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a b s t r a c t

Fragmentation of multiply charged sulfur clusters is investigated by ion–ion-coincidence spectroscopy.
The experiments were performed at the electron cyclotron resonance (ECR) ion source at the KVI Gronin-
gen, where beams of Xeq+ (q = 5, 10, 15, 20) were produced. The Xeq+ ions were accelerated to kinetic
vailable online 21 June 2008

eywords:
ragmentation
ighly charged ion
ission

energies of 8–10·q keV and collided with a beam of free sulfur clusters. Variable size sulfur clusters are
prepared in a two-stage oven source, where the temperature of the oven was used to adjust the cluster
size. Most experiments were performed using S8, the dominant cluster at low oven temperature. Ion–ion-
coincidence as well as mass spectra were recorded. Coincidences between singly charged atomic and
molecular fragments were studied, where changes of product channels were observed as a function of
charge state of the Xeq+ projectile. The mechanisms of cluster fragmentation are discussed. The results are
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ulfur cluster compared to earlier exper

. Introduction

Clusters are known to bridge the gap between isolated atoms or
olecules and condensed matter. Structural and electronic prop-

rties of clusters have been investigated in the past, revealing
ize- and material-dependent properties [1–3]. This also includes
ragmentation of clusters, where size-dependent fragmentation

echanisms have been explored before [4–6]. Fragmentation of
lusters is often induced by ionizing radiation, high kinetic energy
lectrons, laser radiation, or highly charged ions (HCI) [7–10]. The
echanisms leading to the formation of stable products are sen-

itive to the primary excitation process [6]. This is particularly
rue for the formation and decay of doubly or multiply charged
lusters, for which fission and Coulomb explosion scenarios have
een discussed [11,12]. Depending on the cluster material, charge
quilibration or charge localization is observed upon multiple
onization, the latter being important in the context of multiple
onization of van der Waals clusters [6]. However, experimental
tudies employing neutral van der Waals clusters have the inher-
nt disadvantage that the cluster size distribution is broad, so

hat size-dependent fission pathways cannot be easily inferred
rom experimental work. In contrast, covalently bound clusters
an often be prepared in well-defined sizes via the evaporation
rom the solid phase [13–18]. As a result, covalently bound clusters
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ts on core-excited sulfur clusters using soft X-rays.
© 2008 Elsevier B.V. All rights reserved.

re suitable model systems to experimentally investigate frag-
entation and fission properties of ionized clusters. Chalcogenide

lusters have been previously investigated in the S 2p and the S
s-excitation regimes [13–18]. Fission mechanisms of doubly and
ultiply charged sulfur clusters, occurring after core hole relax-

tion and the emission of Auger electrons, have been derived for S
p-excited sulfur clusters using photoelectron-photoion–photoion
oincidence (PEPIPICO) spectroscopy [16]. This approach provides
ets of coincidence data, which allow one to derive the fission mech-
nisms.

Here, we apply the same technique to investigate Sn ionization
y highly charged ions which also leads to the removal of outer
alence electrons. The ionization process is thus similar to inner-
hell excitation by photons which is followed by the emission of
uger electrons. Subsequently, the formed multiply charged ions
re stabilized via fission.

Different fission pathways may occur in ionization induced
y HCI or by inner-shell photoexcitation, respectively, depend-
ng on the primary vacancy formation process and the nature
f the vacancies. Evidence for such differences comes from ear-
ier multiple coincidence work on van der Waals clusters, where
CI impact and photoexcitation trigger fundamentally different

ragmentation dynamics [6]. Over the recent years, such differ-

nces have also been explored for core level excitation and HCI
nduced ionization of molecular targets [19,20]. In contrast, there
re considerably fewer results on covalent clusters [10]. This is
he motivation for the present work, where we report mass spec-
ra of sulfur cluster fragments formed upon impact with keV

http://www.sciencedirect.com/science/journal/13873806
mailto:ruehl@chemie.fu-berlin.de
dx.doi.org/10.1016/j.ijms.2008.06.007
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ighly charged ions. The decay of doubly charged sulfur clusters
s studied by means of a coincidence technique.

. Experimental

The experiments were performed at the ZERNIKELEIF facility
t the Kernfysisch Versneller Instituut (KVI) in Groningen (The
etherlands) [21]. We have used highly charged ions from the
lectron cyclotron resonance ion source. The experiments were per-
ormed using beams of Xeq+ ions with q = 5, 10, 15, and 20, which
ere accelerated by 10 kV and 8 kV, respectively.

