthy production of excited atomic neutral fragmenits §Gd
excited diatomic neutral fragments (CTI

2. Experiments

The experimental measurements were carried out at the high-energy spherical grating
monochromator (HSGM) beamline and the U5 undulator beamline coupled with a spherical
grating monochromator of the National Synchrotron Radiation Research Center (NSRRC) in
Taiwan. For photon stimulated ion desorption (PSID) measurements in the condensed phase,
an ultrahigh-vacuum (UHV) chamber with a base pressure bk 10-1° Torr was used. The
Si(100) surface was cleaned by repeated resistive heatinf260°C under vacuum before the
measurements. High purity CQOMerck, 99.9%) was degassed by several freeze—pump-thaw
cycles before use. The vapor of G&las then condensed through a leak valve onto the Si(100)
surface atv90 K. The ion desorption yields were detected with a quadrupole mass spectrometer
(Balzers model QMA 410 with off-axis secondary electron multiplier). The ion kinetic energy
distribution (not calibrated) was measured by a quadrupole mass spectrometer with a 45
sector field analyzer (Hiden, EQS). The quadrupole detector was oriented perpendicular to
the substrate surface, and photons were incident at an angle°oWwittb respect to the
substrate normal. Solid-phase x-ray absorption spectra were recorded in the total-electron yield
(TEY) mode using a microchannel plate detector. Photoemission spectra were measured with
a double-pass cylindrical mirror analyzer, employing a constant pass energy of 25eV with
energy resolution of the observed electror@5eV. The surface coverage was determined

by thermal desorption spectroscopy (TDS). The TDS spectra from/S{100) show a single
molecular desorption peak 6139 K with an exposure of 4L or less. Above 4 L exposure, an
additional peak starts appearing at a lower temperaturel®2 K and its intensity increases

with exposures. Thus, 4 L exposure of ¢Gh Si(100) corresponds to one monolayer (ML).

To measure ionic photofragments in the gaseous phase, an effusive molecular beam
produced by expanding the gas through an orificeu®() into the experimental chamber was
used. The pressure in this chamber was maintainedlat 10-° Torr. Fragment ions were
mass-selected with a quadrupole mass spectrometer (Hiden, IDPYidible fluorescence was
dispersed by a 0.39 m spectrometer usinty&.5 fused silica extraction optic located normal
to and in the plane of polarization of the synchrotron radiation. The fluorescence was then
detected by a Hamamatsu R928 photomultiplier tube (PMT). The relative fluorescence signal
was not corrected for the efficiency of the PMT. For dispersed fluorescence measurements,
the pressure in the effusive beam chamber was keptSt 107° Torr. For gaseous-phase
photoemission experiments, a supersonic molecular beam is generated by bubbling He gas
through CCJ in a reservoir and directing it through a continuous-beam nozzle with a seed
ratio (concentration ratio of sample gas to He carrier gaB)%. Photoemission spectra were
measured by a hemispherical electron energy analyzer (VG, Clam4). Gas-phase absorption
spectra were measured using an ion chamber with a presduxel0-* Torr.

For photodissociation measurements, the HSGM beamline was operated wjitim1<)ids
corresponding to the energy resolutief.2 eV at the Cl 2p edge. To obtain the high-resolution
x-ray absorption spectrum, the HSGM beamline was set to a photon resotu@dreV
at the Cl2p edge. Due to the low signal levels for dispersed fluorescence measurements, the
U5 undulator beamline was operated with a L®0 entrance slit and a 3Q0m exit slit
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Figure 1. Solid TEY and gas-phase photoabsorption spectra of @Ghe Cl 2p
region. As determined by the x-ray photoemission spectra, tii2pg;1)and
Cl(2py/») ionization thresholds of condensed (206.2 and 207.8 eV) and gaseous
(206.9 and 208.5 eV) C¢(from [23]) are indicated. The binding energies are in
reference to the vacuum level.

(resolution= ~0.3 at 200 eV), while the spectral resolution of the spectrometer was set to
~10 nm. The incident photon intensitly) was monitored simultaneously by a Ni mesh located
after the exit slit of the monochromator. All yield spectra of fragment ions, x-ray absorption
spectra, and fluorescence excitation spectra were normalized to the incident photon flux at the
Cl2p edge. The photon energies were calibrated within an accuracy of 0.1 eV using the Si2p
absorption edge (99.76 and 100.37 eV) of Si(100) and Si2p absorption peaks at 104.1 eV and
104.2 eV in gaseous and solid-phase gitogether with Cl2p absorption peaks contributed
from second-order light of synchrotron radiation at the Si2p redt@h [

3. Results and discussion

The CI Lys-edge x-ray-absorption near-edge structure spectra of condensed and gasqous CCI
are displayed in figur&. The absorption peaks labeled 1 arichfe assigned to the transition
Cl2p,, 3, — 7&. The features labeled 2 antc@rrespond to the Cl 3p, 5 , — 8t; excitations.

