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Abstract

Inner-shell excitation and fragmentation of chlorine dioxide (OCIO) in the Cl 2p- and O 1s-excitation regime is reported. The electronic structure
of the element-selectively excited radical is studied by X-ray absorption and total cation yields. A comparison of both approaches allows us tc
estimate the absolute photoionization cross-section and the ionization yield near the Cl 2p- and O 1s-absorption edges. The latter quantity
characteristically enhanced in core-ionization continua. We observe below both core-absorption edges intense core-to-valence-trassitions. Th
are assigned in comparison with related work on core-excited sulfur dioxide. These results give clear evidence that the highest molecular orbit:
of OCIO is half-filled. High-resolution spectra recorded in the Cl 2p-regime show evidence for Rydberg transitions. The extrapolation of the term
values of the low-lying Rydberg states allows us to derive the Cl 2p-ionization energy of OCIO. Fragmentation of core-excited OCIO is reported.
Photoelectron—photoion-coincidence (PEPICO) spectra are recorded, indicating that singly and doubly charged fragments are formed. Fissic
of the doubly and multiply charged OCIO leads to singly charged fragments. These are measured by photoion—photoion-coincidence (PIPICC
spectra, where characteristic changes in intensity of the fission channels in the Cl 2p- and O 1s-continuum are observed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction ization limits[7,10]. No experimental data on photoabsorption
of OCIO above 25eV have been published to the best of our
The electronic structure and related properties includingknowledge.
excited state dynamics of chlorine dioxide (OCIO) have been The He(l) photoelectron spectrum of OCIO has beenrecorded
the subject of numerous experimental and theoretical studiesarlier [7,9]. It has been the subject of a later reinterpreta-
in the pas1-14]. Most of these works are motivated by the tion, where the Franck—Condon factors were calculated and the
occurrence of chlorine dioxide as a trace gas component in thalowance for anharmonicity as well as the Duschinsky effect
atmosphere. Especially, the abundance of OCIO in the polawere included13]. Photoionization and fragmentation of ionic
atmosphere reflects perturbed chlorine chemistry, which ha®CIO have been reporteld,8]. Photoionization mass spec-
been discussed with respect to ozone loss via photochemicabmetry of OCIO has revealed a number of singly charged
pathways. These may involve photoisomerization into the labilgphotofragments after excitation with VUV radiation. Apart
ClOO[15-19] from the stable parent cation, OCIQfragmentation prod-
Several investigations on OCIO were focused on UV phodcts (O, CI*, CIO*, and Q") are observed8]. Especially,
toexcitation and possible competing photodissociation channethe occurrence of a weakoO signal has been discussed in
of low-lying electronically excited stat§$,15,16,18,19]Prop-  terms of isomerization of OCIOinto CIOC" [8]. Yields of the
erties of higher-excited neutral and singly charged ionic state®nic fragments as a function of the photon energy have been
of OCIO have also been investigatpty10]. The photoabsorp- recorded, so that appearance energies are established and frag-
tion spectrum of OCIO in the vacuum ultraviolet (VUV) reveals mentation mechanisms are derivi@g8]. Furthermore, results
several series of Rydberg states converging to the respective iofiom electron impact ionizatioifi2,14] and related theoreti-
cal work[12,13] were reported before. Electron impact single
and double ionization of OCIO have been investigated more
* Corresponding author. recently using time-of-flight mass spectrometry and ion-ion-
E-mail address: eruehl@phys-chemie.uni-wuerzburg.de (EhR. coincidence techniqu¢$4]. These coincidence spectra indicate
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that OCIO™* dissociates to form the cation pair§ ®CIO* and  hit TDC (MIPSYS: FLY TDC[30]), which is operated with a
o*+ClI*. typical time resolution of 4 ns, and PIPICO spectra are measured
We report in this work inner-shell excitation and fragmenta-using a time-to-amplitude converter (TA(31], respectively.
tion of chlorine dioxide. The energy regime investigated focuses The gaseous sample of chlorine dioxide is freshly prepared,
on the inner-shell absorption edges of Cl 2p (200-250 eV) andccording to the standard procedure via the reaction of chlorine
O 1s (525-560eV). Photoexcitation in these energy regimewith sodium chloritg32]. The sample is immediately used for
allows us to probe the electronic structure and fragmentatiothe experiments without further purification. The conversion of
after element-selective excitation. Photoabsorption and totaholecular chlorine into the product becomes incomplete after
cationyields give specific information on the electronic structuresome time, so that the sample may contain traces af lis
and the unoccupied electronic levels in the core-level excitais avoided by monitoring the purity of the sample during the
tion regime. The results are assigned in comparison with thexperiments by photoionization mass spectrometry. As a result,
well-known stable molecular species sulfur dioxi@9-23]  no traces of Gl are found in the spectra.
A comparison of the total cation yield with the photoabsorp-
tion cross-section allows us to estimate the total photoioniza3. Results and discussion
tion cross-section and the ionization yield, i.e., the number of
cations formed per absorbed photon. The fragmentation prod 1. Electronic structure
ucts that are formed after inner-shell excitation are identified
via coincidence experiments, such as photoelectron—photoion- Fig. 1 shows a comparison of the photoabsorption cross-
coincidences (PEPICO) and photoion—photoion-coincidencesection Fig. 1(a)) with the total cation yield of OCIGHg. 1(b))
(PIPICO). These results are compared to earlier electrom the Cl 2p-regime. The Cl 2p-edge is characterized by several
impact work, where ion—ion-coincidences were reportecharrow and broad features and a characteristic increase in the
[14]. Cl 2p-continuum E£>212eV), where also broad continuum
features are observed. The assignment of these spectral fea-
tures, the determination of the absolute cross-sections, and the
2. Experimental
2.5 L ! L ! !

