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Abstract

Total cross sections for electron impact ionization are necessary quantities for numerical modeling of plasma chemistry an

for quantitative mass-spectrometric gas analysis. Theoretical cross sections for,SEESEF,, and SE are calculated by

the recently developed binary-encounter-Bethe (BEB) model. The BEB model combines a modified form of the Mott cross

section and the Bethe cross section. The results are compared with experimental cross sectignasnid!SEHree radicals.
In view of the success of the BEB method forg3hd many other molecules, it is expected that the results presented here will
provide reliable total ionization cross sections for, 8= 1-5). (Int J Mass Spectrom 201 (2000) 187-195) © 2000 Elsevier

Science B.V.
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1. Introduction

binary-encounter—Bethe (BEB) model and by Deutsch
et al. [6] using a modified additivity rule agree well

Because of the widespread use of sulfur hexafluo- with each other and with the experimental cross
ride as an insulator in the power industry and for section by Rapp and Englander-Golden [2]. Recently
pulsed power generation and plasma processing, con-Tarnovsky et al. [7] reported partial cross sections for
siderable experimental and theoretical studies [1] the electron-impact ionization and dissociative ioniza-
have been devoted to ion formation processes andtion of Sk and SE from threshold to 200 eV in

breakdown phenomena in $&nd gas mixtures con-
taining SK. Rapp and Englander-Golden [2] mea-
sured the total ionization cross sectionfor SF; due

to electron impact under controlled single collision
conditions. Stanski and Adamzyk [3] and Maand
co-workers [4] determined partial ionization cross
sections of SE The total ionization cross section of
SF; calculated by Kim and co-workers [5] using the

* Corresponding author. karl.irikura@nist.gov

incident electron energy. However, no experimental
results are available for SF, gFor SF,. The molec-
ular structures and thermochemistry of,Sfhd SE
were determined from ab initio theory by Irikura [8]
and subsequently refined by Bauschlicher and Ricca
[9]. In the present article we report electron-impact
total ionization cross sections for &k = 1-5) cal-
culated using the BEB model and compare them to
available experimental and theoretical results.

There have been numerous efforts to combine the
Mott cross section [10] with the Bethe theory [11]
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since the 1950s [12-16]. However, these attempts
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tion cross section itself and the corresponding stop-

used semiempirical parameters specific to each targetping cross section to satisfy the asymptotic behavior

atom or molecule and were not easily extendable to
large molecules or radicals with no experimental data
for either the molecules themselves or the constituent
atoms. Another semiempirical theory is Deutsch’s and
Mérk’s “DM formalism,” which combines a classical
binary-encounter theory with an additivity rule. In the
DM formalism for molecules [17], semiempirical
weights are introduced for each atomic orbital of the
constituent atoms of a molecule, while additional
molecular orbital factors are assigned using a Mul-
liken population analysis.

Kim and Rudd [18] developed a theory of for
electron-impact ionization of molecules by combining
a modified form of the Mott cross section at low
incident electron energy and the Bethe theory for
highT. Unlike earlier attempts, the theory by Kim and
Rudd does not involve empirical parameters specific
to each target molecule. The simplest form for the
cross section proposed by Kim and Rudd, the BEB
model, uses theoretical (ab initio) data from the
ground-state molecular wave function, except for the
lowest ionization energy (IE), for which an experi-
mental vertical IE, if available, is used to match the
experimental threshold. If no experimental vertical IE
is available, the value from an advanced ab initio
calculation is used.

Kim and co-workers [5,19-23] have shown that
molecular wave functions of modest accuracy (e.g.
Hartree—Fock) can produce; in good agreement
(15% or better at the peak) with available experimen-
tal data from threshold t®& = 5 keV for a wide range
of molecules, such as 1SF;, and GFg. We expect
the predictions for SFmolecules to be equally reliable.

2. Theory

Kim and Rudd [18] proposed the binary encounter
dipole (BED) model to calculate singly differential
ionization cross sections (i.e. cross section as a
function of the energy of the ejected electron) by
using the differential form of the Mott theory [10] and
the Bethe theory [11]. They also required the ioniza-

of the Bethe theory at higif. The stopping cross
section is the integral of the product of the energy
transfer from the incident electron to the target and the
corresponding differential ionization cross section.
The BED model requires explicit knowledge of the
differential continuum dipole oscillator strength,
f(W), for each occupied molecular orbital in the initial
state of the target molecule, whaiéis the energy of
the ejected electron. The differential cross section is
then integrated oveW to obtain the total ionization
cross section for each molecular orbital characterized
by its binding energyB, average electron kinetic
energyU = (p% 2m,), and electron occupation num
ber N.