Sulfur clusters are obtained from heating neat yellow �-sulfur
Sigma–Aldrich, purity 99.5%) in a two-stage oven, with two inde-
endent heating systems located at the body of the oven and at its
rifice, respectively. The use of a two-stage oven has the advantage
hat it allows one to control the cluster size. This is primarily accom-
lished by controlling the temperature of the second stage near the
rifice. The sample flux is adjusted by tuning the temperature of
he first heating stage. Systematic investigations of sulfur as a func-
ion of the heating temperature have been carried out previously
nd a strong dependence of the aggregate size on the temperature
as been observed [16–18]. In this study we only focus on the low
emperature regime (T ≈ 400 K), which is known to produce mostly
8 [22–25]. The other neutrals which are known to occur in the
as phase with a sizeable mixing ratio are S6 and S7. These are
ormed at 400 K relative to the dominant S8 with ∼33% and ∼15%,
espectively [22]. Consistently, the largest cation observed during
he experiments is S8

+, since S8 is known to produce a stable par-
nt cation upon ionization [16,25]. During the measurements, the
emperature of the second heating stage of the oven is kept con-
tant at T = 405 ± 3 K, whereas the first heating stage is kept about
0 K below this temperature. This yields a pressure in the inter-
ction chamber of 2.9 ± 0.2 × 10−6 mbar, with a base pressure of
.7 × 10−7 mbar.

The cations are extracted by a constant electric field in a
iley–McLaren type time-of-flight mass spectrometer [26]. The

xperiments are performed in a chopped beam mode, where the
CI beam is deflected by a pulsed voltage applied to deflector plates

ight in front of the interaction region with the cluster beam. The
orresponding chopper signal is used as a start for cation time-of-
ight measurements. This mode allows us to measure time-of-fight
ass spectra as well as ion–ion-coincidence spectra. The extrac-

ion conditions in the ionization region of the spectrometer are set
o a field strength of 310 V/cm in order to obtain a sufficient time
pread of the ion flight time in coincidence spectra. This enables us
o determine the kinetic energy release (KER) of fission processes.
he drawback of using low extraction field strengths is angular dis-
rimination, implying that mostly the cations flying parallel to the
xis of the spectrometer are detected, whereas those high kinetic
nergy ions of low mass flying perpendicular to this axis are less
fficiently probed by the multi-channel plate detector.

. Results and discussion

.1. Mass spectrometry

Fig. 1 displays a series of time-of-flight mass spectra of a sulfur
ample containing mostly S8, as obtained from the collisions of sul-
ur vapor with various Xeq+ ion beam charges, with q = 2, 5, 10, 15,

0 (cf. Table 1). The Xeq+ ions are accelerated by 10 kV, except for
e15+, for which the acceleration potential is set to 8 kV.

One observes for projectiles of low charge state (Xe2+) that the
ass spectrum is dominated by light, singly charged sulfur and

ulfur cluster ions, such as S3
+, S2

+, and S+. Considering the com-

o
t
t
T
i

ig. 1. Time-of-flight mass spectra of S8 recorded after ionization with various Xeq+

on beams (see results shown in Table 1).

osition of neutral sulfur vapor which is dominated by S8 [22,23],
t is straightforward to assume that all other ions besides S8

+ are
ragments resulting from the dissociation of S8. Note that the rel-
tive fragment yields are very different from the ones obtained in
revious photoexcitation work. In the case of He (I) radiation, S8

+

s the dominant cation [16], whereas in the S 2p-excitation regime
E ≈ 170 eV) the S8

+ peak is weak. The latter observation is similar
o the results displayed in Fig. 1. There are, however, distinct differ-
nces between photoexcitation and HCI impact induced ionization
nd fragmentation.

The intensity of the molecular fragments decreases with
ncreasing charge state of the projectile. This implies that fis-
ion becomes the dominant process leading to the formation
f correlated fragment ions of considerable kinetic energy. Evi-
ence for this assumption will be given below in the context of

on–ion-coincidence experiments. In addition, the m/q = 32 peak
S+: time-of-flight ∼6 �s, see Fig. 1), exhibits characteristic wings,
hich are due to particularly energetic ions, resulting from fission
rocesses. The wings are getting more pronounced with increasing
rojectile charge state q, being almost absent for q = 5 and very pro-
ounced for q = 20. In contrast, the neighboring particularly sharp
ass peak is due to the residual molecular nitrogen parent ion

m/q = 28) which is formed without kinetic energy release. Consid-
ring the intensity ratios of the m/q = 28 and m/q = 32 signals and
he mixing ratio of residual gas, it occurs that the m/q = 32 peak has
wo origins. The wings are due to S+ fragments, whereas the central
art of the mass signal is mainly due to O2

+ from the residual gas.
similar change in peak shape with increasing projectile charge
is observed for the S2

+ signal, where also wings of high kinetic
nergy ions are observed (Fig. 1), pointing to fission as the origin of
his product ion.

