
Electron attachment cross sections and negative ion
states of SF6

Loucas G. Christophorou* and James K. Olthoff

Electricity Division, Electronics and Electrical Engineering Laboratory, National Institute of Standards and Technology,
Gaithersburg, MD 20899-8113, USA

Received 9 February 2000; accepted 23 March 2000

Abstract

A comprehensive and critical assessment of published data on the total, dissociative and nondissociative electron attachment
cross sections for SF6 allowed us to recommend or suggest room temperature values for these cross sections over an energy
range from 0.0001 eV to 15 eV. The total electron attachment cross section is dominated by the formation of SF6

2 below;0.2
eV, by the formation of SF5

2 between;0.3 eV and 1.5 eV, and by the formation of F2 beyond;2.0 eV. This work, along
with electron scattering and theoretical data, allowed us also to identify the energies and symmetry assignments of the negative
ion states of SF6 below ;15 eV. (Int J Mass Spectrom 205 (2001) 27–41) © 2001 Elsevier Science B.V.
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1. Negative ion states of SF6

The SF6 molecule belongs to the point groupOh.
Its ground-state valence electron configuration is (see,
for example, Refs. [1] and [2]):

~core!22~4a1g!
2~3t1u!

6~2eg!
4~5a1g!

2~4t1u!
6~1t2g!

6

~3eg!
4@~1t2u!

6~5t1u!
6#~1t1g!

6A1g

although there are still some questions as to the
energetic sequence of the various orbitals (for in-
stance, the (5t1u) and (1t2u) orbitals are nearly degen-
erate and their ordering unresolved). The four lowest
empty (valence) orbitals of SF6 are [2,3]

(6a1g)
0(6t1u)

0(2t2g)
0(4eg)

0. Calculations for the oc-
tahedral symmetry (Oh) of SF6

2 (e.g., see Refs. [4–7])
have shown that the S–F antibonding character of the
highest occupied totally symmetric nondegenerate
6a1g molecular orbital of SF6

2 results in a substantial
increase of the S–F bond in SF6

2 compared to neutral
SF6. Although a number of authors (e.g., Refs.
[8–10]) have considered electron capture into degen-
erate molecular orbitals of lower symmetry thana1g,
calculations for a lower symmetry configuration (e.g.,
see Gutsev [11,12] and Richman and Banerjee [13])
showed theOh octahedral structure to be the most stable.

Although there has been widespread unanimity
that SF6 attaches thermal and near-thermal energy
electrons with a very large cross section forming SF6

2,
and that the SF6 molecule must thus have a positive
electron affinity, up until recently there has been no
unanimity regarding the size of its electron affinity.
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This, in spite of the fact that by 1983 there were at
least 20 reported values for this quantity [14]. These
vary from ;0.0 eV to ;1.5 eV. Their average
(excluding the lowest and the highest value listed in
Ref. [14]) is 0.76 eV. This average value and other
values reported since 1983 are listed in Table 1. We
take the average of the two most recent and widely
accepted values determined in Refs. [15] and [17] to
be our presently recommended value of 1.06 eV for
the electron affinity of the SF6 molecule.

In addition to the electron attachment resonance at
;0.0 eV, electron attachment and electron scattering
experiments and calculations, have shown the exis-
tence of several negative ion states at energies below
;15 eV. The energies of these states, as determined
by the positions of the maxima in the measured
electron attachment cross sections, measured electron
scattering cross sections, and calculated cross sec-
tions, are listed in Table 2. Also listed in Table 2 are
possible symmetry assignments. The experimental
and the calculated values are plotted in Fig. 1. The
electron attachment data for each resonance exhibit a
considerable spread partly because these data involve
a number of different fragment negative ions. The
energy range for each resonance as determined by the
electron attachment studies, extends to lower energies
than the respective energy range determined by the
electron-scattering studies. This difference is espe-
cially large for the 7.0 eV resonance and can be
attributed to the competition between dissociation and

autodetachment of SF6
2* in the former case. It is

interesting to note that although electron attachment
studies and theory indicate a resonance at;9 eV,
none of the electron scattering investigations show
any evidence of it.