The kinetic energyJ for each orbital in the initial
state (usually the ground state) of the target is a
theoretical quantity evaluated by any atomic or mo-
lecular wave function code that calculates the total
energy. However, both the initial- and continuum-
state wave functions are needed for calculafitvy).
Although f(W) can be deduced from experimental
photoionization cross sections, it is difficult to deduce
the individual contribution from each orbital. In prin-
ciple one can calculaté(W) for each orbital. In
practice, however, it is feasible only for a limited
number of atoms and very few molecules. To over-
come this difficulty, Kim and Rudd [18] introduced a
simplified version of the BED model, i.e. the BEB
model, when no information of(W) was available.
This simplification greatly extends the applicability of
the method.

In the BEB model, a simple form foi{w) (w =
W/B) is used

f(w) = N/(w + 1)? (1)

such that the integrated cross sectigypg per orbital

is given by
S 1
1 - ?

BEB ™ {+ (u+ 1)/n
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wheret = T/B, u = U/B, S = 47a3NR?/B?, a, is
the Bohr radius, an® is the Rydberg energy.

The constant in Eq. (2) is unity in most cases.
However, when the molecular orbital is dominated by
an atomic orbital with principal quantum numbeB
(as judged by the Mulliken population being more
than ~85%), thenn equals the principal quantum
number. This adjustment is ad hoc in nature, unlike
the rest of Eq. (2), and is based in part on the
observation that radial functions of atomic orbitals
with high principal quantum numbers have high
kinetic energies that reduce the orbital cross sections
too much. The original form of the Mott and Bethe
cross sections does not containt 1 in the denom-
inator of Eq. (2). This factor was introduced to correct
the tendency of most theories to overestimate cross
sections at lowl between the threshold and the peak.
Since the original Mott formula is for a free target
electron, theu + 1 factor should be reduced and
eventually eliminated for loosely bound target elec-
trons. The reduction ou + 1 for loosely bound
electrons is also consistent with the observation that

189

The actual values of the molecular constants
needed depend on the level of approximation used for
the target wave function. The self-consistent field
method provides the simplest molecular wave func-
tion. The kinetic energy is determined directly as an
expectation value. To geB, one can use orbital
energies as an approximation (Koopmans’ theorem).

4. Details of molecular calculations [25]

Following our previous practice [18—22], we used
the molecular structure codewmess [26] to calculate
Hartree—Fock orbital binding energi@ and orbital
kinetic energied) (Table 1). Cartesian 6-3#1G(d)
basis sets, as implementeddamess, were used for
these calculations. Although experimental adiabatic
IEs are known for these molecules, vertical IEs are
not available. The vertical IEs were calculated previ-
ously [8] using the frozen-core quadratic configura-
tion interaction QCISD(T) theory [27] and spherical

the orbital kinetic energies of nodeless valence orbit- 6-311G(d) basis sets. We have improved upon these
als obtained with pseudopotentials or effective poten- somewhat by using the frozen-core coupled-cluster
tials for the core are similar in magnitude as the recipe theory including all single and double substitutions
used above, viz.( + 1)/n [23]. and a perturbative estimate of connected triples
Eqg. (2) requires as input onB, U, andN for each (CCSD(T)) [28] together with the larger cc-pVTZ
molecular orbital in the ground state. These constants basis sets of Dunning and co-workers [29,30]. Bind-
can be determined using a molecular wave function ing and kinetic energies are insensitive to details of
code. The total ionization cross secti@ris then simply the molecular geometry. Thus, for convenience, we
the sum ofozg Over all occupied molecular orbitals used HF/6-311 G(d) geometries for theamess cal-
culations and hybrid density functional B3LYP/6-
(3) 31G(d) [31,32] geometries for the coupled-cluster
calculations. These geometries are very similar to
each other and to those previously published [8,9].
The aces 11 program [33,34] suite was used for the
Based on applications to over 50 molecules [24], coupled-cluster calculations and theussian 98 pro-
we found thato; is most sensitive to the lowest value gram [35] was used for the B3LYP calculations. We
of B. To match the experimental cross sections near adopt the CCSD(T) vertical IEs here. They are sum-
the lowest ionization threshold, it is necessary to use marized in Table 2 along with the earlier results [8].
a realistic vertical IE. Hence, we use the experimental All open-shell calculations (viz., SF, §Fand SE)
value of the first ionization energy if a reliable value were spin-unrestricted. For conciseness, the binding
is available. Otherwise we use a theoretical value and kinetic energies for matching and 8 orbitals
from a well-correlated ab initio calculation. All other were averaged to produce Table 1. We have found in
parameters are determined using ab initio methods. the past [20], and have verified in the present cases,

