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Electron-impact dissociative ionization of SF¢ studied by angle-resolved (e, e + ion) spectroscopy
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We study the electron-impact dissociative ionization of SFg using a scattered electron-ion coincidence
technique. The ion-yield spectra are obtained at an incident electron energy of 1.4 keV for scattering angles
ranging from 2.2° to 8.2° to investigate the momentum transfer dependences of the fragment-ion yields and
shape resonance features. It is found that the 4¢;, — &f,, resonance is evident over a wide momentum transfer
range, indicating its strong influence on the SF3* production by electron impact, while resonance bands in
the SFs* and SF,* yield spectra rapidly diminish with increasing momentum transfer. In addition, the angular
distribution of SFs™ reveals the significant difference in stereodynamics between electron-impact-induced and
photon-induced ionization of SFs. We also discuss the dissociation mechanisms of SF¢ " using the kinetic energy
distributions of the fragment ions. Analysis of the data strongly suggests that many of the SF¢ " ions in the D 75,
state decay by internal conversion to a lower electronic state and dissociate to SFs* + F, followed by statistical

emission of F or F,.
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I. INTRODUCTION

Sulfur hexafluoride (SFg) is a fluorine-containing
molecule, widely used for dry plasma etching in the
semiconductor industry [1-4]. Understanding the physical
and chemical processes involved in plasma etching with this
molecule requires proper knowledge of the electron-impact
ionization and subsequent molecular fragmentation of SFg
[3,4]. This molecule is also used as an insulating medium in
high-voltage electrical equipment. Because of this practical
importance, the interaction of electrons with SFg has been the
subject of a number of studies [4,5]. In addition, the electron-
and photon-induced ionization of SFs has received much
attention due to the appearance of prominent shape resonance
features in the individual ionization channels [6—11]. The
resonance, which is attributed to a barrier formed in the
effective molecular potential, is not only of interest from
the point of view of molecular spectroscopy, but also has a
significant influence on the ionization cross sections and the
product ion branching ratio.

Owing to its fundamental importance in molecular physics,
the photodissociative ionization of SFg¢ has been investi-
gated using a variety of experimental techniques. The partial
photoionization cross sections have been obtained using time-
of-flight mass spectroscopy with dipole electron scattering
or synchrotron radiation [12,13]. The kinetic energy release
for SFg through the two lowest states of SF¢* was reported
by an early photoelectron-photoion coincidence study [14],
and the molecular fragmentation of SFs* was studied using
a photoionization mass spectroscopy technique [15]. Later,
the branching ratio of the fragment ions and the mean kinetic
energy release for each ionic state were measured by means
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of threshold photoelectron-photoion coincidence (TPEPICO)
spectroscopy [16,17]. Additionally, a photofragment imaging
technique was adopted to study the dissociative ionization
dynamics of SF¢ [18].

A major difference between photon-induced and electron-
induced processes is that while the former leads to the
electric dipole transitions of molecules, the latter causes not
only electric dipole but also electric quadrupole and higher-
order multipole transitions [19]. Despite its importance for
understanding the dynamics of electron-impact dissociative
ionization of SFg, knowledge of the nondipole ionization and
subsequent molecular fragmentation is scarce. Angle-resolved
electron energy loss spectroscopy (EELS) provides a powerful
tool for studying nondipole transitions in molecules [19-21].
By measuring the momentum transfer dependence of the elec-
tron scattering cross sections, one can elucidate the nature
of individual electronic excitations, and this technique has
indeed been applied to the study of the valence [22,23] and
inner-shell [7,24] excitations in SF¢. Nevertheless, while the
EELS studies have provided detailed insight into the discrete
excitations, this is not always the case for the dissociative
ionization; the contributions of the individual ionization chan-
nels to the scattering cross section cannot be completely
separated in the experiment, and furthermore, no information
about the subsequent dissociation processes can be obtained
from the EELS data alone. With respect to the dissociation
processes, the relative ion yields and ion kinetic energy dis-
tributions carry information about the branching ratio of the
decay channels and molecular fragmentation mechanisms.
The partial-ionization cross sections and kinetic energy dis-
tributions of all major ion products were therefore measured
for the electron-impact ionization of SF¢ by Bull ef al. using
a velocity map imaging technique [25]. However, since the
scattered electrons were not detected in the experiments, the
energy transferred from the incident electron to the molecule
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could not be defined, making the results difficult to interpret.
In this context, if the EELS technique could be combined with
a fragment-ion momentum imaging measurement, more de-
tailed information on electron-impact dissociative ionization
could be obtained.