It is noted that the absorption features located at 203.9 and 205.5eV labeled 3 @nd 3
the gas-phase absorption spectrum are smeared out in the solid-phase TEY spectrum. This
indicates that these final states (peaks 3 @phdi®uld have predominantly Rydberg character.
However, in contrast to our assignment, due to poor resolution in the Cl L-edge absorption
spectrum of gaseous CQkported by Hitchcock and Brio28], only one peak at 203.5 eV was
observed and assigned to the transitions ifj@Btl Rydberg states. Hitchcock and Bri@3]|
assigned absorption peaks labeled 4 an 4he delay onset of Rydberg transitions or shake-

up transitions involving simultaneous excitation of a Cl 2p electron and a valence electron to
unoccupied orbitalsZ3]. As compared with the gas-phase absorption spectrum, absorption
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Table 1. Energy positions and the assignments of absorption peaks in the ClI
L-edge absorption spectra of gaseous and molecular-solig. T6¢ energies
are expressed in electron volt.

Peak Peak position Assignment
Gaseous Molecular-solid

1 200.3 200.4 a

r 201.9 202 7a

2 202.9 203 8t

3 203.9 Rydberg state

2 204.6 204.7 8t

3 205.5 Rydberg state

4 208.3 207.8 Delay onset and shake-up
4 209.9 209.4 Delay onset and shake-up
5 216 216 Shape resonance

peaks 4 and 'dare observed with almost equal strength in the solid-phase TEY spectrum,
indicating that these peaks have predominantly valence character. Besides, based on present
fluorescence excitation spectra (as discussed below), peaks 4 hadedsome characters of
Rydberg states. It is therefore suggested that discrete peaks 4 amght be due to the
superposition of the Rydberg transitions and shake-up transitions, as proposed by Hitchcock
and Brion R3]. The broad peak at216 eV labeled 5 is attributed to a shape resonance. In
tablel, we list the energy positions and the assignments of absorption peaks in the Cl L-edge
absorption spectra of gaseous and molecular-solid,.GX3 noted, for absorption peaks with
dominant valence and Rydberg characters, upon going from the gas phase to solid phase, there
is an energy shift toward higher photon energy~@f1 eV.

In figure 2(a), the PSID spectra of Gl CCI*, CCI, and CC}, along with the ClI
L-edge x-ray absorption spectrum recorded by TEY mode, for condensgdhv@iCimultilayer
coverage (>100 L exposure) following the Cl 2p core-level excitation are shown. As noted from
figure 2(a), the PSID spectra of CGICCI, and CCJ nearly follow the TEY curve of solid
CCl,. In contrast, the CIPSID spectrum and the Cl-edge TEY spectrum of condensed
CCl, show a significant dissimilarity. The Cl 2p- 7& resonant excitation leads to a significant
enhancement of the Cyield, compared with the transitions Cl 2p 8t; and Cl2p— Rydberg
states. The Cl 2p, — 74 excitation (absorption peak labeled 1) in condensed, Qives rise
to ~5 times enhancement of Gfield, as compared with the intensity ratio of the corresponding
transition to the shape resonance-216 eV in the Cl loz-edge TEY spectrum.

In figure 2(b), the fragment ion yields of C| CI'*, C*, CCI', CC and CC}
for gaseous CGlfollowing the Cl2p core-level excitation are reproduced along with the ClI
L-edge x-ray absorption spectrum for comparison. As noted from figimethe photon-energy
dependence of yields of various fragment ions, excépazl CCI, of gaseous CGlexhibits
a close resemblance to the Cjstedge x-ray absorption spectrum. Especially noteworthy is
that the Cl2p— 7a excitation of gaseous Cglinduces an enhanced production of CCl
yields. Comparison of the Cyield spectrum and the Clk-edge absorption spectrum in
figure 2(b) shows that the transitions of Cl2p electrons to Rydberg orbitals (peaks 3 and
3) and to peaks 4 and 4roduce an enhancement of thé ¢geld, as compared with the
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Figure 2. (a) PSID spectra of condensed GC}100 L exposure corresponding

to ~25 ML) via the Cl2p core-level excitation along with the Cl L-edge TEY
spectrum. (b) Photon-energy dependence of various fragmented ion yields
of gaseous CGlat the Cl2p edge together with Cl L-edge photoabsorption
spectrum. The GRpy,2) and Cl2ps/2) ionization thresholds of condensed and
gaseous CGlare indicated in the absorption spectrum.