g = 2 OBEB
MO

3. Molecular wave functions
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Table 1

Binding energiesB), kinetic energies{), and occupation
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numbers N) for each molecular orbital (MO) in SKx = 1-5).

For open-shell molecules, the unrestricted Hartree-Fock results
for matcheda and B8 orbitals have been averaged together. The
lowest value ofB for each molecule is taken from Table 2

MO B (eV) U (eV) N
SFC,, 21
20 716.99 1013.49 2
30 246.84 509.35 2
1w 183.67 479.77 4
4o 183.77 478.68 2
50 44.79 102.56 2
60 26.11 77.86 2
2m 19.50 80.86 4
70 18.38 75.71 2
3m 10.75 56.05 3
SF, Cy, *A;
1b, 717.08 1013.44 2
2a, 717.08 1013.45 2
3a, 247.70 509.31 2
2b, 184.64 478.48 2
da, 184.58 478.96 2
1b, 184.46 480.49 2
5a, 45.92 98.57 2
3b, 44.66 106.08 2
6a, 27.03 84.14 2
4b, 21.35 82.41 2
7a, 20.72 75.54 2
2b, 20.61 76.86 2
la, 19.31 86.94 2
5b, 18.35 89.89 2
8a, 16.53 78.18 2
3b, 10.28 64.86 2
SF, C, 2A'
2a’ 718.11 1013.47 2
3a’ 716.22 1013.48 2
1a" 716.21 1013.49 2
4a’ 250.84 510.27 2
5a’ 187.88 479.27 2
2a" 187.73 478.44 2
6a’ 187.37 478.83 2
7a’ 47.20 97.14 2
3a’ 44.13 103.14 2
8a’ 43.97 105.87 2
9a’ 28.43 88.56 2
4a’ 22.61 79.32 2
10a’ 22.01 76.19 2
11a’ 21.31 77.66 2
5a" 20.24 82.54 2
12a’ 18.77 84.29 2
6a’ 18.44 84.68 2
13a’ 18.08 87.23 2
7a’ 17.75 90.34 2
14a’ 14.69 84.10 2
15a’ 11.08 81.36 1

NNNNPNNNNNNNNNNNNNNODNNNMNNNNNODNMNNDNNODNODNDNDN

Table 1
(Continued)

MO B (eV) U (eV) N

SF, Coy *Ay
1b, 718.72 1013.45
2a, 718.72 1013.45
3a, 716.17 1013.45
1b, 716.17 1013.45
4a, 252.84 510.40
2b, 189.72 478.55
2b, 189.72 478.74
5a, 189.62 479.44
6a, 48.97 92.90
3b, 46.94 105.15
3b, 44.46 101.99
Ta, 43.96 107.55
8a, 29.41 93.61
4b, 23.97 83.24
4b, 23.80 79.70
9a, 23.37 73.23
la, 21.91 80.25
5b, 20.25 90.00
10a, 20.24 84.97
5b, 20.13 83.48
6b, 18.29 87.25
1lla, 18.29 87.40
6b, 18.03 92.68
2a, 17.84 93.16
12a, 12.82 85.04

SFs Cuy 2Al
2a, 718.64 1013.43
1b, 717.67 1013.44
le 717.67 1013.45
3a, 717.67 1013.46
4a, 254.41 510.35
5a, 191.33 479.33
2e 191.42 478.95
6a, 49.60 89.33
3e 46.15 102.32
Ta, 46.20 105.80
2b, 44.82 110.03
8a, 29.91 96.00
4e 24.73 81.05
9a, 24.20 78.58
1b, 22.17 76.03
5e 21.68 81.06
3b, 20.01 88.13
10a, 19.79 87.08
4b, 19.04 87.96
6e 19.31 91.47
Te 19.05 93.02
la, 18.35 97.27
1lla, 11.70 92.80

