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Sulfur hexafluoride (SF6) is commonly used as a gaseous dielectric and as a plasma
etching gas. In this work, the state of knowledge on electron-interaction cross sections
and electron-swarm parameters in SF6 is comprehensively reviewed and critically as-
sessed. Cross sections are presented and discussed for the following scattering processes:
total electron scattering; differential elastic; elastic integral; elastic momentum; total vi-
brational; total and partial ionization; total dissociative and nondissociative electron at-
tachment; and dissociation into neutrals. Coefficients for electron-impact ionization, ef-
fective ionization, electron attachment, electron drift, and electron diffusion are also
reviewed and assessed. In addition, complementary information on the electronic and
molecular structure of the SF6 molecule and on electron detachment and ion transport in
parent SF6 gas is provided that allows a better understanding of the nature of the cross
sections and swarm parameters. The assessed data are used to deduce cross sections and
coefficients for which there exist no direct measurements at the present time. The present
work on electron interactions with the SF6molecule reveals a rather simple picture which
can be summarized as follows: (1) Elastic electron scattering is the most significant
electron scattering process over the electron energy range from ~0.01 to ~ 1000eV. (2)
Below 15 eV the most distinct inelastic energy-loss process is vibrational excitation-
direct dipole excitation involving the V3 mode and indirect vibrational excitation via
negative ion states involving the VImode. (3) Below ~O.l eV electron attachment form-
ing SF6 is the most dominant interaction (along with elastic scattering). Above this
energy, the cross sections for dissociative electron attachment forming fragment anions
[principally SF; (x = 3, 4, and 5) and F-] are appreciable, with the room temperature
total electron attachment cross section dominated by the formation of SFs between ~ 0.3

and 1.5 eV and by the formation of F- beyond ~2.0 eV. (4) Above ~ 16eV dissociative
ionization becomes significant, generating principally SF: (x = 1, 3, 4, and 5) and F+
positive-ion fragments which, together with elastic electron scattering, makes up most of
the total electron scattering cross section. (5) Electron-impact dissociation into neutral
fragments SFx (x= 1, 2, and 3) and F occurs above ~ 15eV, with cross section values
potentially exceeding those for ionization for electron energies near 20 eV. (6) The total
electron scattering cross section exhibits distinct structure due to negative-ion resonances
near 0.0, 2.5, 7.0, and 11.9 eV. The most significant data needs are for direct measure-
ments of vibrational excitation cross sections, for cross sections for electron-impact dis-
sociation into neutral fragments, and for the momentum transfer cross section at low
energies. <9 2000 American Institute of Physics. [S0047-2689(00)00204-X]
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1. Introduction

Sulfur hexafluoride (SF6) is a man-made molecule used in
many applied areas:1,2as an insulating medium in high-
voltage transmission and distribution equipment; a high-
dielectric strength gas in ultraviolet (UV) laser-triggered
spark-gap closing switches; a fluorine donor in, for instance,
rare gas-halide excimer lasers; a gas for plasma etching of
silicon and GaAs-based semiconductors; a blanket gas for
magnesium casting; a reactive gas in aluminum recycling to
reduce porosity; a gas for thermal and sound insulation; and
a gas for use in many other wide ranging areas including
retinal detachment surgery, airplane tires, AWACS radar
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domes, and x-ray machines. Its general properties, especially
as they relate to its use by the electric power industry, have
been summarized and discussed by Christophorou et al.2
Sulfur hexafluoride is also of environmental concern in that
it has been shown to be a potent greenhouse gas.3 It is an
efficient absorber of infrared radiation, and because it is very
stable, is largely immune to chemical and photolytic degra-
dation. The latter accounts for its long residence lifetime in
the environment. The strong infrared absorption and the long
(800-3200 yr) residence lifetime3-7 in the environment ac-
count for its high global warming potential, which for a 100
yr period is estimated to be ~ 24 000 times greater than that
of CO2.3

Because of its unique structure and applied interest, the
SF6 molecule has been the subject of many experimental,
theoretical, and computational studies. There have been a
number of reviews of its interactions with slow electrons
(e.g., Refs. 2, 8-14) and photons (e.g., Refs. 15-18).

In the present work we synthesize and critically evaluate
existing knowledge on the interactions of low-energy
(mostly below about 100 eV) electrons with the SF6 mol-
ecule and recommend, suggest, or simply provide values for
the various electron scattering cross sections, coefficients,
and rate constants that are used to quantify these processes.
These processes are identified in Table 1 along with the cor-
responding symbols and units.

The data assessment procedure followed in this work is
the same as in the previous papers in this series.19-25As
discussed in these earlier publications, "recommended" or
"suggested" values of cross sections and coefficients are
determined, where possible, for each type of cross section
and coefficient for which data exist. These values are derived
from fits to the most reliable data, as determined by the fol-
lowing criteria: (i) the data are published in peer reviewed
literature; (ii) the data exhibit no evidence of unaddressed
errors; (iii) the data are absolute measurements; (iv) multiple
data sets exist and are consistent with one another within the
combined stated uncertainties over common energy ranges;
and (v) in regions where both experimentally and theoreti-
cally derived data exist, the experimental data are preferred.
Data that meet these criteria are selected for each cross sec-

tion or coefficient and a fit to these data is designated as our
recommended data. The recommended data represent the
best current estimates for the cross sections and coefficients

for each of the processes. A cross section or coefficient may
be designated as suggested if the available data are deemed
to be reasonable but do not meet all of the criteria listed

above. For example, results from a single measurement may
be designated as suggested if a second, independent, con-
firming measurement is unavailable. In cases where no rea-
sonable data exist, or where two or more measurements are
in an unresolved contradiction, the raw data are presented for
information and no recommendation is made. At the present
time, we make no use of data presented on the Internet unless
these have been also published in the archival literature or in
a formal report of a scientific institution or conference.

No attempt is made in this article to evaluate the predic-
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TABLE 1. Definition of symbols
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Symbol Common scale and unitsDefinition

(Tpa,t (A)

(Tpi.t(A)

(Tpi.partial(h v)

(Tpdis,t(A)

(Tse,t(8)

(Te.diff ( 8 )

(Te.int (8 )

(Te,t (8)

(Trn(8)

(Tvib,diff( 8 )

(Tvib,t (8 )

(Tel,diff( 8 )

(Ti,t (8)

(Ti,partial(8)

(Tdis,t (8 )

(Tdis,neut,t(8)

(Tern(8)

(Ta,t (8 )

(Tda,t (8 )

(Tpd(hv)

(Tie (£ern)

(Ted (£ern)

(Tet (£ern)

a/N (E/N)

Tl/N (E/N)

(a- Tl)/N (E/N)

ka,be (n *)

kdis (E/N)

ka,t (E/ N)

(ka,Jth

w (E/N)

DT/ JL (E/N)

DL/JL (E/N)

JLo (E/N)

JL; (E/N)
NDL (E/N)

ND~ (E/N)

kr (E/N)
8/N (E/N)

Total photoabsorption cross section
Total photoionization cross section
Partial photoionization cross section
Total photodissociation cross section
Total electron scattering cross section
Elastic differential electron scattering cross section
Elastic integral electron scattering cross section

Total elastic electron scattering cross section
Momentum transfer cross section (elastic)

Vibrational differential scattering cross section
Total vibrational excitation cross section
Differential electronic excitation cross section

Total ionization cross section
Partial ionization cross section
Total dissociation cross section

Total cross section for electron impact
dissociation into neutrals
Emission cross section
Total electron attachment cross section
Total dissociative electron attachment cross section
Photodetachment cross section
Cross section for ion conversion
Cross section for collisional detachment

Cross section for charge transfer
Density-reduced ionization coefficient
Density-reduced electron attachment coefficient
Density-reduced effective ionization coefficient
Rate constant for bound-electron attachment

Electron-impact dissociation rate constant
Total electron attachment rate constant

Thermal total electron attachment rate constant

Electron drift velocity
Transverse electron diffusion coefficient to electron

mobility ratio
Longitudinal electron diffusion coefficient to electron
mobility ratio

Reduced mobility of negative ions
Reduced mobility of positive ions

Product of gas number density and negative ion
diffusion coefficient

Product of gas number density and positive ion
diffusion coefficient
Ion-ion recombination rate coefficient

Density-reduced electron detachment coefficient

10-18 cm2; 10-22 m2
10-18 cm2; 10-22 m2
10-18 cm2; 10-22 m2
10-18 cm2; 10-22 m2

10-16 cm2; 10- 20m2
10-20 m2 sr-I

10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2
10-20 m2 sr-I

10-16 cm2; 10-20 m2
10-22 m2 sr-I

10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2

10-19 cm2; 10-23 m2
10-14 cm2; 10-18 m2
10-17 cm2; 10-21 m2
10-19 cm2; 10-23 m2

10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2
10-16 cm2; 10-20 m2

10-18 cm2, 10-22 m2
10-18 cm2. 10-22 m2
10-18 cm2. 10-22 m2
10-7 cm3 S-I
10-9 cm3 S-I

10-7 cm3 S-I
10-7 cm3 S-I
106 cm S-I
V

V

cm2 V-I S-I

cm2V-1 S-1

1018 cm-1 S-1

1018 cm-I S-I

10-6 cm3 S-I

10-19 cm2

tions of the many Boltzmann-code and Monte Carlo-type
analyses of electron transport in SF6 (e.g., Refs. 11, 26-44)
that are available in the literature. This will be the subject of
a future paper.45

(core )22( 4a Ig)2(3 t lu)6( 2e g)4( 5a Ig)2( 4t lu)6( 1 t2g)6( 3 e g)4

X [ ( I t 2u) 6 ( 5 t I u) 6] ( 1 t Ig) 6A I g ,

where the first three orbitals constitute the inner-shell va-
lence region. The four lowest empty (valence) orbitals49.52
are: (6a Ig)o(6t lu)O(2t2g)O(4e g)o. However, there are still
some questions as to the energetic sequence of the various
orbitals. For instance, the (5tlu) and (lt2u) orbitals are
nearly degenerate and their ordering is unresolved. Actually,
their sequence has been interchanged by some authors (e.g.,
see Refs. 13 and 52, and also discussions in Refs. 16, 17, 46,
47 and 53-55). As noted by Gianturco and Jain,56the SF6
molecule, being an assembly of atoms containing 70 bound
electrons, is difficult to handle by ab initio computational
methods. The rather large nuclear charges of the fluorine

2. Electronic and MolecularStructure

The electronic structure of this highly symmetric molecule
has long been a subject of much interest because of its un-
usual properties (e.g., unusual spectroscopy) and because of
its many industrial uses. In the SF6molecule the sulfur atom
is at the center of a regular octahedron, the corners of which
are occupied by the six fluorine atoms. It has ten valence
orbitals containing 48 electrons and belongs to the point
group 0h' 15Its ground-state valence electron configuration
is:46-51
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atoms away from the center-of-mass, makes the single-center
approach unlikely to work. Thus, computational models are
by necessity approximate models.

Nonetheless, the present assessment of electron interac-
tions with the SF6 molecule has unveiled a rather simple
picture which can be summarized as follows:

(i) Elastic electron scattering is the most significant elec-
tron scattering process over the electron energy range
from ~0.01 to ~ 1000 eV.

(ii) From ~0.1 to 15 eV the most distinct inelastic
energy-loss process is vibrational excitation-direct
dipole excitation involving the V3 mode and indirect
vibrational excitation via negative ion states involving
the v1 mode.

(iii) Below ~0.1 eV electron attachment forming SF; is
the dominant inelastic interaction. Above this energy
the cross sections for dissociative electron attachment
forming fragment anions [principally SF; (x = 3, 4,
and 5) and F-] are appreciable, with the room tem-
perature total electron attachment cross section domi-
nated by the formation of SF.s between ~0.3 and 1.5
eV and by the formation of F- beyond ~2.0 eV.

(iv) Above ~ 16eV dissociative ionization becomes sig-
nificant, generating principally SF; (x= 1, 3, 4, and
5) and F+ positive-ion fragments which, together with
elastic electron scattering, makes up most of the total
electron scattering cross section.

(v) Electron-impact dissociation into neutral fragments
SFx (x= 1,2, and 3) and F occurs above ~15 eV, with
cross section values potentially exceeding those for
ionization at electron energies near 20 eV.

(vi) The total electron scattering cross section exhibits dis-
tinct structure due to negative ion resonances at about
0.0, 2.5, 7.0, and 11.9 eV.

2.1. Total Photoabsorption Cross Section, upaiA)

The photoabsorption (and photoelectron) spectrum of SF6
has been investigated extensively over broad energy ranges.
It is unusual in that the most prominent features are due to
intervalence transitions. Rydberg series, which often domi-
nate molecular absorption cross sections at energies a few
electron volts above the ionization threshold, are strongly
suppressed in SF6. This anomalous intensity distribution has
been interpreted by Nefedov57and Dehme~8 in terms of a
potential barrier experienced by the outgoing electron.

Total photoabsorption cross sections, (J'pa,t(A), have been
discussed by a number of authors (see e.g., Hitchcock and
Van der Wiel,59 Berkowitz,16and Holland et aI.48). Also,
Gallagher et al.18reviewed the data on the photoabsorption,
photoionization, and ionic photofragmentation cross sections
for this molecule. The reader is referred to these studies and
the sources cited therein for detailed data and discussion.

In Fig. l(a) are shown the total photoabsorption cross-
section data for SF6of Codling,60Blechschmidt et al.,61Lee
et al.,53Sasanuma et al.,62and Holland et al.48 Collectively
these measurements cover the photon energy range between
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FIG. 1. (a) Total photoabsorption cross section, O'pa.t(A),of SF6 as a function
of photon energy: (8) Ref. 60; (- - -) Ref. 61; (0) Ref. 53; (-) Ref. 62;
(- . -) Ref. 48. (b) Total excitation (photoabsorption) cross section ob-
tained from high-energy electron energy-loss spectra (see text): (-) Ref. 64;

(- -) Ref.59; (-. -) Ref.65.

~ 10 and ~ 50 eV. There are considerable differences in

these measurements. For example, the most recent cross-
section measurements by Holland et al.48lie below those of
Blechschmidt et al.,61 in some regions of the spectrum by
nearly a factor of 2. They are in closer overall agreement
with the measurements of Lee et al.53and Sasanuma et al.62
All the data however show that the most intense feature in
the entire absorption spectrum occurs around 23 eV and is
due to the 5alg-+6tlu and 5t1u-+2t2g intervalence transi-
tions which are enhanced by shape resonances.48For a spec-
tral assignment see Mitsuke et aI.,63 Sze and Brion,52 and
Holland et al.48(see also Table 4 in Sec. 2.3).

For comparison with the photoabsorption measurements in
Fig. l(a), excitation cross sections59,64,65determined from
high-energy electron energy-loss spectra of SF6are shown in
Fig. l(b). These spectra are equivalent to the total photoab-
sorption cross section as a function of the photon energy.
The electron energy-loss spectrum of Simpson et al.64was
obtained at 00 scattering angle with 400 eV incident elec-
trons, and was normalized to the photoabsorption results of
Codling60at 23.0 eV. The electron energy-loss spectrum of
Hitchcock and Van der Wiel59was also obtained at 00 scat-
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TABLE2. Values of the total excitation (photoabsorption) cross section for
SF6 determined from high-energy electron energy-loss spectra of Ying et al.

in Ref. 65. The values listed here are derived by digitally scanning the figure
in Ref. 65

Energy loss
(eV)

8
9

10
11
12
14
16
17
18
20
22
23
24
26
28
30
32
34

Cross section
(10-22 m2)

0.0
0.39
7.74

24.4
18.2
25.2
73.9
95.4
76.6
71.1

122.5
156.8
130.9
83.8
84.6
74.8
74.2
77.0

Energy loss
(eV)

36
38
40
42
44
46
48
50
52
54
56
58
60
62
64
66
68
70

Cross section
(10-22 m2)

80.4
72.4
67.1
61.1
55.7
52.2
47.5
40.3
37.9
34.9
33.3
31.7
30.2
27.6
26.4
24.6
25.5
25.5

tering angle but with 8 keV incident electrons and was nor-
malized to the photoabsorption data of Blechschmidt et at.61
at 27 eV. Ying et at.65used a 0.50 scattering angle and 2.5
keV incident electrons. Their measurements of generalized
oscillator strengths, df/ dE, were put on an absolute cross
section scale via the relation (J"pai 10-18cm2)
= 109.75 df/dE(eV-1). These last data are listed in Table 2
since they are absolute values. They are in good agreement
with the other two sets of data.

Photoabsorption cross section measurements also have
been extended into the extreme UV and soft x-ray regions
using synchrotron radiation by a number of
investigators. 48,50,53,54,60,61,66- 70

2.2. Total Photoionization, O'pl,t(A),Partial
Photoionization, O'pl,partla,(hv),and Total

Photodissociation, O'pdls,.{A),Cross Sections

Because the lowest ionic state of SF6 is antibonding, the
ionization process even at threshold is dissociative and re-
sults in the formation of the fragments SF; and F. No SF:
ion has been observed in the preponderance of the investiga-
tions, and its abundance is estimated to be less than 10-4
compared to that of SF; . Thus, the photoionization of SF6is
viewed as totally dissociative, and can be attributed to any of
the following processes: direct, indirect, double, or Auger.
Measurements of dissociative photoionization and dissocia-
tive and nondissociative double photoionization can be found
in Gallagher et at.18and Hitchcock and Van der Wie1.59Hol-
land et at.48 used their measurements of the absolute total
photoabsorption cross section and the photoionization quan-
tum efficiency as a function of the photon wavelength to
calculate the absolute total photoionization cross section,
(J"pi,t(A), and the absolute total photodissociation cross sec-
tion, (J"pdis,t(A),for SF6 shown in Fig. 2. In deducing the
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FIG. 2. Total photodissociation (- - -), O"pdis.t(A), and total photoionization
(-), O"pi.t(A), cross sections of SF6 as a function of photon wavelength
(data of Holland et al. from Ref. 48).

photodissociation cross section it has been implicitly as-
sumed that an excited SF6 molecule can decay only by dis-
sociation into neutral fragments or by autoionization.

In Fig. 3 are shown the partial photoionization cross sec-
tions, (J"pi,partial(h v), of Hitchcock and Van der Wiel59 de-
duced from dipole oscillator strength measurements over a
range of energies up to an equivalent photon energy of 63
eV. In the same figure are also plotted the cross sections for
dissociative and double photoionization of SF6in the energy
range 75-125 eV obtained by Masuoka and Samson71using
time-of-flight mass spectrometry and synchrotron radiation.
The most abundant positive fragment ions are seen to be SF;
and SF; (see also Creasey et at.72and Peterka et at.73).The
relatively large cross section of the doubly charged positive
ion SF: + was also observedunderelectronimpactand was
taken to indicate74the formation of SF: + by removal of two
F- ions. Gustafsson54also measured partial photoionization
cross sections of SF6 between 20 and 54 eV using synchro-
tron light. In general, these cross sections (not shown in Fig.
3) are rich in structure showing distinct resonance effects
(e.g., see Gustafsson54and Dehme~8).