Recently, we have developed a scattered electron-ion
coincidence technique and applied it to the study of the stere-
odynamics of electron-impact ionization of linear molecules
[26-30]. In this so-called (e, e 4 ion) experiment, the ener-
gies and momenta of the scattered electrons and fragment
ions are fully determined, allowing us to measure the angular
and kinetic energy distributions of the ion products for given
electron energy loss and momentum transfer. The (e, e + ion)
technique thus provides a good opportunity to investigate the
electron-impact dissociative ionization of SFg in much more
detail than previously possible. In this work (e, e 4 ion) ex-
periments have been carried out for the valence ionization of
SFe. The total and partial ion-yield spectra are constructed
from the results measured at different momentum transfers
to investigate the change in the fragment ion yields due to
the influence of higher-order multipole interactions. An ex-
amination of the shape resonance bands in the spectra shows
that the 4¢;, — &t, transition has a significant influence on
the formation of SF;* over a wide momentum transfer range.
Furthermore, the electron energy loss dependence of the ion
kinetic energy distributions has been examined to gain insight
into the dissociation mechanisms of SFs™ produced by elec-
tron impact.

II. EXPERIMENT

Within the framework of the Born approximation, the
differential electron scattering cross section is expressed as
follows [19,20]:

d*c k] 2 df(K,E)
dQdE ~ |ki| [K[’E  dE

(D

Here k; and k, are the momenta of the incident and scattered
electrons, K (k;—k,) is the momentum transfer, and E is the
electron energy loss. Hartree atomic units are used here. The
last term in Eq. (1) denotes the generalized oscillator strength
(GOS) for a transition from the initial ground state:
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where r; is the position of the jth electron and E,q is the
energy difference between the initial target state ®y and an
excited state ®,,. In the limit as K (= |K|) approaches zero, the
exponential term in Eq. (2) can be approximated as exp(iK -
r;) = 1+ iK - r; and the GOS thus converges to the optical
oscillator strength (OOS) [19,20], which can be obtained also

by photoabsorption.
df(Ks E) 7 2
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Here K is a unit vector along K; it plays a role equivalent
to the light polarization vector in photoabsorption. Note that
while electric dipole transitions are dominant at K ~ 0, effects
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FIG. 1. Time-of-flight spectrum of SF.

of higher-order multipole interactions become larger with the
increase in K.

To obtain partial GOSs for fragment-ion formation, we per-
formed electron-ion coincidence measurements using an (e,
e + ion) spectrometer. A detailed description of the spectrom-
eter has been given elsewhere [31] and will not be repeated
here. Briefly, it consists of an electron gun, an energy disper-
sive electron spectrometer, and an ion momentum imaging
spectrometer. An electron beam from the electron gun is
chopped at a frequency of 62.5 kHz by the application of
voltage pulses to a deflection electrode, and then crossed with
an effusive molecular beam. Electrons scattered at an angle of
0 with respect to the electron beam direction are dispersed by
a hemispherical analyzer and directed to a position-sensitive
detector. The scattering angle is related to the magnitude of

the momentum transfer as K = (kl-2 +kf—2|k,<||ks| cos 0)1/2.
When an electron is detected, a pulsed electric field is applied
to the scattering region to extract ions into the momen-
tum imaging spectrometer. The ions are projected onto a
position- and time-sensitive microchannel plate (MCP) detec-
tor equipped with delay-line anodes.

Experiments were performed at an impact energy of Ey =
1.4 keV for § = 2.2°, 4.6°, 6.0°, and 8.2° (K?> = 0.16, 0.67,
1.13, and 2.10 a.u.). High-purity SF¢ gas (> 99.999%) sup-
plied by Japan Fine Products was used for the measurements.
The energy resolution for electrons was estimated to be 0.8 eV,
which is the full width at half maximum from the peak pro-
file of the elastic scattering. The recoil momentum of each
ion was derived from its time of flight (TOF) and arrival
position at the MCP detector. The momentum resolution is
mainly determined by the translational temperature of the
target molecules. The kinetic energy distributions of fragment
ions obtained from the measurements are thus slightly broad-
ened by the thermal energy of the molecules at a temperature
of T =295K, ~ 0.038 eV. Figure 1 shows the TOF spectrum
of SF¢ measured with the momentum imaging spectrometer.
The SFs* parent ion is not observed in the spectrum because
it is unstable and dissociates. Since the TOF peaks of SF* and
SF,** overlap considerably and cannot be resolved, the sum
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FIG. 2. Partial GOSs for formation of ions from SFg at K = (a)
0.16, (b) 0.67, (c) 1.13, and (d) 2.10 a.u. Our previously reported
GOS distributions [23] are included in the figure for comparison.

of their intensities is considered below. Electron-ion coinci-
dence data were obtained by accumulating data at an ambient
sample gas pressure of 1 x 10~* Pa.