In addition, there is evidence for light ions in the mass spectra

btained after HCI impact (not shown in Fig. 1). These are assigned
o be mostly due to multiply charged oxygen, which comes from
he fragmentation of water molecules from the residual gas [27,28].
his assignment is supported by intense mass signals of water and
ts fragments. It cannot be fully excluded that there are also minor
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Table 1
Relative intensities of mass lines normalized to the intensity of the S8

+ cation signal,
as recorded after ionization with various Xeq+ ion beams (see results shown in Fig. 1)

Cation Xe2+ Xe5+ Xe10+ Xe15+ Xe20+

S8
+ 1 1 1 1 1

S7
+ 0.37 0.04 0.31 0.11 0.03

S6
+ 0.91 0.33 0.65 0.50 0.36

S5
+ 1.02 0.31 0.39 0.42 0.25

S4
+ 3.34 0.65 0.93 0.87 0.75

S3
+ 12.75 0.36 0.83 0.79 0.38

S2
+ 56.80 2.19 2.73 2.16 2.02
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ontributions from highly charged sulfur ions since the S/O-mass
atio is ∼2. However, also in the coincidence mass spectra there is no
isible evidence for correlated fragments involving highly charged
ulfur ions. Another point that serves to discard the occurrence of
ighly charged sulfur ions is the fact that both odd and even sulfur
pecies should occur, similar to earlier work on rare gas clusters
6,9]. There, it was found that a series of multiply charged atomic
ragments occurs as a result of cluster fragmentation. This result
as explained in terms of charge localization [6], which evidently
oes not occur in the case of sulfur clusters.

.2. Chopper-ion–ion coincidence spectroscopy

For investigating the fragmentation of free S8 after collisions
ith highly charged ions we have made use of the chopper-ion–ion

oincidence technique. The spectrometer was operated such that
he flight time tx of a cation is determined by:

x = t0 − pz

F
. (1)

he cation flight time tx depends linearly on its component of the
inetic momentum parallel to the axis of the time-of-flight mass
pectrometer pz. F denotes the extraction force acting on the cation
n the ionization region of the spectrometer and t0 is the flight time
f the cation, if it is initially at rest.

The time-of-flight data of two correlated ions recorded in coin-
idence are loaded into a two-dimensional array of flight times of
orrelated ions t1 and t2, respectively. From these data conclusions
egarding the nature of the fragmentation process can be drawn for
ach correlated ion pair that comes from a doubly charged precur-
or. Ionization by highly charged ions may also lead to multiply
harged sulfur ion clusters, which decay via fission into several
harged fragments. These are not discussed in this work, since these
rocesses are found to be weak. The present results show only a
eak signal from the correlated cation pair S++/S+, which requires a

riply charged precursor that is stabilized via fission. However, clear
vidence for the occurrence of channels involving highly charged
ulfur has been found in earlier work on sulfur clusters, where fis-
ion following S 1s-excitation was studied [29]. A comparison with
he present results indicates that the processes studied in this work
re mostly due to fission from doubly charged clusters. This is con-
istent with related work [6], in which sizable quantities of multiply
harged fragments from argon clusters were only found with high
ntensity, when Xe25+ was used as a projectile.

Fragmentation of doubly charged clusters can occur in single- or
ultiple-step processes, leading to two singly charged fragments,

espectively. Different processes can be identified from the geom-
try of their correlation pattern. This way, it is e.g., possible to
ifferentiate between two-, three-, or four-body fragmentation pro-
esses [16,30–32]. Briefly, due to conservation of momentum an
deal two-body dissociation will lead to a line with a slope of −1
n a t2 vs. t1 correlation plot, where the length of the pattern is
etermined by the KER of the fission process.

Three-body fission processes of an initial molecule ABC2+ into
, B+ and C+ involve the release of neutrals either prior or after the
harge separation step. This leads to coincidence patterns with the
hape of a parallelogram. The main slope m of the long sides is deter-
ined by the mass ratio m = −mC/(mA + mB) or m = −(mA + mB)/mC,

or the heaviest correlated cation being B+ or C+, respectively [30].
urthermore, the length of the long sides of the parallelogram is

etermined by the KER of the charge separation step, whereas the

ength of the short edges mirrors the KER of the neutral moiety.
A four-body fission process in which a doubly charged parent

on ABCD2+ breaks up into AB+ and CD+, which subsequently decays
nto A + B+ and C+ + D will lead to the formation of a coincidence sig-

k
p
i

a

+ 53.24 4.75 3.15 1.12 1.46

he relative intensity of the parent ion is arbitrarily set to unity. The mass signal
orresponding to S+ may contain contributions from residual gas.

al of hexagonal shape, if the kinetic momenta of the correlated ions
re far smaller than the kinetic momentum of the cations after the
harge separation step. The hexagonal pattern will have two hori-
ontal and two vertical edges determined by the kinetic momenta
f the neutral emission processes and two oblique edges with
slope m = −[(mB/mA + mB) (mC + mD/mC)] or m = −[(mC/mC + mD)

mA + mB/mB)], depending on whether B+ or C+ is the heavier of the
orrelated cations. The length L of the inclined edge is determined
y [16]:

= 2p1

F

√(
mC

mC + mD

)2
+

(
mB

mA + mB

)2
(2)

here p1 is the momentum of the ions after the charge separation
tep. The kinetic energy releases of the three steps are determined
ccording to:

U1 = p2
1

2(mAB · mCD/mAB + mCD)
,

2−1 =
p2

2−1

2(mA · mB/mA + mB)
and

2−2 =
p2

2−2

2(mC · mD/mC + mD)
(3)

here U2−1 and U2−2 and p2−1 and p2−2 are the kinetic energy
eleases and the kinetic momenta corresponding to the loss of neu-
rals, respectively. U1 is the KER of the charge separation process.