transitions Cl2p— 78 and Cl2p— 8t;. As clearly shown in figure, there are significant
differences in the efficiency for producing fragment ions, even when these transitions arise from
the same atomic site. Hence, the orbital character of an excited electron plays a crucial role
in determining the photodissociation processes. As noted; §i@ws the largest intensity in
gaseous CGlfollowing the Cl2p core-level excitation. In contrast, because;G€heavier,

the speed of departure of Cfrom the surface is smaller. The slow movement of Cénd

rapid neutralization processes greatly reduce the ion yield in the condensgui& e Cl 2p
core-level excitation.

To understand the detailed desorption mechanism, we monitored the Auger decay
processes following resonant excitations of Cl2p electrons to various unoccupied orbitals in
condensed and gaseous G.Elor low-Z elements, the primary de-excitation process following
core excitation is an Auger-type transition rather than x-ray fluorescence emission. We therefore
focus on the Auger decay processes of core-excited states. In general, the resonant core-excited
states with an excited electron in the unoccupied states decay primarily by spectator Auger
transition and participant Auger transitioB4]. The spectator Auger decay results in a two-
hole one-electron (2hle) final state in which two holes are produced in valence orbitals and
one electron is excited into an antibonding valence orbital or a Rydberg orbital. Because the
participant Auger decay creates the same final states with one hole (1 h) in the valence band as
normal photoemission processes of the valence orbitals, the participant Auger decay manifests
itself through enhanced intensity of the corresponding valence-band photoelectron peak. Thus,
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Figure 3. Auger spectra of (a) condensed GCI0 L exposure) and (b) gaseous
CCl, for the difference between the photoemission spectra excited with various
photon energies through the Ch3edge absorption profile in figuré and

the normal photoemission spectrum excited at 198 eV (shifted by the photon
energy difference). The photon energy used for excitation is indicated in each
spectrum. The number indicated in each spectrum corresponds to an absorption
peak marked in the absorption spectrum in figlire

the intensity variations in the valence-band photoemission peaks are due to the contribution
from participant Auger transitions and the change in cross section with photon energy.

In figures3(a) and (b), Auger spectra of the difference between the photoemission spectra
excited with various photon energies through the gledge absorption profile in figufeand
the normal photoemission spectrum excited at 198 eV (shifted by the photon energy difference)
of condensed and gaseous ¢@lere reproduced, respectively. The kinetic energy presented
in figure 3(a) is in reference to the Fermi level. The emission peaks labeled 8,8, C
and C in figures3(a) and (b) are attributed to spectator Auger peaks. As noted from fgure
following core-to-valence and core-to-Rydberg excitations, the intensity variations of the
valence-band photoelectron peaks show a minor change, as indicated by arrows. This indicates
that participant Auger decay makes a minor contribution to resonant Auger processes following
excitations of Cl2p to valence-states and Rydberg states. As noted, the total intensity of the
spectator Auger peaks is an order of magnitude larger than that of the direct participant Auger
process. Evidence of the predominance of the spectator Auger process can be seen from the
pronounced intensity of the spectator Auger peaks labeled A, A,’BCEnd C, when the
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photon energies vary through the Cl2p core-to-valence and Cl 2p core-to-Rydberg resonances.
This result reveals that the spectator Auger transitions prevail predominantly following the
Cl2p core-to-valence and Cl2p core-to-Rydberg excitations that produce dominantly 2hle
states. In contrast, the shake-up excitation and shape-resonance excitation were followed by the
normal Auger decay, because at even higher photon energies the normal Auger peak labeled D
remains at the same kinetic energy.