III. RESULTS AND DISCUSSION
A. Ion-yield spectra

Figure 2 shows the ion-yield spectra of SFs. They were
obtained by plotting the number of electron-ion coincidence
signals against the electron energy loss E and converting to the
partial GOS using the Bethe-Born formula [Eq. (1)]. Since the
ionization efficiency of SFg is almost 1 above E ~ 34 eV [12],
the partial GOS for total ion production should practically
coincide with the GOS itself in the high-E region. Based on
this, the total ion-yield spectra were placed on an absolute
scale in the following manner. First, we obtained the inte-
grated intensity of our previously reported GOS distribution
[23] in the region from 34 to 40 eV and derived its momentum
transfer dependence. Then each of the total ion-yield spectra
was scaled so that the intensity of the 3440 eV region was
equal to that of the GOS distribution at the corresponding K2.
The resulting scaling factor was also applied to the partial
ion-yield spectra to place them on the same absolute scale.
The error bars in Fig. 2 show only the statistical uncertainties.
From the reproducibility of the data, the overall uncertainties
of the partial GOS values are estimated to be less than 13%
and 8% for 6 = 8.2° and the other scattering angles, respec-
tively. Figure 2 includes the GOS distributions at momentum
transfers close to those of the present measurements. The
total ion-yield spectra show good agreement in shape with
the GOS distributions at large E, supporting the validity of
the assumption that SFg is fully ionized above ~ 34 eV. The
obtained partial GOS distributions tell us how the ion yields
depend on the electron energy loss and momentum transfer.

The total ion-yield spectra show two broad bands with
maxima at £ ~ 24 and 28 eV, which may be due to shape
resonance. These bands have been observed also in the EELS

TABLE I. Fragment ions produced from each ionization channel
and the vertical ionization potentials. The # mark indicates that the
branching ratio is small.

Ionization Fragment
State Orbital potential (eV) [32] ions [16,17]
X *T1y, 111, 15.7 SFs*
{A, B, *Tiu> T} 5t1u 112 17.0 SFs*
C’E, e, 18.6 SFs*, SF,* #2
D 2Ty, 1ty 19.8 SFs™ # SF,™, SF;* °
E Ty, 41y, 22.6 SF;*
F 2Aj, Sai, 26.8 SF;* ¢, SF,*

2The ratio of SF,* and SFs* is about 1:8 [16].

®The SFs*, SF4*, and SF;* branching ratio is reported to be
1.0:2.0:1.8 [16].

‘Reference [17].

spectra of SF¢ and their plausible assignments have been
proposed by Ying et al. [22]. However, it is not practically
possible to make unambiguous assignments of the spectral
features from the EELS data alone, because ionization from
multiple valence orbitals (1¢1,, 5t1,, 1124, 3eg, 1t2g, 4ty,, and
Sayg) contributes to the electron scattering in the E region of
interest. Moreover, the overlap of resonance features in the
energy loss spectrum prevents one from assessing the momen-
tum transfer dependence of each shape resonance band. Since
the branching ratio into each fragment product depends on
the state of SFs™ formed by electron impact, the electron-ion
coincidence data can be used to partially separate the contri-
butions from the individual ionization channels. Table I lists
the ion products from each SF¢" state, measured by Creasey
etal. [16] and Stankiewicz et al. [17] using the TPEPICO tech-
nique, together with the vertical ionization energies reported
in the literature [32]. Since the 277, (5t1,) " and 2Ty, (1t2,)7"
ionic states, or the A and B states, are so close in energy that
their contributions cannot be separated [6], we denote them
together as {A, B, >Ti., *Tou}.

