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Absolute total cross sections for collisional electron detachment and collision-induced
dissociation (CID) have been measured for binary collisions of SF; and SF, with rare gas
and SF, targets for laboratory collision energies ranging from about 10 up to 500 eV. The cross
sections for electron detachment of SF, are found to be surprisingly small, especially for the
SF, target, for relative collision energies below several tens of electron volts. Specifically,
detachment onsets are found to occur at around 30 and 90 eV for the rare gas and SF; targets,
respectively. The CID channel which leads to F~ as a product is observed to dominate
detachment for relative collision energies below 100 eV. The results for the SF,™ projectile are
remarkably similar to those exhibited for SF; . The role of long-lived excited states in the

reactant SF, ion beam is discussed.

I. INTRODUCTION

Of all complex polyatomic molecules, sulfur hexafluor-
ide (SF) has been studied more extensively in recent years
than any other.' This interest in SF, stems mainly from its
use as a gaseous dielectric in high-voltage applications. It is
attractive for such applications because of its large cross sec-
tions for direct and dissociative attachment.” The presence
of electron detachment from anions in SF, was suspected by
Schlumbohm® in the early 1960’s. However significant un-
certainties still exist concerning the identity of the ion from
which the electron detaches, the magnitudes of the detach-
ment cross sections, and the importance of detachment in
discharge inception. Several discharge initiation studies in-
dicate that cross section thresholds for collisional detach-
ment of SF, may exceed the electron affinity of SF, (~1
eV) by as much as a factor of 8. Further evidence suggests
that the destruction of SF, is dominated by collisional dis-
sociation into various ionic fragments™® rather than by the
loss of an electron.

In particular, no information is available on how SF,;
decomposes in binary collisions with gaseous targets. Clear-
ly when a complicated molecular ion such as SF; collides
with an atom or molecule at collision energies in excess of a
few electron volts, many ways of breaking up SF, become
energetically possible. The purpose of this paper is to report
the first direct measurements of various absolute cross sec-
tions for collisions of SF, ", SF,, and F~ with the rare gases
and SF,. The decomposition channels which are observed
for SF, and SF, include

SFg+e~ +X (1)
S s SR X (2)
SF; + F+ X (3)
and
SFs+e” +X (4)
SE- £ X :
= % [SF4+F‘+X (5)
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where X is a target atom or molecule. In addition, the de-
tachment cross section for F~ in SF; is reported and the
cross sections for charge transfer of SF, , SF;, and F~ with
X = SF, have also been determined. The laboratory colli-
sion energies (€, ) in these experiments range from 3 up to
500eV. Cross sections for the above channels will be denoted
o;(€.,, ) where/ = 1to 5in accordance with the above reac-
tion label numbers, and €, ,, is the center-of-mass energy.

Il. EXPERIMENTAL METHOD

The absolute total cross sections for the above reactions
have been measured using a conventional ion-beam, gas-tar-
get technique which has been described in detail.” The F~
ions are produced in an arc-discharge ion source which uses
a mixture of CF, and argon as the discharge gas. SF; and
SF; are produced when CF, is replaced with SF, in the
discharge source. Due to the large electron-attachment cross
section of SF, the arc discharge is quenched even though the
ratio of SF to argon in the source is as low as 5%. Neverthe-
less, electron attachment and dissociative attachment in the
vicinity of the tungsten filament yield significant amounts of
SF¢ and SF; . Currents of more than 1 nA for each of these
ions are extracted from the source, and energy analysis for
the ions indicates that they are formed in a region very near
the filament.

The negative ion beam is accelerated and subsequently
mass selected with a high resolution 90° magnet. The ion
beam is then focused into the collision chamber containing a
target gas. A schematic diagram of this chamber is given in
Fig. 1. The laboratory energy of the primary ion beam is
determined by retardation analysis and should be accurate
to within + 5%. By appropriate manipulation of the mag-
netic and electrostatic fields in the collison chamber, it is
possible to separate and measure the absolute total cross sec-
tions for the reaction channels indicated by reactions (1)
through (5).
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The collisional-detachment cross sections a, (€, ) are
measured by applying a 10 G magnetic field along the beam
axis together with a parallel electrostatic field between grids
I'and II (see Fig. 1) which serve to trap electrons that arise
from detachment processes. With this arrangement, all elec-
trons which detach in the collision region to the left of grid I
are collected on element A. The neutral products in reaction
channels (1) and (4) are assumed to be SF, 4+ X and
SF; + X, respectively, although this cannot be verified in the
present experiment.