The last column in Fig. 1 gives the recommended
energy positions of the SF6 resonances as determined
by considering only the electron scattering data, along
with their symmetry assignments. The energy posi-
tions of the lowest negative ion states of the SF6

molecule and their symmetries are:;0.0 eV (a1g), 2.5
eV (a1g), 7.0 eV (t1u), and 11.9 eV (t2g). It should be
noted that the adiabatic position of the;0.0 eV
negative ion state is at21.06 eV [52uEA(SF6)u].
Other negative ion states are indicated at;17 eV and
higher energies (see Table 2). The resonances at;27
eV and;50 eV (Table 2) can be assigned as core-
excited valence negative ion states involving thes*
molecular orbitals.

2. Electron attachment cross sections for SF6

2.1. Cross sections for the formation of SF6
2, SF5

2,
SF4

2, SF3
2, SF2

2, F2
2, and F2

Electron attachment to SF6 leads to the formation
of both parent (SF6

2) and fragment (SF5
2, SF4

2, SF3
2,

SF2
2, F2

2, and F2) negative ions. The room tempera-
ture experimental data on the cross sections for the

Table 1
Values of the electron affinity of the SF6 molecule reported since 1983

Electron affinity value (eV) Reference Comments

0.0–1.49 [0.76]a 14 Range of 20 values listed in Ref. 14, which
were reported prior to 1983

1.056 0.1 15 Energetics of electron transfer reactions
1.156 0.15 16 Thermal electron attachment studies
1.076 0.07b 17 Thermal electron attachment studies
1.19 6 Calculation
1.3–1.4 7 Calculation
1.06 18 Calculation
3.44 12 Calculation
3.46 11 Calculation
Recommended value: 1.06 eV

a Average of the values listed in Ref. 14 excluding the lowest and the highest values listed.
b This value is a refinement of their earlier result [16].
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Table 2
Negative ion states of SF6

Energy position (eV) Type of study Symmetry/orbital Reference

;0.0 Many electron attachment studies
0.38 SF5

2 from SF6 19–21
0.56 0.1 SF5

2 from SF6 22
;0.1 Excitation function ofn1 A1g 23
;0.1 Vibrational excitation by electron impact 24
;0.0 Multiple scattering calculation a1g 25

2.0 F2
2 from SF6 20

2.2 F2
2 from SF6 26

2.4 F2
2 from SF6 27a

2.6 F2 from SF6 20
2.8 F2 from SF6 27
2.8 F2 from SF6 26
;2.9 F2 from SF6 28
2.3 Total electron scattering cross section a1g 29
2.5 Total electron scattering cross section A1g 30
2.5 Total electron scattering cross section a1g 31
2.526 0.15 Trochoidal derivative spectrum a1g 32
2.566 0.15 Total electron scattering cross section a1g 32
2.7 Angular dependence of vibrationally elastic electron scattering a1g 33
2.1 Multiple scattering calculation a1g 25
3.30 Multichannel calculation with close-coupling A1g 34

4.4 F2
2 from SF6 20

4.8 F2
2 from SF6 27

4.8 F2
2 from SF6 26

5.0 SF4
2 from SF6 26

5.1 F2 from SF6 20
5.2 F2 from SF6 27
5.3 F2 from SF6 26
5.4 SF4

2 from SF6 20
5.4 SF4

2 from SF6 27
;5.4b F2, F2

2, and SF4
2 from SF6 28

5.76 0.1 F2 from SF6 22
6.06 0.1 SF4

2 from SF6 22
6.7 Total electron scattering cross section t1g 29
7.0 Total electron scattering cross section t1u 31
7 Angular dependence of vibrationally elastic electron scattering t1u 33
7 Total electron scattering cross section t1u 30
7.016 0.16 Trochoidal derivative spectrum t1u 32
7.056 0.10 Total electron scattering cross section t1u 32
7.2 Elastic electron scattering cross section t1u 35
7.2 Multiple scattering calculation t1u 25

8.8 F2 from SF6 20
8.9 F2 from SF6 27
9.36 0.1 F2 from SF6 22
9.4 F2 from SF6 26
9.4 SF3

2 from SF6 20
8.7; 9.1 Multiple scattering calculations T1u 36
9.85 Multichannel calculation with close-coupling T1u 34

(continued on next page)
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formation of each of these negative ions are presented
and discussed in this section. The measured cross
sections for the various negative ions formed by
electron impact on SF6 show that the parent negative
ion SF6

2 is formed only at low electron energies
(below;0.3 eV), and that the fragment negative ions
are formed via a number of negative ion resonances
located between 0 eV and;15 eV.