The TPEPICO studies have shown that all of SF¢' ions
in the X leg (ltlg)’l, {A, B, T, *Tou} states and most
of those in the C 2E, (3e,)™" state dissociate into SFs™ + F.
Thus the partial GOS for SFs* formation is mainly the con-
tribution from the first four ionization channels, while it also
contains a small contribution from the next channel, D 2ng
(1t24)™". The D 27>, ionization can be highlighted by selecting
the electron-SF41 coincidence signals, since SF4" ions are
formed predominantly from the D 2T2g state, though some of
them come from the C 2E, state. The D >7T5, state also decays
to SF3*, and the E 2Ty, (4t1,)”! state yields exclusively SF3 ™,
indicating that the SF3™ yield spectra can be associated with
the D 2T2g and E 2Ty, channels. Indeed, the SF5* yield starts
at ~ 19.3 eV, close to the vertical ionization energy of the
D T, channel, and the intensity increases sharply near the
E 2Ty, ionization energy. Besides, the later TPEPICO study
by Stankiewicz et al. [17] has shown that SF;* is formed
also from the F 2A1g (SaIg)_1 state, and its contribution may
be included in the SF3* yield spectra above the ionization
energy of 26.8 eV. The F %A, ¢ state also decays to form
SF,*, and thus the threshold for producing SF,* is close
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FIG. 3. Partial GOSs for formation of (a) SFs™, (b) SF,™, and
(c) SF;™ ions from SFs. Open circles are the partial OOSs reported
by Hitchcock and van der Wiel [12], which correspond to the data at
K=0.

to the corresponding ionization energy. With the above dis-
cussion in mind, the partial ion-yield spectra are examined
below.

The SFs*, SF4", and SF;% yield spectra, in which shape
resonance features are observed, are plotted in Fig. 3, together
with the partial OOSs reported by Hitchcock and van der Wiel
[12], corresponding to the data at K> = 0. The vertical bars
indicate the associated ionization energies. It can be seen from
Fig. 3(a) that the partial GOS for SFs™ formation decreases
rapidly with the increase of K?, indicating a steady decrease of
the sum of the X 2Ty, {A, B, *Tiy, *Tou }, and C *E, ionization
cross sections with momentum transfer. Also seen from the
figure is that the spectra exhibit a broad band with a maxi-
mum at ~ 24 eV. A similar band has been observed in the
photoionization cross section of the 5¢;, and 1#,, subshells [6]
and was attributed to the 5t;, — ety and 1tp, — &ty shape
resonance [6,8,9]. In addition, it has been reported that the
3e, — sty, shape resonance appears around 22 eV in the Seg’1
ionization cross section [9]. Thereby, the broad band at ~ 24
eV can be ascribed to the 5t1,, 1tp, — &y, and 3e, — 1y,
transitions. This shape resonance band is found to be less

pronounced with the increase of K2. It is a typical behavior
for dipole-allowed transitions [20].

It can be seen from Fig. 3(b) that the SF4" yield spectra
show a broad peak at ~ 25 eV. Since SF4" ions are mainly
generated from the D 2T, state, the broad peak can be at-
tributed to the 17, — &ty, shape resonance, identified in the
D 2T »¢ Photoionization cross section [9]. The theoretical study
by Jose et al. [9] has revealed that interchannel coupling ef-
fects have a significant influence on the location and intensity
of this shape resonance band. The intensity of the 1t,, — &1y,
peak decreases with the increases of momentum transfer, as in
the case of the 24 eV band in the SFs™ yield spectra.

We turn our attention to the SF3* yield spectra in Fig. 3(c),
associated with the D 2T2g, E 2Ty, and F %A, ¢ channels. Ow-
ing to the contribution from the D 2T2g channel, the SF;™
yield spectra should have a peak around 25 eV caused by the
1t,¢ — ety shape resonance. Indeed, a broad band is evident
at E ~ 24 eV for K> = 0.16 a.u. A slight difference of the
peak position may be due to the overlap of the E 2Ty, pre-edge
structure in the lower-energy side. The band intensity quickly
decreases with K2, being consistent with the result for SF4*.

The SF;1 yield spectra also exhibit a broad band at
~ 28 eV. This band has been observed in angle-resolved
EELS spectra and preliminarily assigned to the 4¢1, — &ty
shape resonance [22]. This assignment is confirmed by the
fact that the 28 eV band appears only in the SF3™ yield spec-
tra, since the E 277, (4t1,)”" state yields exclusively SF3*. Of
interest is that the band is quite evident even at large K2, unlike
the other shape resonance bands, which rapidly diminish with
increasing K2. The result indicates a crucial role of electric
quadrupole and/or higher-order multipole interactions in the
4ty, — &tp, shape resonance. It has a considerable impact
on the branching ratio into the SFs* and SF3* products at
nonzero momentum transfer. As can be seen from Fig. 2, the
emission intensity of SF3" around the 4f, — gtrg peak is
comparable to that of SFs* for K? > 0.67 a.u., while SFs™
is the predominant product in other scattering conditions in-
vestigated.