()

The experiments reported in this work are carried out at
the electron storage ring faciliies BESSY-I and BESSY-II, 201
where the beamlines HE-TGM{24], SX-700-1[25], and U-
49-SGM [26] were used. The photon bandwidth of the X-ray
monochromatordd/ AE) is of the order of 300-600 (HE-TGM-2
atBESSY-I) and-10* (SX-700-1 and U-49-SGM at BESSY-II),
respectively. The energy scale is calibrated by using well-known 0.5 -
near-edge structure of argon (Ar 2p), molecular chloring Cl
(Cl 2p), and molecular oxygen (O 1s)[27]. The experi- 0.0 0 ‘ ‘ ‘ ‘ 6
ments reported on the Cl 2p-edge are recorded at high resolution ) L 5
using the SX-700-I (BESSY-I) and the U-49-SGM (BESSY-
I1), whereas those measured at the O 1s-edge are taken with
low resolution at the HE-TGM-2 (BESSY-I). Photoabsorption -3
cross-sections are measured by using a gas cell of 30 cm length
at a total pressure of typicalty0.5 mbar. The absolute pressure
in the absorption cell is measured by a capacitance manometer, L
similar to Ref[28]. Sodium salicylate is used as a quantum con-
verter for the detection of monochromatic synchrotron radiation, (a)
so that a photomultiplier is used for VUV photon detecti). 1
The absolute photoabsorption cross-section of OCIO is derived
near core-level absorption edges by using the pressure depen
dence of the photoabsorption signal, yielding a linear behavior
inthe pressure regime under investigation. We estimate the accu-
racy of the absolute photoabsorption cross-section te 1%,
similar to earlier wor28].

Photoelectron—photoion-coincidences (PEPICO) and pho- ; ;
toion—photoion-coincidences (PIPICO) are measured similar to 200 220 240 260
earlier work[30,31] Briefly, a time-of-flight mass spectrom- Energy [eV]
eter_ls .ope.rated V\_”th an electric field strengthl of 300 V/em InFig. 1. Comparison of: (a) the photoabsorption cross-section, (b) the photoion-
the ionization region, where constant extraction voltages ar@ation cross-section (derived from the total cation yield), and (c) the ionization
applied. The PEPICO spectra are recorded by using a multiseld of chlorine dioxide near the CI 2p-edge.
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determination of the Cl 2p-ionization energies are discussed in
greater detail below.