Studies employing photoelectron spectroscopy allowed
detailed investigations of the photoionization process, in-
cluding the relative probabilities (partial cross sections) of
exciting specific electronic, vibrational, or rotational states of
the molecular ion. Photoelectron-photoion coincidence ex-
periments also allowed determination of the subsequent fate
of the excited molecular ions. In addition, photoion-
photoion coincidence experiments (e.g., see Refs. 75 and 76)
have allowed probing of double ionization processes. These
can be either direct or via an Auger decay. In the first case
two highly correlated valence electrons are ejected. While in
the latter case an inner-shell electron is ejected, an Auger
decay occurs, and the resulting doubly charged positive mo-
lecular ion dissociates immediately into two fragment ions
(plus neutrals). Using such techniques in conjunction with
synchrotron radiation, Frasinski et at.76 detected the two
photoions from the double photoionization of SF6. The
thresholds they determined for the production of the ion pairs

J. Phys. Chem. Ref. Data, Vol. 29, No.3, 2000
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O"pi.partial(hv), of SF6 as a function of photon energy:
(8) data of Hitchcock and Van der Wiel from Ref. 59;
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text)..
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SF; +F+, SF; +F+, SF; +F+, SF++F;, and SF; +F; are
listed in Table 3. According to Eland et al.77the major dis-
sociation process of SF: + after He II ionization is
SF: +~SF; +F++F2. It ispossible,however,that SF:+ dis-
sociation may proceed via doubly charged intermediates
suchasSF:+.77In Table 3 are listed the ionization energies
of the various orbitals of the SF6molecule.

Ion-pair formation from photoexcitation of SF6is another
interesting process which has revealed a great deal about the
dissociation energetics and the structure of the SF6molecule.
For instance, Mitsuke et al.63investigated the process

SF6+hv~SFt*~F-+SF;+(5-x)F [x~5] (1)

employing negative-ion mass spectrometry and synchrotron
radiation in the 11.27-31.0 eV photon energy range. (The
negative ions SF6"and SFs ' which were also observed, were
attributed to the attachment of low-energy electrons gener-
ated by photoionization of the parent molecules.) Mitsuke

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000

x
x

et ai. measured the photodissociation efficiency curve for F-
produced from SF6 as a function of wavelength and com-
pared the observed structure with that in the photoabsorption
cross section data. The results of this study are compared
with those from photoabsorption and electron energy-loss
experiments in Table 4. Both the photon energy and/or en-
ergy loss and transition assignments are given in the table.
For a fuller account and more detailed list of transitions see
Refs. 52, 62, and 63.

2.3. Electron Energy-Loss Spectra

There have been a number of electron-impact energy-loss
studies of SF6.52,59,64,65,83,86-88The studies of Simpson
et al.,64Hitchcock and Van der Wiel,59Sze and Brion,52and
Ying et al.65 are of particular interest in that their high-
energy electron-impact energy-loss spectrum can be used to
generate UV absorption cross sections. As discussed in the



ltlg
tlu

1tlg
1tlg

Type of orbital

3tlu,lt2u
tlg
It2u,5tlu
1t2u,5tlu

2eg
elg
3eg
3eg

t2u

1 t2g

tlu

1t2g
1t2g

t2g
4tlu

2tlu

4tlu

al

5alg
5alg
2alg

2eg

3tlu

3The authors reported observation of a weak SF: signal using the 21 eV resonance line of helium.
bYES =He I induced valence electron spectra.

cPES = photoelectron spectra.

dEl = Electron impact.

eEELS = Electron energy-loss spectra.

fDDP=dissociative double photoionization.
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TABLE 3. Ionization energies of various orbitals of SF6

Energy (eV) Reference Comments-
15.29 783 PhotoionizationIFormation of SFt
15.3:!:O.2 79 PhotoionizationIFormation of SFt
15.32 63 PhotoexcitationIFormation of SFt
15.5 80 VESb
15.67 80 YES
15.69 81 PESc
15.7 55 PES
15.7 52 Formation of SFt
15.9:!:O.2 74 Eld; Formation of SFt
15.9:!:O.2 82 EI; Formation of SFt
16.0 59 Formation of SFt
16.7 80 YES
16.93 80 YES
16.96 81 PES
17.0 55 PES
17.0 52 EELSe

18.0 59 Formation of SF:
18.0 80 YES
18.3 80 YES
18.40 81 PES
18.6 55 PES
18.6 52 EELS
18.7:!:O.2 82 EI; Formation of SF:
18.71 81 PES
18.79:!:O.14 63 Formation of SF:
18.9:!:0.2 74 EI; Formation of SF:
19.1:!:0.5 79 PhotoionizationIFormation of SF:
19.0 59 Formation of SF:
19.245 (0-0) 80 YES
19.4:!:O.5 79 PhotoionizationIFormation of SF:
19.68 81 PES
19.8 55 PES
19.8 52 EELS
20.1:!:0.3 74 EI; Formation of SF:
20.3:!:0.2 82 EI; Formation of SF:
22.5 81 PES
22.6 55 PES
22.7 80 YES
22.9 52 EELS

26.0 59 Formation of SF;
26.8 81 PES
26.8:!::0.3 74 Formation of SF;
26.85 55 PES
27.0 52 EELS
27.0 80 YES

31.0 59 Formation of SF+
31.3:!:0.3 74 Formation of SF+
33 59 Formation of SF:+
35.8:!::1.0 74 Formation of F+
37.0 59 Formation of S+
37.3:!::1.0 74 Formation of S+
38.0 59 Formation of F+
39.3 52 EELS
40.0 59

Formation of SFi +40.6:!:0.5 74 Formation of SF4 +
41.2 52 EELS
41.1:!:1 76 DDpf producing SFt +F+,

SF: +F+, or SF: +F;
45.1:!:1 76 DDpf producing SF; + F+
46.5:!::0.5 74 Formation of SF; +
52.8:!::1 76 DDpf producing SF++ F;



276 L. G. CHRISTOPHOROUAND J. K. OLTHOFF

TABLE4. Photon energy/energy loss and transition assignments for Sp6a

aSee Refs. 52, 62, and 63 for more details and for information on other transitions.
bData from studies on ion-pair formation from photoexcitation.
CData from studies on photoabsorption spectra.
dData from electron energy-loss experiments.
eEstimated uncertainty=::!::0.020 eV.
fThe photoabsorption data show weak continuous absorption which begins at 7.93 eV (Ref. 84).
gPorbidden transition.

hTriplet
iSinglet
jUncertainty= ::!::0.05 eV.

kEnergy position of peak maximum in the P- efficiency curve.

IEstimated uncertainty = ::!::0.5 eV.

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000

Photon energy/Energy loss Assignment Assignment Assignment Assignment
(eV) Ref. 63b Ref. 62c Ref. 52d Ref. 83d
-

6.494 (Ref. 52e)

7.93 (Ref. 84c.f) 5tlu---+6alg
9.596 (Ref. 52) Itlg---+6all
9.8 (Ref. 83h) 1 t Ig---+6a Ig

10.982-12.266 (Ref. 52) 1 t Ig---+6t li5t lu---+6a Ig Itlg---+6tlilt2u,5tlu---+6alg
11.0 (Ref. 83h) 1 t2u---+6a Ig
11.5; 11.6 (Ref. 83i) 5tlu---+6a Ig
11.54 (Ref. 64dj)

11.729 (Ref. 84C)

11.76 (Ref. 85C)

12.8 (Ref. 83h) Itlg---+7alg(4s)

13.2 (Ref. 63k) Itlg---+4p 5tlu---+6alg
13.2 (Ref. 83h) Itlg---+6tlu(4p)

13.143-13.309 (Ref. 52) 1 tlg---+4p
13.244 (Ref. 85C)

13.27 (Ref. 84C) 4t lu---+6a Ig
13.30 (Ref. 64d.j) 4tlu---+6alg
13.3 (Ref. 83i) Itlg---+6tluC4p)

14.1 (Ref. 83) 1 t2g---+6alg

14.218 (Ref. 85C)

14.283 (Ref. 84C)

14.3 (Ref. 63k) 5 t lu---+4s/3e g---+6t lu
14.35 (Ref. 64d.j)

13.970-14.415 (Ref. 52) 3eg---+6tlu
14.3; 14.7 (Ref. 83i) 5tlu---+7alg(4s)

14.6 (Ref. 63k) 1tlg---+5p
14.707 (Ref. 52) 1 t2u' 5 t lu---+4s

14.90 (Ref. 64d)

14.9 (Ref. 83i) Itlg---+7tluC5p)

14.933 (Ref. 85C)

15.163 (Ref. 84C)

15.546 (Ref. 52) 3eg---+6tlu
15.7 (Ref. 63k) 5 t lu---+5 s/1 t2g---+6t lu
15.7 (Ref. 62C) 1 t2g---+6tlu
16.0; 16.1 (Ref. 83) 3eg---+6tlu(4p)

17.00 (Ref. 62C) 1 t2g---+6tlu 1 t2g---+6tlu

17.00 (Ref. 63k) 4tlu---+6alg
17.021 4t lu---+6a Il
19.6 (Ref. 63k) 4t lu---+4s

19.8 (Ref. 52j) 5tlu---+2t2g 4t lu---+4s

19.8 (Ref. 62C) 5tlu---+2t2g
20.9 (Ref. 52j) 1 t Ig---+2 t2gg/5 a Ig---+6a Il

21.2 (Ref. 63k) 4t1u---+5s 4tlu---+5s

22.1 (Ref. 63k) 5tlu---+2t2/4tlu---+ns (n;':6)
23.2 (Ref. 5zt) 5alg---+6tlu 5alg---+6tlilt2u,5tlu---+2t2g

23.2 (Ref. 62C) 5alg---+6tlu
24.6 (Refs. 63k and 521) 5a Ig---+4p 5alg---+4p
25.7 (Ref. 63k) 5a Ig---+5 P
25.8 (Ref. 5zt) 5alg---+5p
26.2 (Ref. 63k) 5alg---+6p
28.3 (Ref. 5zt) 4t1u---+2t2g
28.5 (Ref. 60C)

28.8 (Ref. 62C) It2u,5alg---+(6alg)2
31.8 (Ref. 62C) 3tlu---+6alg

35.4 (Ref. 62c and 60C) 2eg---+6tlu
37.6 (Ref. 62C) 4t lu---+4e g
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TABLE5. Values of the electron affinity of the SF6 molecule reported since
1983

Electron affinity

(eV) Reference Comments

0.0-1.49 (0.76)a 103 Range of 20 values listed in Ref. 103
which were reported prior to 1983.

Energetics of electron transfer reactions
Thermal electron attachment studies
Thermal electron attachment studies
Calculation

Calculation
Calculation
Calculation

Calculation

Recommended value (see text)

1.05:t 0.1 104
1.15:t0.15 105
1.07:t 0.07b 106
1.19 95
1.3-1.4 96
1.06 107
3.44 101
3.46 100
1.06

aAverage of the values listed in Ref. 103 excluding the lowest and the
highest values listed in Ref. 103.

~is value is a refinement of their earlier result in Ref. 105.

previous section, Simpson et at. obtained an energy-loss
spectrum corresponding to optical electronic excitation of
SF6using 400 eV incident energy electrons and a 0° scatter-
ing angle. Their high-energy electron-impact energy-loss
spectrum was used to generate UV absorption cross sections
in the 10-30 eV region by normalization to the photoabsorp-
tion results of Codling60 at 23.0 eV [see comparison with
photoabsorption data in Figs. l(a) and l(b)]. Hitchcock and
Van der Wie159also obtained electron-impact energy-loss
spectra at 0° using electron-ion coincidence measurements
and incident electrons with 8 keV kinetic energy. Their
electron-energy loss data were also used to determine cross
sections for dipole photoabsorption and photofragmentation
of SF6in the equivalent photon energy range of 5-63 eV by
normalization to the photoabsorption measurements of
Blechschmidt et at.61at 27 eV. Their data are compared in
Fig. 1(b) with the data of Simpson et at.64

Furthermore, Hitchcock and Van der Wie159used their
electron energy-loss measurements, in connection with the
photoionization branching ratios they measured for the six
lowest energy states of SF:, to obtain partial ionization
cross sections for the production of specific positive ions.
These data were presented earlier in Fig. 3. Sze and Brion52
studied inner-shell electron energy-loss spectra of SF6 using
2.0-3.7 keY electrons and a 0° scattering angle. Their find-
ings for valence-shell excitation spectra have been discussed
earlier (Table 3). Ying et at.65 performed angle-resolved
electron-energy loss measurements using a coplanar electron
spectrometer, and determined generalized oscillator strengths
of valence shell electronic transitions in the range of 7-70
eV using electrons with initial kinetic energy of 2.5 keV.
Their valence-shell electron energy-loss spectrum of SF6
measured at 0.5° (converted to photoabsorption cross section
using the relationship O'pai10-18 cm2)= 109.75df/dE
(eV-I), where df /dE is the differential oscillator strength) is
compared with other electron energy-loss spectra and photo-
absorption data in Fig. 1(b), and values are listed in Table 2.
There is general agreement among the photoabsorption data
and the electron energy-loss spectra.
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FIG. 4. Negative ion states of the SF6 molecule as determined by electron
attachment measurements, electron scattering measurements, and calcula-
tions: (- - -) Dehmer et al. in Ref. 112; (- -) Gianturco et al. in Ref. 121;
(...) Gyemant et al. in Ref. 123. Shaded areas represent the range of mea-
sured peak energies. The last column gives the recommended average posi-
tions and assignments (see text). It should be noted that the adiabatic posi-

tion of the -0.0 eV negative ion state is at -1.06 eV [= -IEA(SF6)1].

Besides the above three studies, Chutjian et at.86and Tra-
jmar and Chutjian83investigated the electron-impact excita-
tion of SF6using 20 eV incident electrons in the energy-loss
range of 7-14 eV. In their experiments the scattering angles
ranged from 20° to 135°. From a comparison of their data at
low energies and large scattering angles with data they ob-
tained earlier using 400 eV electrons and a 0° scattering
angle (i.e., under conditions favoring excitation of optically
allowed transitions), they identified a number of spin and/or
symmetry forbidden transitions in the energy range ~ 10-
~ 16eV which are listed in Table 4.

In addition to the electron energy-loss studies involving
low-lying transitions, Francis et at.88 recorded electron
energy-loss spectra of SF6 in the region of S2p, S2s, and
F 1s excitation, using dipole and nondipole electron-
scattering conditions. Electron-impact energies between 700
and 3200 eV and scattering angles between 0° and 30° were
used. It was found that relative to dipole electron energy-loss
or photoabsorption spectra, there are large intensity redistri-
butions in both the S 2p and S 2s spectra under nondipole
conditions. In contrast, the F 1s spectrum was found to be
essentially the same in near-dipole and nondipole scattering
regimes. Fomunung et at.89conducted a theoretical study of
electron excitation of optically allowed transitions between
20 eV and 2.5 keV, and a number of investigations have
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been conducted on the generalized oscillator strength of SF6
(e.g., see Refs. 88 and 90).

Energy-loss spectra involving vibrational excitation of SF6
were investigated by Trajmar and Chutjian,83Rohr,91 and
Randellet al.92Theseare discussedin Sec.3.5.1.

2.4. The Electron Affinity and Negative Ion States
of SF6

The four lowest lying empty orbitals of SF6 are:49.52
(6alg)o(6tlu)o(2t2g)o(4eg)o. Calculations for the octahedral
symmetry (Oh) of SF; (see Refs. 93-96) have shown that
the S-F antibonding character of the highest occupied, to-
tally symmetric, nondegenerate 6a 19 molecular orbital of
SF; results in a substantial increase of the S-F bond in SF;
compared to neutral SF6. Although a number of authors
(e.g., Refs. 97-99) considered electron capture into degener-
ate molecular orbitals of lower symmetry than a19, calcula-
tions for a lower symmetry configuration (see GutsevlO0.101
and Richman and BanerjeelO2)showed the Oh octahedral
structure to be the most stable.

There has been widespreadunanimitythat SF6 attaches
thermal and near thermal electrons with a very large cross
section forming SF;, and that the SF6 molecule must thus
have a positive electron affinity. However, up until recently
there has been no concensus regarding the size of its electron
affinity. Prior to 1983 there were at least 20 reported values
for this quantityl03that varied from near 0.0 eV to ~ 1.5eV.
Values reported since 1983 are listed in Table 5 along with
the range of pre-1983 values listed in Ref. 103. We take the
average of the two most recent and widely accepted values
determined in Refs. 104 and 106 to be our presently recom-
mended value of (1.06:t 0.06) eV for the electron affinity of
the SF6molecule.

In addition to the electron attachment resonance at
~ 0.0 eV, electron attachment and electron scattering experi-
ments and calculations have shown the existence of several
negative ion states at energies below 30 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 6. Also listed in Table 6 are possible
symmetry assignments. These experimental and the calcu-
lated values (below 15 eV) are shown in Fig. 4. The electron
attachment data for each resonance exhibit a considerable
spread partly because these data involve a number of differ-
ent fragment negative ions. The energy range for each reso-
nance as determined by the electron attachment studies, ex-
tends to lower energies than the respective energy range
determined by the electron-scattering studies. This difference
is especially large for the 7.0 eV resonance, and can be at-
tributed to the competition between dissociation and autode-
tachment of SF; * in the attachment studies. It is interesting
to note that although electron attachment studies and theory-
indicate a resonance near 9 eV, none of the electron scatter-
ing investigations show any evidence of it.

The last column in Fig. 4 gives the recommended energy
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positions of the SF6 negative ion resonances as determined
by considering only the electron scattering data, along with
their symmetry assignments. The energy positions of the
lowest four negative ion states of the SF6molecule and their
symmetries are: ~O.OeV(alg)' 2.5 eV(alg), 7.0eV(tlu)' and
11.9eV(t2g)' It should benotedthatthe adiabaticpositionof
the ~ 0.0 eV negative ion state is at - 1.06eV [ =
-IEA(SF6)1J. Other negative ion states are indicated near
17 eV and higher energies (see Table 6). The resonances
near 27 and 50 eV can be assigned as core-excited valence
negative ion states involving the (J"*molecular orbitals.

2.5. Fundamental Vibrational Modes
and Other Data

The fundamental vibrational frequencies Vl- V6of the SF6
molecule have a high degree of degeneracy due to the high
symmetry of the molecule. Table 7 lists the vibrational as-
signment, energy, symmetry, infrared activity, and degen-
eracy of the six fundamental vibrational modes.15.125-130The
low energies of these vibrations results in vibration excita-
tion of these modes at relatively low temperatures above am-
bient. Even at room temperature the population of the v= 1
level of V6 is one half of the ground-state population.

The vibrational frequencies for SF; are somewhat lower
than the respective frequencies for the neutral SF6due to the
weaker bonding in the negative ion. The values (in eV) of
the six fundamental frequencies of SF; and their degenera-
cies (values in parenthesis) as listed by Chase et al.129are:
0.0868 (1), 0.0775 (2), 0.1147 (3), 0.0736 (3), 0.0620 (3),
and 0.0403 (3).