P NBEAEDBNNNBENNBENNONNANIDIDNNNNAENDN
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Table 2 T
Vertical ionization energies (in eV) calculated at the QCISD(T)/ 81 e on SF — SES, no double
6-311G(d) level [8] and at the CCSD(T)/cc-pVTZ level. 71 6 e Rapp
Vibrational zero-point energies are ignored ol a I\D/Iargreiter
Molecule QCISD(T) CCSD(T) “c sl
SF 10.24 10.15%") o4l

10.55 {A) A

11.54 ¢37) " 3¢
SF, 10.36 10.28 20
SF; 10.93 11.08
SF, 12.83 12.82 T
SK 11.46 11.70

10 102 103
T (ev)

that this averaging has a negligible effect on the Fig. 1. Totalionization cross section for Séinder electron impact.
. Experimental data (filled circles) and uncertainties are from [2].
computed cross sections.

- o Open triangles indicate experimental measurements from [4],
In many experiments, collisions that produce dou- which were calibrated against those of [2] Bt= 100 eV. The

bly charged ions (or a pair of singly charged ions) are solid and dotted curves indicate the cross sections calculated using

counted twice. We assumed that all holes generated inBEB theory. The dotte_d curve, Whl_ch includes double ionization,
should be compared with the experimental data. The dashed curve,

molecular orbitals with binding energies greater than taken from [37] was calculated using the alternative DM formalism.
the double-ionization threshold will decay through the

Auger process, resulting in a doubly charged ion or ¢j,ster value for the vertical double-ionization energy

two singly charged fragments. In either case we (3g 03 ev) as the threshold for double ionization.
estimated the contribution of double ionization to the

gross ionization cross section by doubling the BEB
cross sections for the inner-shell orbitals. The thresh- 5. Results and discussion
olds were taken to be the adiabatic double ionization
energies, that is, the energy difference betweep SF  As reported earlier [5,36], BEB cross sections for
and SE " at their respective geometries, using-fro  SF; agree well with the experimental measurements
zen-core CCSD(T)/cc-pVTZ//B3LYP/6-31G(d) cal- [2]. With the minor differences from [5] that were
culations as before. No bound structure was found for noted above, the comparison is shown in Fig. 1.
SK ™, so the threshold was taken to be the sum of the Among the species SF(x = 1-5), experimental
adiabatic ionization energy of §F9.46 eV) and the  electron-impact ionization cross sections have been
vertical ionization energy of SF(23.44 eV), calcu reported only for SEand SK [7]. We compare our
lated at the coupled-cluster level. The calculated BEB cross sections with experimental values fog SF
threshold energies for the double ionization of, SF and SE in Figs. 2and 3. Predictions of the modified
were thus 31.08, 29.60, 29.78, 28.70, and 32.91 eV additivity rule [6] are also drawn in the figures; these
for x = 1-5, respectively. are taken from Fig. 4 of [7].

SF; is included here to illustrate the agreement
between the BEB theory and well-established exper- 5.1. Sk
imental results. Orbital binding and kinetic energies
were taken from an earlier publication by Hwang et The calculated cross section for 5 in accept
al. [5], except that we adopted a vertical ionization able agreement with the experimental data [2,4]. The
energy of 15.65 eV computed using the coupled- experimental peak is 7.8 0.5 A% at 155 eV incident
cluster method (see above). Since not even the singly energy [2], while the BEB peak is 8.1%%at 140 eV
charged ion is covalently bound, we used a coupled- (the peak is 7.6 Aat 133 eV if double ionization is
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—— BEB, no double |

BEB

— — mod. additivity
e experiment

e on SF;

5, (10 m%)

102 103

T (ev)

Fig. 2. Total ionization cross section for Sknder electron impact.

Experimental data, uncertainties, and the dashed predictive curve

are from [7]. The solid BEB curve, which excludes double
ionization, should be compared with the experimental data.

excluded). Since total ion current was measured in the
experiment, double ionization should be included.