The photoabsorption cross-section of OCIO is determined
from a photoabsorption experiment, as outlined in the previous
section. The results indicate that the discrete features and the 4p  4d
continuum intensity have a cross-section of ca. 1-2 Mb, where 2p. )
1 Mb corresponds to 1#2m?2. These absorption features are (@p1r2
superimposed to an intense valence continuum, which has a
cross-section of+1 Mb. This value as well as the absorption
cross-section in the Cl 2p-continuum are in agreement with
estimates that take the atomic mass absorption coefficient of
chlorine and oxygen into accouf33].

The intensity distribution of the total cation yield is in the
regime of the near-edge features somewhat enhanced, but simi-
lar to the photoabsorption cross-section (Sigel(b)). However,
one observes that the cation intensity is significantly enhanced
in the Cl 2p-continuumkg > 212 eV) compared to the photoab-
sorption cross-section. The total cation yield showRio 1(b)
is measured on a relative intensity scale. It is subsequently cali-
brated to an absolute scale by assuming that the photoionization _
cross-section is similar to the photoabsorption cross-section
below the Cl 2p-edge. This implies that the cross-section of
neutral states is negligibly small and that the quantum vyield of
double ionization is~20%, corresponding to an ionization yield
of ~1.2. These assumptions appear to be realistic in compatri- - | ‘ \
son with earlier work on photoionization of rare gaf&$. We 200 205 210 215
derive from this the photoionization cross-section, correspond- Energy [eV]
ing to the absorption cross-section multiplied by the r?umb_er Of:ig. 2. Total cation yield of OCIO with spectral assignments (see textalie 1
charges that are formed per absorbed photon. This yields in thg; fther details).

Cl 2p-regime at 215.2 eV a maximum of 5.8 Mb. We note that

this approach determines only a lower limit of the photoioniza-

tion cross-section, since we detect cations and it is implicitlyionization become prominent as a result of the preceding LMM-
assumed that dissociative processes lead to singly charged frajdger processes. As aresult, the ionization yield reaches a value
ments. This assumption is not fully fulfilled, as we will show of ~2 near 215eV. It drops to 1.8 at higher energy, indicating
below that about 10% of the cation intensity is due to stable, douthat still ~15% of the photoionization processes are due to sin-
bly charged fragments in the Cl 2p-regime. This adds to the erraggle ionization. This is reasonable, since the underlying valence
limit of the photoionization cross-section, which is estimated tocontinuum has still a considerable strengtii(Mb) above the

be of the order of 20%. The photoionization cross-section drop€l 2p-edge (se€ig. 1(a)). We note that the present results are
above 215 eV, similar to the photoabsorption cross-section, bidomparable to earlier work on organometallic species, where a
it is always higher than the photoabsorption cross-section.  similar increase in ionization yield has been observed in the C

The ionization yield is obtained from the ratio of the pho- 1s-regimg35].
toionization cross-section and the photoabsorption cross-section The results also indicate that resonant core-to-valence and
(seeFig. 1(c)), where only a lower limit of this quantity can core-to-Rydberg states occurring in the Cl 2p-near-edge regime
be derived. This is on one hand due to the formation of stado notcontribute significantly to an enhanced ionizationyield, so
ble dications, on the other hand discrimination effects in catiorthatthe ionizationyield reaches no larger values than+.@a®5
detection of products that are formed with high kinetic energyin the pre-edge regime (s&&g. 1(c)). This is because resonant
from dissociative double ionization are not considered. The ionAuger processes do not massively change the ionization yield,
izationyield starts at-1.2 in the pre-edge regime (ség. 1(c)),  which is unlike electronic relaxation via the normal and double
implying that more than one cation is formed per absorbed soff\uger processes, dominating the Cl 2p-continuum.