In order to discuss the measurements for channels (2),
(3),and (5), it is useful to assume that the dynamics of these
collision-induced-dissociation (CID) channels can be de-
scribed by a two-step process, e.g.,

SF,+F +X
T g

FIG. 1. Schematic of collision chamber.

SF, + X (SF; )* 4+ X—

where the asterisk implies that (SF, )* has been collisional-
ly excited and contains sufficient internal energy to make
dissociation energetically possible. With this assumption the
different products of CID would then have roughly the same
velocity but quite different kinetic energies in the laboratory
reference frame, thus allowing separation of the reaction
products from the different dissociation channels. For exam-
ple, if the laboratory energy of the projectile SF, ise, (eV),
then the laboratory kinetic energy for F~ resulting from
CID will be roughly 0.13 €, and for SF5 about 0.87¢, . Con-
sequently, if the voltage difference between grids I and 11 is,
for example, 0.26¢, (V), then all the F~ ions from CID will
be reflected by the electric field between the grids and col-
lected on elements A and B while all the SF, ions will be
transmitted. The results of a “retardation analysis” are
shown in Fig. 2 for the example of SF, -+ argon. The obser-
vation of two distinct plateau regions clearly indicates the
complete separation of the F~ and SF; ions. Thus, the CID
cross sections for channels (2) and (3) may be determined
using this retardation process and a separate measurement
of the detachment cross section. A similar technique is used
to measure the cross section for the CID channel given by
channel (5).

Although the two-step model for CID is somewhat sim-
plistic, any plausible modification of this model would not
result in a substantial alteration in the kinematics for this

process. Based upon the assumption that channels (2) and
(3) are the sole products of CID, then the measurements for
reactions (2) and (3) should be accurate to within + 15%
and + 30%, respectively. The larger error for reaction (3)
is due to the much more limited range of retarding voltages
that can be used to separate SF; product ions from large
angle elastic or inelastic scattering of the primary ion beam.
In fact, the measurements for reaction (3) are limited to
projectile energies €, > 100 eV.

Those products which arise from the decomposition of
collisionally excited, long-lived states of (SF, )* will escape
detection if the (SF, )* lifetime exceeds an approximate
mean flight time, 7,> 15/[€, (eV)]'/? us. Lifetimes on the
order of 1 us and longer have indeed been reported® for
(SF¢ )*, thus it is important to note that all measurements
for cross sections reported herein are for “prompt” decom-
position and detachment, i.e., for systems which decay in
times 7 < 7.

Special difficulties are encountered in measuring elec-
tron-detachment cross sections when SF, is used as the tar-
get gas. The number of electrons produced by interaction of
the primary ion beam with the trapping and retardation
grids is observed to be proportional to the intensity of the
primary ion beam. Normally this signal is monitored with no
target gas in the collision chamber, and routinely treated as a
background signal. Accordingly this background is sub-
tracted from the signal on element A observed when target
gas is admitted to the collision chamber. Interestingly, this
background signal from the grids decreases significantly
when even a small amount of SF,, is introduced into the colli-
sion chamber. This decrease in grid-generated background
signal reaches saturation when the SF, pressure in the colli-
sion chamber is increased to 10~ Torr. The alteration of the
background signal is presumably due to SF, being adsorbed
on the surfaces of the grids. Consequently, cross sections for
the SF target must be determined by using differential pres-
sures of SF,. Pressure studies (for all systems) have been
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FIG. 2. Retardation analysis of CID ions for SF, projectiles on an argon
target.
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performed to insure that the measured cross sections are
indeed pressure independent and that reattachment of de-
tached electrons to the SF, target gas is insignificant.