In Table 8 are listed other data on SF6and SF; which are
relevant to the present discussion on electron interactions
with the SF6 molecule. The large difference between the
equilibrium bond lengths of SF6 and SF; shows the large
effect of electron correlation.

3. Electron Scattering by SF6

3.1. Total Electron Scattering Cross Section,
0'sc,.{e)

There have been eight sets116-120.137-139of experimental
determinations of (J"sc/ 8 ) . These are shown in Fig. 5.
Rohrl20 determined the integrated vibrationally elastic (d v
= 0) electron scattering cross section for SF 6 below ~ 6 eV.
He then obtained a value of (J"sc,t(8) by adding to this cross
section the total vibrational excitation cross section he mea-
sured earlier.91 His data on the total vibrational excitation

cross section, however, need to be corrected because they
were originally normalized to the data of Srivastava et al.,140

which were subsequently corrected by Trajmar et al. 10 Ac-
cording to Trajmar et al., 10 the vibrational cross section of
Rohr91 needs to be multiplied by a factor of 1.28 at 5 eV to
correspond to the renormalized data of Srivastava et al. The

data identified in Fig. 5 as "Rohr (1979)" are the original
values of Rohr without this correction. The (J"sc/ 8) of Rohr
is not a direct measurement and for this reason it is not
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TABLE6. Negative ion states of SF6

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

O.O Many electron attachment studies
0.38 SFs from SF6 26, 108-110

0.5:t0.l SFs from SF6 111
O.l Excitation function of VI Aig 92
O.l Vibrational excitation by electron impact 91
O.O Multiple scattering calculation alg 112

2.0 F; from SF6 26
2.2 F; from SF6 113
2.4 F; from SF6 114a
2.6 F- from SF6 26
2.8 F- from SF6 114
2.8 F- from SF6 113

2.9 F- from SF6 115
2.3 Total electron scattering cross section alg 116
2.5 Total electron scattering cross section Aig 117
2.5 Total electron scattering cross section alg 118

2.52:t 0.15 Trochoidal derivative spectrum alg 119
2.56:t 0.15 Total electron scattering cross section alg 119

2.7 Angular dependence of vibrationally alg 120

elastic electron scattering
2.1 Multiple scattering calculation alg 112

3.30 Multichannel calculation with Aig 121

close coupling

4.4 F; from SF6 26
4.8 F; from SF6 114

4.8 F; from SF6 113
5.0 SF';- from SF6 113
5.1 F- fro.m SF6 26

5.2 F- from SF6 114

5.3 F- from SF6 113

5.4 SF';- from SF6 26
5.4 SF';- from SF6 114

5.4b F- , F; , and SF';- from SF6 115

5.7:t0.l F- from SF6 111

6.0:t 0.1 SF';- from SF6 111

6.7 Total electron scattering cross section tlg 116
7.0 Total electron scattering cross section tlu 118
7 Angular dependence of vibrationally tlu 120

elastic electron scattering
7 Total electron scattering cross section tlu 117

7.01:t0.16 Trochoidal derivative spectrum tlu 119
7.05:t0.1O Total electron scattering cross section tlu 119

7.2 Elastic electron scattering cross section tlu 122
7.2 Multiple scattering calculation tlu 112

8.8 F- from SF6 26

8.9 F- from SF6 114

9.3:t0.l F- from SF6 111

9.4 F- from SF6 113

9.4 SF3 from SF6 26

8.7; 9.1 Multiple scattering calculation Tlu 123

9.85 Multichannel calculation with Tlu 121

close-coupling

11.2 F; from SF6 26
11.2 SF3 from SF6 114

11.3 SF3 from SF6 113

11.3 F- from SF6 26

11.5 F- from SF6 114

11.6 F- from SF6 113

11.6 F; from SF6 113

11.7 F; from SF6 26

11.8:t0.l F- from SF6 111

12.0 SF; from SF6 26

12.3 SF; from SF6 113



aThe values of Lehmann (Ref. 114) given in this table have been deduced from his figures and were reduced by
0.6 eV as discussed in the text.

bMain resonance.

cpossibly one or more resonances in this energy range.
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TABLE6. Negative ion states of SFo-Continued

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

13.0 SF2" from SF6 114
11.87:t0.1O Total electron scattering cross section tzg 119
11.88:t0.07 Trochoidal derivative spectrum tZg 119

11.9 Total electron scattering cross section tZg 118
11.9 Total electron scattering cross section tZg 116
12 Total electron scattering cross section tZg 117
12 Elastic electron scattering cross section tZg 122
12 Elastic and vibrationally inelastic 83

electron-impact excitation
11 Multiple scattering calculation Tlu 124

11.0; 11.8; 13.7 Multiple scattering calculation Tzg 123
12.7 Multiple scattering calculation tZg 112

13.10 Multichannel calculation with Tzg 121
close coupling

16.8 Total electron scattering cross section 118
17 Multiple scattering calculation of total Tzg 124

cross section for elastic electron scattering

23-24 Angular distribution of photoelectrons 46
24 Multiple scattering calculation Eg 124

27.0 Multiple scattering calculation eg 112
27.0 Multichannel calculation with eg 121

close coupling
27.1; 28.3; 28.6 Multiple scattering calculation Eg 123

28.84 Multichannel calculation with Eg 121

close coupling
25-55c Total electron scattering cross section eg 119

TABLE7. Vibrational assignment, energy, symmetry, infrared activity, and included in the data used to determine the recommended
degeneracy of the fundamental frequencies of the SF6 molecule (see Refs. values of (j sc,t(8) derived later in this section.
15, 125-130)a

Another low-energy measurement of (j sc.t<8) was made by

Energy Infrared Ferch et al. 137 in a transmission experiment using a time-of-
Vibration (eV) Reference Symmetry activity Degeneracy

VI 0.0955 127 Aig No
0.0959 126
0.0959 129 TABLE8. Other data on SF6 and SF6"a
0.096 130

0.0793 127 Physical quantity Value Reference
Vz Eg No 2

0.0796 126
SFs-F bond dissociation energyb 3.38 eV 132c

0.0796 129
. (3.39:t0.15) eV 133c0.0798 130 ... ..

(3.9:t0.15) eV 134
v3 0.1174 125 Flu Yes 3 (4.1:t0.13) eV 135

0.1175 127
.

0.1175 129 S-F bond length of SF6 1.5568 A 136
0.1175 128 1.564:t 0.01 A 129
0.1175 130 1.565 Ad 96

V4 0.0761 127 Flu Yes 3 1.567 Ad 94
0.0762 130

F-S-F bond angle of SF6 and SF6" 900 1290.07625 128
0.0763 129 S-F bond length of SF6" 1.72 A 129

Vs 0.0647 127 Fzg No 3 1.717 Ad 101
0.0649 130 1.710 Ad 94
0.0651 126 1.704 Ad 96
0.0651 129

0.0430 126 Fzu No 3 aSee text for values of the vibrational frequencies of SF6".
V6

bHubers and Los (Ref. 131) obtained a value of (1.0:t 0.1) eV for the dis-0.0430 129
sociation energy of SFs -F.0.0432 130

0.0434 127 cAccording to Fenzlaff et ai. (Ref. 115) this value is too low due to the low
value used by these authors for the production of F- from SF6.

aSeetext and Chase et ai. (Ref. 129) for the vibrational frequencies of SF6". dOctahedralgeometry.

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000
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flight spectrometer. It covered the electron energy range
from 0.036 to 1.0 eV with a reported uncertainty of -:k.7%
above 0.2 eV and -:k.9% below 0.2 eV. The results of Ferch
et al. are in excellent agreement with the other available
measurements of use,t(e) above 0.5 eV.

Measurements of Usei e) extending to higher electron en-
ergies were also made using a variety of techniques. Wan
et al.139measured the Use,t(e) of SF6using an electron trans-
mission spectrometer employing a trochoidal monochro-
mator. The overall uncertainty of their measurements is
within -:k.15%above 1 eV, but it may increase to as much as
-:k.50% at energies below 0.2 eV. These data are in reason-
able agreement with the other measurements above ~ 1.0 eV,
but fall systematically below most of the other measurements
for lower electron energies. Kennerly et al.119measured the
Use,le) of SF6 for incident-electron energies between 0.5
and 100 eV. The uncertainty in their measurements was re-
ported to be -:k.5%from 0.5 to 30 eV, -:k.10%from 30 to 50
eV, and -:k.15%from 50 to 100 eV. The principal source of
error above 30 eV is the detection of electrons scattered in-

elastically in the forward direction which contribute to a
higher transmission value and a lower cross section. Hence,
the values above 30 eV are a lower bound.119Indeed, as can
be seen from Fig. 5(b), the values of Kennerly et al. lie be-
low those of the other groups at energies above ~ 10eV.

Romanyuk et al.118measured use,t(e) for SF6 from ~0.4
to ~25 eV using an electron trap method. No uncertainty is
given in their paper, but their values below ~ 1.0 eV are low.

In addition, the measurements of Romanyuk et al. show a
resonance peak at 16.8eV, which is absent from all the other
data. The measurements of Dababneh et al.116extend over a
larger electron energy range stretching from 1 to 500 eV and
were made using an electron transmission technique. The
values of Use,t(e) at the resonance energies 2.3, 6.7, and 11.9
eV are, respectively, reported to be (24.1-:k.0.2)X10-16cm2,
(31.5-:k.0.5)X 10-16 cm2, and (33.5-:k.0.2)X 10-16 cm2.Mea-
surements of use,le) for SF6 at higher energies (75-4000
eV) have been reported by Zecca et al.138and were made
using a Ramsauer-type electron spectrometer. The total un-
certainty in these measurements is ~ -:k. 6%. The data of
Zecca et al. 138are generally higher than those of Dababneh
et al.116in the energy range from 75 to 700 eV where the two
sets of data overlap. They are also higher than those of Ken-
nerly et al.119 in the range from 75 to 100 eV [see Fig. 5(b)].

Finally, a more recent measurement of the use,t(e) of SF6
for electron energies between 0.6 and 250 eV has been made
by Kasperski et al. 117who employed the electron transmis-
sion method. The estimated uncertainty of these measure-
ments is up to -:k.7 % below 5 eV, less than -:k.4 % between 10
and 100 eV, and approximately -:k.5 % at the highest energies
they investigated. These data are consistently higher than the
other measurements between 20 and 100 eV, but agree well
with the high-energy measurements of Zecca et al. 138

In Fig. 5 are also plotted the values of Use,le) for SF6
calculated by Jiang et al.141who employed the additivity rule
and the model complex optical potential. These calculated
values of Usei e) are not in good agreement with the mea-

J. Phys. Chem. Ref. Data, Vol. 29, No.3, 2000

surements except at the very high energies. The additivity
rule ignores molecular geometry and reduces molecular scat-
tering to atomic scattering. Since the contribution from the
interference occurring between the scattering amplitudes
originating from the different constituent atoms of the mol-
ecule is not included in the additivity rule, the results of the
total scattering cross section using the additivity rule show
larger discrepancies in the low-energy range.

Besides the calculations by Jiang et al.141there have also
been two other electron scattering calculations, one by Deh-
mer et al.112and another by Benedict and Gyemant,124How-
ever, these authors calculated cross sections for total elastic
electron scattering and for this reason their results are not
shown in Fig. 5 (see Sec. 3.3).

The experimental data in Fig. 5 by-and-Iarge lie within the
quoted or expected experimental uncertainties for most of
the electron energy range investigated. There are however
systematic differences between the various sets of experi-
mental measurements. For instance, there exist large uncer-
tainties in the data below ~ 1 eV and, as mentioned earlier,

TABLE9. Recommended values for the total electron scattering cross sec-

tion, (J"sC,t(8), of SF6

Electron energy (J"sC,t(8 ) Electron energy (J"sc.t(8 )
(eV) (10-20 m2) (eV) (10-20 m2)

0.035 379.8 13 28.9
0.040 344.7 14 26.6
0.045 315.3 15 26.4
0.050 290.1 18 26.7
0.060 249.4 20 27.6
0.070 217.6 22 28.7
0.080 192.7 25 29.4
0.090 173.1 30 29.4
0.10 157.4 35 29.3
0.15 109.5 40 29.3
0.20 84.3 45 29.3
0.25 68.7 50 29.3
0.30 58.1 60 28.8
0.35 50.4 70 28.2
0.40 44.6 80 27.2
0.45 40.3 90 26.5
0.50 37.2 100 25.8
0.60 32.8 150 22.7
0.70 29.4 200 20.2
0.80 26.8 250 18.0
0.90 24.9 300 16.3
1.0 23.4 350 15.1
1.5 22.2 400 14.1
2.0 22.8 450 13.1
2.5 23.4 500 12.4
3.0 23.1 600 11.2
3.5 22.7 700 10.2
4.0 22. 800 9.41
4.5 22.6 900 8.73
5.0 23.7 1000 8.15
6.0 28.0 1500 6.07
7.0 30.7 2000 4.80
8.0 29.2 2500 3.94
9.0 27.6 3000 3.36

10.0 27.3 3500 2.95
11.0 29.6 4000 2.64
12.0 32.9
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15eV

60

the measurements of Romanyuk et at. 118showa resonance
peak at 16.8 eV which is not present in the other measure-
ments. We thus deduced a recommended cross section
O"scie) for SF6 by considering only the measurements of
Kennerlyet at.,119Ferch et ai.,137Dababneh et at.,116Zecca
et at., 138and Kasperski et at. 117The data of Rohr were not

considered because they are not direct measurements, and
the data of Wan et ai.139 and Romanyuk et at.118 were not
considered because of their differences with the rest of the

measurements. The recommended.cross section is shown by
the solid line in Fig. 5 [Fig. 5(b) is an expanded view of part
of Fig. 5(a) to more clearly show the individual measure-
ments]. Values obtained from the solid line are listed in
Table 9 as our recommended values for the 0"sci e) of the
SF6molecule. It should be noted that while these values are
well defined for energies above 0.5 eV, below this energy the
uncertainties are potentially larger since the data rely solely
on one measurement, namely, that of Ferch et at. 137
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3.2. Elastic Differential Electron Scattering Cross
Section, U e,diff( E)

There have been a number of published
measurementslO,120,122,140,142and two calculationsl21,145of
the elastic differential electron scattering cross section,
(J'e,dift<B), of SF6which are plotted in Fig. 6. The early mea-
surements of (J'e,dift<B) by Srivastava et al.140for incident
electron energies between 5 and 75 eV were made relative to
those for helium. It was subsequently realized10,146that the

J. Phys. Chern. Ref. Data, Vol.29, No.3, 2000

data of Srivastava et al.140 needed to be renormalized to

more accurate helium cross section values than those used in

the original analysis. The data identified in Fig. 6 by the
squares are the data of Srivastava et al.140for (J'ediet<B) as

recalculated by Trajmar et al. 10using the improved' He cross
sections of Register et al. 147

Another early measurement of the (J'e,dift<B) of SF6 was
made by Rohr.120 He measured differential cross sections for

vibrationally elastic (d v= 0) electron scattering by SF6 up
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TABLE10. Elastic differential electronscatteringcrosssection,0"e.diff(13), to 10 eV. Absolute values of the cross section (J'e,diftC8) were
for SF6 in units of 10-20m2sr-I. The data are those of Rohr (Ref. 120) and
were obtained by digitizing the curves in Fig. 2 in Ref. 120 obtained by comparison with data on elastic electron scatter-

ing by He and have an estimated uncertainty of about
Electron energy (eV) ::!:20%. Interestingly, Rohr120 found that below 1 eV the

Angle 0.5 2.7a 7.0 cross section appears to be determined essentially by direct
scattering, while between 2 and 3 eV and around 7 eV the

10° 5.82 1.85 6.75 scattering is dominated by resonances. In Fig. 6 are shown
20° 2.91 1.57 6.21 the angular dependencies measured by Rohr for 0.5,2.7, and
30° 2.28 1.72 5.63 7 eV. (Note that the cross section values at 2.7 eV as pre-
40° 1.75 2.02 4.34 sented in Fig. 2 of Ref. 120 were too large by a factor of 2.
50° 1.36 2.15 2.73 The data have been corrected as presented here in Fig. 6.)
60° 1.01 1.90 1.38 The 0.5 eV data peak sharply in the forward direction and
70° 0.93 1.63 0.80 the scattering is dominated by direct processes. The 2.7 and
80° 0.87 1.35 0.96 7 eV measurements indicate strong resonant contributions to

90° 0.74 1.18 1.26 the scattering process. These data compare favorably with

100° 0.66 1.16 1.49 other data obtained at similar electron energies.

110° 0.68 1.32 1.37 The measurements of (J'e,diftC8) of SF6 by Johnstone and

120° 0.66 1.35 1.19 Newell122 were made over a wider electron energy range

aThedata shown in Fig. 2 of Ref. 120for this energy were larger by a factor (5-75 eV) using a hemispherical electron spectrometer, with

of 2 than the correct values. The values listed here are those presented in an angular range of 10° - 120°. The magnitude of (J'e,diftC8 )
the original reference divided by 2. was determined with reference to the respective cross sec-

TABLE11. Elastic differential electron scattering cross section, O"e.diff(13),for SF6 in units of 10-20 m2sr-I (data of Cho et al. from Refs. 143 and 144)

Electron energy (eV)

Angle 2.7 5 7 8.5 10 12 15 20 30 50 75

10° 13.79 23.71 55.57 49.46 45.48
12° 19.54
15° 5.90 8.50 11.17 15.22 12.99 15.66 23.33 24.68 15.42
20° 1.95 3.94 7.90 8.82 8.89 12.41 11.13 10.98 13.26 9.67 4.41
25° 1.99 4.22 6.84 7.72 7.56 9.31 8.70 7.99 6.92 3.51 1.37
30° 2.34 4.00 5.90 6.40 6.24 6.65 6.65 5.25 3.31 1.61 1.23
35° 2.47 3.83 4.89 5.20 4.81 4.51 4.65 3.23 1.57 1.29 1.38
40° 2.52 3.60 3.99 3.89 3.51 2.91 3.05 1.87 0.99 1.38 1.33
45° 2.51 3.14 3.00 2.81 2.52 1.72 1.84 1.00 0.99 1.38 0.96
50° 2.40 2.82 2.20 2.07 1.71 1.10 1.13 0.70 1.27 1.16 0.67
55° 2.18 2.33 1.55 1.44 1.19 0.75 0.84 0.74 1.37 1.04 0.48
60° 2.05 1.89 1.11 1.09 1.03 0.68 0.87 0.98 1.43 0.76 0.34
65° 1.79 1.42 0.87 0.95 0.98 0.74 1.05 1.33 0.53 0.30
70° 1.54 1.15 0.80 0.94 1.09 0.86 1.25 1.43 1.05 0.34 0.27
75° 1.41 0.91 0.84 1.07 1.26 0.99 1.39 1.50 0.24 0.26
80° 1.20 0.82 1.00 1.26 1.46 1.09 1.40 1.34 0.66 0.18 0.25
85° 1.08 0.80 1.15 1.32 1.53 1.10 1.31 1.13 0.20 0.23

90° 0.97 0.88 1.29 1.39 1.52 1.17 1.22 1.01 0.40 0.23 0.21
95° 0.91 0.96 1.39 1.39 1.41 1.19 1.07 0.82 0.28 0.22
100° 0.94 1.12 1.42 1.35 1.24 1.13 0.97 0.69 0.47 0.32 0.19
105° 0.98 1.23 1.40 1.22 1.07 1.10 0.86 0.60 0.32 0.18
110° 1.04 1.27 1.30 1.07 0.95 1.12 0.79 0.61 0.64 0.35 0.21
115° 1.06 1.25 1.17 0.94 0.83 1.21 0.78 0.60 0.39 0.26
120° 1.10 1.23 1.05 0.82 0.77 1.38 0.77 0.67 0.87 0.42 0.36
125° 1.24 1.15 0.91 0.75 0.78 1.45 0.81 0.81 0.47 0.47
130° 1.31 1.02 0.81 0.83 0.85 1.54 0.87 0.93 1.10 0.58 0.63
135° 1.35 0.96 0.98 0.96 0.92 1.57 0.97
140° 1.37 0.91 1.00 1.00 1.00 1.62 1.12
145° 1.40 0.79 1.01 1.07 1.11 1.65 1.26
150° 1.42 0.74 1.11 1.23 1.17 1.69 1.35
155° 1.39 0.70 1.24 1.30 1.25 1.71 1.50
160° 1.49 0.64 1.29 1.47 1.31 1.76 1.65
165° 1.49 0.61 1.40 1.57 1.36 1.75 1.77
170° 1.49 0.58 1.47 1.62 1.37 1.83 1.92
175° 1.50 0.57 1.51 1.71 1.44 1.86 1.94
180° 1.50 0.54 1.54 1.77 1.47 1.84 1.97
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tions for He (calculated values by Nesbet148 below 20 eV and
measurements by Register et al.147 for energies greater than
20 eV), and they have a quoted uncertainty of :t 12%-
:t 14%. While these data are in qualitative agreement with
other measurements, the degree of agreement varies with the
electron energy and the scattering angle.