2.1.1. SF6
2

The stable parent negative ion SF6
2 produced at

zero and near-zero electron energy is initially formed

as a metastable SF6
2* ion which subsequent to its

formation is stabilized by collision or radiation. Its
autodetachment lifetime,ta, under collision-free con-
ditions has been found to be.1 ms (between 10ms
and 68ms) using time-of-flight (TOF) mass spectro-
metric measurements [39–44]. Similar measurements
using ion cyclotron resonance (ICR) techniques found
the lifetime of SF6

2* to be much longer, in the ms
range [45–47]. This is not surprising, since a number
of studies (e.g., see Refs. [43,44,48]) have shown that
the autodetachment lifetime of a number of poly-
atomic long-lived transient negative ions depends on

Table 2 (continued)

Energy position (eV) Type of study Symmetry/orbital Reference

11.2 F2
2 from SF6 20

11.2 SF3
2 from SF6 27

11.3 SF3
2 from SF6 26

11.3 F2 from SF6 20
11.5 F2 from SF6 27
11.6 F2 from SF6 26
11.6 F2

2 from SF6 26
11.7 F2

2 from SF6 20
11.86 0.1 F2 from SF6 22
12.0 SF2

2 from SF6 20
12.3 SF2

2 from SF6 26
13.0 SF2

2 from SF6 27
11.876 0.10 Total electron scattering cross section t2g 32
11.886 0.07 Trochoidal derivative spectrum t2g 32
11.9 Total electron scattering cross section t2g 31
11.9 Total electron scattering cross section t2g 29
12 Total electron scattering cross section t2g 30
12 Elastic electron scattering cross section t2g 35
12 Elastic and vibrationally inelastic electron-impact excitation 37
11 Multiple scattering calculation T1u 38
11.0; 11.8; 13.7 Multiple scattering calculation T2g 36
12.7 Multiple scattering calculation t2g 25
13.10 Multichannel calculation with close coupling T2g 34

16.8 Total electron scattering cross section 31
17 Multiple scattering calculation of total cross section for elastic electron scatteringT2g 38

23–24 Angular distribution of photoelectrons 1
24 Multiple scattering calculation Eg 38
27.0 Multiple scattering calculation eg 25
27.0 Multichannel calculation with close coupling eg 34
27.1; 28.3; 28.6 Multiple scattering calculation Eg 36
28.84 Multichannel calculation within close coupling Eg 34
25–55c Total electron scattering cross section eg 32

a The values of Lehman [27] given in this table have been deduced from his figures and were reduced by 0.6 eV as discussed in the text.
b Main resonance.
c Possibly one or more resonances in this energy range.
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the experimental conditions (kinetic energy of the
captured electron, internal energy of the electron
capturing molecule, and hence the gas temperature),
and the electron energies are normally much lower in
ICR experiments than in TOF experiments. Whereas
no effect of the attaching electron’s energy on theta

of SF6
2* has been reported, such energy dependence

has been found for other transient anions [43,49–53].
Furthermore, Delmore and Appelhans [54] observed
an increase of;33% in theta of the metastable SF6

2*

ion when the temperature of their ion source was
decreased from;475K to;375K, which they attrib-
uted to the contribution of various excited states to the
autodetachment process. It has also been shown [46]
that theta of SF6

2* in the ICR spectrometer varies
with the observation time of the experiment, thus
accounting [46,55] for radiative and collisional cool-
ing of SF6

2*.