A second difficulty which occurs with the SF, target is
that charge-transfer (CT) and possibly dissociative charge-
transfer (DCT) cross sections are no longer negligible. The
ionic products of these reactions move slowly in the lab
frame and are trapped within the electromagnetostatic trap
designed to direct the detached electrons to element A. A
small fraction of these slow product ions will reach element
A (about 5% for an isotropic distribution of the product
ions). The intensity of these ions may be determined approx-
imately by comparing the signal observed on element A with
the axial magnetic field on to that observed with the field
turned off, since this field confines electrons, but has only
negligible effect on ion trajectories.

lll. RESULTS

An energy level diagram for SF, and SF; and their
relevant products is given in Fig. 3 for all species in their
ground states.”'? There has been considerable uncertainty
associated with the energetics of SF, and its anions, and
therefore the results presented in Fig. 3 may be in need for
further verification.

In the following, we will first examine the experimental
results for the rare gas targets followed by those for the SF
target.

A. Rare gas targets

The measured electron-detachment cross sections
o,(€.,, ) for collisions of SF, with He, Ne, Ar, Kr, and Xe
are presented in Fig. 4 as a function of the relative collision
energies €., . For €., <1.1 eV (the electron affinity of
SF,), detachment is energetically forbidden if SF is in the
ground vibrational-rotational state. It is apparent from Fig.
4, however, that o, (¢, , ) isabout 1 A%ate,,, = 0.2¢V for
the He target, and the other rare gas targets exhibit similar
behavior for energies below the electron affinity of SF,.
These nonzero cross sections for €, ,, <1.1 eV indicate that a
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FIG. 3. Potential energy diagram for ground state SF,” and SF, and their
products. Values are in electron volts and are obtained from Refs. 9 and 10.
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FIG. 4. Collisional electron-detachment cross sections for SF, on rare gas
targets.

fraction of the SF, primary ion beam consists of ions pro-
duced in long-lived excited states that more readily detach
upon collision. It was possible to change the fraction by al-
tering the conditions within the ion source, namely by
changing the filament temperature and gas pressure. To ver-
ify the role of excited states in the primary ion beam, experi-
ments with the He target were performed with increased
source pressure and a decreased filament temperature with
consequent reduction in the fraction of excited SF; in the
beam. As may be seen in Fig. 5, the “low-temperature”
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FIG. 5. Comparison of collisional electron-detachment cross sections of
SF, on He for “hot™ (solid triangles) and *‘cold™ (open triangles) ion-
source conditions.
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source conditions indeed lead to a very different behavior of
0,(€.m ) fore.,, <10eV. Even though the statistics for this
latter experiment are poor (due to a substantial decrease in
primary beam intensity caused by the altered source condi-
tions), the role of excited SF; primary ions is obvious.

These observations are consistent with several other ex-
perimental studies which found that, under source condi-
tions similar to those used in the present experiment, excited
SF, ions are produced with autodetachment lifetimes
which range from a few microseconds to milliseconds.® In
fact, the evidence suggests that there exists a quasicontin-
uum of excited autodetaching states. Thus it is reasonable to
expect that a fraction of the SF; beam is produced in excited
states below the autodetachment threshold.

The detachment cross sections at higher collision ener-
gies exhibit rather abrupt onsets atabout e, ,, = 30eV forall
rare gas targets. For €., >30 eV, o,(€_,, ) is found to be
relatively independent of the conditions within the ion
source, suggesting that the detachment for €., > 30 eV is
prodominantly from energetically stable SF, and not signif-
icantly influenced by the initial excitation of the SF, projec-
tiles.

The cross sections o, (€, ,,, ) for the CID channel which
produces the product F~ from SF projectiles are presented
in Fig. 6. With the exception of He, these cross sections ap-
pear to converge to an onset near €, = 2 eV, which is close
to the energetic threshold of 1.75 eV given in Fig. 3. The
cross section for the He target has been measured for colli-
sion energies as low as 0.4 eV and is observed to be nonzero
[ie., 0<0,(0.4 eV) <0.1 A?] for some ion source condi-
tions which again suggests contributions from excited states
of SF, in the primary ion beam.

The magnitude of the cross sections at the maxima ob-
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FIG. 6. Measured cross sections for CID production of F~ from SF, on
rare gas targets.
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FIG. 7. Measured cross sections for CID production of SF, from SF, on
rare gas targets.

served in o, (€, ) increases as the mass of the rare gas target
increases. It can be seen that the cross section for this CID
channel is considerably larger than the detachment cross
section for energies in the range 10<e€_,,, <100eV. Addition-
ally, it is of significance to note that the maxima in o, (€, )
occur at energies near the onsets for o, (€., ).