The measurements of Sakae et al. 142were made using a
crossed-beam method and extend up to 700 eV with an an-
gular range of 50 -1350. They were put on absolute scale by
normalization to the differential electron scattering cross sec-
tions for He (data of Jansen et al.149 for energies between
100 and 700 eV and data of Register et al.147for 75 eV), and
have an overall uncertainty of about :t 10%.

Recent measurements of the differential elastic electron

scattering cross section for SF6 for energies ranging from 2.5
to 75 eV by Cho et al.143,144have been made in response to
the discrepancies in the resultant determinations of the inte-
gral elastic scattering cross sections, (J'e int(B), by Trajmar
et al., IO Johnstone and Newell,122 and Sakae et al.142 (see
discussion in Sec. 3.3.). These recent data of Cho et al.143,144

are also shown in Fig. 6, and are in good agreement with the
data of Sakae et al.142at 75 eV and with Rohr120 at 2.7 and 7

J. Phys. Chern. Ref. Data, Vol.29, No.3, 2000

eV. Cho et al.143,144directly measured the cross sections at
large angles using a new magnetic deflection
techniqueI43,150,151that allows cross section measurements at
angles up to 1800. This reduces extrapolation uncertainties
when using these data to calculate the corresponding elastic
integral and momentum transfer cross sections. At most en-
ergies, the measured values of (J'e,dift<B) by Cho et al. are
seen to be higher than the corresponding measurements of
Trajmar et ai.IOand Johnstone and Newell.122

In Fig. 6 are also shown the results of two calculations of
(J'edift<B), those of Gianturco et al.121who used an ab initio
approach and solved the multichannel scattering problem
within the close-coupling methodology, and those of Jiang
et al.145who calculated differential elastic scattering cross
sections at six electron energies between 100 and 700 eV
using the independent-atom model with partial waves. There
is qualitative agreement between these calculated results and
the experimental data, particularly at higher energies. The
values calculated by Gianturco et al.121are generally larger
than the measurements, especially at small and large scatter-
ing angles.

In Tables 10, 11, and 12 are listed, respectively, the
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TABLE12. Elastic differential electron scattering cross section, (Te.diff(8), for SF6in units of 10- 20m2sr-1. The
data are those of Sakae et al. from Ref. 142 as supplied by Professor M. Hayashi (private communication,
2000). Stated uncertainties are approximately 8%-10%

Electron energy (eV)

Angle 75 100 150 200 300 500 700

5.0° 133 125 117 105 102 70.3 53.2
7.5° - 68.5 - 45.3 21.9 11.1
10.0° 41.3 43.2 35.7 28.4 13.6 5.11 3.48
12.5° - - 16.8 8.34 4.86 3.03 4.46
15.0° 15.2 12.4 6.18 3.28 2.43 3.88 4.60
17.5° - - 2.40 2.00 3.05 3.86 3.21
20.0° 3.80 2.53 1.64 2.17 3.04 2.95 2.03
22.5° - - 1.93 2.57 1.94 1.60
25.0° 1.17 1.51 1.96 2.44 1.22 1.34 1.60
27.5° - - 1.82 - 1.22 1.33
30.0° 1.09 1.64 1.70 1.55 0.906 1.16 0.758
32.5° - - - 1.05 0.442
35.0° 1.23 1.46 1.09 0.795 0.726 0.712 0.409
40.0° 1.16 0.953 0.592 0.509 0.738 0.322 0.365
42.5° - - - - - 0.329 0.268
45.0° 0.878 0.573 0.390 0.557 0.468 0.317 0.205
50.0° 0.575 0.338 0.372 0.559 0.227 0.227 0.171
55.0° 0.416 0.265 0.385 0.375 0.196 0.166 0.134
60.0° 0.316 0.267 0.350 0.216 0.199 0.143 0.0933
65.0° 0.241 0.286 0.243 0.172 0.159 0.119 0.0884
70.0° 0.241 0.316 0.164 0.178 0.131 0.0831 0.0652
75.0° 0.236 0.289 0.134 0.182 0.117 0.0850 0.0556
80.0° 0.214 0.234 0.139 0.159 0.114 0.0851 0.0489
85.0° 0.204 0.180 0.139 0.134 0.104 0.0616 0.0437
90.0° 0.177 0.142 0.144 0.135 0.0897 0.0577 0.0393
95.0° 0.172 0.127 0.140 0.136 0.0855 0.0561 0.0349
100.0° 0.162 0.148 0.130 0.136 0.0864 0.0557 0.0324
105.0° 0.161 0.182 0.127 0.149 0.0984 0.0524
110.0° 0.174 0.218 0.146 0.164 0.0974 0.0511 0.0297
115.0° 0.230 0.264 - - 0.0497
120.0° 0.295 0.318 0.222 0.189 0.104 0.0510 0.0292
130.0° 0.514 0.456 0.345 0.202 0.103 0.0491 0.0263
135.0° 0.606 0.548 0.406 0.238 0.119 0.0516 0.0264
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et al. in Ref. 10; (.) Ref. 142; (.) Ref. 122; (T) Refs. 143, 144; (- -) Ref. 124; ( -) Ref. 112; (- . -) Ref. 121; (-- -) Ref. 145; (+) deduced in
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Ue,diff(s) values of Rohr120 for low electron energies, the
recently measured values of Cho et al.143,144at intermediate
electron energies, and the values of Sakae et al. 142at higher
energies. Collectively these data provide values of the
Ue,diff(S) of SF6 from 0.5 to 700 eV. The tabulated values of
Ue,diff(S) for Trajmar et al.lO and Johnstone and Newell122
are presented in the respective references.

3.3. Elastic Integral Electron Scattering Cross
Section, U e,int (E)

In Fig. 7 are compared the five sets of values of the elastic
integral electron scattering cross section, Ue,int(S ), for SF6
derived from the differential elastic cross section measure-

ments of Srivastava et al. 140 (as corrected by Trajmar
et al.lO), Rohr,12o Sakae et al.,142 Johnstone and Newell,122

and Cho et al. 143,144The uncertainties for Ue,int(s) are some-
what larger than those quoted in the preceding section for
Ue,diff' largely because of errors arising from the extrapola-
tion of the elastic differential electron scattering cross section
measurements to 00 and 1800 scattering angles. The stated
uncertainties for the Ueint(s) data are as follows: Srivastava
et al. 140 ( :!:18% ) ; R~hr120 (~:!: 20% ) ; Johnstone and

Newell122(:!: 17%); Sakae et al.142(~:!: 10%); and Cho
et al.143(:!:20%). The errors are generally larger when the
differential cross sections rise steeply at small scattering
angles.

The Ue,int(s) data of Sakae et al.,142Cho et al.,143and
Rohr120agree well within the overlapping energy ranges.
The data of Trajmar et al.lOand Johnson and Newell122are
seen to fall significantly below the other data, particularly at
higher electron energies. In view of the agreement between
the data of Sakae et al.,142Cho et al.,143and Rohr,120we
have chosen to fit these data in order to obtain our suggested
values for this cross section. This fit is shown by the solid
line in Fig. 7 and values obtained from the fit are listed in
Table 13 as our suggested values for the Ue,int(s) of the SF6
molecule.

The cross section labeled "Randell (1992)/Present" in
Fig. 7 was deduced by us from the relative cross section for
total elastic electron scattering measured by Randell et al.92
This cross section was put on an absolute scale by normal-
izing its value at 1 eV to the data of Rohr120at 1 eV. The
total elastic electron scattering cross section determined this
way is shown in Fig. 7 by the crosses and is seen to be in

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000
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agreement with the measurements of Rohr between about 0.5
and 1 eV. Below ~0.5 eV the deduced values are signifi-
cantly lower than the values measured by Rohr, perhaps due
to the fact that the measurements of Randell et al. were made
at only a single scattering angle (90°).

Also shown in Fig. 7 are the results of four calculations of
the totalelasticelectronscatteringcrosssection,Ue t (6 ), by
Benedict and Gyemant,124 Dehmer et al.,112 Gianturco
et al.,121and Jiang et al.145The results of the first three cal-
culations show distinct structure due to negative ion reso-
nances, but they agree with the experimental data only in
restricted energy regions. The values of Ue,t(6) calculated by
Jiang et al. using the independent-atom model with partial
waves are higher than the experimental data of Sakae et al.
between 100 and 500 eV, and only merge well with the
experimental data at high energies.

3.4. Momentum Transfer (Elastic) Electron
Scattering Cross Section, 0' m(e)

The momentum transfer (elastic) electron scattering cross
section, Urn(6), of SF6 has been determined by Srivastava
et al.,140Sakae et al.,142Johnstone and Newell,122and Cho
et al.143 from their respective differential elastic electron
scattering cross section measurements extrapolated, as re-
quired, to 0° and 180° scattering angles. These determina-
tions of Urn(6) are shown in Fig. 8. The data of Srivastava
et al.140shown in Fig. 8 are those that have been renormal-

J. Phys. Chern.Ref.Data,Vol. 29, No.3, 2000
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FIG, 8. Momentum transfer (elastic) electron scattering cross section,
O"rn(e), of SF6 as a function of electron energy: (8) Ref. 140 as corrected
by Trajmar et al. in Ref. 10; (.) Ref. 142; (<» Ref. 122; (T) Refs. 143,
144; (-, - - -) suggested values. The broken line indicates an uncertainty in
the significance of the structure observed at energies between 2.7 and 30 eV.

ized by Trajmar et al.lO(Sec. 3.2). The quoted uncertainty in
the data is :t 20% for Srivastava et al.,140~:t 9% for Sakae
et al.,142:t 20% for Johnstone and Newell,122and :t 20% for
Cho et al.143The uncertainty is generally larger at the higher
energies due to the difficulty in accurately measuring the
steeply rising differential cross section at small scattering
angles.

At 75 eV the data of Trajmar et al.lOand Johnstone and
Newell122lie somewhat below those of Sakae et al.,142while
the data of Cho et al.143are in reasonable agreement with

TABLE13. Suggested values for the elastic integral electron scattering cross

section, O"e,in!(e), of SF6

Electron energy 0"e,in!(e) Electron energy 0"e,in!(e )
(eV) (10-20 m2) (eV) (10-20 m2)

0.30 45.6 16 25.2
0.35 33.0 17 24.9
0.40 26.2 18 24.8
0.45 21.8 19 24.8
0.50 18.7 20 24.7
0.60 14.8 22 24.7
0.70 12.5 25 24.7
0.80 11.1 30 24.4
0.90 10.2 35 24.0
1.0 9.72 40 23.5
1.2 9.73 45 22,8
1.5 10.9 50 22.2
2.0 14.8 60 21.3
2.5 17.8 70 20.5
3.0 19.3 75 20.2
3.5 19.9 80 19.8
4.0 20.1 90 19.1
4.5 20.6 100 18.4
5.0 21.3 125 16.9
6.0 23.6 150 15.5
7.0 24.2 200 13.3
8.0 24.6 250 11.8
9.0 24.5 300 10.6

10.0 24.8 350 9.71
11.0 26.1 400 8.95
12.0 26.6 450 8.31
13.0 26.5 500 7.74
14.0 26.1 600 6.76
15.0 25.6 700 5.94

25
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TABLE14. Suggested values for the momentum transfer (elastic) cross sec-
tion, O"rn(e), of SF6

Electron energy O"rn(e) Electron energy O"rn(e)
(eV) (10-20 m2) (eV) (10-20 m2)

2.75 16.0 27 14.3
3.0 15.4 30 13.2
3.5 14.5 35 11.5
4.0 14.0 40 10.3
4.5 13.9 45 9.37
5.0 14.1 50 8.65
6.0 15.1 60 7.69
7.0 15.5 70 7.06
8.0 14.8 75 6.74
9.0 14.4 80 6.46

10 15.1 90 6.03
11 16.7 100 5.70
12 17.6 125 4.92
13 17.1 150 4.16
14 15.8 200 2.98
15 14.9 250 2.23
16 14.5 300 1.76
17 14.7 350 1.47
18 15.0 400 1.28
19 15.4 450 1.13
20 15.7 500 1.02
22 15.7 600 0.82
25 15.0 700 0.66
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Sakae et al. Based upon this agreement, we have made a
modified spline fit to the data of Cho et al. and of Sakae
et al. which is shown by the line in Fig. 8. Values extracted
from this fit are listed in Table 14 as our suggested data for
the Urn(e) of the SF6 molecule. The data of Cho et al. 143and
Johnstone and Newelll22 indicate structure which can be as-

sociated with the negative ion states presented in Table 6.
However, it should be noted that the variations in the mea-
sured values of Urn(e) in the energy region of 2.7-30 eV are
smaller than the stated uncertainties of the measurements.

Thus the line designating our suggested values for Urn( e) in
this energy range is broken in order to highlight the potential
uncertainty of the observed structure.

3.5. Inelastic Electron Scattering Cross Section,
Ulnel (e)

3.5.1. Vibrational Excitation

Two low-energy electron-impact vibrational-excitation
studies91,92of SF6have shown that at energies below -3 eV
the energy-loss spectra of SF6 are characterized by strong
vibrational excitation and vibrationally elastic electron scat-
tering. In this energy range these studies have also shown
that the vibrationally inelastic processes are dominated by
excitation of the vI and V3 modes. This is seen from the
energy-loss spectrum (collision energy of 1 eV and scatter-
ing angleof 10°) in Fig. 9(a) whichis characterizedby the
large magnitude of the excitation of the V3 fundamental
mode which exceeds the elastic peak by abouta factorof 3.
Rom9I estimates that at 1 eV the integral total vibrational
excitation cross section is -10-15cm2. The V3 (0.1175 eV,
Table 7) vibrational mode is infrared (IR) active and is as-
sociated with vertical displacement of the apical F atoms in
the octahedral structure for normal modes of vibration of
SF6, and the VI (0.096 eV; Table 7) vibrational mode is the
Raman active totally symmetric breathing mode.

3

Figure 9(b) shows the energy-loss spectrum again at a col-
lision energy of 1 eV, but at a scattering angle of 80°. The
excitation is now seen to be dominated by the VI mode and
its higher harmonics. No other modes or intercombination
lines are seen. Rohr observed the same behavior at all angles
greater than 60° for all the energies he employed.

In Fig. 9(c) are shown the angular dependencies of the
differential cross sections, Uvib,diff'for the VI and V3 vibra-
tional excitations in the angular range 10°-120° for a colli-
sion energy of 1 eV (note that the cross section scales reflect
true intensity ratios and that the values of the cross section
for VI have been multiplied by a factor of 10). The differen-
tial cross section of the IR active V3 vibrational mode is
peaked in the forward direction, indicating that a direct pro-
cess via the dipole interaction is involved. For the Raman
active totally symmetric vibration VI the dipole mechanism
is excluded and the angular distribution is nearly isotropic.

Figure 9(d) shows the differential cross section Uvib,diff(e )
for excitation of the vI vibration at a scattering angle of 80°.
The sharp peak at 0.060 eV was attributed9Ito the formation
of SF6"negative ions and the broad maximum at near 0.7 eV
to vibrational excitation via a negative ion state.

A similarcrossed-beamstudy of SF6was conductedby
Randell et a1.92using 0.05-1 eV incident-energy electrons
detected at a fixed scattering angle of 90°. Figure 10(a)
shows the electron-energy loss function measured at an inci-
dent electron energy of 0.4 eV due to excitation of the VI'
V3, 2 VI, VI+ V3, and 3VI vibrations. The contribution to
the total scattering cross section of inelastic scattering is
roughly equal to the elastic scattering at this energy. The
weak peak at a negative energy loss was attributed by Ran-
dell et al. to superelastic scattering from the thermal popula-
tion of V3= 1. In agreementwithRohr,91Randellet al. have
attributed the excitation of V3 to a direct dipole mechanism
and the excitation of VI to a long-lived negative ion reso-
nance, i.e., to excitation of the symmetric breathing mode,
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FIG. 10. Low-energy electron energy-loss spectra for SF6 of Randell et at.
from Ref. 92. (a) Energy-loss spectrum of SF6 for a collision energy of 0.4

eV and a scattering angle of 90°. (b) Energy-loss spectrum of SF6 for a
collision energy of 0.18 eV and a scattering angle of 90° showing resolution
of the VI and V3 vibrational modes.

VI' via autoionization of SF6*. The latter interpretation is

supported by the high-resolution electron attachment studies
of Klar et al. 152,153which show that the attachment cross

section has a pronounced cusp at 0.096 eV associated with
VI excitation. It is also consistent with the work of Trajmar
and Chutjian83 whose electron-energy-Ioss spectra using 12
eV incident electrons showed strong enhancement of vibra-
tional excitation attributed mostly to the VI mode. Figure
10(b) shows an energy-loss spectrum obtained by Randell
et al. 92for an electron-impact energy of 0.18 eV and a scat-
tering angle of 90° showing resolution of electrons scattered
inelastic ally through energies corresponding to the VI and V3
vibrational modes. Within experimental error, the thresholds
for VI and V3 are at 0.095 and 0.117 eV, respectively, and
excitation is thus at the energy threshold.