Besides the formation of SF6
2 by direct attachment

of low-energy electrons, SF6
2 can also be formed

indirectly by relatively higher energy electrons when
these electrons lose “all” of their energy to inelastic
electron scattering and are then picked up efficiently
as “zero-energy” electrons by the SF6 molecules.
Indeed, this is the basis of the so-called “SF6

2 thresh-
old-electron excitation technique” used to locate neg-
ative-ion states and excited electronic states, espe-
cially optically forbidden states, of neutral molecules
(e.g., Refs. [56–59]).

Many early studies (e.g., Refs. [27,40,56,57,60–
65]) showed that SF6

2 is formed at;0.0 eV with a
very large cross section. These studies also indicated
that the shape of the measured cross section for the
formation of SF6

2 is instrumental, that is, the SF6
2

resonance is narrower than the energy spread of the
electron pulse used to measure it. This narrowness of
the SF6

2 resonance is largely responsible for the large
uncertainty and the large spread in the early published
values of the electron attachment cross section,
sa,SF2

6
(e), for formation of SF6

2 at thermal and near-
thermal energies. There have been a number of
subsequent (room temperature) studies using both
conventional electron beam [20,66,67] and electron
swarm [19,68–72] techniques. Additionally, newer
very high resolution and very low energy electron
beam techniques have been used to provide accurate
values of the absolute cross section for the attachment
of free electrons to SF6 to form SF6

2 in the;1 eV to
the micro-eV range [73–82]. Besides these methods,
information onsa,SF2

6
has been provided in the ther-

mal and subthermal electron energy range by another
new technique using “bound-electron” capture in
collisions of SF6 with high-Rydberg atoms [78,83–
99]. The results obtained by these methods are com-
plementary to those obtained by direct “free” elec-
tron-impact methods. The cross-section data
determined by these methods are plotted in Fig. 2 and
are briefly discussed below.

Data obtained by conventional electron-swarm and
electron-beam techniques.The swarm data plotted in
Fig. 2 [19,69–72] have been unfolded from the total
electron attachment rate-constant measurements made

Fig. 1. Negative ion states of the SF6 molecule as determined by
electron attachment measurements, electron scattering measure-
ments, and calculations (- - - [25]; – – [34]; . . . [36]). Shaded areas
represent the range of measured resonant energies. The last column
gives the recommended average positions and assignments (see
text). Note that the adiabatic position of the;0.0 eV negative ion
state is at21.06 eV [52uEA(SF6)u].
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in mixtures of SF6 with N2 buffer gas. They are
therefore total cross sections. However, since below
;0.1 eV SF6

2 is by far the predominant negative ion,
in the energy region below;0.1 eV these cross
sections give the value ofsa,SF2

6
. It is difficult to

assess the uncertainty of these cross-section data.
Although the rate constant measurements are ex-
pected to have an uncertainty around610%, the cross
section values have a larger uncertainty. Similarly, the
electron-beam data have a large uncertainty at low
energies. Kline et al. [20] used the retarding-potential-
difference method in their experiments and their
energy resolution was typically between 80 meV to
100 meV. Their cross section below;0.1 eV is
therefore instrumental. The measurements of Olthoff
et al. [66] and Wan et al. [67] are for the total electron

attachment cross section and were made using a
trochoidal monochromator (T 5 328K). They have a
quoted uncertainty of615% above 1 eV and a larger
uncertainty below this energy, which perhaps in-
creases to650% at 0.2 eV.

Data obtained from very-high resolution, very-low
energy electron-beam techniques.Two such tech-
niques have been developed, one by Chutjian and
collaborators [73–77] and the other by Hotop and
collaborators [78–82]. The two techniques are similar
in principle. The technique of the former group uses
VUV photoionization of rare-gas atoms mixed with
SF6 to generate in situ photoelectrons of well defined
and variable energy. It is referred to as the threshold-
photoelectron-spectroscopy-by-electron-attachment

Fig. 2. Measured total electron attachment cross section,sa,t(e), for SF6 as a function of the electron energy, for free electrons and for electrons
bound in high-Rydberg states of atoms (see text). Below;0.1 eV this cross section is about equal to that,sa,SF26

(e), for the production of SF6
2.