B. Kinetic energy distributions of ions

To gain insight into the dissociation mechanisms of SFg™,
the kinetic energy (KE) distributions of the fragment ions are
examined. The electron—SF, " coincidence signals for n = 5,
4, and 3 are plotted against £ and KE in Figs. 4-6, respec-
tively. For a quantitative assessment of the E dependence,
the KE distributions in several E regions are also shown in
the lower panel of each figure. They are normalized by the
maximum intensities for ease of comparison. While some K>
dependence was observed for the E-KE correlation maps, it
can be attributed simply to the change in relative contributions
from different ionization channels with K2, and thus only the
data at K> = 0.16 a.u. are presented here.

It can be seen from Fig. 4 that the KE distribution of
SFs™ does not vary significantly with E. In particular, the
distributions at E > 18 eV are nearly coincident with a max-
imum at ~ 0.16 eV and extending to about 0.6 eV. While
shape resonance is observed in the SFs™ yield spectrum at
~ 24 eV, it has no noticeable effect on the KE distribution,
suggesting that the electron temporarily trapped in the shape
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FIG. 4. The upper panel is the E-KE correlation map of SF5* and
the lower panel compares the KE distributions for different electron
energy loss regions.

resonance is rapidly released before the dissociation. The low
intensity in the small-KE region is due to the fact that the
SFs™ ions are generated by the direct dissociation of SFg™
and thus receive a large recoil momentum. The results are in
good agreement with the KE distribution of SF5™ produced by
100 eV electron impact [25], while scattered electrons were
not measured in that study. The agreement is consistent with
the observation that the KE distribution is insensitive to E
and K2.

A closer look at Fig. 4 shows that the KE distribution
at E =153 — 16.3 eV, where only the X 2Tj, state is ac-
cessible, has a maximum at lower energy, 0.13 eV. This
indicates that SFs™ ions originating from the X 27; ¢ state have
a slightly lower average KE than those from the higher SF¢*
states. In the direct dissociation of SFs* — SFs™ +F, the
recoil energy gained by F should be 0.87 eV when the KE
of SFs* is 0.13 eV due to the conservation law of p, = —p,,
where p, and p, are the momenta of SFs* and F, respectively.
The obtained kinetic energy release (KER), 1.0 eV, is in excel-
lent agreement with the mean KER, 0.99 £ 0.01 eV, reported
in the TPEPICO study by Creasey et al. [16]. However, the
mean KE calculated using the experimental KE distribution,
0.17 eV, is slightly higher than the energy of the maximum
due to the asymmetry of the distribution; accordingly, the
mean KER derived from this value, 1.3 eV, is higher than the
result of the TPEPICO study. In the following discussion, the
position of the maximum of each KE distribution is mainly
used because it can be considered as the most probable KE
value and also because the average KE of a given ioniza-

Coincidence Counts
(arb. units)
450.0

325.0
2313

1375

4375
I -50.00

Kinetic Energy (eV)

Energy Loss (eV)
T
L SF," KE distribution
) s E=19.021.0eV
£ ﬁ o E=23.0-250eV
S = E=30.0-320eV
=t §$
E | s §
|4
£ ;
K
0 ; '
0 04 0.8
Kinetic Energy (eV)

FIG. 5. The upper panel is the E-KE correlation map of SF,™
and the lower panel compares the KE distributions for different
electron energy loss regions.

tion channel cannot be obtained when two or more channels
contribute to an experimental KE distribution. The energy of
SFs™* + F has been thermodynamically determined to be 14.0
eV with respect to the ground-state energy of SF¢ [15,16].
The available energy of the X 2T, ¢ state is thus deduced to
be ~ 1.7 eV from the ionization energy of 15.7 eV, and our
result shows that 59% of it is partitioned into the relative
translational energy of the fragments. This is much higher
than the 22% found in ab initio dynamical calculations [33],
but is in fair agreement with the value of 72% obtained using
an impulsive dissociation model [34], in which the ratio of the
mean KER to the available energy is given by us.p/usFs-F,
where wy.y indicates the reduced mass of X-Y.