Figures 11(a), 11(b), l1(c), and l1(d) show the excitation
functions, respectively, for VI, V3, 2 VI' and VI+ V3 as re-
ported by Randell et al.92 The scales in Fig. 11 are not in
absolute units, but their vertical axes give the correct relative
values of these quantities. Clearly, the excitation cross sec-
tion for VI is the largest, and the excitation functions for VI
and V3 are markedly different, reflecting the different mecha-
nisms by which these vibrations are excited. The measured
functional dependence of the cross section for V3 was found
by Randell et al. to be in agreement with that predicted by
the Born point-dipole approximation.
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FIG. 11. Low-energy electron energy-loss spectra for SF6 of Randell et at.
from Ref. 92. Excitation functions for (a) VI' (b) V3, (c) 2 VI' (d) VI

+ V3, and (e) elastic electron scattering. The solid line labeled "Total Vi-
bration" in (e) is the sum ofthe relative excitation cross sections for VI' V3,

2 VI' and VI+ V3 shown in (a)-(d) (see text).

The relative cross sections in Figs. l1(a), l1(b), l1(c), and
11(d) have been used by us in conjunction with other as-
sessed cross sections in this paper to deduce absolute values
for the total vibrational excitation cross section, (J'vib.t(8), of
SF6for electron energies less than 1.1 eV. This was done as
follows: Since the vibrational energy-loss measurements by
both Rohr9I and Randell et al.92show that the major contri-
bution to vibrational excitation by electron impact below
~3 eV comes from VI (indirect excitation via the SF6* reso-
nances) and V3 (direct excitation via the dipole interaction)
vibrations and their combinational excitations, we have
summed the relative vibrational excitation cross sections
shown in Figs. l1(a), l1(b), l1(c), and l1(d), and plotted the
result in Fig. l1(e). In Fig. l1(e) is also shown the relative
total elastic electron scattering cross section measured by
Randell et al. To put the deduced total vibrational cross sec-
tion of Randell et al. on an absolute scale, the relative vibra-
tional values shown in Fig. 11(e) were multiplied by the
same factor used to normalize the relative (J'e,int(B) values of
Randell et al. that are shown in Fig. 7 and discussed in Sec.
3.3. The values of (J'vib,t(B) determined in this way are
shown in Fig. 12 (closed circles).

Confirmation of these deduced values of (J'vib,t(B) below
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FIG. 12. Deducedtotal vibrational excitation cross section, <Tvib.t(8), for

SF6: (.) Ref. 92 normalized as discussed in text; (0) difference, <Tsc.t(8)
- <Te.int(8), of the recommended values for <Tsc.t(8) and <Te.int(8) [see text];
(-) suggested values.

1.1 eV, and extension of (Tvib,t (B) to higher electron energies
has been obtained by the following analysis. At energies
above ~ 1 eV and below the region of significant electronic
excitation ( < 16 eV), the total electron attachment cross sec-
tion of SF6 is very much smaller than the total electron scat-
tering cross section (see Fig. 47 in Sec. 10), so the cross
section (Tvib,t( B) can be estimated by the difference
(Tsc,t (B) - (Te,int (B), viz.,

(T vib,t ( B )= (T sc,t ( B ) - (T e,int (B ) - (T a.t (B )

=(T sC,t ( B ) - (T e,int ( B ) .

Using the assessed values of (Tsc,t (B) and (Te,int(B) deter-

mined in this work, we obtained the difference (TsC,t( B)
- (Te,int(B), and have shown these values in Fig. 12 by the

open symbols. It is encouraging to see the agreement of the
two determinations of (Tvib,t( B) in the energy range from
~0.5 to 1 eV, thus confirming the normalization of the data
of Randell et al.92 However, the two sets of values differ

significantly at energies below ~0.5 eV, indicating potential
errors in the various cross sections employed. Nonetheless,

in the absence of any direct measurements of (Tvib,t(B), we
take the difference (Tsc,t( B) - (Te,int( B) , between 1 and 14
eV, and the normalized data of Randell et al.92 below 1 eV,
to be a good measure of (Tvib,t( B). The solid line in Fig. 12
represents our suggested values for the total vibrational cross
section, (Tvib,t( B), for SF6 using the cross section values de-

duced as just described. Values of (Tvib,t(B) extracted from
the solid line in Fig. 12 are listed in Table 15. In the absence
of absolute experimental measurements, the values repre-
sented by the solid line in Fig. 12 can be used in combination
with the relative data in Figs. 11(a), 11(b), l1(c), and l1(d)
to deduce cross sections for vibrational excitation of VI, v3,
2 VI' and VI+ V3 up to ~4 eV. An estimate of the cross
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TABLE 15. Deduced values of the total vibrational excitation cross section,

<Tvib,t (8), of SF 6

Electron energy
(eV)

0.09
0.10
0.12
0.15
0.17
0.20
0.22
0.25
0.28
0.30
0.35
0.40
0.45
0.50
0.60
0.70
0.80
0.90
1.0

<Tvibt(8)

(10-20 m2)

Electron energy
(eV)

1.2
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

10.0
11.0
12.0
13.0
14.0

<Tvib.t (8 )

(10-20 m2)

1.9
7.0

21.3
30.6

30.6
34.9
35.5
33.6
30.9
29.4
26.8
25.4
23.5
21.6
19.7
18.1
16.4
15.1

13.9

12.6
10.8

8.0
5.6
3.8
2.8
2.3
2.0
2.4
4.4
6.5
4.6
3.1
2.5
3.5
6.3
2.4
0.5

section for indirect vibrational excitation via the negative ion
states near 7 and 12 eV can also be obtained from Fig. 12
and Table 15.

Above 15 eV, where (Tvib,t(B) becomes small, the differ-
ence (TsC,t(B) - (Te,int(B) can be attributed to other inelastic
processes (such as ionization and dissociation), and may be
used to deduce a value of the total cross section for dissocia-

tion of SF6 into neutral fragments. This will be further dis-
cussed in Sec. 5.

(2)
3.5.2. Electronic Excitation

Excitation of the SF6 molecule by electron impact to any
electronic state is generally assumed to lead to dissociation,
i.e., all excited electronic states of the SF6 molecule are an-
tibonding. This assumption is consistent with optical emis-
sion data following electron-impact excitation of SF6 (e.g.,
see Refs. 154 and 155).Electron-impact electronic excitation
of SF6is thus an important process in controlling the rates of
decomposition of this gas in electrical discharges and also
indirectly the rates of electron-impact ionization and electron
attachment. In spite of this, to our knowledge, there are no
cross sections for electron-impact excitation functions for
specific electronic transitions in SF6. We can however direct
attention to the following investigations: the electron-impact
energy-loss spectra and the generalized oscillator-strength re-
sults presented in Sec. 2; the differential inelastic electron
scattering cross sections, (Tel,diff(B = 20eV), for five elec-
tronic states located at 9.8, 11.0, 11.6, 12.8, and 13.3 eV
obtained by Trajmar and Chutjian83at one (20 eV) incident-
electron energy (Fig. 13); and the Boltzmann-type calcula-
tions (e.g., Yoshizawa et al.27and Itoh et al.28)which deter-
mined an overall electronic excitation cross section function
consistent with the measured ionization and attachment co-
efficients.
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FIG. 13. Differential electronic excitation cross section, iTel.diff(8), for ex-
cited electronic states of SF6 at (x) 9.8 eV; (.) 11.0, 11.6, and 12.8 eV; and
(8) 13.3 eV. The incident electron energy was 20 eV (data of Trajmar and
Chutjian from Ref. 83).

4. Electron-Impact Ionization of SFs

4.1. Total IonizationCross Section, Ui,t (E)

There have been five measurements82,156-159of the total

ionization cross section, <Ti,t(e), of SF6, which are compared
in Fig. 14. Tw082,156of these were direct measurements of
the total ionization cross section. The uncertainty in the data
of Rapp and Englander-Golden156is probably -:J:7%,while
that of Asundi and Craggs82 is much larger. Asundi and
Craggs observed structure in their data at 14.3, 15.9, 17.5,
18.7, 20.3, and 22.2 eV. The processes at 15.9, 18.7, and
20.3 eV were attributed to the formation of SF; , SF: , and
SF;, respectively, and agree within experimental error
(-:J:0.2eV) with the values of Dibeler and Mohler74which
were similarly attributed to these positive ions (Table 3).

The other three experimental determinations157-159of
<Tiie) were made by summation of the respective partial
ionization cross sections, <Ti,partial(e), presented in Sec. 4.2.
Stanski and Adamczyk157measured electron-impact disso-
ciative ionization of SF6 as a function of electron energy to
600 eV and obtained partial ionization cross sections for the
positive ion fragments SF; , SF: ' SF; , SF; , SF+, S+, F+,
SF: +, and SF; + by normalizing their sum to the total ion-
ization cross section of Rapp and Englander-Golden.156

Margreiter et al.158measured electron-impact ionization of
SF6from threshold to 180 eV using a Nier-type ion source in
combination with a double-focusing sector field mass spec-
trometer. They determined absolute partial ionization cross
sections for the production of SF; , SF: ' SF; , SF; , SF+,
S+, F+, SF: +, and SF; + using an improved experimental
method based on ion trajectory calculations. They deter-
mined the <Ti,partial(e) using various procedures which gave
cross section values at 100 eV that differed by 7%-40% for
the larger ion fragments, and by as much as a factor of 3 for
F+. The cross section values at 100 eV listed in Table 16 are
for the "preferred method of analysis" (case A) of Margre-
iter et al., and the sum of these partial ionization cross sec-
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TABLE 16. Comparison of the values of the partial ionization cross sections,

iTi.partial (8 = 100 eV), of SF6 as measured by three different groups (Refs.
157-159)

tions at various electron energies is plotted in Fig. 14.
Rao and Srivastava159 reported only one value (6.11

X 10-2om2) of the total ionization cross section at 100 eV
(the sum of the partial ionization cross sections they mea-
sured at this energy, see Table 16). The stated uncertainty in
their measurements is -:J:10%, and their value of <Ti,t(e) is
also plotted in Fig. 14.

No SF: was detected by Dibeler and Mohler,74Rao and
Srivastava,159AI-Nasir et al.,160or Pullen and Stockdale:61
It is believed that the SF: ion is unstable both in its ground
state and in its excited electronic states in the symmetrical
configuration. Nevertheless, some authors have reported
weak SF: signals. For example, Stanski and Adamczyk157
indicated that at 100 eV the cross section for SF: is about
5 X 10-23m2, and Shibata et al.162reported observation of
SF: in frozen-gas-target experiments where a high-energy
positive-ion beam collided with SF6 frozen on a thin Al foil
held at ~ 15K.

There have been a number of calculations163-167of the

<Ti,t(e) of SF6. Hwang et al.164and Kim and Rudd167calcu-
lated the total electron-impact ionization cross section using
the binary-encounter-Bethe (BEB) theory, the former with-
out and the latter with contributions from multiple ionization.
Margreiter et al.163and Tarnovsky et al.165,166calculated the
total single ionization cross section using the additivity rule.
The results of these calculations are compared with the ex-
perimental data in Fig. 14. (See also Deutsch et al.168for a
calculation of electron-impact ionization cross sections' 'uti-
lizing empirically modified collision theories.") Surpris-
ingly, the calculated <Ti,t(e)by Kim and collaborators for this
molecule are higher than the experimental measurements, al-
though the results of similar calculations for other molecules
[see, e.g., CF4 (Refs. 19 and 25), C2F6(Refs. 22 and 25), and
C3F8(Ref. 23)] are in good agreement with experiment.

The experimental data shown in Fig. 14 are in reasonable
agreement with each other except in some cases at low elec-
tron energies (e.g., the lowest values of Stanski and
Adamczyk157). Overall, the data of Rapp and

iTi.partial iTi.partial iTi.partial
(8= 100 eV) (8= 100 eV) (8= 100 eV)

Fragment (10-20 m2) (10-20 m2) (10-20 m2)
positive ion Ref. 157a Ref. 158b Ref. 159
-

SF; 3.38 3.42 3.52

SF; 0.30 0.39 0.395

SF: 0.99 1.09 0.93

SF; 0.26 0.27 0.22
SF+ 0.42 0.46 0.265

S+ 0.32 0.31 0.21
F+ 0.34 0.27 0.19

SF; + 0.13 0.18 0.255

SF:+ - - 0.03

SF;+ 0.09 0.12 0.095
-
aTakenoff the figures given in Ref. 157.
bData for case A-type analysis in Ref. 158.
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FIG. 14. Total electron-impact ionization cross section, CTj,t (8), for SF6 as a function of electron energy: (- - -) Ref. 82; (8) Ref. 156; (0) Ref. 157; (- -)
Ref. 158;(.) Ref. 159;(...) Ref. 163;(- - -) Ref. 164;(- . -) Ref. 166;( -) Ref. 167;(-) recommendedvalues.

Englander-Golden156are considered to be the most reliable,
and they form the basis for our recommended data. The solid
line in Fig. 14 is a fit to the data of Rapp and
Englander-Goldenl56up to 300 eV, and to the data of Stanski
and Adamczyk157for energies above 300 eV. Values derived
from this fit are listed in Table 17 as our recommended val-
ues of the O"i,t(e) of the SF6 molecule.

The high ionization thresholds and the repulsiveness of the
dissociating excited electronic states of SF6 account for the
large values of W (the energy required by energetic charged
particles to produce an electron-positive ion pair in SF6).
Hilal and Christophorou169measured the mean energy re-
quired to produce an electron-positive ion pair in SF6 by a
particles (initial energy - 5.1MeV)and foundit to be 35.45
eV per ion pair. This value is larger than that [(34.0
:t 0.4) eV per ion pair] measured by Lopes et al.170using
60Co '}'rays. The lower value for '}'rays is consistent with
other measurements (see Christophoroul71)which show that
for molecular gases, the energy to produce an electron-
positive ion pair for a particles exceeds that for'}' rays and /3
particles.

4.2. Partial Ionization Cross Sections, Ui,partlal(B)

It was indicatedin the precedingsectionthat all electron-
impactionizationprocessesin SF6are dissociativeandthat a

number of investigators157-159 have measured the cross sec-
tions for the production of the various positive-ion fragments
following electron impact on SF6. Thus, Stanski and
Adamczyk157 measured electron-impact dissociative ioniza-

TABLE 17. Recommended values for the total ionization cross section,

CTj,t(8), of SF6 (derived from a fit to the data of Rapp and Englander-Golden
in Ref. 156 and the data of Stanski and Adamczyk above 300 eV in Ref.
157)

Electron energy
(eV)

16.5
17.0
17.5
18.0
19.0
20
22
25
30
35
40
45
50
60
70

CTjt (8 )

(10":20 m2)

0.020
0.035

0.055

0.084
0.155

0.240
0.457
1.04

1.93
2.87
3.47

3.79

4.35

5.09
5.65

Electron energy
(eV)

75
80
90

100
125
150
200
250
300
350
400
450
500
550
600

CTit (e)
(10":20 m2)

5.77
5.95

6.28

6.53
6.87
6.97

6.83

6.48
6.04

5.60

5.16
4.75

4.36

4.00
3.65
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tion cross sections, (J"i,partial(8), for SF6as a function of elec-
tron energy up to 600 eV. They reported (J"i,partial(8) for the
production of the positive-ion fragments SF;, SF:, SF;,
SF;, SF+, S+, F+, SF: +, and SF;+ from SF6. Theyob-
tained these cross sections by normalizing the sum of the
relative intensities of the fragment ions to the total ionization
cross section of Rapp and Englander-Goldenl56 for SF6.
Their partial ionization cross sections, (J"i,partial(8), are shown
in Fig. 15. They generally maximize at or above 100 eV.

Similarly, Margreiter et ai.158investigated electron-impact
dissociative ionization of SF6 and determined (see previous
section for details) the (J"i,partial(8) for the same positive ion
fragments as Stanski and Adamczyk.157The (J"i,partial(8) data
for their preferred method (case A in their paper) are also
plotted in Fig. 15. There is general overall agreement be-
tween the data of Stanski and Adamczyk157and Margreiter
et al.158although for some fragments the two sets of mea-
surements differ considerably. The difference may be due to
the detection efficiency of energetic fragments, a problem
which was addressed specifically in the experiment of Mar-
greiter et al.158

The data of Rao and Srivastava159are for only a single

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000

1.0

r.... \, FIG. 15. Partial ionization cross sec-

tions, O"i,partial(e), as a function of
electron energy for SF6: (8) data of
Stanski and Adamczyk from Ref. 157;
(-) data of Margreiter et ai. from
Ref. 158 [these data are normalized to
the "case A" values at 100 eV (third

Column, Table 16)]; (.) data of Rao
and Srivastava from Ref. 159.

F+

0.1

SF2++

100 1000

incident electron energy (100 eV) and were obtained by nor-
malization to the electron-impact ionization cross sections of
the rare gases. They have a quoted uncertainty of :!:10%.
The data of these three groups of investigators are compared
in Table 16 for the common electron energy of 100 eV. The
agreement between the three sets of data varies from frag-
ment to fragment. For some positive ion fragments (such as
the energetic fragments F+ and SF+) the agreement between
the three sets of measurements is poor and thus further mea-
surements are indicated.

Finally, AI-Nasir et al.160employed an ejected-electron!
produced-ion coincidence technique and measured relative
partial doubly differential cross sections d2(J"(n)/dEdO (par-
tial doubly differential cross section for the production of
ions in the charge state n) for the ions SF;, SF:, SF;, SF; ,
(SF+, SF:+), S+, SF;+, SF;+, and SF;+ resulting from
electron-impact dissociative ionization of the SF6 molecule.
They made such measurements at incident electron energies
of 100 and 200 eV, ejected electron energies of 30, 50, 65,
100, and 150 eV, and ejected-electron angles ranging from
10° to 120°. Their results confirm previous observations59,111
that the probability of production of ions of the form SF;
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FIG. 16. Electron-impact ionization of SF6 radicals: (a) Cross section for the
formation of SFt and SF: by electron-impact on the free radical SFs. Mea-

surements of Tamovsky et ai. from Ref. 166: (0) SFt ; (8) SF: ; (+) sum
of the measured cross sections for SFt and SF: generated by electron-
impact on SFs. Calculations of total electron-impact single ionization cross

section of the radical SFs: (-) data of Tamovsky et al. from Ref. 166;
(---) data of Ali et ai. from Ref. 172 (without double ionization); (-.-)
data of Ali et ai. from Ref. 172 (with double ionization). (b) Cross section

for the formation of SF; by electron-impact on the free radical SF3: (8)
measurements of Tamovsky et ai. from Ref. 166; (-) calculation of Tar-
novsky et al. from Ref. 166; (- - -) calculation of Ali et al. from Ref. 172
(without double ionization); (-. -) calculation of Ali et al. from Ref. 172

(with double ionization). (c) Calculated electron-impact total single ioniza-

tion cross sections as a function of the electron energy for the radicals SFs,
SF4' SF3, SF2, and SF: (- - -) calculations of Tamovsky et ai. from Ref. 166;
(-) calculations of Ali et al. from Ref. 172 (without double ionization).

with X odd is higher than that for similar ions with x even,
and that the probability of production of ions of the form
SF; + withx is evenhigherthan that of similarionswithx
odd.

