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Partial dissociative ionization of SK by electron impact using an ejected electron-ion coincidence
technique
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The relative differential partial ionization cross sections for the production of ionic fragments gof SF
molecule under impact of 10—20 keV electrons have been measured using an ejected electron-produced ion
coincidence technique in a crossed beam apparatus with a time-of-flight analysis of the ions. The detection
angle of the ejected electrons of nondiscriminated energies was kept at 90° with respect to the incident
electron-beam direction. The 14 ionic fragments; SFSF,”, SR,™, SK,*, SF', S*, F', SK?", SR?",

SE%", &, PP, SR*", and S' resulting from the dissociative ionization of the Solecule were
identified and their relative production cross sections have been measured. The branching ratios of 8 ionic
fragments SE™ (m=1 to 5 andn=1 to 3 as a function of impact energy have been determined. These ratios
are found to have an almost a constant value over the considered impact energy range within the experimental
uncertainty of the measurements. For the investigated impact energies, no previous data or theoretical calcu-
lations exist for a direct comparison with the present results.
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I. INTRODUCTION measured8-15]. Sandersoret al. [16] have made the de-
tailed observations of the multielectron dissociative ioniza-
The electron impact for producing dissociation and ion-tion (MEDI) of SF; using a time-of-flight(TOF) spectrom-
ization of molecules continues to hold much promise foreter and the 60-fs laser pulses at 750 nm with 7
future investigations, particularly when the coincidence studx 10'>-W cm™? peak intensity. They have been able to make
ies on multiple charged ions are perfornidd. Despite the predictions of the major channels of MEDI of Sfolecule
fact that long-lived multiple charged molecular ions haveand to show a good agreement between the peak positions of
been observed in mass spectrometry experiments conductéte measured kinetic-energy distributions assuming the same
over the past several decades, studies of such species cahnitical internuclear separation and the calculated kinetic en-
tinue to pose a significant experimental and theoretical chalergies of the fragment ions. The coincidence method used by
lenge [2]. Electron capture by multiple charged molecular previous workergsee, e.g., Refd.12,15), has involved a
ions has been proposed as a mechanism for generating ionendifferential cross sections, that is, total partial ionization
in the earth’s upper atmosph€i@]. Molecular photoioniza- cross sections, no information is available in these experi-
tion has been suggested as a source of energetic charge parents on the angular and energy distributions of the ejected
ticles in the terrestrial ionosphere and in the interstellar meelectrons. However, only recently Al-Nasét al. [17] have
dium [4]. Leach [5] has considered the formation and measured the partial double-differential cross sections
destruction of doubly charged polyatomic molecules in inter{PDDCS of the Sk molecule by electron impact at rela-
stellar space and has concluded that such species can theely low incident energie$100 eV and 200 e)/using an
found by interaction of molecules with high-energy photons ejected electron-produced ion coincidence technique. The
cosmic ray particles and by energetic shock heated particlesjected electrons were measured at angles between 10° and
Owing to the special properties of SFolecule, namely, 120° with respect to the incidence electron-beam direction,
its high dielectric strength, its chemical inertness and highwhile their ejection energy was varied between 30 eV and
saturation vapor pressure at a room temperature, it has rd50 eV. At these impact energies, Al-Nasiral. could ob-
ceived a wide applications in industry as a gaseous insulataerve only different fragments of §F° molecular ions in
in high-voltage electrostatic generators, transformers, cortheir TOF spectra, no atomic ions except ®ere observed.
densers, and cablg$]. It is also used in plasma etching The well-known interesting features in their experiments,
technique[7]. It is therefore, a matter of primary concern to namely, alternation in relative intensity of SF~ molecular
obtain a thorough understanding of the nature and the propens with odd-and even-F atoms, as well as the absence of
erties of the fragmentation product of SEnder energetic  SF; ion in the TOF spectra were noted and discussed. In the
electron bombardment. present work, we report on the relative differential partial
Many workers have studied the Sfolecule; partial dis-  jonization cross section®PICS of SF; molecule by 10-20
sociative ionization cross sections for SF ions with m  keV electron impact using an electron-ion coincidence tech-
=0-5 andn=0-4 and also for F and S ions have been nique. The ejected electrons of nondiscriminated energies
were observed at 90° with respect to the incidence electron-
beam direction in coincidence with the produced ions. These
*Corresponding author. Email address: rshanker@banaras.ernetimeasurements are expected to throw some additional infor-
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- lon detector In the present experiments; the resulting coincidence
' spectra correspond to the collision events from which the
collision-induced target ions of a given charge state and the
_ corresponding electrons ejected at 90° to the incident
Time-of-flight Spectrometer electron-beam direction are observed simultaneously; such
coincidence spectra provide “the correlation possibilities”