Conventional electron-beam data: - - - [20]; ■ [66]; – – [67] Swarm-unfolded data: � [19]; Œ [69]; ‚ [70]; -...-... [71]; — – — [72]. TPSA
technique: .... [76] (data normalized to the thermal electron attachment rate constant value of Crompton and Haddad [100]; . . . [77] (data
normalized to the swarm-unfolded cross section of McCorkle et al. [71].LPA technique: -.- [79,101].High-Rydberg data: E, Xe*(nf ) [86];
{, Rb*(ns, nd) [87]; 1, Rb*(ns, nd), K*( nd), Xe*(nf ) [89]; h, K*( np) [94]. —, recommended values.
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(TPSA) technique and provides relative cross sections
for electron energies in the range from a few meV to
150 meV with electron-energy resolution between 6
meV and 8 meV (full-width-at-half-maximum,
FWHM) [76]. The energy dependence of the cross
section is obtained using convolution techniques and
the absolute value is determined by normalization to
electron swarm data. The data of Chutjian et al. [76]
were normalized to the thermal electron attachment
rate constant (2.273 1027 cm3 s21) of Crompton
and Haddad [100], while the data of Chutjian and
Alajajian [77] were normalized to the swarm-
unfolded cross-section data of McCorkle et al. [71].

The technique of Hotop and collaborators is re-
ferred to as the laser-photoelectron-attachment (LPA)
method and is based on the controlled production of
variable-energy photoelectrons using lasers to photo-
ionize a well-collimated beam of metastable Ar* (4s
3P2) atoms from a differentially-pumped DC dis-
charge source in a field-fee region. The resulting
negative ions are then detected by application of
pulsed electric fields [79]. This technique has permit-
ted the energy dependence of the cross section to be
measured directly with sub-meV resolution. The val-
ues measured by Hotop and collaborators [79,101] for
sa,SF2

6
in the range 0.0001 eV to;0.230 eV are shown

in Fig. 2. These cross-section values were obtained by
normalization to the thermal (T 5 300K) rate-con-
stant measurement of Crompton et al. [100,102]. It
should be emphasized that the cross section of Hotop
et al. in Fig. 2 is only for the formation of SF6

2,
whereas the rest of the data above 0.1 eV are total
electron attachment cross sections.

Data obtained from high-Rydberg atom bound-elec-
tron capture methods.A number of investigators,
foremost the group at Rice University, have used
beams of atoms excited in high-Rydberg states, A**
(nl ), and measured the rate constant for the reaction

A** ~nl ! 1 SF63 A1 1 SF6
2 (1)

down to;4 meV [99]. In almost all such investiga-
tions, A** (nl ) is a rare-gas or an alkali-metal atom in
a Rydberg state with principal quantum numbern and

angular momentum quantum numberl . In these stud-
ies the rate constantka,befor the formation of SF6

2 is
measured as a function of the principal quantum
numbern, or as a function of the effective principal
quantum numbern*( 5 n 2 d l, where dl is the
l -dependent quantum defect). From these rate-con-
stant data, the cross section for bound-electron cap-
ture, sa,be(n), is determined via the relation

sa,be~n! 5 ka,be~n* !/nrms (2)

where nrms is the root-mean-square velocity of the
Rydberg electron. While a number of authors [e.g.,
see 97,99] have shown Eq. (2) to be inappropriate for

Fig. 3. (a) Selected measurements on the electron attachment cross
section,sa,SF26

(e), for the formation of SF6
2 from SF6 as a function

of the electron energy (see text). - - - [20], - – [72]; -.- [79,101];E
[86]; { [87]; 1 [89]; h [94]; —, recommended values. (b)
Selected measurements on the dissociative electron attachment
cross section,sda,SF25

(e), for the formation of SF5
2 from SF6 as a

function of the electron energy. . . . . [19]; - - - [20]; — - — [72];
F [26]; — suggested data.
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Rydberg states withl small compared ton, and
whereas postattachment electrostatic attraction be-
tween the products (A1, SF6

2) may have significant
effects on the size of the measured cross section (e.g.,
see 99), a number of studies [e.g., 87,94,98,99] have
shown that the cross sections for bound-electron
capture are consistent with the free electron model for
sufficiently large values (.30) of the principal quan-
tum number n. In such cases, then, the excited
electron and the core can be considered independent
particles, the electron in the Rydberg atom essentially
being equivalent to a free electron having the same
kinetic energy as the binding energy of the Rydberg
electron. These studies, as well as those of Chutjian
and collaborators and Hotop and collaborators, have
also shown that at very low energies (,;1 meV
[79,82]) the attachment cross section for the forma-
tion of SF6

2 varies inversely with the electron velocity
in accordance with the Wigner threshold law for
s-wave electron attachment [103].