All three experimental studies clearly show that SF; is by
far the most abundant positive ion fragment and that the
cross sections of doubly charged positive ion fragments are
generally small (Fig. 15). Besides the doubly charged species
SF:+, SF;+, and SF;+, AI-Nasir et al.160found a measur-
able signal due to SF; +, and Harland and Thynne111de-
tected S++ from SF6 under impact by 70 eV electrons.

4.3. Electron-Impact Ionization of SF6 Neutral
Fragments

Absolute cross sections for electron-impact ionization and
dissociative ionization of the SFs and SF3 free radicals have
recently been measured by Tarnovsky et al.166from thresh-
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TABLE IS. Threshold energies for appearance of positive ions from SF6
radicals

Ion

SFt

SF:

SF;

SF;

SF+

3Estimated.

bUsted value of the ionization threshold energy.
CEstimated using reactions producing two F.
dEstimated using reactions producing F2.
eMeasured.

fEstimated using reactions producing three F.

gEstimated using reactions producing F2+ F.
hEstimated using reactions producing four F.
iEstimated using reactions producing F2+2F.
jEstimated using reactions producing two F.

old to 200 eV using the fast-neutral-beam technique. It was
found that dissociative ionization is important for SFs, but
not for SF3. For the SFs radical the cross sections for forma-
tion of the parent SF; positive ion and the fragment SF:
positive ion were found to be about the same, while electron-
impact ionization of the SF3radical predominantly generates
SF; parent ions. The reported uncertainties of these cross
section measurements are :t 15% for the parent ionization
cross sections and :t 18% for the dissociative ionization
cross sections. Figure 16(a) shows the cross sections for the
formation of the SF; parent ion and the SF: fragment ion
from the SFs free radical. The two cross section curves are
similar except for the shift in the appearance energy of the
SF: cross section to higher energy. The sum of the two cross
sections is also plotted in the figure and represents the total
single ionization cross section for this radical, since Tar-
novsky et al. put an upper limit on the contribution from all
other singly charged positive ions of 0.25X 10-16cm2 at 70
eV.

The cross section for the formation of the SF; parent posi-
tive ion from the SF3 free radical is shown in Fig. 16(b).
Based on the very weak signals Tarnovsky et al. observed
for ions other than SF; from SF3, they put an upper limit on
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Radical Threshold energy (eV) Reference

SFs 11.2:t 1.0 166
11.73 173

IO.S:t 0.1 b 174

SFs 14.5:t 1.0 166

SFs IS.S3 173

SF4 13.03 173

SF4 12.03:t O.OSb 174

SFs 17.03,c, 16.23,d 173

SF4 14.S3 173

SF3 10.63, 11.4e 173

SF3 11.0:t 1.0 166

SFs 21.S3.f, 21.03,g 173

SF4 19.33,c, IS.S3,d 173

SF3 IS.43 173

SF2 12.S3, H.Se 173

SF2 10.0Sb 174

SFs 27.S3,h, 27.03,i, 26.23j 173

SF4 2S.33,f, 24.S3,g 173

SF3 21.43,c, 20.63,d 173

SF2 IS.S3 173

SF 14.73, IS.0e 173
SF 10.09b 174



296

I
L. G. CHRISTOPHOROU AND J. K. OLTHOFF

1000

200 1000 10000

E/N (10-17 V cm2)
FIG. 17. Density-reduced electron-impact ionization coefficient, a/N (E/N), for SF6 as a function of E/N (T=293-296 K): (8) Ref. 175; (~) Ref. 177; (.)
Ref. 178; (. ) Ref. 179; (T) Ref. 184; (0) Ref. 180; (,6,) Ref. 26; (D) Ref. 181; ( 0) Refs. 185 and 186; (\7) Ref. 187; (+) Ref. 188; (*) Ref. 182; (x) Ref.
183; (-) recommended values.

the possible contributions from all other singly charged ions
of 0.2X 10-16cm2 at 70 eV.

Besides the measurements in Figs. 16(a) and 16(b), there
have been two calculations of the ionization cross sections of
these two radicals by electron impact. The modified additiv-
ity rule calculation of the total electron-impact single ioniza-
tion cross section of Tamovsky et al.,165,166and the BEB
calculation of the total electron-impact ionization cross sec-
tion with and without double ionization of Ali et al.l72 In
comparing the results of the two BEB calculations with the
experimental measurements one should consider the calcu-
lated values without double ionization. The overall agree-
ment between the experimental and calculated values is rea-
sonable although, because the BEB cross sections are higher
than the experimental data for most of the electron energy
range, further scrutiny of both theory and experiment is in-
dicated.

Besides the total electron-impact single ionization cross
sections for SF5 and SF3, Tamovsky et al.165,166and Ali
et al.l72 made similar calculations for the radicals SF4, SFb
and SF. The calculated total electron-impact single ioniza-
tion cross sections for all five radicals SF5, SF4, SF3, SF2,
and SF are presented in Fig. 16(c). In all cases the BEB cross
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sections lie generally higher than the modified additivity rule
results.

Table 18 lists values of the threshold energies for the ap-
pearance of positive ions from SF6radicals.

4.4. Density-Reduced Electron-Impact Ionization
Coefficient, al H(EIN)

There have been a number of measurements of this coef-
ficient using the steady-state Townsend method,26,175-183and
the pulsed-Townsend method.184-188These measurements
were made at room temperature (293-296 K) and collec-
tively cover the E/N range from 212X 10-17 to 8482
X 10-17V cm2. Not all of these studies quote uncertainties
for the data. Bhalla and Craggsl77 and de Urquijo et al.188
quote uncertainties ranging from about :!:5% to about
:!:15%, while Hayashi182estimates the uncertainty in his
measurements to be about :!:5%. These may be considered
typical of the uncertainties in the data of the other groups.

Figure 17 shows the available data on a/N(E/N) for SF6.
The solid line represents a least squares fit to all the data
plotted in the figure up to 2000X 10-17V cm2, except those
of Maller and Naidu180which clearly differ from the rest in
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TABLE 19. Recommended values of the density-reduced electron-impact
ionization coefficient, al N (EI N), for SF6

EIN
(10- 17V cm2)

alN (EIN)
(10-18 cm2)

EIN

(10-17 V cm2)
alN (EIN)
( 10- 18cm2)

215
250

300

350
400
450

500
550
600

650

4.66
8.90

18.5
29.5
40.1
52.3
62.7
73.2
83.7
93.3

700
750
800
850
900
950
1000
1250
1500
2000

102.9
112.4
121.5
130.1
138.9
148.6
158.2
208.5
259.8
366.3

(

their functional dependence on E/N. Values derived from
this curve are listed in Table 19 as our recommended data for

the a/ N(E/ N) of SF6. Above 2000X 10-17V cm2 the data
taken using the pulsed Townsend method184,187lie higher
than those taken using the steady state Townsend
technique.182The steady state data of Hayashi and Wangl82
for a/N above 2000X 10-17V cm2 agree well with the high
E/N values of (a- 7])/N of Hasegawa et al.189(also ob-
tained using the steady state Townsend method, see Sec.
6.6). However, it is possible that the values obtained by the
steady state method at high E/N may be adversely affected
by the low pressures and/or small drift distances used in such
high E/ N measurements.

Besides the above measurements, there have been a num-
ber of Monte Carl031and Boltzmannll,26-28,30,32-34,38,40,43.44
code calculations of a/ N(E/ N) for SF6. The results of these
calculations depend on the details of the calculation, espe-
cially the cross sections used and the associated energy
losses (for such data and details see the individual papers).

5. Cross Sections for Electron-Impact
Dissociation of SF6Into Neutral

Fragments, U dis,neut( E)

-)

Relatively little work has been done on the process of
electron-impact dissociation of the SF6molecule into neutral
fragments in spite of the practical significance of this process
in plasma processing and gaseous dielectrics. There have
been no absolute measurements of the cross sections for total
or partial dissociation of SF6 into neutral fragments. To our
knowledge the only study to date is that of Ito et al.173who
used appearance mass spectrometry in a dual electron beam
device and measured the energy dependence of the partial
cross sections of electron-impact dissociation of SF6into the
neutral radicals SF, SF2, and SF3 from threshold to 200 eV.
The dissociation products SF4 and SF5 were below the de-
tection limit of their system. The relative cross sections for
electron-impact dissociation of SF6 into SF, SF2, and SF3
reported by Ito et al. are shown in Fig. 18(a). The quoted
relative uncertainty of these data is :t 20%. Ito et al.173were
unable to determine the absolute cross section scale in Fig.

FIG. 18. (a) Relative cross sections, O'dis,neut(8), for electron-impact disso-
ciation of SF6 into (8) SF3, (A) SF2, and (8) SF neutral radicals from the
measurements of Ito et ai. in Ref. 173. The line (-) represents the relative
sum of the cross sections for the three radicals. (b) Deduced cross section

for total dissociation into neutrals, 0'dis,neut.t(8), for SF6 from other recom-
mended cross sections (see text).

18(a) because of a lack of ionization cross sections for the
SFx radicals required to normalize their relative measure-
ments. However, such measurements have since become
available (Fig. 16) and could be used to determine absolute
cross sections from the relative measurements of Ito et al.,
assuming that the other experimental variables involved are
accurately known. It should be noted that the relative cross
sections for the three radicals in Fig. 18 are absolute with
respect to each other, and that in Table 4 of the paper by Ito
et al.173the cross sections for the three fragments are listed
as being in units of 10-20m2. As for the case of the CF4
molecule,19,25these cross sections are expected to be much
smaller than the cross sections (Ti,t(B) and (Te,int(B) of SF6, at
electron energies above ~ 50 eV.

As we have discussed in Sec. 3.5.1, at energies above
~ 15 eV where the cross section (Tvib,t(B)is small, the differ-
ence (Tsc,t( B) - (Te,int(B) can be used to deduce a value for the
total cross section, (Tdis,neut,t(B), for the dissociation of SF6
into neutral fragments via the relation

(Tdis,neuti B) ==[(Tsci B) - (Te,inlB) ] - (Ti,t(B). (3)

In Eq. (3) the quantity [(Tsc,t(B) - (Te,int(B) ] is as determined
in Sec. 3.5.1 (open symbols in Fig. 12 above 15 eV), and

(Ti,t(B) is our recommended cross section for the total ioniza-
tion cross section (Table 17). These two quantities, along
with their difference, (Tdis,neut,t(B), are shown in Fig. 18(b).
The cross section (Tdis,neut,lB) deduced this way is seen to
have a different energy dependence than the sum of the rela-
tive cross sections for dissociation of SF6 into the neutral
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TABLE 20. Deduced values of the total cross section, (1'dis.neut.t(8), for

electron-impact dissociation of SF6 into neutral fragments

TABLE 22. Threshold energies of excited neutral fragments upon electron

impact on SF6

fragments SF3, SF2, and SF reported by Ito et al.173[Fig.
18(a)]. This discrepancy is consistent with previous
observations25of possible inaccuracies in magnitude and en-
ergy dependence in the cross sections for dissociation into
neutrals measured by Sugai and co-workers for CF4 and
CHF3. Ito et al. obtained the relative cross sections in Fig.
18(a) under the assumption that the total ionization cross
section for each of the SF6radicals is similar in shape to that
of SF6.190

In the absence of any absolute data on the Udis,neut,t(e) of
SF6, we list in Table 20 the values of Udis,neutie) deduced as
described above as our presently suggested data. It should be
realized that these data are approximate and require experi-
mental confirmation.

Table 21 lists the expected or measured threshold energies
for dissociation of SF6 into SF5, SF4, SF3, SF2, SF, F2, and
F as given by Ito et al.173

There have been a few other studies154,155,191,192dealing
with electron-impact dissociation of SF6 into excited neutral
fragments. These provide complementary information on the
dissociation mechanisms of this molecule. Thus, Corr

TABLE 21. Expected or measured threshold energies given by Ito et al. in
Ref. 173 for electron-impact dissociation of SF6 into neutrals

Reaction
Expected threshold

energy (eV)

9.6

12.1
11.3

16.0
15.2

18.6
17.8
17.0

22.7
21.9
21.1

Measureda threshold

energy (eV)

SF6+e-+SFs+ F+e

SF6+e-+SF4+2F+e

SF6+e-+SF4+F2+e

SF6 + e-+SF3 + 3F+ e

SF6+e-+SF3+ F+ F2+e

SF6+e-+SF2+4F+e
SF6+e-+SF2+2F+ F2+e

SF6+e-+SF2+2F2+e

SF6+e-+SF+5F+e

SF6+e-+SF+ 3F+ F2+e
SF6 + e-+SF+ F+2F2+e

16.0b

19.5b

22.0b

aEstimated uncertainty: :to.5 eV.
~e experimental value is affected by contributions from all respective
processes given in the first column of the table.
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FR,SR

et al.191studied the dissociation of the SF6 molecule into
neutral metastable fragments as a function of the incident
electron energy from threshold to 300 eV. They identified a
number of dissociation channels involving both partial and
total fragmentation of the SF6 molecule by electron impact.
In Table 22 are listed the threshold energies they determined
for the production of the various excited fragments. The
work of Corr et al.191shows that dissociation leading to total
fragmentation of SF6is responsible for the formation of the S
fragments and also the dominant process for the formation of
F atoms. The finding that the F atoms are predominantly
produced by complete dissociation of the SF6 molecule is
also consistent with the results of three other studies by
Becker and collaborators154,155,192on the optical emission
from excited atomic fragments generated by electron-impact
dissociation of SF6. Thus, Blanks et al.,155using a crossed
electron beam-gas beam apparatus, measured absolute emis-
sion cross sections and appearance potentials for the most
intense 3p -+ 3s atomic fluorine lines in the visible range of
the optical spectrum between 620 and 780 nm. According to
Blanks et al. these lines are emitted by atomic fluorine frag-
ments that are formed in the various excited states associated
with the ls2 2s2 2p4 3p electron configuration. Figure 19
shows the absolute emission cross section, Uem( e ), of the
integrated PI 3p4V°-+3s4p multiplet as a function of the
incident electron energy, and Table 23 lists the absolute
emission cross sections, Uem(100 eV), measured for various
visible PI emission lines for an incident-electron energy of
100 eV.

The threshold energies for excited neutral fragments pro-
duced by electron impact on SF6 as obtained by these work-
ers are also listed in Table 22. Blanks et al. 155determined a

Electron energy (1'dis,neut,t(8 ) Electron energy (1'dis,neut,t(8 ) Threshold energy

(eV) (10-20 m2) (eV) (10-20 m2) Fragment (eV) Reference Species detected
-

15 0.8 45 2.7 FR 18.7:t 1.0 191 Rydbergs2
16 1.2 50 2.8 17.9:t 1.0 191 Photons/total

17 1.6 60 2.4 18.0:t 1.0 161 F+2
18 1.8 70 2.1 Metastable 27 191 Low-energy fragments
19 2.2 75 1.7

20 2.7 80 1.5 fragments 30.0:t 1.0 191 Neutrals/total

22 3.5 90 1.1
26.8:t 0.3 74 SFt

25 3.7 100 0.87
27.O:t0.3 161 SFt

30 3.1 125 0.53 FR 36.0:t 1.0 191 Rydbergs

35 2.4 150 0.23 35.0:t 1.0 191 Photons/total

40 2.3 200 0.07 35.8:t 1.0 191 Neutrals/total
35.8:t 1.0 74 F+
37.5:t 1.0 161 F+
35.8:t 1.5 154 F*

44.3:t 1.0 191 Rydbergs
44.5:t 1.0 191 Photons/total

44.9:t 1.0 191 Neutrals/total
42.0:t 1.5 154 F*
41.6:t 1.5 155 F*
40:t 2 192 F*
43.6:t 1.5 154 S*
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FIG. 19. Emission cross section for the integrated PI 3p4Do~3s4p multip-

let as a function of the energy of the incident electrons impacting on SF6
(data of Blanks et al. from Ref. 155).

value of 41.6:t 1.5eV for the threshold energy of the stron-
gest line emission at 685.6 nm. This relatively high onset
indicates that total fragmentation of the molecule plays a
leading role in the electron-impact-induced dissociation of
SF6.

Becker and collaborators154,192 also investigated light
emission resulting from electron impact on SF6 in other
(shorter) wavelength regions. Blanks and Becker192investi-
gated the wavelength range from 200 to 600 nm, and Forand
et al.154studied the wavelength range from 45-185 nm using
200 eV incident electrons. Blanks and Becker192found that
the 2,4D ~ 4 P multiplet at 366.8 nm has the largest emission
cross section with a cross section of (4.4:t 1.2)X 10-20cm2
at 100 eV. Figure 20 shows the emissions produced by 200
eV electrons on SF6. The spectrum consists of a broad struc-
ture from 200 to 320 nm and several line emissions. The
strongest line emissions originate from excited fluorine frag-
ments in the 2,450,2,4pO,and 2,4DOstates associated with the
2p44p electron configuration. These states lie approximately
16 eV above the ground state atom and decay into the
2p43s2,4P states emitting several multiplets in the wave-
length region between 350 and 400 nm. The threshold en-
ergy of the strongest line was found by Blanks and Becker to
be (40:t 2) eV (Table 22). Interestingly, no emission from
ionic fluorine was observed by Becker and collaborators. A
later study by Field and Eland193using wavelengths of 58.4,
30.4, and 25.6 nm to excite SF6 is consistent with the
electron-impact result in that no detectable ionic emission
from either parent or fragment ions was observed. However,
according to Forand et al.,154at shorter wavelengths (45-
185 nm), the observed lines following electron impact of 200
eV electrons on SF6could be identified with singly ionized S
atoms, besides neutral S and F atomic transitions.

From the work of Becker and collaborators,154,192it can be
concluded that electron impact on SF6 results in the forma-
tion of neutral and ionized excited atomic fragments with
significant probabilities, and that light observed following
electron impact on SF6 is due to de-excitation of these ex-
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TABLE 23. Absolute emission cross sections, Uem (100 eV), for various

visible PI emission lines for 100 eV incident electrons impacting on SF6
(data of Blanks et al. from Ref. 155)

Transition

4SO~ 4 P

4DO~ 4p

2pO ~ 2P

2SO ~ 2P

4 pO ~ 4P

2DO~ 2p

aThe uncertainty is :t20% for Uem(100 eV) values larger than 1O-19cm2,
:t25% for Uem(100 eV) values smaller than 10-19 cm2, and about :t40%

for the Uem(100 eV) of emissions at wavelengths longer than 750.0 nm.

cited fragments. These results would indicate that the weak
light emission observed by some investigators from the mo-
tion of electron swarms in SF6 at high E/N or from SF6
discharges may be due to such excited fragments, although
another possible source of these weak emissions may be im-
purities. It has, for instance, been shown that small amounts
of N2 in SF6 greatly enhance light emission as the nitrogen

FIG. 20. Emission spectrum of SF6 between about 200 and 600 nm gener-
ated by collisions with 200 eV incident electrons (data uncorrected for the
wavelength dependence of the detector efficiency) from Blanks and Becker
in Ref. 192.
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FIG. 21. Calculated electron-impact dissociation rate, kdis (E/N), as a func-
tion of E/N for (8) total dissociation, (.) total electronic excitation, and
(.) total dissociative ionization (results of Phelps and VanBrunt from Ref.
40). The open points (0), (6) are calculated results by Masek et al. in Ref.
195 at E/N= 100X 10-17 V cm2. The dashed lines are extrapolations by
Phelps and Van Brunt of their calculations to lower E/N.

molecule has a large excitation coefficient for the second
positive group radiation (C 3TIu--tB3TIg)and quenching of
the C states of N2by SF6is not very strong.194

Finally, in the absence of any measurements of the
electron-impact dissociation rate for SF6, we show in Fig. 21
the results40 of a Boltzmann calculation of the electron-
impact induced dissoCiationrate, kdis(E/N), of SF6 (also see
Ref. 196). It should be realized that these data are model-
specific.