Assuming that the kinetic energy release is simply the result of
lectrostatic repulsion, one can determine the charge separation
istance (CSD) of the two charges prior to the charge separa-
ion sequence (3) using Coulomb’s law, CSD = (1/4�ε0)·(q1·q2/KER),
here ε0 is the dielectric constant of the vacuum and q1 and q2 are

he repelling charges in units of the elementary charge e.
For the chopper-ion–ion-coincidence experiments we have used

on beams of Xeq+, with q = 5, 10, 15, 20, accelerated to 10 kV (for
= 5, 10, and 20) and 8 kV (for q = 15). In the present paper we will

ocus on the results obtained from collisions of sulfur clusters with
eams of Xe5+ and Xe20+ and discuss these in comparison to the
arlier published data by Teodorescu et al. [16,17].

We have used the procedure presented above for analyzing
he experimental sulfur ion coincidence signals, as shown in
igs. 2 and 3, providing plausible fission mechanisms. These cor-
espond to the full lines, which are included in Figs. 2 and 3. Key
uantities, which are extracted from the peak shape analysis, are
he signal slopes and their widths. These are used to determine

inetic energy releases as well as charge separation distances. The
roposed fragmentation mechanisms are discussed in the follow-

ng (cf. Table 2).
Fig. 2 displays the sulfur cation correlation data as recorded

fter collisions of free sulfur clusters with a Xe5+ ion beam.
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Fig. 2. Chopper-ion–ion-correlation plots of 50 keV X

he ion pairs identified are: S2
+/S6

+, S2
+/S4

+, S2
+/S3

+, S+/S2
+,
+/S3
+, S2

+/S2
+, and S+/S+. Fig. 3 shows shapes of the chopper-

on–ion-correlation data of sulfur ion fragments as recorded after
onization with a Xe20+ ion beam. The coincidence channels iden-
ified are: S2

+/S6
+, S2

+/S4
+, S2

+/S3
+, S+/S2

+, S2
+/S2

+, and S+/S+.
inally, Fig. 4 depicts the puckered ring structure of the S8 clus-

s
o
s
n
f

duced ionization of S8 (see text for further details).

er, where the geometry is based on earlier work [32]. The

ulfur atoms are numbered in order to ease the understanding
f the sites at which the charges are localized prior to charge
eparation, as deducted from the analysis of the coincidence sig-
als. The major ion pair formation channels are discussed in the

ollowing:
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3.4. (b) The S2 /S4 cation pair

The coincidence signals of this channel are shown in Figs. 2(b)
and 3(b). Ionization by Xe20+ yields the S2

+/S4
+ coincidence sig-

nal long shaped with a main slope m = −0.9 ± 0.1. This is similar
Fig. 3. Chopper-ion–ion-correlation plots of 200 keV

.3. (a) The S2
+/S6

+ cation pair

Evidence for the occurrence of this weak channel is shown in
igs. 2(a) and 3(a). Earlier work by Teodorescu et al. indicates that
he S2

+/S6
+ cation pair does not occur as a result of S 2p-excitation

16]. The experimental slope of the correlation plots for Xe5+ and
e20+ cases is determined to be in both cases m = −1.0 ± 0.1. This
lope is interpreted as a clear indication of a two-body dissociation
echanism which originates from S8

2+.
The kinetic energy release accompanying this fragmentation

rocess is 3.2 ± 0.8 eV which corresponds to a charge separation dis-
ance of 4.5 ± 0.9 Å. This result indicates a charge separation where

he charges are located at almost opposite sites in the S8 cluster
e.g., at atoms 1 and 4, cf. Fig. 4) assuming a S–S bond length of
.055 Å in the stable S8 D3h isomer [33,34]. We note that this maxi-
um charge separation distance has also been observed for fission

f S 2p-excited sulfur clusters [16].
F
i

induced ionization of S8 (see text for further details).

+ +
ig. 4. The puckered ring structure of the S8 cluster. The sulfur atoms are numbered
n order to provide more clarity in the discussion (see text for more details).
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Table 2
Peak shape analysis of the ion–ion-coincidence signals shown in Figs. 2 and 3 (see text for further details)

Cation pair Projectile (relative intensity of fission) Edge length (ns) Main edge slope Proposed mechanism KER (eV) CSD (Å)

Exp. Calc.