X-ray photon and that most dications are not stable and undergo The electronic states occurring near the inner-shell absorption
fission, corresponding to the formation of singly charged frag-edges are discussed and assigned in the followind-{(gf.2).
ments via charge separation. This assumption is valid, as will b&heir assignment is primarily based on previous work on sulfur
discussed below in the context of fission processes. Furthermorgioxide (SQ) [21,36] This approach is straightforward, since
this value is reasonable, since direct double ionization is of lowsQ, has almost the same electronic structure as chlorine diox-
cross-section (cf34]). The substantial cation intensity in the Cl ide. However, there is one important difference, which concerns
2p-continuum implies that the ionization yield is significantly the highest occupied molecular orbital (HOMO). In the case of
enhanced in this spectral regime, where double and multipl&0O, the HOMO corresponds to the Barbital, which is dou-

4p 4d
(2pgp)!  4s ‘ 3d ‘

Relative Intensity [arb. units]
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bly occupied, whereas the lowest unoccupied molecular orbital T T T T T
(LUMO) of SOy 3by is empty[21]. This is unlike the elec-
tronic structure of OCIO, where the extra electron in the HOMO
is located in the 3porbital, which can be associated with an
antibonding=" -orbital. This singly occupied orbital accounts
for the radical character of OCIO, with an electroi(®B;)
ground state, belonging to the point grodg,, where the bond
angle is 117.6and the GO bond length is 1.44& (cf. [16]).
The lowest energy transition from the Cl 2p orbital to unoc-
cupied states corresponds to the Cl-2@8b;-transition near
202 eV. The corresponding transition in 85 2p— 3by) is
of weak cross-section, which is a result of thé=1 selection
rule, where it is assumed that the;3fybital has predominately
p-character. The same is observed for OCIO. Consistently, the O
1s— 3by-transition in S@ and OCIO is significantly stronger,
as will be outlined below. The 2p 3b;-transition is vibra-
tionally resolved in the case of $QR1]. The results on OCIO
shown inFigs. 1(b) and Ztotal cation yield) indicate that the CI
2p— 3bs-transition is split by~1.6 eV as a result of spin—orbit
splitting. In addition, there is no evidence for vibrational fine
structure of this transition, which is not a result of the bandwidth
of the X-ray monochromatoE{AE = 10%). We assign these con-
tinuous bands to the short-lived or dissociative character of the
final state. This is unlike S£)since in the case of OCIO the 8b
orbital is already half-filled, so that the cross-section is expected
to be even weaker than in $S@nd the excitation process brings
a second electron into the antibonding final state. This leads to a
decrease in bond order. As a result, this excited state is expected 204 206 208
to be dissociative or its lifetime is considerably shorter than in
SOy, implying that there will be a significant increase in line
width, so that no vibrational fine structure can be observed. Fig. 3. Total cationyield of OCIO with spectral de-convolutions and assignments
The broad structure occurring near 206 eV is assigned in anatti)y using Gaussian line profiles. The hollow circles correspond to the experimen-
ogy to SQ to two blended transitions, corresponding to the Cl
2p— 9&- and Cl 2p— 6by-transitions (cf.Fig. 2). These are

due to excitations of the 2p-electrons into-orbitals. They are states. It can only yield an estimate of IE(CI 2p) in OCIO,
blended in the case of OCIO, which is partly due to spin—orbisince higher members of the Rydberg series are not accessible.
splitting. A spectral de-convolution indicates that the broadaternatively, one can consider to measure X-ray photoelectron
barely structured band consists of four components that fullgpectra (ESCART7] or zero kinetic energy (ZEKE) photoelec-
explain this band (cfFig. 3. At the high-energy portion of = tron spectr438]). Both approaches are expected to yield similar
this band there is an intense, narrow feature. This is aSSign%h‘les Compared to the present results, where the absolute val-
to the lowest Rydberg transition (Cl 2p— 4s,E=208.25€eV,  yes of the Cl 2p-ionization energies are estimated to be at most
seeFigs. 1 and 2 The regime of Rydberg transitions is located py +0.3 eV off the values derived in this work. This deviation
near the edge jump, where the density of states increases adsmall compared to the Cl 2p-ionization energy of molecular