Reaction (1) has been studied using a number of
Rydberg atoms: He* (n 5 14, 1P) [96]; Ne* (ns,
nd) [78]; Xe* (nf ) [83,84,86,89]; K* (nd)
[88,89,91]; K* (np) [94]; Na* (np) [90]; Rb* (ns,
nd) [87,89]; and Cs* (ns, np, nd) [92]. The results of
these high-Rydberg-atom studies onsa,be(n) are plot-
ted in Fig. 2.

The wide spread in the data in Fig. 2 and the many
factors that can affect them which are often not clearly
discerned, makes the deduction of a recommended
cross sectionsa,t(e) for SF6 from the data in Fig. 2
difficult. However, since at energies below;1.5 eV
SF6

2 and SF5
2 are the only negative ions produced by

electron attachment to SF6, we determined the recom-
mended cross sectionsa,t(e) for SF6 up to ;1 eV,
shown by the solid line in Fig. 2, by summing our
recommended cross section for SF6

2 and our sug-
gested cross section for SF5

2. These have been deter-
mined separately as shown below.

The determination of the recommended cross sec-
tion, sa,SF2

6
(e), for the formation of SF6

2 was made by
considering the data in Fig. 3a. The line (-. -. -)
represents the measurements of Hotop and collabora-
tors [79,101] obtained using the LPA technique, and
the lines (— – —) and (– - –) are the cross sections for

the production of only SF6
2 as obtained respectively

from electron-swarm-based measurements by Hunter
et al. [72] and from electron-beam-based measure-
ments by Kline et al. [20]. The points shown in the
figure are the bound-electron attachment cross sec-
tions (of Refs. [86,87,89,94]) for energies below
;0.005 eV for which the data are generally free of the
complications discussed earlier. At these low ener-
gies, the cross section values of Hotop and collabo-
rators are in excellent agreement with the bound-
electron attachment measurements. On the high-
energy side, the cross section of Hotop et al. drops off
abruptly at the onsets ofv1, v3, and 2v1 vibrational
excitations (see discussion in Refs. [79] and [101]). It
is in overall agreement with the data of Hunter et al.
and Kline et al. considering the precipitous decline in
the magnitude of the cross section with increasing
energy in this energy range. The measurements of
Hotop et al. in the energy range 0.0001 eV to 0.230
eV, the bound-electron attachment data below 0.005
eV, and the data of Hunter et al. and Kline et al. above
0.2 eV were combined to yield the solid line in Fig.
3(a), which represents our recommended values for
sa,SF2

6
(e) in the energy range from 0.0001 eV to 0.40

eV.
The other free-electron data in Fig. 2 were not

considered for various reasons:

(1) The data of Chutjian and collaborators are indi-
rect measurements both in absolute magnitude
and energy dependence. Also, according to
Chutjian [104] part of the disagreement between
the data they obtained using the TPSA technique
and the data obtained using the LPA and the
bound-electron attachment methods are due to the
effects of stray fields on the TPSA measurements.

(2) The electron beam data of Olthoff et al. [66] and
Wan et al. [67] do not show the enhancement at
;0.4 eV due to SF5

2 born out by all other electron
beam and electron swarm studies and they have a
large stated uncertainty.

(3) From the various swarm-based cross sections we
considered only the most recent data of Hunter et al.
[72] since these measurements were more accurate
and more extensive than the previous ones, and
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since more recent cross sections were employed in
the determination of the electron energy distribution
functions used to obtain the swarm-based cross
sections from the measured rate constants.