From the TPEPICO results, the mean KEs of SF5™ ions for
the {A, B, T4, 2o} and C 2Eg channels are obtained to be
0.16 £0.01 and 0.17 £ 0.01 eV, respectively [16]. The values
are in good accordance with the maximum position of the KE
distributions at £ >~ 18 eV, but smaller than the mean KE
derived from the distributions, 0.20 eV. It is worth noting that
although the mean KER of the dissociation from the {A, B,
2T1us 2Tz,,} and C 2Eg states, 1.2-1.3 eV [16], is slightly higher
than that from the X 27} ¢ state, ~1.0 eV, its increase is much
smaller than the increase in ionization energy. This indicates
that the excess energies of the higher SFg™ states are partially
released before the dissociation. Since SFg¢* states with a hole
in an outer-valence level do not decay radiatively [35], the
energy release should be due to internal conversion to a lower
electronic state in SF¢*, as pointed out by Creasey et al. [16]
and Peterka er al. [18].
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FIG. 6. The upper panel is the E-KE correlation map of SF3* and
the lower panel compares the KE distributions for different electron
energy loss regions.

The KE distribution of SF4* is then considered in Fig. 5.
As in the case of SFs™, it shows little E dependence and
resembles the result of the electron-impact study by Bull et al.
[25]. A comparison with the results for SFs* reveals that
SF4" ions, which are predominantly produced by the D T3,
ionization, have a KE distribution similar to that of SFs™ ions,
suggesting some similarity between the dissociation mecha-
nisms of the D *T», state and higher SFq* states. The decay
mechanism of the D 27, state will be discussed later.

In contrast to the cases of SFs* and SF4™, a significant
E dependence of the KE distribution has been observed for
SF;%, as can be seen in Fig. 6. Among the SF¢" states that
can yield SF;™, only D 2ng is accessible at E = 19 — 21 eV,
and the KE distribution in this E region has a maximum at
~ 0.13 eV and extends to ~ 0.7 eV. Figure 6 shows that
the KE distribution changes significantly around E = 22 eV,
at which SF;7 arises also from the E 27y, state, reflecting
the difference between the dissociation mechanisms of the
D 2T2g (ltzg)_l and E 2Ty, (4t;,)"" states; it has a shoulder
at ~0.33 eV and extends to above 1.0 eV. The shoulder is
more pronounced in the KE distribution for £ = 27 — 29 eV
due to the enhancement of the E 27, ionization caused by
the 411, — &tog shape resonance. The associated 1f;, and
41, orbitals have F 2p nonbonding and S-F bonding char-
acters, respectively, and it is likely that the difference in
orbital character significantly affects the fragmentation mech-
anism. According to the PEPICO study by Stankiewicz et al.
[17], SF3" is also generated from the F 24 ¢ state. Indeed,
the high-energy component of the KE distribution increases
above approximately the corresponding ionization energy of

26.8 eV, and this would be due to the contribution of the
F 2A1g ionization. It has been shown by TPEPICO exper-
iments that the D *T3, and E *Tj, states yield SFs* with
mean KEs of 0.16 0.02 and 0.39 +0.02 eV, respectively
[16], which are in reasonable accordance with the positions
of the peak and shoulder observed in the KE distributions.
The 100 eV electron-impact experiments by Bull ef al. [25]
have shown that two shoulders appear at 0.16 and 0.35 eV
in the KE distribution of SF3* due to the D 75, and E 2Ty,
ionization, respectively. In addition to these features, a dom-
inant maximum was observed at 0.03 eV and attributed to
statistical dissociation with a longer timescale. In contrast,
no significant contribution of SF3™ ions with such low KE
was found in the present measurements. Although our KE
distributions are slightly broadened due to the thermal energy
of the target molecules, a considerable intensity should be ob-
served at ~ 0.03 eV if there is a strong peak as reported in the
literature. While it has been argued that the shape resonance
observed in the SF3" yield spectrum is a possible origin of
the statistical-like signal [25], no enhancement of the low-KE
component was observed at E ~ 28 eV, where the 4¢;, — ¢t,,
transition occurs.

It is noteworthy that the KE distribution of SF;* at E =
19—-21 eV, where only the D 2T2g state is accessible, is sim-
ilar to that of SFs™. This tendency was observed also for
SF,4*. The results strongly suggest that there is some simi-
larity between the decay mechanisms of the D T, state and
lower SF¢* states. The observations can be explained by a
mechanism in which the D 2T2g state internally converts to
a lower electronic state and impulsive dissociation occurs to
form SFs™, as in the case of the {A, B, >Ti,, >T»,} and C 2E,
states; then F or F, is statistically emitted from SFs™. For the
SF,* formation, this mechanism has also been proposed in
other studies [16,18,25], but Stankiewicz et al. [17] suggested
that the favorable channel is the SF,* + F, single-step de-
composition. If the above argument is correct, the velocities
of the SF4;* and SF3™ ions should be close to the velocity
of SFs* before the dissociation, since the statistical loss of
F or F, would have only a small effect on the motion of the
product. Figure 7 compares the velocity distributions of the
fragment ions. First, the SF,™ yield is discussed. It is clear
from the figure that the velocity distribution of SF4™ is in good
agreement with that of SFs* at E = 23—25 and 30-32 eV, as
expected. The same is true for higher-E regions (data are not
shown), strongly supporting the above argument. The only ex-
ception is the result at E = 19—21 eV, where some difference
between the KE distributions of SF4* and SFs™ is observed on
the low-KE side [see Fig. 7(a)]. This may be due to the fact
that ionization in the low-E region has a high probability of
leading to the formation of the D 273, state on the low-energy
part of the potential energy surface, where only a smaller
energy can be partitioned into the relative translational energy
of SFs™ and F.