Faraday cup : Electron Gun for the production of a final ion-charge state upon emission
0 l_D O 3 of electrons of all energies and having undergone a deflection
S | e Uy L T V{_- of 90° with respect to the incident-beam direction. The ac-
3 - . .
T ‘—H — ceptance angle of the channeltron for detecting the ejected
. electrons is determined to hk6,;=1.6°. These measure-

ments determine the DPICS of the multiple charged ions
produced in these energetic collisions. In addition, these
measurements are expected to add more detailed information
. on the collision inducea-fold ionization mechanism than to
those which have employed a simple mass spectrometer for
FIG. 1. The schematic diagram of the experimental setyp. determining the abundances of different charged state ions.
—V,: various voltages applied to the ion and the electron detectors. The detection efficiency of the ion detector, the transmis-
sion efficiency of the TOF spectrometer, and the complete
mation about the ionization mechanism, as well as on th&xtraction of the recoil ions have been determined in separate
dependence of impact energy upon the branching ratio gexperiments and they have been described in our earlier pa-
different ion fragments of the $Fmolecule. The results ob- Pers[18—20. The target gas pressure was constantly main-
tained from this work are also qualitatively compared withtained at 2.& 10" * Torr throughout the experiments to en-
the results of other workers and with those of photoionizasure a “single collision condition;” the base pressure of the
tion experiments. However, no previous data or theoretlca$03tte”ng chamber was obtained at better than 1.5
predictions exist at the considered impact energies with< 10 ° Torr. The typical count rates of ejected electrons and
which our results can be compared directly. that of target ions in 16-ke¥™ - SF; collisions were found to
be 1200 sec! and 6000 sec, respectively. The data collec-
tion times for obtaining the coincidence counts irc Sfeak
(the most intense peakwith less than 1% statistics were
The experimental apparatus used in the present study h&sund to range frmm 3 h to 5 h in thewhole impact energy
been described in detail in our recent publicati¢sese, Ref.  range of the present measurements. The time resolititin
[18—20) and shown in Fig. 1. In brief, a well-focused beam in the present experiments was found to be about 4.4%.
of electrons =3 mm, current<1 nA) is made to cross fire The relative partial ionization cross sections of; $fag-
a beam of neutral gaseous molecules of &ffusing from a ment ions are related with the relative ion count rates as,
multicapillary tube (¢ =5 mm) at 90° with each other. From o"=S,/ku, whereS, is the relative count rate of ions in
the interaction region, the collisionally induced electrons ofcharge stat@, kis the over all detection efficiency of detec-
nondiscriminated energies ejected at 90° to the incidentors, andu is the effective target thickness of the target
electron-beam direction are detected by a channel electromhich is directly related to the target gas presgure
multiplier (CEM) with a small solid angle €10 2 Sr).
Fragment io_ns produced in thgintera_ction zone are extracted IIl. MECHANISM OF ION ERAGMENTATION
by an electric field of 275-V cmt applied betwe_en the two AND DATA ANALYSIS
condenser plates of the TOF spectrometer. Different charge
states of the ions were separated by the TOF spectrometer We have measured the time-of-flight spectra of fragment
depending on their madd to chargeq ratios. The required ions of Sk molecule for impact of 10—-20 keV electrons with
flight times of the ions to travel between their birthplace andSFs using an ejected electron-produced ion coincidence tech-
the detectoCEM) are proportional to/M/q. The cone of nique. The statistical errors of data collection were generally
CEM of TOF spectrometer was biased a8.5 kV. Both  less than 1% for highly abundant ions but they reached val-
electrons and ions were monitored on their respective CEMes upto 4—20% for the low-abundant ions. Figure 2 shows a
in a pulse-counting mode. lon signals derived from the TORypical time-of-flight spectrum of fragment ions of Skol-
were used as stop signals while those from the electrons @sule produced by impact of 16.0-keV electrons withy SF
start signals to a time-to-amplitude converter. The details ogas. Different ion fragments of the parent molecule, for ex-
signal processing and of coincidence circuits are given irample, SE* (n=1 to 5 and SF2+ (m=1 to 4 are ob-
Ref.[20]. The time delay of about 3.&s between the arrival served in association with a multlple ionization of the con-
of ejected electrons and that of simultaneously produced ionstituent atoms of the molecule. These fragments were
at the respective CEMs gives information about the chargéentified according to their linear relationships between
states of different ions. A Pentium Il computer based 4mass to charge ratiodV(/q) and their respective times of
K-channels Oxford PCA-3 multichannel analyzer was usedlight. The calibration curve for identifying different ion frag-
for data acquisition, stripping, and plotting, etc. ments is shown in Fig. 3. It is found that some of the ion