the absorption and ionization cross-sections are enhanced. Wg|orine, which is known to be at 207.82 eV (IE(ClCl>)))
observe only the lowest members of three different Rydberg

series, converging to the 2p and 2p/, ionization energies, t4pje 1

respectively (se€ig. 2). Their assignments are based on typ-Rydberg transitions of OCIO near the Cl 2p-edge

ical term values and congtam quaqtum defects Bge2 and Energy (V) Assignment Quantum _ Term onization
Table 1. The results compiled iRig. 2indicate that the Rydberg defect value energy (eV)
series of each fine structure component have the same conver
gence limit, if the quantum defects that are listedable lare 208.25 4512 2.15 3.98 212.23

Relative Intensity [arb. units]

Energy [eV]

al results, the thick line is the sum of all components, thin lines correspond to
the Gaussian profiles.

assumed to be constant. This yields the CI 2p-ionization enerzog:gg 32’22 ;:22 421:83 ;Egg
gies (IE(CI 2p)) of OCIO 212.2% 0.05eV (IE(Cl 2p/2)) and  210.18 3dp 0.42 2.04 212.22
213.83+:0.05eV (IE(CI 2p/2)), respectively. Note that these 210.89 4p2 1.84 2.92 213.81
core-ionization energies have not been reported to the best é#1-05 4d2 0.60 118 212.23
our knowledge. The present approach to determine the Cl 2@%'?% igg g'gi i'(l)g ;ig'gg

ionization energies in OCIO makes use of the lowest Rydberg
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4 : : : : : : photoabsorption cross-section reaches ca. 3 Mb at the maximum
oclo of the near-edge features, which is discussed below. It drops
31 O 1s edge in the O 1s-continuum te-1.5 Mb. This value is higher than
0.9 Mb, which is expected from the atomic absorption cross-
section (cf[33]). This indicates that broad continuum features
increase the photoabsorption cross-section in the 540-560 eV
14 regime. The total cation yield is shown ktig. 4(b). It is simi-
lar in shape compared to the photoabsorption cross-section, i.e.,
0 , , ) ) , , 10 the intensity ratio of the discrete and the continuum features is
(b) not significantly changed. This is unlike the results shown in the
Cl 2p-regime, where considerably higher intensity is found in
the CI 2p-continuum in the total cation yield than in the pho-
toabsorption cross-section (sEig. 1). We have estimated the
photoionization cross-section of O 1s-excited OCIO by using
the total cation yield, which is scaled by the photoabsorption
cross-sectioninthe pre-edge regime, similar to the Cl 2p-regime.
Fig. 1(c) indicates an ionization yield near the Cl 2p-edge of 1.8.
5 @ ' ‘ ' 0 This quantity is expected to increase slightly with photon energy;,
9a, since the valence continuum gets weaker with energy. Similar
3b;  6b, findings are reported in the literature for rare ggd84d$. There-
34 fore, we assume that the ionization yield42 below the O
1s-edge. This takes into account that there is predominantly dis-
21 sociative double ionization besides with lower efficiency single
and dissociative triple ionization. Especially, the latter process
is induced by shake-off events. We use the ionization yield of
0 . . . ~2 to scale the total cation yield in order to estimate the pho-
530 540 550 560 toionization cross-section, as showrfig. 4(b). Its maximum
Energy [eV] of ~8 Mb is reached at the intense discrete feature near 531 eV
and it drops in the O 1s-continuum, whetel Mb is found.
ization cross-section (derived from the total cation yield), and (c) the ionizatiorr1NOte tha_lt th.e derived _Values also represent .a Iower “.mlt’ .Smce
yield of chlorine dioxide near the O 1s-edge. stable dications contribute t915% of the cation yield in this
spectral regime. Therefore, we underestimate the photoioniza-
tion cross-section similar to the discussion given above on the ClI
[39]. This implies that molecular chlorine undergoes a signifi-2p-regime. Finally, the ionization yield is displayedriy. 4(c).
cant chemical shift of 4.4 eV, if it is oxidized to OCIO. The results indicate that this quantity is roughly constant in the