For further discussion, a schematic energy diagram is
shown in Fig. 8. As mentioned above, the KER distribution
of the dissociation to SFs* + F is insensitive to the parent ion
state, and its maximum appears at about 1.0-1.3 eV. Thus it
can be deduced that when the D *T5, state with the energy of
19.8 eV decays to SFs™ + F, the total internal energy of the
fragments is 19.8 eV — (1.0 ~ 1.3 eV) = 18.8 ~ 18.5 eV,
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FIG. 7. Velocity distributions of SFs*, SF,*, and SF;* for E =
(a) 19 — 21, (b) 23 — 25, and (c) 30 — 32 eV.

which is slightly higher than the energy of SF4© + F+ F, 18.4
eV [15,16]. The decomposition of SFs may therefore occur
to release its excess internal energy. Because of the small en-
ergy difference between SFs* + F and SF4* + F +F, SF,*
receives only a small amount of recoil kinetic energy, and
its velocity should be close to that of SFs*, which is indeed
observed in Fig. 7. It should be noted that although the single-
step dissociation to SF4* + F, (16.8 €V) is also energetically
accessible from the D 2T2g state, it is unlikely that the velocity
distribution of SF;* produced by this mechanism shows the
remarkable similarity to that of SF5™.

The energy diagram also shows that there is a dissociation
limit of SF3™ 4+ F, 4 F at 17.4 eV, and thus SFs* produced
in the first-step dissociation can decay not only to SF4* +F
but also to SF3* + F,. Since the latter is ~ 1.0 eV lower
in energy than the former, SF3* can receive a higher recoil
kinetic energy than SF,*. Depending on the recoil direction,
the gained kinetic energy causes the velocity of SF3™ in the
laboratory frame to increase or decrease compared to the
velocity of SFs™ before the dissociation. Thus, if this decay
mechanism is dominant, SF3* should have a wider velocity
distribution than SFs™, while their mean KEs would be almost

DTy, (1t5,)
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FIG. 8. Schematic energy level diagram. The energies in the
figure are with respect to the ground-state energy of SFg. The values
for the dissociation limits are taken from Refs. [15,16]. The energy
of SFs™ + F formed from the D 2T2g state, which includes the high
internal energy of SFs™ (see text for details), is depicted as a dashed
line.

identical. The result of SF3" in Fig. 7(a) is in good accordance
with this expectation and strongly supports the above decay
mechanism. On the other hand, the KE distributions of SF3™"
in Figs. 7(b) and 7(c) are significantly different from those
of SFs* and SF4* in the high-velocity region due to the
contribution of the E 27;, and F 24, ¢ channels.

C. Angular distribution of SFs*

Since SFs* is produced by the direct decomposition of
SFs* on a shorter timescale compared to the molecular ro-
tation period [33], its recoil direction closely coincides with
the S-F bond direction at the moment of electron collision.
Thus the angular dependence of the SFs* emission carries
information on the stereodynamics of the electron-impact ion-
ization. Figure 9 shows the SFs™ angular distributions for
E =22-24 eV at K =0.16 and 0.66 a.u., which are ob-
tained by plotting the number of electron-SFs™ coincidence
signals as a function of the angle between the ion recoil
momentum and the momentum transfer vector, ¢x. For higher
K?, large statistical errors prevent a meaningful investigation
of the angular anisotropy and the data are therefore not shown.
The experimental results are fitted to an analytical expres-
sion of c[1 4+ B P>(cos ¢g) + BaPs(cos ¢g)] [27,28], where
P>(cos ¢g) and Py(cos ¢g) are the second- and fourth-order
Legendre polynomials. The values of ¢, B, and B4 were opti-
mized by least-squares fitting. The data in the figure have been
scaled to make c¢ equal to 1 for ease of comparison. Angular
distributions were also constructed for other ions and found to
be isotropic within the experimental uncertainty.