Electron detector

Il. EXPERIMENTAL METHOD
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Time-of-flight (us) — that the dissociative ionization process caused by electron
05 10 5 20 s impact cannot produce the higher stages of ionization result-
J - S ing into a MEDI process; it rather commonly removes two
. electrons from the parent molecule, which is responsible for
the DDI. In the DDI process, much lower energy is released
that cannot dissociate the polyatomic molecules into its con-
stituents atomic ions. However, this is not fully true in case
of fragment ions produced by sufficiently energetic electron
impact, such as, with the impact energy of our current inter-
est. There is an indication of removal of more than two elec-
trons from constituents of the molecules and we have in fact,
observed the multiple ionization of gkFnolecule yielding
SF,%" and the 8" ions (see, Fig. 2 such a high multiple
: . : ] : i ionization is not expected simply by a DDI process alone.
1000 2000 3000 Commonly, most of the observed ionic fragments of SF
Channel number molecule by electron impact are produced due to a DDI pro-
cess(such as shown in Fig.)2In that case, two electrons
FIG. 2. A typical time-of-flight spectrum of SE* ions (m  from SK; are removed and %?—'* ion is formed; however,
=0-5,n=1-3) produced in 16.0-ke¥" -SF; collisions. Spectra Sl:62+ is not observed in the present as well as in the previ-
are recorded by observing the coincidences between produced ioggs works[12,17]. Hence, the SfFmolecule must be disso-

and simultaneously ejected electrons of indiscriminated energies @jated in different charge state fragments, most probably fol-
90° with respect to the incident-beam direction, in a single collision|o\ing two path wayg$8,11,13;:

400

SF,.

Counts
w

2004

condition.
SF;+e —SR* +2e”—SF,"+F " +(n—1)F+2e"
peaks are not clearly resolved in the spectrum; for instance, (1)
the ion pairs: SF?* and SF; SF," and SE*"; S' and
oy and
SF2*.
The ionic fragmentation of polyatomic molecules occurs SR+e —SR*"+2e —»SF 2" +nF +2e”, (2

mainly via two mechanisms; that is, multielectron-
dissociative-ionization (MEDI) and double-dissociative- \yhere m+n=6. e =incident electrons ane~ = ejected
ionization (DDI). In a MEDI process, many electrons are gjactrons. '