The Cl 2p-continuum shows an intense feature near 215 e¥ntire spectral O 1s-regime. Slight modulations are due to the
and a weak one near 230eV (€fig. 1). These are primarily near-edge features, but it needs to be pointed out that the spectra
assigned to shape resonances, which is in analogy to recent waskown inFig. 4(a) and (b) are recorded with slightly different
on 2p-excited sulfur dioxid22]. Moreover, the O yieldfromS  bandwidth, so that this leads to modulations of the ionization
2p-excited SQindicates that there is in the same spectral regimeield, which are not significant. The result, that there is no change
evidence for weak doubly excited staf28]. Such features may in ionization yield below and above the O 1s-edge is rational-
be blended with the broad shape resonances and cannot be idezed as follows: Excitation of the O 1s-edge does not increase
tified in the case of 2p-excited OCIO. the degree of ionization of OCIO, since the Cl 2p-continuum

Finally, there is a strong background continuum visible inalready produces preferably doubly charged OCIO. This is not
Fig. 1, which is underneath the Cl 2p-edge. This background hashanged in the O 1s-continuum, but different processes gain
an intensity that reaches25% of the total intensity at 215eV. intensity, especially those that are related to the KLL-Auger
It is assigned to photoionization of valence orbital electronsdecay of core-excited oxygen.
which still have a significant cross-section in the Cl 2p-regime The O 1s-near-edge regime is characterized by two intense
[33], as outlined above. bands centered at 529.70 eV and n€ar533.5eV (cf.Fig. 4).

The photoabsorption cross-section and the total cation yiel@he latter feature is significantly broader than the former one.
of OCIO in the O 1s-excitation regime are shown in the energyoreover, its shape is asymmetric, indicating that at least two
regime 525-560 eV (cFig. 4). Both spectra are recorded with transitions are blended in this feature. These bands are fol-
lower energy resolutionE]{ AE ~ 500) than the results recorded lowed by continuous absorption that contains broad features in
at the CI 2p-edge (sdeigs. 1-3. The Cl 2p- and the valence- the O 1s-continuum, where both the absorption and ionization
continua are weak in the pre-edge regime, accounting for caross-sections drop with increasing photon energy. A spectral
0.5 Mb of photoabsorption cross-section (8ég 4(a)). Thisis  de-convolution of the spectral regime between 527 and 536 eV is
in agreement with Ref33] and related work on S£J40]. The  performed by using Gaussian fit functions (5&g 5). It reveals

lonization Yield
n

Photoionization
Cross-Section [Mb]

Photoabsorption
Cross-Section [Mb]

Fig. 4. Comparison of: (a) the photoabsorption cross-section, (b) the photoiol
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Table 2
Spectral features of OCIO near the O 1s edge

0CIO-0 1s Energy (eV) Line width (eV) Assignment
529.70 1.15 O 1s> 3by
532.98 1.53 O 1s> 9a
533.90 1.87 O 1s> 6by

Relative Intensity [arb. units]

528 532 536
Energy [eV]

Fig.5. Total cationyield of OCIO with spectral de-convolutions and assignments
by using Gaussian line profiles. The hollow circles correspond to the experimen- (b)
tal results, the thick line is the sum of all components, thin lines correspond to

the Gaussian profiles (cfable 2.

that three core-to-valence-transitions occur. This becomes evi-
dent for the feature at 529.70 eV, which contains only a single

transition. It is assigned to the O 4s3by(w")-transition. This

is in agreement with the assignment of the weak, lowest energy
near-edge Cl 2p-feature (see above). Such spectral features
are well-known to occur in the near-edge regime of numerous

unsaturated molecules, where intense bands afharacter are

observed27]. Thisis also similar to the O 1s-absorption of 5O

where similar characteristics have been fo[2®41,42] There

is, however, a distinct difference in the absorption of OCIO,

where the intensity of the O ts 3by-transition is significantly

reduced to about half of the intensity compared to the corre-

sponding transition in O 1s-excited $(@f. [20,42) Thisis due
to the fact that the 3f§w")-orbital is half-filled in OCIO and it

is empty in the case of SOwhich explains the lower intensity

of this band inFig. 4.