6. Electron Attachment to SF6
6.1.Cross Sectionsforthe Formationof Negative

Ions

It has long been established that SF6is an electronegative
gas. Electron attachment to SF6 leads to the formation of
both parent (SF(j) and fragment (SF;, SF4, SF3, SF2,
F2, and F-) negative ions. The experimental data on the
cross sections for the formation of each of these negative
ions are presented and discussed in this section. The mea-
sured cross sections for the various negative ions formed by
electron impact on SF6show that the parent negative ion SF(j
is formed only at extremely low electron energies (below
~ 0.2 eV), and that the fragment negative ions are formed via
a number of negative ion states located between 0 and
~ 15eV.

6.1.1.SF;

The stable parent negative ion SF(j produced at zero and
near-zero electron energy is initially formed as a metastable
SF(j* ion which subsequent to its formation is stabilized by
collision or radiation. Its autodetachment lifetime, Ta, under
collision-free conditions has been found to be between 10
and 68 I1-S197-202using time-of-flight (TOF) mass spectro-
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metric measurements. Similar measurements using ion cy-
clotron resonance (ICR) techniques found the lifetime of
SF(j* to be much longer, in the ms range.203-205This is not
surprising, since a number of studies201,202,206have shown
that the autodetachment lifetime of many polyatomic long-
lived transient negative ions depends on 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 in ICR experiments
are normally much lower than in TOF experiments. While no
effect of the attaching electron's energy on the Taof SF(j*
has been reported, such energy dependence has been found
for other transient anions.201,207-211Furthermore, Delmore
and Appelhans212 observed an increase of ~ 33% in the Taof

metastable SF(j* when the temperature of the ion source was
decreased from ~475 to ~375 K. This was attributed to the
contribution of various excited states to the autodetachment

process. It has also been shown204that the Taof SF(j* in the
ICR spectrometer varies with the observation time of the
experiment, thus accounting for radiative and collisional
cooling of SF(j * .204,213

Besides the formation of SF(j by direct attachment of low-
energy electrons, SF(j can also be formed indirectly by rela-
tively higher energy electrons when these electrons lose
"all" of their energy to inelastic electron scattering and are
then attached efficiently as "zero-energy" electrons to SF6
molecules. Indeed, this is the basis of the so-called "SF(j
threshold-electron-excitation technique" used to locate
negative-ion states and excited electronic states, especially
optically forbidden states, of neutral molecules.214-217

Many early studies82.114,198,214,215,218-222showed that SF(j
is formed near 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 SF(j was instrumental, i.e., the
SF(j resonance is narrower than the energy spread of the
electron pulse or beam used to measure it. This narrowness
of the SF(j resonance is largely responsible for the large
uncertainty and spread in the early published values of the
attachment cross section, UaSF-(B), for formation of SF6- at

, 6

thermal and near-thermal energies. There have been a num-
ber of subsequent (room temperature) studies using both
conventional electron beam26,139,223 and electron

swarm108,109,224-228techniques. Additionally, newer very-
high resolution and very-low energy electron beam tech-
niques have been used to provide accurate values of the ab-
solute cross section for the attachment of free electrons to

SF6 to form SF(j from ~ 1 eV down to the ~ V
range.152,153,229-236Besides these methods, information on

Ua,SF;;(B) has been provided in the thermal and subthermal
electron energy range by another new technique using
"bound-electron" capture in collisions of SF6 with high-
Rydberg atoms.234,237-253The results obtained by these meth-
ods are complementary to those obtained by direct "free"
electron-impact methods.

The cross section data for total electron attachment deter-
mined by these methods are plotted in Fig. 22 over an energy

- 10-8
en

C')
E

I/)
'5

10-9
..:::.::



ELECTRON INTERACTIONS WITH SF6

104

103
~

C\I

E
o
C\I

I

o
,....
"'-'"'

102

101......

af
\:)

10°

10-1
0.0001 0.001

301

0.01 10.1

Electron Energy (eV)
FIG. 22. Measured total electron attachment cross section, CTa.t(8), 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 - 0.1eV this cross section is about equal to CTa,SFi (8) for the production of SF6 . Conventional electron-beam
data: (- - -) Ref. 26; (.) Ref. 223; (- -) Ref. 139. Swarm-unfolded data: (T) Ref. 108; (.A) Ref. 225; (6) Ref. 226; (-. ..-) Ref. 227; (- - -) Ref. 228.
TPSA technique: (...) data from Ref. 232 normalized to the thermal electron attachment rate constant value of Crompton and Haddad in Ref. 254; (. . .) data
of Ref. 233 normalized to the swarm-unfolded cross section of McCorkle et al. in Ref. 227. LP A technique: ( - . -) Refs. 152, 255, 261. High-Rydberg data:

(0) Xe* (nf), Ref. 240; (0) Rb* (ns,nd), Ref. 241; (+) Rb* (ns,nd), K*(nd), Xe*(nf), Ref. 243; (0) K*(np), Ref. 248. (-) Recommended values.

range of 0.0001- ~0.2 eV, and are briefly discussed below.
Data obtained by conventional electron-swarm and

electron-beam techniques-The swarm data108,109.224-228
plotted in Fig. 22 have been unfolded from the total electron
attachment rate-constant measurements made in mixtures of

SF6 with N2 buffer gas. They are therefore total electron
attachment cross sections. However, since SFi is the pre-
dominant negative ion in the energy region below ~0.1 eV,

these cross sections give the value of ua.SF6"(8). It is difficult
to assess the uncertainty of these cross section data. Al-
though the rate constant measurements are expected to have
an uncertainty around :t 10%, the cross section values have
a larger uncertainty. Similarly, the electron beam data have a
largeuncertaintyat low energies.Kline et al.26used the re-
tarding potential difference method in their experiments and
their energy resolution was typically between 80 and 100
meV. Their cross section below ~0.1 eV is therefore instru-
mental. The measurements of Olthoff et al.223 and Wan

et al. 139are for the total electron attachment cross section

and were made using a trochoidal monochromator (T

= 328 K). They have a quoted uncertainty of :t 15% above 1
eV and a larger uncertainty below this energy, which perhaps
increases to :t 50% at 0.2 eV.

Data obtained from very-high resolution, very-low energy

electron-beam techniques-Two such techniques have been
developed, one by Chutjian and collaborators229.23o,232.233and
the other by Hotop and collaborators.152,153.234-236The two
techniques are similar in principle. The technique of the
former group uses vacuum uv 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 (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 and 8
meV (full-width at half-maximum),z32 The energy depen-
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dence of the cross section is obtained using convolution tech-
niques and the absolute value is determined by normalization
to electron swann data. The data of Chutjian et al.232were
normalized to the thermal electron attachment rate constant
(2.27X 10-7 cm3S-I) of Crompton and Haddad,254while the
data of Chutjian and Alajajian233were normalized to the
electron swann-unfolded cross section data of McCorkle
et al.227The technique of Hotop and collaborators is referred
to as the laser-photoelectron-attachment (LPA) method and
is based on the controlled production of variable-energypho-
toelectrons using lasers to photoionize a well-collimated
beam of metastable Ar* (4s3 P2) atoms "from a differen-
tially pumped dc discharge source in a field-free region."
The resulting negative ions are then detected by application
of pulsed electric fields.152This technique has permitted the
energy dependence of the electron attachment cross section
to be measured directly with sub-meV resolution. The values
measured by Hotop and collaborators 152,255for the Ua SF- ( e ), 6

in the range 0.0001-0.250 eV are shown in Fig. 22. These
cross-section values were obtained by normalization to the
thermal (T= 300 K) rate constant measurement of Crompton
et al.254,256It should be emphasized that the cross section of
Hotop et al. in Fig. 22 is only for the formation of SF6"'
while the rest of the data above 0.1 eV are total electron
attachment cross sections.

Data obtained from high-Rydberg atom bound-electron
capture methods-A number of investigators, foremost the
group at Rice University, have used bearns of atoms excited
in high-Rydberg states, A**(nl), to measure the rate con-
stant for the reaction

A**(nl)+SF6~A++SF6" (4)

down to ~4 f.LeV.253 In almost all such investigations,
A**(nl) is a rare-gas or an alkali-metal atom in a Rydberg
state with principal quantum number n and angular momen-
tum quantum number I. In these studies the rate constant
ka,befor the formation of SF6"is measured as a function of
the principal quantum number n, or as a function of the
effective principal quantum number n * (n *= n - 0[, where
o[ is the I-dependent quantum defect). An exarnple of the
ka,be(n*) measurements is shown in Fig. 23. From data such
as in Fig. 23, the cross section for bound-electron capture,
Ua,be(V), is determined via the relation

U a,beCv) = ka,be( n *)/v rms'

wherevrmsis the root-mean-squarevelocityof the Rydberg
electron. While a number of authors (e.g., see Refs. 251 and
253) have shown Eq. (5) to be inappropriate for Rydberg
states with I small compared to n, and while postattachment
electrostatic attraction between the products (A+, SF6")may
have significant effects on the size of the measured cross
section (e.g., see Ref. 253), a number of studies (e.g., Refs.
241, 248, 252, and 253) 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 quantum number n. In such cases, then, the excited
electron and the core can be considered independent par-

J. Phys. Chern. Ref. Data, Vol.29, No.3, 2000

101

-'enC')
Eo

.......

b
.....

:¥livvto.E}
'i)fJrF + .ce ~o ~o

o

. ..
v..00..

10. t ·~.."v(I).c
iii

~ v
a

10-1
10

...L.

100

Effective Principal Quantum Number, n*

1000

FIG.23. Rate constant, ka,be(n*), for bound-electron capture as a function
of the effective principal quantum number n * in collisions of Rydberg at-
oms with SF6 (from Ling et al. in Ref. 248): (.) K*(np), Ref. 248; (0)
Rb*(nd), Ref. 241; (8) Rb*(ns), Ref. 241; (0) K*(nd), Ref. 243; (\7)
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ticles, the electron in the Rydberg atom essentially being
equivalent to a free electron having the sarne kinetic energy
as the binding energy of the Rydberg electron. These studies,
as well as those of Chutjian and collaborators and Hotop and
collaborators (referred to earlier in this section) have shown
that at very low energies (:$1 meV152,236)the attachment
cross section for the formation of SF6"varies inversely with
the electron velocity in accordance with the Wigner thresh-
old law for s-wave electron attachment.257

Reaction (4) has been studied using a number of Rydberg
atoms: He*(n= 14, Ip);250 Ne*(ns, nd);234
Xe*(nf); 237,238,240,243K*(nd); 242,243,245 K*(np); 248
Na*(np);244 Rb*(ns, nd);241,243and Cs*(ns, np, nd).246
The results of these high-Rydberg-atom studies on Ua,be(V)
are plotted in Fig. 22.

The wide spread in the data shown in Fig. 22 and the
many factors that can affect them (many of which are often
not clearly discerned) makes the deduction of a recom-
mendedtotal attachmentcross section,Ua,t(e ), for SF6 dif-
ficult. However, since at energies below ~ 1.5 eV, SF6" and

SFs are the only negative ions produced by electron attach-
ment to SF6 with significant intensity, we determined the
recommended value of Ua,t(e) for SF6 shown by the solid
line in Fig. 22, by summing our recommended cross sections

for SF6" and SFs formation, which are determined separately
below.

The determination of the recommended cross section,

Ua,SF6(e), for the formation of SF6" was made by consider-
ing the data in Fig. 24(a). The dot-dash line (- . -) repre-
sents the measurements of Hotop and collaborators 152,255ob-
tained using the LPA technique (much of this curve from
~ 0.003 to 0.2 eV is overlaid by the solid recommended line
discussed later). The broken lines (- -) and (- - -) are the
cross sections for the production of only SF6"as obtained,
respectively, from electron-swann-based measurements by
Hunter et al.228and from electron-bearn-based measurements
by Kline et al.26 The symbols shown in the figure are the
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TABLE 24. Recommended values of the electron attachment cross section,

<Ta,SPi (8), for the formation of SF6" by electron impact on SF6 in the elec-
tron energy range 0,0001-0.40 eV

bound-electron attachment cross sections of Refs. 240, 241,
243, and 248. At the lowest energies «0.005 eV), the cross
section values of Hotop and collaborators are in excellent
agreement with the bound-electron attachment measurements
for n> 30. At higher energies, the cross section of Hotop and
collaborators drops off abruptly at the onsets of the VI, V3'
and 2 VI vibrational excitations (see discussions in Refs. 152
and 255), and is in overall agreement with the data of Hunter
et at. and Kline et at. considering the precipitous decline in
the magnitude of the cross section with increasing electron
energy in this energy range. The measurements of Hotop and
collaboratorsl52,255from 0.0001 to 0.23 eV, the bound-
electron attachment data below 0.005 eV, and the data of
Hunter et at. and Kline et at. above 0.2 eV were fit to yield
the solid line in Fig. 24(a). This line represents our recom-

mended values for (]'a,SF6(B) in the energy range 0.0001-0.4
eV, and values extracted from the line are listed in Table 24.

The other free-electron data for (]'a,SF6(B) shown in Fig.
22 were not considered for various reasons: (1) The data of
Chutjian and collaborators are indirect measurements both in
absolute magnitude and energy dependence. Also, according
to Chutjian258part of the disagreement between the data they
obtained using the TPSA technique and the data obtained
using the LPA and bound-electron attachment methods are
due to the effects of stray fields on the TPSA measurements.
(2) The electron beam data of Olthoff et at.223and Wan
et at.139do not show the enhancement at ~ 0.4 eV due to

SFs borne out by all other electron beam and electron swarm
studies, and no means exists to differentiate between the SF6
and SFs contributions. (3) From the various swarm-based

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000

TABLE 25. Suggested values for the dissociative electron attachment cross

section, <Tda,SP~(8), for the formation of SF; by electron attachment to SF6
as a function of the electron energy

cross sections we considered only the more recent data of
Hunter et at.228since these measurements were more accu-
rate and more extensive than the previous ones, and since
more recent cross sections were employed in the determina-
tion of the electron energy distribution functions used to ob-
tain the swarm-based cross sections from the measured rate
constants.

6.1.2.SFS"

A number of electron-beam studies26,108-111,113,115,259have
shown that at energies below ~ 2 eV, SFs is produced via
the dissociative electron attachment reaction

e+SF6~SFs +F (6)

with maxima at ~O.O and 0.38 eV. It has been shown by
Chen and ChantryllOthat the first peak at ~O.OeV is very
sensitive to gas temperature (Sec. 6.4.1) and that the second
peak at 0.38 eV is rather independent of temperature. Inter-
estingly, Matejcik et at.259have recently found that the first
peak at 0.0 eV disappears at temperatures below ambient.

In Fig. 24(b) are compared the published values of the
cross section, (]'daSF-(B), for the formation of SF5- by low-

, 5

energy electron-impact on SF6 as a function of electron en-
ergy for swarm-normalized data108,109,228and electron-beam
data.26,113None of these studies quoted uncertainties. As can
be seen from Fig. 24(b) there are large differences in the
cross section data for the production of SFs from SF6. The
large discrepancies below 0.1 eV may be partly due to the
varied effects of temperature on the formation of SFs at the
low energies (e.g., see Refs. 152, 260, and 261) which are
still unresolved. For this reason, we suggest data for the
cross section, (]'daSF-(B), for the formation of SF5- by elec-

, 5

tron attachment to SF6down to only 0.1 eV. These suggested
data are shown in Fig. 24(b) by the solid line which was
obtained by a least squares fit to the data of Kline et at.26and
Hunter et at.228Values derived from the line are listed in
Table 25. The data of Rao and Srivastava1l3were excluded
from the fit since they exhibit a large energy uncertainty due

Electron energy <Ta,SP- (8) Electron energy <Ta SP- (8)

(eV) (10-0 m2) (eV) (10-0 m2)

0,0001 7617 0,030 221
0,0002 5283 0.035 190
0.0003 4284 0.040 171
0.0004 3692 0.045 149
0,0005 3280 0,050 132
0.0006 2968 0.060 109
0,0007 2724 0.070 92.7
0.0008 2529 0.080 82.9
0.0009 2369 0.090 74,3
0.001 2237 0.10 49,5
0.002 1511 0.12 30.8
0.003 1202 0.14 17.8
0,004 993 0.15 14.2
0.005 859 0.16 10.5
0.006 760 0.18 5.85
0,007 683 0.20 2.86
0.008 621 0.22 1.24
0.009 569 0,25 0.52
0,010 526 0.28 0.25
0,015 383 0.30 0.16
0.020 304 0.35 0.05
0.025 257 0.40 0.01

Electron energy <Tda,SP (8) Electron energy <Tda.SP (8)

(eV) (10-20 m2) (eV) (10-20 m2)

0.10 1.85 0.40 3.45
0,12 2.09 0.45 2.75
0.14 2.36 0.50 2.15
0.15 2.48 0.60 1.25
0.16 2.61 0.70 0.72
0.18 2.87 0.80 0.42
0.20 3.15 0.90 0.25
0.22 3.45 1.0 0.15
0.25 3.86 1.2 0,060
0.28 4.15 1.5 0.020
0,30 4.24 1.9 0.005
0.35 4.07
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FIG. 25. Cross sections for the formation of SF4 ' SF3" ' and SF2" by dissociative electron attachment to SF6 as a function of the electron energy: (0), (8) Ref.
114; (- - -) Ref. 26; (6), (.) Ref. 113; (-) suggested values.

to the difficulty of obtaining accurate values from the sharp
SF.s peak shown in the figure in their paper. It should be
noted, that at room temperature the contribution of SF.s to
the total electron attachment cross section below ~ 0.1 eV is
small compared to SF6 production.