rapidly removed from the molecule, which is followed by a vjost of the observed singly and doubly charged fragments
Coulomb explosion producing the atomic ions of high Ki- ot SE could be explained with the above dissociative

netic energies. Generally, MEDI process takes place in colyechanisms. Surprisingly, the singly charged ions of the par-
lisions between target mok_acules and hlghly. intense Iaseém molecule (SE') is not present at all in any condition,
pulsgs(see_, €9, Re{16)), h.'ghly charged ion |mp§1c[t21] most probably, it is due to the reason that it dissociates into
and in collisions between high-energy molecular ions and F.* +F constituents in a very short time of the order of

thin foil of solid targetd 22]. Sandersomet al.[16] concluded picosecond[16]. Another interesting feature is observed in
the ionic fragmentation of SFmolecule; that is, a periodic
alternation of the relative intensities of ions with different
values of charge states. The singly charged fragments, SF
having odd values ofi are found to have higher intensities
than those of even value af On the other hand, the doubly
charged ionic fragments, §F having even values of), are
b observed with higher intensities than those of odd value of
m. A similar behavior of alternation of intensities has been
also observed previously by Hitchcock, Brion, and Van der
Wiel [23] and Al-Nasiret al.[17] by electron impact and by
Hitchcock and Van der Wie[12], Masuoka and Samson
. [13], and Sandersost al. [16], by photon impact. This in-
tensity pattern could be explained with the simple valence
bond description of the different ion fragments and with hy-
1000 ' 2000 ' 3000 bridization mechanism12].

The ground electronic configuration of sulfur is
1s? 252 2p® 3s? 3p*; combination of twod-, one s-, and

FIG. 3. A calibration curve for identifying different ion peaks in threep-orbitals does give six equivaledfsp® hybrid orbit-
the time-of-flight spectra plotted betweef(M/q) and time-of-  als and thus constituting the geometry of;$folecule in the
flight (or channel numbgr ground state. The sulfur-fluorine bond in &SB not particu-

12

J M/q (arb units)

Channel number
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larly strong, that is, S~F bonding energy is less than 3.4
eV [24]. Due to the symmetrical configuration of SFa
regular octahedral SF6+ is highly unstable and exhibits
Jahn-Teller instability[25] as suggested by Dibeler and
Walker [9]. Therefore, due to this extreme instability, the
most probable dissociation process ofsSkon is a loss of
one fluorine atom from it and producing a SFion. How-

Counts
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800+
(a)
600

400

10 keV e - SF,

SF,

ever, some worker§l1,26 have reported the existence of
SF; ion with a very small intensity.

Most of the singly charged fragments of (3folecule are
considered to be constructed from the valence configuration
of S*, i.e., 32 3p® and the appropriate number of fluorine 0
atoms. Excitation of ones¥ electron of S into 3d orbital 1000
causesdsp® hybridization, which in turn provides five
equivalent orbitals to combine with five fluorine atoms. This
stable configuration explains the stability of Skons. The
ground-state configuration of'Shat has a half filled g sub
shell, i.e., 32 also prefers the bonding with three fluorine
atoms and thus explaining the observed stability of &s.

On the other hand, no such stable configuration can be de-
rived for SK,* and SE* ions with the half filled ® con-
figuration; therefore, these latter fragments are expected to
be much less intense. Similarly, the doubly charged frag-
ments of SE molecule are considered to be formed from a
valence configuration of%3, i.e., 35%3p?. In this configu-
ration, the most favorable situation is where one electron
from 3s sub shell goes to 8 sub shell and &p° hybridiza-

tion is established; which in turn provides four equivalent FIG. 4. Time-of-flight spectrum of the GFonic-fragments pro-
orbitals to combine with four F atoms. This explains theduced in 10-keVe™-SF; collisions (a). The corresponding multi-
relatively high stability of SEZ+ ions. The &+ configuration  peak Gaussian fitted patterns of the spectrum after background sub-
also prefers to combine with two fluorine atoms in absencdraction (b).