S2
+/S6

+ Xe20+ (0.04) 113 ± 14 −1.0 ± 0.1 −1 S8
++ → S6

+ + S2
+ 3.2 ± 0.8 4.5 ± 0.9

Xe5+ (0.01) 113 ± 14 −1.0 ± 0.1 −1 S8
++ → S6

+ + S2
+ 3.2 ± 0.8 4.5 ± 0.9

S2
+/S4

+ Xe20+

(0.13)
144 ± 11 −0.9

± 0.1
−0.8

S7
++ → S5

+ + S2
+ 5.2 ± 0.9 2.8 ± 0.4

73 ± 8 S5
+ → S4

+ + S 2.5 ± 0.6
80 ± 14 −1 S6

++ → S4
+ + S2

+ 3.6 ± 1.4 4.0 ± 1.1

Xe5+(0.05) 159 ± 13 −1.6
± 0.1

−1.5
S7

++ → S4
+ + S3

+ 3.8 ± 0.7 3.8 ± 0.6
69 ± 10 S3

+ → S2
+ + S 2.7 ± 0.8

S2
+/S3

+ Xe20+(0.05) 138 ± 11 −1.2
± 0.1

−1.125
S7

++ → S4
+ + S3

+ 4.2 ± 0.7 3.4 ± 0.5
40 ± 8 S4

+ → S3
+ + S 0.8 ± 0.4

32 ± 8 S3
+ → S2

+ + S 0.6 ± 0.3

Xe5+(0.03) 94 ± 14 −1.5
± 0.2

−1.5
S8

++ → S4
+ + S4

+ 1.7 ± 0.3 8.5 ± 1.8
70 ± 10 S4

+ → S2
+ + S2 1.8 ± 0.6

40 ± 10 S4
+ → S3

+ + S 0.8 ± 0.4

S+/S2
+ Xe20+(0.13) 154 ± 11

−1.1
± 0.1

−1.125
S8

++ → S5
+ + S3

+ 4.8 ± 0.7 3.0 ± 0.4
59 ± 8 S5

+ → S2
+ + S3 1.1 ± 0.3

42 ± 8 S3
+ → S+ + S2 1.0 ± 0.4

37 ± 11 2 S7
++ → S3

++ + S4 0.5 ± 0.3
130 ± 14 −1 S3

++ → S2
+ + S+ 9.6 ± 2.2 1.5 ± 0.3

Xe5+(0.14) 78 ± 14 −1.2
± 0.2

−1.2
S8

++ → S5
+ + S3

+ 2.4 ± 0.7 6.0 ± 1.4
60 ± 10 S5

+ → S2
+ + S3 1.1 ± 0.4

50 ± 10 S3
+ → S+ + S2 1.4 ± 0.6

S+/S3
+ Xe5+(0.02) 117 ± 13 −3.0

± 0.3
−3

S6
++ → S3

+ + S3
+ 2.4 ± 0.5 6.0 ± 1.0

80 ± 10 S3
+ → S+ + S2 3.6 ± 1.0

S2
+/S2

+ Xe20+(0.36) 56 ± 14 1.0 ± 0.2 1 S8
++ → S4

++ + S4 1.2 ± 0.3
183 ± 14 −1.0 ± 0.1 −1 S4

++ → S2
+ + S2

+ 6.3 ± 1.0 2.3 ± 0.3
Xe5+(0.24) 67 ± 14 1.0 ± 0.2 1 S8

++ → S4
++ + S4 1.7 ± 0.5

134 ± 14 −1.0 ± 0.1 −1 S4
++ → S2

+ + S2
+ 3.4 ± 0.8 4.2 ± 0.8

S+/S+ Xe20+(0.29) 42 ± 14 1.0 ± 0.2 1 S8
++ → S2

++ + S6 0.9 ± 0.7
212 ± 14 −1.0 ± 0.1 −1 S ++ → S+ + S+ 8.5 ± 1.2 1.7 ± 0.2

1.0
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t
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Xe5+(0.51) 56 ± 14
183 ± 14

o previous PEPIPICO results [16]. An experimental slope smaller
han −1 indicates a secondary decay process involving the heav-
er cation [30]. The parallelogram in Fig. 3(b) may thus correspond
o the fission of S7

++, into S5
+ and S2

+. This would be followed
y a dissociation of the intermediate S5

+ ion into S4
+ + S. How-

ver, the secondary decay scenario does not completely describe
he experimental data since this process would lead to a slope of
0.8, as observed in previous inner-shell fragmentation work [16].
he S2

+/S4
+ cation pair could also be due to two-body dissocia-

ion of S6
++. This process is represented in Fig. 3(b) by the dashed

ine with a slope m = −1. No other plausible fragmentation channel
riginating from S8 would yield the experimentally observed slope.
herefore it is a straightforward conclusion that the S2

+/S4
+ ion pair

s the result of two competing processes. This yields a superposi-
ion of the pathways described above. Based on the size distribution
f neutrals in the cluster beam, it can be assumed that both S7