Thus, the calculated peak cross section exceeds the

experimental value by (16 8)% and is displaced by

—15 eV. The BEB theory provides the total cross
section for electronic excitation with the energy trans-
fer to the target exceeding the lowest IE. The usual
fate of the excited molecule is ionization, so the BEB
cross section is identified with the ionization cross
section. However, for larger molecules, some of the

—— BEB, no double
BEB ]
— — mod. additivity

e experiment

% (10 m’)

103

102
T (ev)

Fig. 3. Total ionization cross section for Sender electron impact.
Experimental data, uncertainties, and the dashed predictive curve
are from [7]. The solid BEB curve, which excludes double
ionization, should be compared with the experimental data.
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excitation energy may be transferred to vibrational
motions of the molecule. This may lead to neutral
fragmentation or, for very large molecules, to radia-
tive or collisional relaxation. Thus, assuming that
reasonable values for binding and kinetic energies are
used, the BEB cross section is expected to exceed the
ionization cross section by a margin that increases
with molecular size. The contribution of nonionizing
channels appears to be on the order of 15% foy. SF
Theoretical predictions from the DM formalism [37],
also shown in Fig. 1, agree with the BEB predictions
from threshold to about 100 eV.

2. SE

In contrast to the current-measuring experiments
involving SFK;, the measurements of Tarnovsky et al.
[7] for SF; and SK included only mass-selected,
singly charged ions. Doubly charged ions were thus
excluded from the measured cross sections. Singly
charged fragments may be produced from a doubly
charged ion and be detected. However, the corre-
sponding “Coulomb explosion” may produce fast
ions, which are detected less efficiently [7]. Thus, we
choose to compare the experimental cross sections
with BEB calculations that exclude double ionization
i.e. the counting ionization cross section. These are
the solid curves in Figs. 1-6. The dotted curves are
provided to indicate the expected contribution from
double ionization.

The experimental cross section peak is 5.4.8
A2 atT =~ 100 eV. The BEB peak is higher, 6.67A
atT = 132 eV. The discrepancy, (25 19)% and 32
eV, is significantly larger than for §FIn the exper
imental study, only SF and SE were collected, with
their abundance being found almost equal. No allow-
ance was made in the experimental cross section for
contributions from unobserved fragment ions (viz.
SF;, SF, SF, S*, and F). An upper limit of the
contributions from these lighter ions was estimated to
be 0.25 K at 70 eV [7]. Including this would shift the
experimental peak to somewhat higher energy and
could bring the discrepancy in intensity as low as
(19 = 17)%.

The theoretical cross sections are substantially
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e on SF — BEB, no double

BEB
— — mod. additivity

Gi (10‘20 m2)

102 103

T (ev)

Fig. 4. Total ionization cross section for SF under electron impact.

193
7 T T
e on SF —— BEB, no double
6 4 BEB 1
5t
—
E 4}
§
2 st
e
2L
1}
0 . L
10 102 108
T (ev)

Fig. 6. Total ionization cross section for Snder electron impact.

The dashed curve shows the predictions from the modified addi- The dashed curve shows the predictions from the modified addi-

tivity rule [7]. The solid and dotted curves are the predictions from
BEB theory.

lower than the measurements at low energies. As

discussed above in the paragraph on,3EB cross

sections are generally expected to be higher, not

lower, than experimental values. In the experiment
Sk, and SK were generated by neutralizing the
corresponding ions (at 2-3 keV in the laboratory
frame). However, the authors of the experimental
study excluded the possibility of internally excited

target radicals, so we have no explanation why the
measured values are so much higher than the BEB

predictions at low energies.

5t e on SF, — BEB, no double
..... BEB
— — mod. additivity
Al .
NE —
8 3 L / \
. /
6" 271
1t
0 - ;
10' 102 10°
T (ev)

Fig. 5. Total ionization cross section for Sénder electron impact.
The dashed curve shows the predictions from the modified addi-
tivity rule [7]. The solid and dotted curves are the predictions from
BEB theory.

tivity rule [7]. The solid and dotted curves are the predictions from
the BEB theory.

Avalue of 11.2+ 1.0 eV for the ionization energy

of SK; was obtained from the experimental data [7].
This agrees with our vertical value of 11.7 eV (Table
2) but is very different from recent adiabatic values of
9.71* 0.16 eV [8] and 9.52 eV [9], obtained from
high-level ab initio calculations. This comparison
supports our use of the vertical IE instead of adiabatic
IE when computing BEB cross sections.