The cross sections for the CID channel o5(€, ,, ), which
yields SF as a product, are presented in Fig. 7.
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FIG. 8. Measured collisional electron-detachment cross sections for SF,
on rare gas targets.
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The electron-detachment cross sections for SF,~ on the
rare gases, 0,(€,,, ), are shown in Fig. 8. For the He target,
o4(€,,, ) remains zero (i.e., <0.03 ziz) over the entire ener-
gy range studied for all ion source conditions. Thus, in the
case of helium, there is no indication that excited states of
SF; in the primary ion beam contribute to the detachment
process. This feature of SF; is very different from that ob-
served for SF, . On the other hand, the onsets for detach-
ment, observed at €., = 30 eV, are remarkably similar to
those observed in the detachment of SF, . This may seem
somewhat surprising since the electron affinity of SF con-
siderably exceeds that of SF, (see Fig. 3). Below 30 eV, the
cross sections are nonzero down to €., < 10 eV, with mag-
nitudes that increase with target mass.

The results for the CID channel o5(€, ,, ), which pro-
duces F~ from SF; projectile ions, are given in Fig. 9. The
cross sections again exhibit an onset in the vicinity of the
thermodynamic threshold (which appears to exceed 2 eV,
see Ref. 9, 10, and 11) and are much larger than the detach-
ment cross sections over the entire energy range of the ex-
periments. In fact, for the He target, o5(15 eV)/o,(15
eV) > 200, a result similar to that reported for reactants
which involve UF, and the rare gases.'?

Comparison of results shown in Figs. 9 and 6 reveal that
the os5(€_ . ) is very similar to o, (€., ); in fact, the similar-
ity in the results is such that one is tempted to conclude that
these latter experiments with “SF,  have been mistakenly
performed with a primary ion beam of SF,; . This is, how-
ever, not the case.

B. SFg target

The cross sections for detachment, o, (¢, ), and CID,
0,(€,.., ) and o5(€, ., ), of SF; are given in Fig. 10 for an
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FIG. 9. Measured cross sections for CID production of F
rare gas targets.
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FIG. 10. Measured cross sections for collisional detachment (), CID
production of F~ (), CID production of SF, (O), and charge transfer
processes (&) for SF, on SF, target gas. Note that the collisional-detach-
ment data (W) shown in the figure are multiplied by a factor of 3.

SF, target gas along with the cross sections for charge trans-
fer which may include contributions from dissociative
charge transfer. The most striking feature of the data is that
o, (€., ) remains remarkably small for collision energies as
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FIG. 11. Measured cross sections for collisional detachment of SF;” (W),
CID production of F~ ([J), and charge-transfer processes for SF5~ (4) on

SF, target gas. Note that the collisional-detachment data (W) shown in the
figure are multiplied by a factor of 3.
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high as 100 eV. The experimental method and statistics are
such that an upper limit on o, (€, ) can be established for
€. <60eV of o, (€., ) <0.1 A2. We are not able to extend
the measurements to sufficiently low energies to ascertain
whether excited states of SF, contribute to o, (€, ) as is
apparently the case for the rare gas targets. However, for
€.m <30 eV, o,(€.,, ) is significantly smaller for an SF
target than for a rare gas target of comparable mass (i.e.,
xenon).

The CID channel o,(€.,, ) is again the dominant de-
composition channel observed for SF, at energies below
about 250 eV. It is likely that this trend continues for €_
< 10eV, and if so, has important implications for the model-
ing of discharges in SF, which will be discussed in the subse-
quent companion paper.'* The cross sections for charge
transfer and production of SF; are relatively flat, each being
about 30% of o, (€, ,, )-

The results for the SF; ™ projectiles are presented in Fig.
11. The various cross sections for SF.” mimic those observed
for SF¢ and the upper limit for o,(€_,, ) below the abrupt
onset at €., = 90 eV is the same as that quoted above for
o (€m ).