++

nd S6
++ are formed from S8

++ by the loss of the neutrals S and
2 or 2 S prior to fission. The kinetic energy release which accom-
anies the two paths are 5.2 ± 0.9 eV for the three-body process
nd 3.6 ± 1.4 eV for the two-body mechanism, which correspond
o charge separation distances of 2.8 ± 0.4 Å and 4.0 ± 1.1 Å, respec-
ively. These charge separation distances indicate that the charges
re either located at adjacent sites (sites 1 and 2 in Fig. 4) or second

eighboring (e.g., at sites 1 and 3 in Fig. 4), respectively. Finally, the

oss of the neutral from the intermediate S5
+ ion is accompanied by

kinetic energy release of 2.5 ± 0.6 eV.
If Xe5+ is used for ionizing S8, the main slope of the S2

+/S4
+ pat-

ern is considerably larger, i.e., m = −1.6 ± 0.1. This suggests that the

t
o
n
l
t

2

± 0.2 1 S8
++ → S2

++ + S6 1.6 ± 0.9
± 0.1 −1 S2

++ → S+ + S+ 6.3 ± 1.0 2.3 ± 0.3

rocess leading to the correlation plot shown in Fig. 2(b) is a sec-
ndary decay of S7

++ involving the lighter cation. In a first step, the
arent dication breaks up into S4

+ and S3
+. In a subsequent step the

3
+ cation loses a neutral atom. This charge separation process is

ccompanied by the release of 3.8 ± 0.7 eV, which corresponds to
charge separation distance prior to the fission of 3.8 ± 0.6 Å. This

harge separation distance suggests a localization of the charges
t second neighboring sites in the cluster (e.g., at atoms 1 and 3
n Fig. 4) before the charge separation step. The loss of the neu-
ral moiety is accompanied by a smaller kinetic energy release,
orresponding to 2.7 ± 0.8 eV.

.5. (c) The S2
+/S3

+ cation pair

The coincidence signals of the S2
+/S3

+ ion pair are shown in Figs.
(c) and 3(c). The experimental main slope obtained from ioniza-
ion by Xe20+ is determined to be m = −1.2 ± 0.1. A similar slope has
een observed in earlier inner-shell excitation induced fragmen-
ation [16]. The slope indicates a fragmentation process involving
t least three fragments. A slope larger than −1 indicates that the
econdary loss of a neutral originates from the lighter cation, as
entioned above [30,31]. However, there is no three-body pro-

ess that can explain the fragmentation process from S8 leading

o the experimental slope, since the minimum slope for such sec-
ndary decay would be −1.5, corresponding to the release of a
eutral atom. The loss of heavier neutrals or several atoms would

ead to even higher slopes. Thus, it appears to be reasonable that
he process leading to the appearance of this correlated cation pair
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nvolves the release of neutrals from both cations subsequent to
harge separation. This corresponds to a secondary decay in com-
etition originating from S7

++, similar to previous observations in
hoton-induced fragmentation work [16]. Such a fission process

eads to a hexagonal correlation pattern, as depicted in Figs. 2(c) and
(c).

The kinetic energy release from the charge separation process is
alculated to be 4.2 ± 0.7 eV, which corresponds to a charge sep-
ration distance in the intermediate dication S7

++ of 3.4 ± 0.5 Å.
his assignment considers the low mixing ratio of S7 in the neu-
ral cluster beam [22,23] as a possible neutral parent of S7

++. The
oss of neutral moieties after fission is rather accompanied by a
mall kinetic energy release of 0.8 ± 0.4 eV for the loss of S from
he decay of S4

+ and 0.6 ± 0.3 eV for the loss of S from the S3
+,

espectively.
The experimental main slope for the S2

+/S3
+ correlation channel

s m = −1.5 ± 0.2, in the case of the ionization by a Xe5+ ion beam.
his is different from previous work [16] as well as the results from
e20+-induced fragmentation. Similar to the case of ionization by
e20+ it is concluded that the correlated cations occur as a result
f a loss of the neutral S2 (or 2 S) and S from S4

+. Note that we
annot distinguish whether a dimer or two atoms are released. It
s clear from the results, however, that the loss of the neutrals hap-
ens after the charge separation in S8

++. The KER of the break up
f S8

++ is determined to be 1.7 ± 0.3 eV, corresponding to a CSD of
.5 ± 1.8 Å prior to fission. Such a charge separation distance is a
lear indication that both charges are localized at opposite sites in
he doubly charged parent ion (e.g., atoms 1 and 5 in Fig. 4). As a
esult, the kinetic energy released is comparable to the other fis-
ion processes, namely 1.8 ± 0.6 eV for the release of S2 (or 2 S) and
.8 ± 0.4 eV for the loss of S.

.6. (d) The S+/S2
+ cation pair

The coincidence signals of the S+/S2
+ ion pair are shown in Figs.

(d) and 3(d). The experimental main slope obtained from the coin-
idence signal by ionization with Xe20+ is m = −1.1 ± 0.1. This is
nterpreted as evidence for two competing processes. The first one
s a secondary decay in competition originating from S8

++, which
ould lead to a slope of m = −1.125, as depicted in Fig. 3(d) by a
exagon (process 1). The second process is a deferred charge sep-
ration process starting from S7

++ which would result in a main
lope of m = −1 and a secondary slope which equals 2. It is given
y the mass ratio of the fragments emerging from the second step
f the deferred charge separation process [35,36]. This process is
epresented in Fig. 3(d) by a rectangle (process 2). The proposed
echanisms for these fragmentation paths involve the loss of S3

nd S2 or S5 (or the corresponding number of atoms bound in
maller molecular fragments or atoms), respectively. Evidence for
uch a mechanism has not been found in earlier PEPIPICO work,
here the main slope of this fairly intense cation pair is −1 [16].

vidently, this process proceeds in a different way in the case of
ighly charged ions.