of sp hybridization. This has explained the predicted inten-

sity of SR,?" ions. However, no such type of configuration is displayed in Figs. 2 and(d), respectively. The first two basic
derived for SE*", having odd value ofn. Furthermore, we features as explained in the preceding section are néted:
observe the SE* ion having a relatively higher intensity NO SR ions are observed, while the most massive fragment
than SK2* ion. This relative stable configuration of §F ~ ion SK" is observed with highest intensitgij) an alterna-
could be explained in terms of valence configuration df S tion in relative intensities of fragment ions is observed for
(i.e., 3%3pYh), followed by sp? hybridization. A relatively SF," having odd values oh with higher intensities than
weaker peak seen in betweef™Sand $* peaks could not those of even value ofi. Also, the fragments ions $F"

be assigned to any ionic fragment. having even value of are seen to have higher intensities

As mentioned earlier, many peaks in the time-of-flightthan those of odd value @h. The third basic feature which
spectrum of SE molecular ions are found to overlap one has been noted in our measurements is that the multiple
over the othefsee, Figs. 2 and(d)], it was, therefore nec- charged atomic ions of $Fnolecule begin to form for elec-
essary to fit the peaks with a multipeak Gaussian fitting protron impact energies larger than 12 keV. The rest of the fea-
gram for calculating the net areas of individual peaks. Thdures as described above remain the same throughout up to
observed TOF spectra of the SPnic-fragments produced 20 keV impact energy. This last feature suggests that the
in 10-keV e~ -SF; collisions and the corresponding peak fit- ionization of Sk molecule proceeds via both DDI as well as
ted patterns of the resulting spectrum after background sudMEDI processes simultaneously for the impact energy
traction are shown in Figs.(d and 4b), respectively. De- greater than 12 keV. This means, the collision events taking
tails of the peak intensities and the branching ratios of theplace at the impact energies larger than 12 keV release en-
various ionic fragments of SFare discussed in the following ergy so much that more than two electrons are removed from
section. the constituents of the target molecule. The signature’6f S
ion peaks attests the process of multielectron ionization
mechanism.

Figure 5, shows the relative intensity distributions of dif-
The typical TOF spectra of fragment ions ofg3folecule  ferent ion fragments of SFmolecules produced by 16-keV
recorded for 16-keV and 10-keV electron impacts using arelectron impact. Similar structure has also been observed by

ejected electrons-produced ions coincidence technique awther earlier worker$8—15|, but the relative intensities of

200 b

1 T T T
1500 2000 2500 3000 3500
800 - -1

(b)

600 -1 1

400 -
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T ] T T
2000 2500 3000 3500
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FIG. 5. Relative intensity distributions of different ion frag- FIG. 6. Impact energy dependence of the branching ¥étie-
ments of S molecules produced by 16-keV electron impact, with tional ion yield for different ionic fragments of SFmolecule.
SFK; gas. Present date®: SF,* ; M: SF,"; A: SR,™; ¥V: SF,*; O: SF,**

+SF'; O: SR?"; A: SR?T+S', andV: SR3".
different ion fragments are found to vary from one worker to ) ,
the other; the reason being the experimental conditions arféagment ions of the typ; to the total number of ions

not the same. We could not directly compare our presen?mduced €2;X;). It is seen that the values of branching

results with other experimental data, because in our knowl.[atiOS are constant within the energy range of the present

edge, no experimental results of partial dissociative iomzamvestigation. The fluctuations observed in data ppir_1ts of Fig.
tion éross sections of GFare available at electron impact 6 for low-abundant fragments are due to the statistical errors

energies of the present work. However, if we compare thé’md fitting uncertainties. The total uncertainty in the branch-

present results with other electron impact data on a qualitafpg rattio is estimated to be less than 3% but it may go over to

tive basis, for instance, with those of Al-Nasiral.[17] and 10% for low-intensity fragments. A more detailed informa-

Hitchcock and Van der Widl12)]. A reasonably strong peak tion abouF 'the |9n|c—fragmentat|on m.echamsm involved in
34 . L these collisions is expected to be derived from the measure-
of SK;°" ion is observed for the first time in our all spectra.