2.1.2. SF5
2

A number of electron-beam studies
[19–22,26,28,105], have shown that at energies below
;1.5 eV, SF5

2 is produced via the dissociative elec-
tron attachment reaction

e 1 SF63 SF5
2 1 F (3)

with maxima at;0.0 eV and 0.38 eV. It has been
shown by Chen and Chantry [21] that the first peak at
;0.0 eV is very sensitive to gas temperature and that
the second peak at 0.38 eV is rather independent of
gas temperature. Interestingly, Matejcik et al. [105]
have recently found that the first peak at 0.0 eV
disappears at temperatures below ambient.

In Fig. 3(b) the published values are compared of
the cross section,sda,SF25

(e), for the formation of SF5
2

by low-energy electron impact on SF6 as a function of
electron energy: electron-swarm-normalized data
[19,72] and electron-beam data [20,26]. In none of
these studies were uncertainties quoted. As can be
seen from Fig. 3(b) there are large differences in the
cross section data for the production of SF5

2 from SF6,
especially below;0.1 eV. The latter may partly be
due to the varied effects of temperature on the
formation of SF5

2 at the low energies [e.g., see 81,
106,107] which are still unresolved. For this reason,
we suggest data for the cross section,sda,SF25

(e), for
the formation of SF5

2 by electron attachment to SF6,
down to only 0.1 eV. These suggested data are shown
in Fig. 3(b) by the solid line which was obtained by a
least squares fit to the data from Refs. [20] and [72].
The data of Rao and Srivastava [26] were excluded
since they exhibit a large energy uncertainty due to

Fig. 4. Cross sections for the formation of SF4
2, SF3

2 and SF2
2 by dissociative electron attachment to SF6 as a function of the electron energy

F, E [27]; - - - [20]; Œ, ‚ [26]; —, suggested values.
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the difficulty of obtaining accurate values from the
sharp SF5

2 peak shown in the graph of their paper. It
should be noted, that at room temperature the contri-
bution of SF5

2 to the total electron attachment cross
section below;0.1 eV is small.

2.1.3. SF4
2, SF3

2 and SF2
2

These ions are generated mostly through negative-
ion states located at progressively higher energies
(Table 2). The SF4

2 fragment is generated from a
broad resonance between 4 eV and;8 eV. Harland
and Thynne [22] attributed the production of this ion
to the reaction

SF6 1 e3 SF4
2 1 2 F (4)

and reported the cross section maximum for this ion to
be at (6.06 0.1) eV. In contrast, Fenzlaff et al. [28],
although not excluding reaction (4) for the formation
of SF4

2, attributed its formation at least on the high
energy side of the resonance, to the reaction

e 1 SF63 SF6
2* (5.4 eV)3 SF4

2 1 F2 (5)

with a threshold at (2.86 0.1) eV and a peak at 5.4
eV.

Cross sections for all three fragment negative ions
have been measured at room temperature by Lehmann
[27], Kline et al. [20] and Rao and Srivastava [26] and
are shown in Fig. 4. Kline et al. established the
magnitudes of the cross sections by measuring the
various positive-ion cross sections and calibrating
their sum with the total ionization cross section
measurements of Rapp and Englander-Golden [108].
In Fig. 4 the data of Lehmann were shifted to lower
energies by 0.6 eV, as suggested by Kline et al. In the
experiments of Kline et al. the effective electron
energy resolution was between 0.08 eV to 0.1 eV with
an estimated uncertainty of the electron energy scale
of 60.1 eV. Rao and Srivastava [26] measured peak
cross section values for SF4

2, SF3
2, and SF2

2, respec-
tively equal to 4.03 10219 cm2, 8.8 3 10220 cm2

Fig. 5. Cross section for the formation of F2
2 by dissociative electron attachment to SF6 as a function of the electron energy.F [27]; - - - [20];

Œ [26]; —, suggested data.