The following broad structure centered near 533.5eV is de-

convoluted into two components, as showifrig. 5. We derive

from this de-convolution a splitting of 0.92 eV, which is compa-
rable in magnitude to the @abky-splitting near the ClI 2p-edge
(seeTable 2andFig. 3. It is therefore plausible to assign both
components in analogy to the Cl 2p-edge, corresponding to exci-

tations intoo” -states. Rydberg states are not resolvelign 4.

This is essentially a result of the lower energy resolution com-

pared to the findings obtained near the CI 2p-edge. Finally,

to the best of our knowledge. We assign this broad feature in
analogy to the results from the Cl 2p-edge and recent {&#k
to a shape resonance.

3.2. Fragmentation

Fragmentation of core-excited chlorine dioxide is investi-
gated by photoelectron—photoion-coincidences (PEPICO) (cf.
Fig. 6). Fig. (@) shows the intensity distribution if the CI 2p-
continuum is excited at 215.6 eV. Itis for all dominant fragments
similar to the O 1s-excited moleculE € 543.1 eV, cfFig. 6(b)).
Relative intensities and widths of the coincidence signals are
listed in Table 3 The parent cation OCIDis observed with
weak intensity in both spectra. This is unlike valence contin-
uum excitation, where this cation is the dominant cation in
photoionization mass spectfd], indicating that there is effi-

o E=543.1 eV
++
cl ocio+

ClO+
g o cr
S ‘ clo+
g * .
& *
_a, ‘_______‘_,_}\M/\-J
‘B
c
S
IS
g | @ o
ks E=215.6 eV
o

C|++
Cl+
clo*
T T T T x T N T T T T T T

1 2 3 4 5 6 7 8 9
Time-of-Flight [us]

ngg. 6. Photoelectron—photoion-coincidence spectra of OCIO recorded at: (a)

observe a broad continuum resonance near 542.2 eV. It 0CCU$s5 6 ev and (b) 543.1 eV (s@able 3for details). Mass signals from traces of
near the O 1s-ionization threshold, which is not exactly knownir and residual gas are marked by asterisks.
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Table 3 P 1 I B IR B | 1 1
Intensities and signal widths of cations produced by photoionization of OCIO (b) E—543.1 6V
at 543.1 eV photon energy, as observed by PEPICO specti@idcB(b)) I

Cation Relative intensity (arb. units) Peak width (ns)

o* 1146 220
cr+ 206 80
clo+ 33 24
Cl+ 358 108
clo 117 76
oclo* 3 28 OHCI+

O+/CIO+

cient fragmentation in core-ionization continua. Other singly
charged fragments that are observed are*CICI*, and O.
These mass signals are significantly broadened compared to the
parent cation OClOand the fragment dication CIO. This is
primarily the result of dissociative double ionization of OCIO,
which is expected to be dominant in the core-ionization con-
tinua, where Auger relaxation dominates. This leads to doubly
or multiply charged molecules which are stabilized via fission,
i.e., the formation of singly charged correlated fragments. Such
fragments are detected by multicoincidence experiments. Fur-
thermore, this fragmentation mechanism explains the enhanced
photoionization cross-section and ionization yield (see above).
As a result of efficient fission, the molecular dication is not
observed irFig. 6. Furthermore, the singly charged fragments
are formed via fission. This is accompanied by a substantial : , : : , : .
kinetic energy release and becomes evident from the increased 1.0 15 2.0 2.5 3.0
widths of the mass signals. The most intense cation signdl,is O Time-of-Flight Difference [us]
Wher_eas the mass lines of the other fragmentsaGtl CIO" are Fig. 7. Photoion—photoion-coincidence spectra of OCIO recorded at: (a)
considerably weaker. 215.6eV and (b) 543.1eV.