As deduced from the resonant photoemission studies of condensed and gaseous CCI
figure 3, the spectator Auger and normal Auger transitions were the dominant decay channels
for the resonantly excited CI2p core holes, leading to the excited states with multiple holes in
the valence orbitals. Accordingly, a close resemblance of the ion yield spectra and the Cl L-edge
absorption spectra of condensed and gaseoug, @€lshown in figure, is attributed to the
Auger decay of core-excited states and subsequent coulomb repulsion of the multi-valence-hole
final states, which was called the Auger-initiated desorption (AID) mechar@Si2¢|. Besides
this AID process, ion desorption from molecular adsorbates on surfaces can be induced by the
secondary electrons produced by x-ray irradiation, so called x-ray induced electron-stimulated
desorption (XESD) 77, 28]. It has been shown that, when the AID process is active, the
contribution of the XESD process to ion desorption is minor for a thick lag8r30]. Thus,
for the present thick CGlcoverage on Si(100)%100 L exposure), the AID process would
dominate over the desorption channel stimulated by secondary electrons. However, the
state-specific enhanced production of @ield in the condensed phase and C@I the gas
phase via the Cl2p> 74 excitation implies that an additional process exists for such
an enhancement.

It was pointed out that the 2hle state following the resonant core-level excitation is more
effective for ion desorption than the 2 h state generated by the normal Auger tran3ifjolf [
the spectator electron is localized in a strong antibonding orbital, the breaking of the chemical
bond can be enhanced. In order to investigate atomic populations and molecular orbitals in
CCly, the Gaussian 03 program was applied to perform all the calculations. The computations
of the energies and molecular orbitals of ¢®@lere carried out in the ground state at the
level of HF/6-31G and MP26-311G. Molecular orbitals and atomic populations were done
for single-point calculations after geometry optimizations. Based on the molecular orbital
calculations in CCJ, the atomic populations of the C-CI orbital, such as the $iate, are
mainly composed of the C2s orbital and the CI3s orbital. It is therefore expected that the
spectator electron in the C*3erbital or CI3$ orbital will assist in breaking the C—CI bond.

In addition, it is found that the Zaorbital is composed of C 2s446%), Cl 3s {~1.6%), CI3p
(~11%) and other minor components. Th¢ Btbital mainly consists of C 2s<(1%), Cl 3s
(~1.8%), C2p 51%) and CI 3p{10%). The content of the C2srbital components in the
74 orbital is much higher than that in the;8irbital. As a result, the spectator electron in the
78&; orbital is more effective for the cleavage of the C—Cl bond than that in therBital.

Besides, the dissociated ion yields are found to be strongly correlated with the energy of
the escaped ion that is related to the steepness of the potential surface of core-relaxePstates [
33]. Thus, another possible reason for the significant difference in thgi€ld following the
excitations of Cl2p to 7aand 8% states in figure2(a) may be due to the difference in the
steepness of the repulsive potential betweehafal 8§. Perhaps the potential curve ofj7a
is steeper than that of BtAs a result, within the lifetime of 2hle, Ctan gain more kinetic
energy from the 7astate, leading to lower ion reneutralization rates and consequently higher Cl
desorption yields34). In figure 4, the CI ion energy distributions of condensed G&lllowing
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Figure 4. CI" ion energy distributions for condensed G&illowing Cl 2p core-

level excitations. The photon energy used for the excitation is indicated in each
spectrum. The number indicated in each spectrum corresponds to an absorption
peak marked in the TEY spectrum in figutéa). To ensure reproducible data,

the ion kinetic energy distributions were recorded from 15 to 55 L exposure of
CCl, on Si(100).

Cl 2p core-level excitations are reproduced. As noted, the G+Zpe; excitation for condensed
CCl, gives rise to an ion energy distribution higher(.1 eV) than the Cl 2p> 8t; excitation,

but lower 0.1 eV) than the Cl 2p->shape resonance excitation. Accordingly, the Cl2@ &
excitation leads to an enhancement of @eld, as compared to the Cl 2p 8t; excitation. The
enhancement of Clield at the specific core-excited states is therefore strongly correlated with
the energy of the escaped ion. This infers that the desorption of th®iCls enhanced by a
specific core-to-valence excitation with higher ion kinetic energy distribution.

In figure 5, the dispersed fluorescence spectrum of gaseougt&kdn with an excitation
photon of 230eV is reproduced. The 237 nm peak is assigned to overlapping emission of
excited CCI(All — X1x") and excited C atoms. The 254.9 nm peak is attributed to emission
from excited C atoms35]. The 278 nm peak is attributed to the excited @CIA-X?I1) [35].

The emission peaks at 384, 480 and 521 nm have been ascribed to the extitets (36].