Results for collisional-detachment and charge-transfer
processes for F~ on SF, are shown in Fig. 12. The detach-
ment cross sections for F~ + SF are very similar to those
reported previously for collisions of F~ with the rare gases. '

IV. SUMMARY

The absolute total cross sections for prompt electron
detachment and collision-induced dissociation have been
measured for binary collisions of SF, and SF; with rare gas
and SF, targets for laboratory collision energies below 500
eV. The salient features of these measurements are as fol-
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FIG. 12. Measured cross sections for collisional detachment (%) and
charge-transfer reactions (A) of F~ on SF,, target gas.

lows. First, the cross sections for electron detachment are
found to remain surprisingly small, especially for the SF
target, until collision energies in excess of tens of electron
volts are reached. This observation is clearly important for
the development of an understanding of electrical break-
down when using SF, as a gaseous dielectric; this will be
discussed in further detail in the companion article which
follows this report.'?

It is also found that excited states of SF, in the primary
ion beam play an important—perhaps dominant—role in
electron detachment for collision energies in the vicinity of
the electron affinity of SF,. That excitation is undoubtedly
due to the fact that a prominent way of forming SF, in our
ion source is via electron attachment, which can yield long-
lived excited states of SF, ions. It is only via subsequent
collisions that the internal energy of the anion may be
lowered; as would be the case in the present ion source as
well as in other gaseous discharges. A more complete delin-
eation of the role of excitation in the collisional decomposi-
tion of SF, will unfortunately be a formidable experimental
challenge.

For collision energies in excess of about 30 eV, the initial
internal energy of SF, is found not to influence the various
decomposition cross sections. This is reasonable when the
decomposition is viewed as a two-step process in which the
reactant SF, , with initial internal energy U, is collisionally
excited to a higher internal energy U,, which leaves the prod-
uct (SF¢ ) * unstable with respect to the various decomposi-
tion channels. In reality, U, and U, may only be defined by
distribution functions, but we may make some broad gener-
alizations based upon their average values, {U,) and (U,).
Forlarge €_,. , (U,)/{U,) may be small and the magnitude
of (U,) should therefore not be important in the collisional
dynamics, as is consistent with the present observations.

A reasonable extension of the two-step model discussed
above would be to treat the unimolecular decomposition of
the collisionally excited SF, (U,) in a standard way in
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FIG. 13. Ratio of collisional-detachment cross sections to CID cross sec-
tions for production of F~:SF, + rare gas targets.

J. Chem. Phys., Vol. 91, No. 4, 15 August 1989




2260 .

which the probability of decomposing into a particular prod-
uct channel is taken to be proportional to the density of
states for that channel.'>'* Such a model will tend to favor
the autodetachment channel when 1.15<{U,)<1.35¢eV (see
Fig. 3) but, because of phase space considerations will rapid-
ly favor the autodissociation channels as (U, ) is increased
beyond 1.75 eV."® It is of interest to examine the ratio
R(e., ) =0,(€.n )/0,(€,, ) for the rare gas targets and
this is presented in Fig. 13. The average product internal
energy (U,) can be expected to increase as €, increases
and of course will depend upon (U, ), which can be consid-
ered fixed for all of the data shown in Fig. 13. It can be seen
that R (e€,,, ) decreases rapidly as €, isincreased beyond a
few eV and remains small for all the rare gas targets for
relative energies up to 30 eV. This behavior, which is seen to
be quite target independent among the rare gases, is compa-
tible with the general ideas of the model discussed above in
which the intermediate excitation is followed by unimolecu-
lar decomposition. It is unreasonable to expect this model to
be applied to excitation by the SF, target since a significant
amount of charge transfer is observed (see Fig. 10) which is
incompatible with the unimolecular-decay model. Again it
should be emphasized that detachment from SF, is also
complicated by the fact that this ion is known to have excited
states of sufficiently long lifetime to preclude detection of
electron release in the present experiment.

The abrupt increase in R (€, ) ate,,, >30eVisdueto
the comparable increase in o, (€, ,, ) at 30 eV. This could be
due to the onset of an additional direct detachment mecha-
nism which is mitigated by the multidimensional equivalent
of curve crossing.

An additional interesting feature of the experimental
obervations is that the results for the collisonal decomposi-
tion of SFy (into electrons or F ) are remarkably similar to
those observed for SF, . The only exception is for the colli-
sional detachment at the lowest collision energies; o, (€, )

Wang et al.: Detachment cross section for SF;, SF;, and F-

appears to be zero below the thermodyanmic threshold (3.8
eV), implying that excited states of SF, if they exist, are
insignificant in the reactant ion beam.
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