5.3. Sk

The experimental peak is 35 0.5 A%atT ~ 100
eV. The BEB cross section is 5.12AtT = 121 eV.
This discrepancy is (4% 21)% in intensity and 21
eV in peak position. Only the SFfragment was
collected in the experiment. Other fragments such as
SF,, SF", S*, and F were estimated to contribute
0.2 A? or less to the cross section [7]. Including them
would shift the experimental peak to higher energy
but can bring the discrepancy in intensity only as low
as (40x 19)%. As for SE, the experimental cross
sections at lowT are, surprisingly, higher than the
theoretical values.

An ionization energy of 11.6= 1.0 eV for Sk
was extracted from the measured threshold [7]. This
agrees with our vertical value of 11.1 eV (Table 2) but
not with recent adiabatic values, from well-correlated
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ab initio calculations, of 8.36- 0.18 eV [8] and 8.24  Both methods predict the cross section for SF to peak
eV [9]. As for SK, this comparison supports our at lower energy than for the higher homologues.
adoption of the vertical IEs when using BEB theory. The BEB method is more computationally de-
manding than the MAR method. BEB requires at least
a low-level ab initio calculation on the molecule of
interest, whereas MAR, in principle, requires only
simple calculations. However, computational cost is
less important now than in past years, since powerful
computers have rendered simple ab initio calculations
routine (i.e. minutes on a personal computer). Some
degree of expertise is required to perform the calcu-
5.5. Comparison with the modified additivity rule lations, but improved desktop software has drastically
reduced this barrier. Using the MAR method is not
In the present article we restrict our attention to computationally demanding, but requires that some
predictions for the radicals SKx = 1-5), butnote parameters be read from a graph [7]. Furthermore, it
that several predictive methods have been reviewed requires smoothed atomic cross section data over a
very recently [37]. In addition to their experimental wide range inT, for which there is no convenient
measurements, Tarnovsky et al. [7] used the empirical source. We encourage the publication of precise
modified additivity rule (MAR) of Deutsch et al. [6] equations to make the MAR predictions more repro-
to calculate the total single ionization cross sections ducible.
for all SF, (x = 1-6). Asshown in Figs. 2 and 3, the The MAR method involves many adjustable pa-
MAR cross sections agree better than the ab initio rameters, including scaling factors for atomic radii.
BEB cross sections with the experimental results for Like any parameterized, empirical procedure, it is
SK; and SEK. Proponents of MAR will interpret this  expected to perform well for interpolations among
agreement as support for MAR, whereas proponents similar molecules, but unevenly for extrapolations to
of BEB will interpret this comparison as revealing dissimilar systems. In contrast, although some of its
some experimental problems. This potential disagree- refinements were developed semiempirically (see
ment can only be resolved by further experiments. above), the BEB method does not contain empirical or
Nonetheless, it is still possible to make some useful, adjustable parameters. As a result, it is expected to
general comparisons between BEB and MAR. have a broad range of applicability and to perform
Both BEB and MAR promise comparable uncer- consistently for widely different systems, as it has
tainties. As discussed above, the BEB cross section done so far.
may exceed the ionization cross section due to neutral
processes that can result from electron impact. We
typically consider BEB predictions to be reliable to Acknowledgement
within about 15%. The MAR predictions require
values for the absolute ionization cross sections of ~ This work at NIST was supported in part by the
atoms. Since these are typically known to within 15% Electronics and Photonics Technology Office of the
or 20% [7], the MAR predictions can only be reliable Advanced Technology Program of NIST.
to the same degree. Thus, any molecule for which the
BEB and MAR predictions differ by more than 40%
or 50% may provide a good contest for the two
methods. Among the SFspecies, MAR predicts a . . .
- . [1] Proceedings of the VIII International Symposium on Gaseous
larger cross section for SF and a smaller cross section ™ pigjectrics, L.G. Christophorou, J.K. Olthoff (Eds.), Plenum,
for SF,, relative to the heavier SFthan does BEB. New York, 1998.

5.4. SF, SE, and Sk
The BEB cross sections are displayed in Figs. 4, 5,

and 6. No experimental results are available for
comparison.
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