36 Christophorou and Olthoff/International Journal of Mass Spectrometry 205 (2001) 27–41



and 1.33 10220 cm2. The data of Rao and Srivastava
in Fig. 4 were taken off their plots and were put on
absolute scale using these peak cross section values.
With the applied shift in the Lehmann data, the
agreement in the magnitude and energy dependence
of the cross section for these three ions as measured
by Lehmann and by Rao and Srivastava is reasonable.
The solid lines shown in the figure for each negative
ion fragment represent our respective suggested cross
section values. They were obtained by a least squares
fit to all three sets of measurements, except for the
case of the SF3

2 ion, where only the data of Refs. 26
and 27 were considered.

2.1.4. F2
2

The F2
2 ion is produced in the energy range from

approximately 1 eV to 14 eV. Its cross section shows
maxima located at;2.2 eV,;4.7 eV and;11.5 eV.
Figure 5 compares the room temperature cross section

measurements of Lehmann [27], Kline et al. [20] and
Rao and Srivastava [26]. The data of Lehmann were
again shifted to lower energy by 0.6 eV. Rao and
Srivastava [26] gave a value of 2.63 10220 cm2 for
the cross section of this ion at the maximum of the
third peak at 11.5 eV in Fig. 5. Surprisingly, the data
of Rao and Srivastava for this fragment negative ion
are much lower (at the peaks located at 4.7 eV and
11.5 eV by almost a factor of 10) than the other two
sets of measurements. The solid line in Fig. 5 is our
suggested cross section,sda,F2

2
(e), for this ion and was

obtained by considering all three sets of measure-
ments.

2.1.5. F2

The F2 ion is the predominant fragment negative
ion produced by dissociative electron attachment to
SF6 at ambient temperature at electron energies above
;2.5 eV. Its cross section exhibits maxima at;2.8

Fig. 6. Cross section for the formation of F2 by dissociative electron attachment to SF6 as a function of the electron energy.F [27]; - - - [20];
Œ [26]; — suggested data.
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eV, ;5.2 eV,;9.1 eV and;11.5 eV (Table 2, Fig.
6). Above ;15 eV the data of Rao and Srivastava
show formation of F2 possibly via ion-pair processes.
The various cross section measurements are shown
in Fig. 6. The original data of Rao and Srivastava
[26] for this ion were mistakenly reported at values
that were low by a factor of ten [109]. The data
plotted in Fig. 6 are the original values adjusted
upward by a factor of ten. The solid line shown in
the figure is the least squares fit to the three sets of
data and represents our suggested values for the
sda,F2(e).

2.2. Total electron attachment cross section,sa,t(e),
and total dissociative electron attachment cross
section,sda,t(e)

In Fig. 7 are plotted the recommended or suggested
cross sections for the various negative ions as deter-
mined in the preceding sections, namely, for SF6

2

[Fig. 3(a)], SF5
2 [Fig. 3(b)], SF4

2, SF3
2, and SF2

2 (Fig.
4), F2

2 (Fig. 5), and F2 (Fig. 6). The total electron
attachment cross section,sa,t(e), as represented by the
sum of all these recommended or suggested cross
sections is shown in Fig. 7 by the dotted line, which
overlaps the solid line for SF5

2 below;1.5 eV and the
solid line for SF6

2 below;0.2 eV. Data taken off this
line are listed in Column 2 of Table 3 as our
recommended values for thesa,t(e) of the SF6 mole-
cule in the energy range 0.0001 eV to 15 eV. The total
dissociative electron attachment cross section,
sda,t(e), as represented by the sum of the suggested
dissociative electron attachment cross sections for all
fragment negative ions is listed in Column 3 of Table
3. The values listed represent our suggested data for
thesda,t(e) of the SF6 molecule. It is seen from Fig. 7
that beyond;0.3 eV, sda,t(e) 5 sa,t(e), and that
sda,t(e) is dominated by the formation of SF5

2 below
;2.0 eV and by the formation of F2 above this
energy.

Fig. 7. Recommended or suggested cross sections for the formational SF6
2 [Fig. 3(a)], SF5

2 [Fig. 3(b)], SF4
2, SF3

2 and SF2
2 (Fig. 4), F2

2 (Fig.
5), and F2 (Fig. 6). ....., suggestedsa,t(e) (sum of all shown cross sections; see text).
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