The kinetic energy released in the charge separation steps of
he two processes are determined to be 4.8 ± 0.7 eV (process 1) and
.6 ± 2.2 eV (process 2), corresponding to charge separation dis-
ances of 3.0 ± 0.4 Å and 1.5 ± 0.3 Å, respectively. The last two steps
f process 1 are accompanied by small kinetic energy releases of
.1 ± 0.3 and 1.0 ± 0.4 eV, respectively. For the first stage of process
a kinetic energy release of 0.5 ± 0.3 eV is determined from the
resent results.
A fragmentation path similar to process 1 is considered to be

lso responsible for the occurrence of the S+/S2
+ coincidence chan-

el after collisions with Xe5+, where the experimental main slope is
etermined to be m = −1.2 ± 0.2. The determined KER is 2.4 ± 0.7 eV,

s
a
s
y
t
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orresponding to a charge separation distance of 6.0 ± 1.4 Å. The
SD indicates that prior to the charge separation step, the charges
re located at opposite sites in the parent cluster (e.g., atoms 1 and 5
n Fig. 4). A fairly low kinetic energy release of 1.1 ± 0.4 eV is deter-

ined for the loss of neutral S3 and of 1.4 ± 0.6 eV for the loss of
eutral S2.

.7. (e) The S+/S3
+ cation pair

The correlation data for the S+/S3
+ ion pair are shown in Fig. 2(e).

ote that the S+/S3
+ coincidence channel only occurs after ion-

zation by Xe5+ with weak intensity. There is also no evidence for
his channel in earlier PEPIPICO work [16]. The experimental main
lope of this pattern is determined to be m = −3.0 ± 0.3. A plausible
echanism explaining the experimental slope involves a symmet-

ic breakup of S6
++, which is followed by a release of a dimer (or

wo atoms) from one of the singly charged trimers. Considering
he composition of the neutral sulfur vapor [22,23], it is consid-
red that the intermediate dication S6

++ originates from S8
++ by

release of S2. The kinetic energy release that accompanies the
harge separation process is 2.4 ± 0.5 eV, which corresponds to a
harge separation distance prior to the dissociation of 6.0 ± 1.0 Å.
his implies that the charges are located at opposite sites in the par-
nt cluster. The release of the neutral S2 takes place with a kinetic
nergy release of 3.6 ± 1.0 eV.

.8. (f) The S2
+/S2

+ cation pair

The correlation data for the S2
+/S2

+ cation pair are shown in Figs.
(f) and 3(e). This channel is observed to be more intense than the
symmetric fission channels discussed above. The experimentally
etermined main slope for this ion pair after ionization with the
e20+ ion beam is m = −1.0 ± 0.1, suggesting a two-body process.
his is in agreement with earlier PEPIPICO work [16]. Consider-
ng the composition of the sulfur vapor at the temperature used
hroughout the experiments, we can consider the doubly charged
etramer S4

++ as originating from S8
++ via a loss of S4 (or smaller

nits of the same mass) This is consistent with the finding that the
econdary slope of the correlation plot, as derived from Fig. 3(e) by
rectangle, is ˇ = 1.0 ± 0.2.

The kinetic energy released in the charge separation process is
.3 ± 1.0 eV, which corresponds to a charge separation distance of
.3 ± 0.3 Å prior to the dissociation (e.g., sites 1 and 2 in Fig. 4). The

oss of the S4 aggregate in the first stage of the fission is accom-
anied by a kinetic energy release of 1.2 ± 0.3 eV. These results are

n agreement with earlier PEPIPICO work [16], indicating that the
ssion mechanisms are identical.

In a similar way, it is evident for ionization by Xe5+, that
he process leading to the experimental observed main slopes of

= −1.0 ± 0.1 and ˇ = 1.0 ± 0.2 is also a deferred charge separation,
ith the intermediate formation of S4

++. The KER corresponding
o the two steps are is 1.7 ± 0.5 eV and 3.4 ± 0.8 eV, respectively.
he CSD in the doubly charged cation is inferred to be 4.2 ± 0.8 Å,
hich indicates that the charges are located at ‘almost opposite’

ites in the cluster (e.g., atoms 1 and 4 in Fig. 4). In addition, these
esults appear to be still in agreement with earlier photoexcitation
ork [16]. In this earlier work, the charge separation distance was

ather interpreted to be related to an intermediate S4
2+, which con-
ists of a van der Waals dimer of two S2 moieties. Evidence for this
ssumption came from earlier theoretical work, which assigned the
tructure of this species [33,34,37]. However, the present results
ield a lower KER, so that the CSD is more plausibly related to S8