Electron impact ionization of OCIO was investigated before
[14]. There, one observes the singly charged fragmeht©gY,
Cl*, and CIO in the electron energy range between 30 and14]. Fission mechanisms of doubly charged molecules, leading
450 eV [14]. Note that these electron impact mass spectra arto the singly charged fragments, are suitably investigated by
dominated by a strong parent signal OCI[@4], indicating that PEPIPICO spectroscopi#3—-46] Recent work has concen-
predominantly the valence shell is excited. The weak formatiorirated on S@[23,45,46]besides a related electron impact study,
of O>* has also been observed before upon excitation by VUMvhich includes ion—ion-coincidencg4]. We report in this
radiation[8]. This cation is evidently exclusively formed via work results from photoion—photoion-coincidence (PIPICO)
single ionization. Consistently it is not observedrig. 6, where  spectroscopy (sekig. 7). This figure shows a comparison of
double ionization is dominant. two photoion—photoion-coincidence (PIPICO) spectra recorded

Besides singly charged fragments we also observe doublgt two different photon energies, i.e., at 215.6eV (Cl 2p-
chargedones, i.e.,Cland CIO™* (cf. Table 3. The mostintense continuum) and 543.1eV (O 1s-continuum). We focus on the
doubly charged fragment is Cl. The width of this dicationic regime between 1 and time-of-flight difference and do not
mass signal is significantly larger than that of the singly chargediscuss the regime of small time-of-flight differences & 0),
parent, indicating that Ct is evidently formed via fission, start- since there one finds a broad feature that can have contributions
ing most likely from the triply charged parent. This trication canfrom several channels, such a§/O*, CI**/O*, as well as false
be formed in the O 1s-continuum via double Auger decay procoincidences. Both PIPCO spectra show the same major signals
cesses. The other observed doubly charged fragment i§"CIO corresponding to the CI*-coincidence at-1.6us time-of-
The width of this signal is comparable to that of OCIQVe  flight difference and the GCIO*-coincidence signal occurring
speculate that this fragment is a result of a process that starét ~2.5us time-of-flight difference. These coincidence signals
from the dication, where a neutral oxygen atom is formed.  have been observed before. The present results are comparable

Earlier electron impact work also showed no evidence for an widths to earlier electron impact wofi4], indicating that
stable parent dication (OCIO) [14]. The absence of OCIO  the kinetic energy release (KER) is comparable to that reported
has been rationalized by assuming that no bound regions of theefore [14]. Evidently, this quantity is independent on the
dication potential are accessible via a vertical transition fromexcitation energy. We do not discuss this point further, but note
the equilibrium geometry of the neutr®(?B1) ground state that evidently the molecular geometry and the charge separation

(@)
O*/Cl+

E=215.6 eV

Relative Intensity [arb. units]
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distance, that can be deduced from the KER according tproduced per absorbed photon. This quantity increases almost to
Coulomb’s law, is similar over a wide energy range. However,2 above the Cl 2p-ionization threshold as a result of LMM-Auger
this is not true for the relative intensities of both coincidenceprocesses. The results in the O 1s-regime show that double and
signals. The results reported in REE4] clearly indicate that multiple ionization dominate below and above this absorption
the O/CIO*-channel is more intense than the other one. Thisedge, but the ionization yield is not different below and above
is clearly different from the results shownhiig. 7. Inthe O 1s-  the O 1s-edge. Finally, photoion—photoion-coincidence spectra
continuum one finds that the*@lI*-channel is about twice as show evidence for fission channels that follow double and mul-
intense as the GCIO*-channel. This situation changes, when tiple ionization. A distinct enhancement of the /QI* cation

the excitation energy is tuned into the Cl 2p-continuum, wherepair relative to that containing @CIO* is observed in the ClI

this ratio increases te-6. This implies that atomization via 2p-excitation regime. This indicates that this atomic fragment
fission of the doubly charged molecule is dominant upon Cl 2ppair is preferably formed upon fission when the central atom is
excitation. This is remarkable since the Cl 2p-excitation energyxcited.

is lower than the O 1s-excitation energy. This indicates that
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