No such peak was reported earlier both in the work of elec-ments of PDDCS as has been obtained by Al-Nessal. [17]

. . . at relatively very low impact energies. The work on PDDCS
tron and photon impacts with gFFurther, Slg2+ ion peak relatively very low Imp gles W

: . . , : measurements of light polyatomic molecules is in progress in
in our work is seen to be mixed with $F ion peak but our laboratory.
SF52+ is more pronounced and well separated in the work of

Ref.[17]; no signature of the latter ion peak is present in the
TOF spectrum of SEion fragments by a photon impact
reported by Sandersost al. [16]. Generally, the similar The relative differential partial ionization cross sections of
structure of ion fragments of gks observed in case of pho- SF; molecule by 10-20-keV electron impact using an
ton impact data containing ions from SFto S* (relative  ejected electron-produced ion coincidence technique have
intensities are, however differgntt is expected that in both been measured. The ejected electrons of nondiscriminated
cases of electron and photon impacts, most of the fragmengnergies were observed at 90° to the incident electron-beam
are produced through the DDI process. However, in the casgirection in coincidence with the target ions. The fragments
of multiple charged states of constituent atoms, these twéons: SE*, SF,*, SR, SR, SF', S", F", SF?",
results are entirely different. Sandersenal. [16] reported ~ SF,*", SK2*, 7, PP, SK*", and $* have been iden-
that the multiple charged ions of S and F are observed withified in the recorded time-of-flight spectra having a time
very high abundances and that the intensity 0f, S5**, and  resolution of about 4.4%. The above fragments are found to
F?* are higher than intensity of §F. They explained this result mainly from the double-dissociative-ionization pro-
situation in terms of MEDI mechanism. However, in the cess; however, the3$ ions are believed to arise from a
present results, there is an indication of removal of more thamultielectron dissociative process in the considered energetic
two electrons from one of the constituent atoms of the parenglectron collisions with S§molecule. The present results
molecule, but its probability is found to be considerably confirm the observations of other workers who obtained the
small in comparison to SF ion. ionic fragmentation of S§molecule by electron and photon
The fractional yieldgbranching ratiosas the function of impact. In our work too, no evidence has been found for the
impact energy have been determined for different ionic fragexistence of SE~ ion but the alternation in the intensity of
ments of Sk molecule and are shown in Fig. 6. The branch-odd and even number of fluorine atoms in singly and doubly
ing ratio is defined as the ratio of the number ofcharged fragment ions of $fnolecule has been confirmed.

V. CONCLUSIONS

022704-5



SINGH, HIPPLER, AND SHANKER PHYSICAL REVIEW A67, 022704 (2003

In comparison with the results obtained from experiments ofjouble-differential cross sections of SFolecule by 10-30
photon impact with SE molecule, a remarkably different keV electron impact are presently in progress.

intensity pattern of various ion fragments has been noted. A
reasonably strong peak of Sﬁ ion is observed for the first
time in our all spectra which was not reported earlier both in
the work of electron and photon impacts withgSHurther, The work was supported by the Department of Science
the branching ratios of 8 ionic fragments: SF (m=1t05; and Technology(DST), New Delhi, India under research
n=1 to 3 as a function of impact energy in the range of project No. SP/S2/L-17/95. R.K.S. wishes to thank the DST
10-20 keV have been measured. The branching ratios afer their financial support during the progress of the work.
found to exhibit an almost a constant value over the impactThe help received from R. K. Mohanta and S. Mondal at
energy range of our interest. The measurements of partialifferent stages of this work is very much appreciated.
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