It can be seen from Fig. 9(a) that the SFs* angular distri-
bution at K> = 0.16 a.u. shows a shallow minimum at ¢x =
90° and has maxima at 0° and 180°. A similar tendency is
observed in other E regions. While the angular anisotropy
is observed in electron-impact ionization, it is much smaller
than that for SFs™ produced by photoionization [18,36]. For
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FIG. 9. Angular distribution of SFs™ for E =22 — 24 eV at
K? = (a) 0.16 and (b) 0.67 a.u. Solid lines are an analytical function
fitted to the experimental data, c[1 + B, P>(cos ¢k) + BaPs(cos ¢k)],
and the dashed line is the associated photoion angular distribution at
a photon energy of 23.2 eV, ¢'[1 4+ SP,(cos ¢)] with 8 = 1.31 [18].
For ease of comparison, the photoion angular distribution is scaled
to make the intensity at 0° equal to that of the fitted function.

comparison, the photoion angular distribution at a photon
energy of 23.2 eV [18] is depicted as a dashed line. It is
expressed as c¢'[1 + BP>(cos ¢)], where B is the so-called
anisotropy parameter and ¢ is the angle made between the
light polarization vector and ion recoil momentum. At K ~ 0,
the GOS coincides with OOS and K plays a role equivalent to
the light polarization vector in photoionization as mentioned
in Sec. II. Thus the dashed line corresponds to the SFs*
angular distribution at zero momentum transfer. It is clear
from the figure that the angular anisotropy is significantly
reduced by increasing K? from 0 to 0.16 a.u., indicating that
quadrupole and higher-order multipole interactions make the
ionization cross section less sensitive to the orientation of SFg.
Figure 9(b) shows that a further increase of K? t0 0.67 a.u.
causes the decrease of the relative intensities at ¢x = 0° and
180°. The experiments reveal that the stereodynamics of the
electron-impact ionization of SF¢ quickly changes from the
dipole regime with the increase of momentum transfer.

IV. SUMMARY

In this work, the electron-impact dissociative ionization of
SFg has been studied in detail using (e, e 4 ion) spectroscopy.
The total and partial ion-yield spectra have been obtained on
the absolute scale at four different scattering angles to inves-
tigate the change of ion production with momentum transfer.
Shape resonance features have been observed in the spectra
and their assignments and momentum transfer dependence

have been discussed. The results reveal that the 4¢;, — &ty
shape resonance band is quite distinct over a wide momentum
transfer range and has a significant influence on the SF3™"
formation by electron impact, while the other shape resonance
bands show a typical behavior of dipole-allowed transitions in
which the intensity decreases rapidly with K?.

The E-KE correlation maps of the fragment ions have been
constructed to discuss the molecular fragmentation mecha-
nisms of SFs™. The peak and shoulder positions of the ion
KE distributions are in general agreement with the mean KE
values reported in photodissociative ionization studies. No in-
fluence of shape resonance has been observed in the analysis,
suggesting that the electron temporarily trapped by a barrier
in the effective molecular potential is rapidly released prior
to the bond dissociation. The KE distributions of SFs™ and
SF,* show little E dependence and resemble each other. In
addition, the KE distribution of SF3* produced by the D 2T2g
ionization is found to be similar to that of SFs*. The results
strongly suggest that many of the parent ions in the D *T5,
state internally convert to a lower electronic state, followed
by impulsive dissociation to form SFs™; then the high internal
energy of SFs™ is liberated by statistical emission of F or
F,. This mechanism is supported by the remarkable similarity
between the velocity distributions of the SFs™, SF;*, and
SF;™ ions.

It is also found that there is a significant difference be-
tween the angular distributions of SFs™ ions produced by
photoionization and electron-impact ionization, in contrast to
the consistency of the KE distributions. The strong angular
anisotropy observed in photodissociative ionization is signif-
icantly reduced even at small momentum transfer, indicating
that the stereodynamics of the electron-impact ionization of
SFe changes rapidly from that in the dipole regime due to the
influence of electric quadrupole and higher-order multipole
interactions.

The present study has demonstrated that the (e, e + ion)
technique is a powerful tool to investigate the dynamics
of electron-impact dissociative ionization of molecules and
also to elucidate the influence of nondipole interactions.
Furthermore, the results provide fundamental knowledge for
understanding the behavior of SFg in industrial applications
such as plasma etching.
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