Some emission features are due to a second-order light contribution from 254.9 and 384 nm,
as indicated in figur&. To elucidate how the various fluorescence pathways vary as a result of
excitations of Cl 2p electrons to different empty orbitals, we monitored the relative yields of the
excited fluorescing species observed in fighies a function of photon energy in the vicinity

of the Cl2p edge. In figuré, photon-energy dependence of the various excited fluorescing
species observed in figukein the vicinity of the Cl2p edge is depicted along with the CI
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Figure 5. Dispersed fluorescence spectrum of gaseoug follbtwing excitation
with 230 eV photons.

L-edge x-ray absorption spectrum of gaseous,G&@lcomparison. As noted from figu the
excitation spectra of excited Olesemble the Cl js-edge photoabsorption spectrum of gaseous
CCls. In contrast, the relative intensities of valence-type peaks (labeled 2,dnhd 2) and
Rydberg-type peaks (labeled 3 ariil(@&dicated in figurel) for fluorescence excitation spectra
of excited neutral fragments {Gnd CCt) generated by CGImolecules via the Cl2p core-
level excitation are notably different from that for Cl L-edge absorption spectrum of gaseous
CCl,. The excitations of Cl2p core-electrons to Rydberg states (peaks 3 aadd3peaks 4
and 4 lead to a noteworthy production of excited atomic neutral fragments d@d excited
diatomic neutral fragments (CGQl Similar to earlier studies on small core-excited molecules,
a strong enhancement of the production of excited atomic and diatomic fragments is observed
for resonant excitations of core-electrons to Rydberg st&ek/[ 37, 38]. Thus, this finding
seems to be of a general nature. This infers that peaks 4’andigure 1 have some Rydberg
character. We therefore tentatively assigned discrete peaks 4 anfigure 1 as overlapping
Rydberg-state and shake-up transitio?3

As shown in figure3, the spectator Auger transitions consist predominantly of gaseous
CCl, following the CI2p core-to-valence and CIl2p core-to-Rydberg excitations that produce
dominantly 2hle states. Based on the experimental results in figutbe 2hle states
with an excited Rydberg electron, as opposed to an excited valence electron, lead to
enhanced production of the excited-state neutral fragments. One possible explanation for this
enhancement is that the wavefunction of a diffuse Rydberg electron has less overlap with the
molecular-ion core and consequently the 2hle states dissociate to produce the excited-state
fragments before the excited Rydberg electron can relax. As noted from fi¢h)eC* yield
shows enhanced production via Cl 2p core-to-Rydberg excitations. This suggests thas C
may be formed by a similar dissociation process to the one that produces the excited neutral
fragments.

For dissociation mechanisms for ionic fragments, several mechanisms have been
proposed 25-[28]. However, the dissociation mechanism for neutral fragments, particularly
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Figure 6. Photon-energy dependence of various excited fluorescing fragments
at the Cl2p edge along with the CI L-edge x-ray absorption spectrum of
gaseous CGl

for gaseous molecules, is not clear at the moni&rjt{42]. To reveal the mechanism for excited
neutral fragments and to explain the present data, detailed calculations of the potential-energy
curves for highly excited molecular C[Cétates are needed as well as further analysis of the
Auger decay channels of CLCat Rydberg resonances. Hopefully, our results will stimulate
further theoretical development in the dissociation dynamics for excited neutral fragments of
gaseous molecules.

4. Conclusion

In conclusion, we have investigated the dissociation dynamics for ionic fragments and excited
neutral fragments of gaseous and condensed fobwing the ClI 2p core-level excitation using
photon-induced dissociation, resonant photoemission, ion kinetic energy distribution, x-ray
absorption and UYvisible dispersed fluorescence measurements. The & Zig; excitation

of CCl, induces significant enhancement of thé @sorption yield in the condensed phase and

the CCI yields in the gaseous phase. Based on the resonant photoemission studies, excitations
of Cl2p electrons to valence orbitals and Rydberg states decay predominantly via spectator
Auger transitions, while the shake-up and shape-resonance excitations are followed by normal
Auger decay. The CI2p core-to-Rydberg excitations of gaseoug €&l to a noteworthy
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production of excited atomic neutral fragments’\@nd excited diatomic neutral fragments
(CCI). The present findings may be used to help assign the character of absorption features, by
using the excitation spectrum of excited fragments as a fingerprint. These results contribute to a
comprehensive understanding of the state-selective ionic and neutral fragmentation of gaseous
and condensed molecules via core-level excitation.
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