2+

han to S4
2+.
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.9. (g) The S+/S+ cation pair

The coincidence signals of the S+/S+ ion pair are shown in Figs.
(g) and 3(f). Similar to the S2

+/S2
+-channel, this channel is also

ore intense than the asymmetric fission channels. The S+/S+ coin-
idence patterns have a main slope of m = −1.0 ± 0.1. Considering
hat S8 is the major component in the gas phase at the experimen-
al evaporation temperature [22,23], it is considered to be quite
nlikely that this cation pair is due to a two-body dissociation of
he possible parent S2

++, but instead originates from S2
++ formed via

decay of S8
++. This conclusion is also supported by the secondary

lope of the correlation plots of ˇ = 1.0 ± 0.2.
The kinetic energy released in the charge separation process is

.5 ± 1.2 eV for the Xe20+ case and 6.3 ± 1.0 eV for the Xe5+ case,
orresponding to a charge separation distance of 1.7 ± 0.2 Å and
.3 ± 0.3 Å, respectively. The charge separation distances imply a

ocalization of the charges in the doubly charged dimers at neigh-
oring sites. The loss of S6 (or the corresponding number of smaller
olecular or atomic units) in the first stage before fission is accom-

anied by a KER of 0.9 ± 0.7 eV and 1.6 ± 0.9 eV, respectively. These
esults on the S+/S+ ion pair are similar in magnitude compared
o earlier work on S 2p-excitation [16], indicating that this process
ccurs quite independent of the primary ionization. We note that in
arlier work [16] a slope of −4 was observed, which is not observed
pon impact by highly charged ions. This was assigned in terms of
secondary decay of S5

++, which is likely formed from S8
++.

. Conclusions

We present experimental data that shed light onto the fission
rocesses of S8 induced by highly charged ions. These are to a large
xtent, remarkably similar in their dynamics to earlier photon-
nduced PEPIPICO work [16]. This result is unexpected, since the
nderlying multiple ionization mechanisms are entirely different.
he photon-induced inner-shell excitation, communicated in Ref.
16], starts with a well-defined site within the cluster. Auger relax-
tion leads to holes in the valence shell, which are followed by
ssion leading eventually to the formation of singly charged prod-
cts. In the S 2p-regime double ionization is the dominant process.

n contrast, ionization by HCI leads to the loss of electrons from
he outer valence shell levels, which are expected to be delocal-
zed over the entire molecular system. It is expected that the loss
f electrons depends on the charge of the projectile: For low pro-
ectile charge state, capture takes place at short distances and is
ccompanied by electronic excitation whereas for high projectile
harges states, capture occurs at large distances and leaves the
arget further unaffected. In any case, as a result a S8 moiety can
reak up into several charged fragments. The present work, how-
ver, selects only those processes, which lead to correlated pairs of
ragments, so that similar product channels as in PEPIPICO exper-
ments are accessed. As a result, it is not entirely surprising that
here are not too many differences between both complementary
pproaches.

One important aspect to point out is that in highly charged ion
nduced ionization we have observed evidence for direct two-body
issociation of S8

++ into S2
+ + S6

+. This channel is not observed
n earlier work on inner-shell excited sulfur clusters [16]. This
oincidence channel occurs only when the two charges are local-
zed at almost opposite sites in the doubly charged parent ion,
hich appears to be a favorable situation upon ionization via
CI.

A comparison of the present results indicates that the initial
harge localization in the doubly charged parent cluster can be
elated to the selective charge separation processes into singly

[
[
[

[
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harged fragments. Specifically, we have observed for the Xe5+ ion
eam case, that the localization of the charges at opposite sites leads
o the occurrence of S3

+ in coincidence with other charged moi-
ties. The second ionic species, i.e., S+ or S2

+, depends on whether
he parent ion has released a neutral prior to charge separation. The
ocalization of the charges in the parent dication at second neigh-
oring positions leads to the appearance of the S2

+/S4
+ coincidence

hannel, with the intermediate formation of the S7
2+ aggregate.

In the case of ionization by Xe20+, we have observed that when
he two charges are located at second neighboring sites before fis-
ion, the coincidence channels are S2

+/S3
+ and S+/S2

+, irrespective
f the parent dication. When the charges are localized at second
eighboring sites in the parent dication and it is releasing a neu-
ral moiety prior to charge separation, the fragmentation process
ill lead to the appearance of the S2

+/S4
+ cation pair. It has also

een observed that when the charges in the parent ion are local-
zed at adjacent sites, the doubly charged ion can undergo fission via
two-body dissociation mechanism leading to the S2

+/S4
+ cation

air.
The symmetric S+/S+ coincidence channel only occurs when the

wo charges are located in the parent ion at neighboring positions
rior to fission, in a similar manner to fission which is followed by
2p-excitation [16]. The occurrence of this channel is irrespective
f the charge of the ion beam projectile.
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