6.1.3. SF4", SF; , and SF2"

The smaller SF; (x = 2,3,4) ions are generatedmostly
through negative-ion states located at progressively higher
electron energies (see Table 26). The SF4 fragment is gen-
erated from a broad resonance between 4 and 8 eV. Harland
and Thynne111attributed the production of this ion to the
reaction

SF6+e---7SF4 +2F

and reported the cross section maximum for this ion to be at
(6.0:t0.l) eV. In contrast, Fenzlaff et al.,115although not
excluding reaction (7) for the formation of SF4, attributed
its formation "at least on the high energy side of the reso-
nance," to the reaction

e+SF6---7SF6*(5.4eV)---7SF4+F2 (8)

with a threshold at (2.8:t0.1) eV and a peak at 5.4 eV.
Cross sections for all three fragment negative ions were

measured at room temperature by Lehmann,114Kline et al.,26
and Rao and Srivastava,l13and are shown in Fig. 25. Kline
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FIG. 26. Cross section for the formation of F2" by dissociative electron
attachment to SF6 as a function of the electron energy: (8) Ref. 114; (---)
Ref. 26; (.) Ref. 113; (-) suggested data.
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TABLE26. Energy positions of cross section maxima in the formation of negative ions by low-energy electron
impact on SF6

Negative
ion

SF6"

SFs

SF4"

SF3"

SF2

F2

F-

Suggested reaction

e + SF6-+SF6"*

e + SF6-+SFs + F

e+SF6-+SF4" +2F

e + SF6-+SF4" + F2 and (SF4" + 2F)

e + SF6-+SF6"* (5.4 eV)-+SF4+F2

e + SF6-+SF6" * -+SF 4 + F + F-

e + SF 6-+SF6" * -+SF3 + 2F + F-

e + SF6-+SF6"*-+SF2+3F+F-

e + SF 6-+SF6" * -+SFs + F-

e + SF6-+SF6" * -+SF 4 + F + F-

aThe zero-energy peak was found to "disappear" at temperatures below ambient (Ref. 259).
bOetermined from the respective figures of each of these references.
cAll energy values determined from the figures given in Ref. 114 were reduced by 0.6 eV (see text).

et al. established the magnitudes of the cross sections by
measuring the various positive-ion cross sections and cali-
brating their sum with the total ionization cross section mea-
surements of Rapp and Englander Golden.156Their effective
electron energy resolution was between 0.08 and 0.1 eV with
an estimated uncertainty of the electron energy scale of
:to.1 eV. Rao and Srivastaval13measured peak cross section
values for SF4", SF3", and SF2", respectively, equal to 4.0
X 10-19, 8.8X 10-20, and 1.3X 10-20cm2. The data of Rao
and Srivastava in Fig. 25 were taken off their plots113and
were put on an absolute scale using these peak cross section
values. In Fig. 25 the data of Lehmann were shifted to lower
energies by 0.6 eV, as suggested by Kline et al.26

With the applied shift in the data of Lehmann,114the
agreement in the magnitude and energy dependence of the
cross sections for these three ions as measured by
Lehmann114and by Rao and Srivastaval13is reasonable. The
energy position of the maxima in the cross sections for each
of these ions as determined from the data reported by
Lehmann,114Kline et al.,26 and Rao and Srivastaval13 are
listed in Table 26, along with similar data derived from the

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000

relative cross section measurements of Fenzlaff et al.115
The solid lines shown in the figure for each negative ion

fragment represent our respective suggested cross sections.
They were obtained by a least squares fit to all three sets of
measurements for each ion, except for the case of the SF3"
ion for which only the data of Refs. 113 and 114 were con-
sidered. In Table 27 are listed the suggested values for the
cross sections of these three fragment negative ions derived
from the solid lines in Fig. 25.

6.1.4.F2"

Figure 26 compares the room temperature cross section
measurements of Lehmann,114Kline et aI.,26 and Rao and
Srivastava113for the production of F2". The F2"ion is pro-
duced in the energy range from ~ 1 to ~ 14eV, and the
cross sections exhibit maxima near 2.2, 4.7 eV, and 11.5 eV
(Table 26). The data of Lehmann shown here were again
shifted to lower energy by 0.6 eV as discussed previously.
Rao and Srivastava113gave a value of 2.6X 10-20cm2for the
cross section of this ion at the maximum of the third peak at

Energy position of cross
section maximum (eV) Reference(s)

-0.0 Many (see text)

0.50:!:0.1 111
0.38 108, 109

-0.0; 0.38 110, 26
- O.Oa;0.38 115

-0.0 113b

6.0:!:0.1 111
5.4 114b.c
5.4 26b
5.4 115
5.0 113b

11.2 114b.c
9.4; 10.9 26b

11.3 113b

13.0 114b.c
12.0 26b
12.3 113b

2.4; 4.8; 11.7 114b.c

2.0; 4.4; 11.2 26b
5.4 115

2.2; 4.8; 11.6 113b

5.7:!:0.1 111
9.3:!:0.1 111
11.8:!:0.1 111

2.8; 5.2; 8.9; 11.5 114b.c
2.6; 5.1; 8.8; 11.3 26b

-2.9 115
5.4 115

2.8; 5.3; 9.4; 11.6 113b
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TABLE27. Suggested cross sections for the formation of SF4", SF3"' SF;- , 10-1
F2"' and F- by dissociative electron attachment to SF6 as a function of the
electron energy. Note that the cross section units are 10-22 m2

Energy
(eV)

1.50
2.00
2.25
2.50
2.75
3.00
3.50
4.00
4.50
5.00
5.50
6.00
6.50
7.00
7.50
8.00
8.50
9.00
9.50

10.00
10.25
10.50
11.00
11.50
12.00
12.50
13.00
13.50
14.00
14.50
15.00

(1'da.SFi

0.0084
0.0350
0.144

0.457
0.528

0.394

0.251
0.130
0.0460

0.0084
0.0032

(1'da.SF3 (1' da.SF2"

Cross section (10-22 m2)

(1'da.F2"

0.0014

0.0046
0.0150

0.0330

0.0510
0.0577
0.0640

0.0750
0.0710

0.0490

0.0260
0.0110
0.0031

0.0008

0.000 19
0.000 37
0.001 40
0.004 20
0.007 60
0.01060
0.008 70
0.004 40
0.001 70
0.000 68
0.000 28

0.0030
0.0080
0.0075
0.0060
0.0042
0.0026
0.0026
0.0265
0.0707
0.0489
0.0155
0.0038
0.0019
0.0015
0.0015
0.0018
0.0031
0.0065
0.0104
0.0200
0.0308
0.0503
0.0910
0.0954
0.0615
0.0274
0.0111
0.0050
0.0032
0.0018
0.0012

(1'da.F-

0.022

0.075
0.149

0.162

0.098
0.171

0.856

2.69
4.63
4.39

2.78

1.37
0.749

0.615

0.977
1.42

1.57
1.39

1.13

1.14
1.31
2.10

2.35

1.95
1.22

0.629
0.400
0.340

0.310

0.300

11.5 eV which is lower than the other two sets of measure-
ments by nearly a factor of 10. The solid line in Fig. 26 is

our suggested cross section, Uda.F;-(B), for this ion that was
obtained by considering all three sets of experimental data.
Values derived from this curve are listed in Table 27.

6.1.5.F-

The F- ion is the predominant fragment negative ion pro-
duced by dissociative electron attachment to SF6at ambient
temperatureat electronenergiesabove ~ 3 eV. Cross sec-
tions for the formation of this ion are shown in Fig. 27, and
these exhibit maxima near 2.8, 5.2, 9.1, and 11.5 eV. Above
~ 15eV the data of Rao and Srivastaval13show formation of
F- possibly via ion-pair processes. The energy positions of
the maxima in the F- cross section function as determined
from the various sources and possible reaction mechanisms
of formation are given in Table 26. Not included in Table 26
is an early observation by Curran133of F- formation at
~O.OeV (presumably via the reaction e + SF6~F- +SF5).
None of the subsequent room temperature investigations
identified this resonance, and the observation by Curran133
has been questioned by Fenzlaff et at.115
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FIG. 27. Cross section for the formation of F- by dissociative electron
attachment to SF6 as a function of the electron energy: (.) Ref. 114; (- - -)
Ref. 26; (.) data from Ref. 113 adjusted upwards by a factor of 10 as
discussed in the text; (-) suggested data.

2 14

The original data of Rao and Srivastava113for this ion
were mistakenly reported at values that were low by a factor
of 10.262The data plotted in Fig. 27 are the original values
corrected upward by a factor of 10. The various cross section
measurements along with a least squares fit to the three sets
of data (solid line) are shown in Fig. 27. Values obtained
from the solid line in Fig. 27 are listed in Table 27 as our
suggested data for the Uda,F-(B).

6.2. Total Electron Attachment Cross Section,
U a,t(E), and Total Dissociative ElectronAttachment

Cross Section, U da,t( E)

In Fig. 28 are plotted the recommended or suggested cross
sections for the various negative ions as determined in the
preceding sections, namely, for SFi [Fig. 24(a)], SF.s [Fig.
24(b)], SF4, SF) , and SFz (Fig. 25), Fz (Fig. 26), and F-
(Fig. 27). The total electron attachment cross section,

Uai B ), as represented by the sum of all these recommended
or suggested cross sections is shown in Fig. 28 by the dotted
line, which overlaps with the solid line for SF.s below
~ 1.5eV and the solid line for SFi below ~0.2 eV. Data
derived from the dotted line are listed in column 2 of Table

28 as our recommended values for the Uai B) of the SF6
molecule in the energy range 0.0001-15 eV. The total dis-
sociative electron attachment cross section Udai B), as rep-
resented by the sum of the suggested dissociative electron
attachment cross sections for all fragment negative ions, is
listed in column 3 of Table 28. The values listed represent
our suggested data for the Udai B) of the SF6molecule. It is
seen from Fig. 28 that beyond ~ 0.3 eV, Uda,lB)= Uai B). It
is also seen that Udai B) is dominated by the formation of
SF.s below ~ 1.5eV and by the formation of F- above this
energy.
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F- (Fig. 27) by electron attachment or dissociative attachment. (...)Suggested <Ta.1(B) (sum of all cross sections in figurel.

6.3. Total Electron Attachment Rate Constant, ka,t,
as a Function of EIN and (e)

6.3.1. ka,t(EI N) in Ar, Xe, and N2

Hunter et at.228measured the total electron attachment rate

constant ka,t(EIN) near 300 K in mixtures of SF6 with N2,
Ar, and Xe buffer gases. The EIN range they covered for the
three buffer gases corresponds to the mean electron energy
range from ~0.04 to ~4.3 eV. The uncertainty in their mea-
surements varies from :!::5% to :!::15% depending on the
value of EIN. Hunter et at. obtained values of the rate con-

stants uninfluenced by changes in the electron energy distri-
bution function of the pure buffer gases by using extremely
low concentrations of SF6 (the SF6 fractional concentrations
were as low as 1.3X 10-9 for N2, 1.5X 10-9 for Ar, and
2.2X 10-10 for Xe). This was achieved by extrapolating the
measured electron attachment coefficient, 7JINa(EIN), (nor-
malized to the attaching gas number density Na) at each
value of EIN to zero SF6 concentration and multiplying the
extrapolated values of 7JINaCEIN)by the electron drift ve-
locity for the pure gas. The data of Hunter et ai. are shown in
Fig. 29. In Table 29 are listed the values of ka,t(EIN) and
7JINa(EIN) for mixtures of SF6with Ar and Xe, along with
the values of the electron drift velocity w(EI N) and the
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mean electron energy (B) (EIN) for the Ar and Xe buffer
gases given by Hunter et at.228Similar data are given in
Table 30 for the N2 buffer gas,

Also plotted in Fig. 29 are the earlier measurements of the
ka,t(EIN) of SF6 conducted by Gant225in mixtures of SF6
with N2 and Ar buffer gases, and by Christophorou et at.,108
Lakdawala and Moruzzi,263 and Christophorou and
Datskos264in mixtures of SF6 with N2. Christophorou and
Datskos264 reported k a,t only as a function of the mean elec-
tron energy (B). For presentation in Fig. 29, we converted
their ka,t(B») data to kalEIN) by using the (B)(EIN) in
Table 30. We deduce the ka,t(EIN) of Lakdawala and
Moruzzi263from their measurements of 711Na(EIN) in mix-
tures of SF6 with N2. The data in Fig. 2 of their paper rep-
resent measurements for a number of SF6 concentrations in
N2 ranging from 0.03% to 0.6%. We performed a least
squares fit to all their 711NaCEIN) data points and values
from this fit were converted to ka,t(EIN) using the electron
drift velocities in N2 given by Hunter and Christophorou265
and Wedding et at.266The resultant values of ka,t(EIN) are
plotted in Fig. 29. It is seen that although the data of
Lakdawala and Moruzzi considerably expand the EIN range
of the measurements, they are incompatible with the rest of
the data in this buffer gas.



For an indirect determination of the total electron attach-

ment rate constant ka,lE/N) in pure SF6see Table 37 in Sec.
7.1.

6.3.2. kai <e) )

Since the electron energy distribution can be calculated as
a function of E/ N for Ar, Xe, and N2, one can determine the
total electron attachment rate constant as a function of the

mean electron energy, kai (e )), from measurements of
kaiE/N) for SF6 in low-concentration mixtures of SF6 with

each of these buffer gases. This facilitates a comparison of
the measurements made in different buffer gases. In Fig. 30

are plottedthe ka,t((e) for SF6basedon the measurements
of ka,t(E/N) made at room temperature in the buffer gases
N2, 108,225,228,264Ar,225,228 Xe,228 and also C2H4. 108The uncer-

tainty in these data is likely to vary from :t 5% to :t 15%
depending on E/N. Differences in the ka,t((e) values mea-
sured in the various buffer gases may reflect differences in
the electron energy distribution functions f( e ,E/ N) and
hence the mean electron energies. This may be especially
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TABLE28. Suggested room temperature values of the total electron attachment cross section CTa.!(8) and the total dissociative electron attachment CTda.!(8)
for SF6

Electron energy CTa,!(8) CTda,!(8 ) Electron energy CTa,!(8) CTda,!(8 )
(eV) 00-20 m2) 00-20 m2) (eV) 00-20 m2) 00-20 m2)

0.0001 7617 - 0.30 4.40 4.24

0.0002 5283 - 0.35 4.12 4.07

0.0003 4284 - 0.40 3.46 3.45

0.0004 3692 0.45 2.75 2.75

0.0005 3280 0.50 2.15 2.15

0.0006 2968 0.60 1.25 1.25

0.0007 2724 0.70 0.722 0.722

0.0008 2529 - 0.80 0.416 0.416

0.0009 2369 - 0.90 0.245 0.245

0.001 2237 - 1.00 0.147 0.147

0.002 1511 - 1.20 0.060 0.060

0.003 1202 - 1.50 0.020 0.020

0.004 993 2.00 0.0043 0.0043

0.005 859 - 2.25 0.0020 0.0020

0.006 760 - 2.50 0.0019 0.0019

0.007 683 - 2.75 0.0017 0.0017

0.008 621 - 3.0 0.0010 0.0010

0.009 569 - 3.5 0.0018 0.0018

0.010 526 - 4.0 0.0092 0.0092

0.015 383 - 4.5 0.0290 0.0290

0.020 304 5.0 0.0514 0.0514

0.025 257 - 5.5 0.0493 0.0493

0.030 221 - 6.0 0.0317 0.0317

0.035 190 6.5 0.0162 0.0162

0.040 171 - 7.0 0.0088 0.0088

0.045 149 - 7.5 0.0066 0.0066

0.050 132 - 8.0 0.0099 0.0099

0.060 109 - 8.5 0.0143 0.0143

0.070 92.7 - 9.0 0.0159 0.0159

0.080 82.9 - 9.5 0.0144 0.0144

0.090 74.3 - 10.0 0.0120 0.0120

0.10 51.4 1.85 10.5 0.0142 0.0142

0.12 32.9 2.09 11.0 0.0227 0.0227

0.14 20.2 2.36 11.5 0.0252 0.0252

0.15 16.7 2.48 12.0 0.0206 0.0206

0.16 13.1 2.61 12.5 0.0128 0.0128

0.18 8.72 2.87 13.0 0.0066 0.0066

0.20 6.01 3.15 13.5 0.0041 0.0041

0.22 4.69 3.45 14.0 0.0035 0.0035

0.25 4.38 3.86 14.5 0.0031 0.0031

0.28 4.40 4.15 15.0 0.0030 0.0030



true in the case of the Xe data since the cross sections for this
buffer gas are not as well established (see below). The
(e )(E/ N) values for the buffer gas ethylene are those
determined from (e)(E/N)=3/2(eDT/f-L)(E/N), where
DT/ f-L(E/N) is the ratio of the lateral electron diffusion co-
efficient to electron mobility as a function of E/N for this
gas.

In Fig. 30 are also plotted the ka,t((e») for SF6measured
at room temperature in a Xe buffer gas by Shimamori
et al.267using a pulse-radiolysis microwave cavity technique.
The calibration of the mean electron energy in this study was
made by analyzing the time profile of the microwave con-
ductivity signals for "thermalized" electrons produced by
pulsed x-rays in gaseous Xe and assuming a Maxwellian
form for f( e ,E/ N). The data of Shimamori et al. obtained
from measurements in a Xe buffer gas disagree with the data
of Hunter et al.228obtained using the same buffer gas, and
are not in good overall agreement with the other electron
swarm data. This may indicate that the electron energy dis-
tribution functions in Xe as assumed by Shimamori et al. and
as determined by Hunter et al. are different, and both are less
accurate than those for the N2 and Ar buffer gases.
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TABLE29. Values of ka,t (EIN), and 1]INa (EIN) for SF6 measured in the buffer gases Ar and Xe by Hunter et ai. (Ref. 228), and values of w (EIN), and
. (8) (EI N) for these buffer gases as reported by Hunter et ai. (Ref. 228)

SF6/Ar SF6/Xe

EIN (8) 1]1N a w ka.t (8) 1]INa w ka.t
(10-17 V cm2) (eV) (10-13 cm2) (105 cm S-I) (10-7 cm3 S-I) (eV) (10-12cm2) (105 cm S-I) (10-7 cm3 S-I)

0.003 0.130 26.8 0.533 1.43
0.004 0.178 16.5 0.668 1.10 0.0391 145.8 0.0153 2.23
0.005 0.213 11.4 0.750 0.854 0.0392 118.30 0.0191 2.26
0.006 0.240 8.92 0.803 0.716 0.0393 99.1 0.0230 2.28
0.007 0.260 7.49 0.840 0.629 0.0394 83.9 0.0268 2.25
0.008 0.277 6.19 0.869 0.538 0.0396 73.4 0.0308 2.26
0.010 0.304 4.94 0.915 0.452 0.0401 57.9 0.0387 2.24
0.012 - - 0.0406 47.9 0.0469 2.25
0.0125 0.331 3.87 0.962 0.372
0.014 - - - - 0.0414 39.4 0.0554 2.18
0.015 0.354 3.28 1.000 0.329
0.017 - - - 0.0432 31.0 0.0691 2.14
0.0175 0.375 2.91 1.040 0.302
0.02 0.394 2.66 1.070 0.285 0.0463 24.6 0.0849 2.09
0.03 0.461 1.89 1.190 0.224 0.0801 11.1 0.1690 1.87
0.05 0.570 1.21 1.360 0.165 0.3430 2.00 0.5110 1.02
0.07 0.663 0.904 1.490 0.135 0.5960 0.65 0.7420 0.48
0.10 0.784 0.648 1.650 0.107 0.7770 0.23 0.8610 0.20
0.15 0.956 0.433 1.850 0.080 0.9290 0.111 0.9240 0.1024
0.20 1.10 0.319 1.990 0.0637 1.03 0.0802 0.9820 0.0787
0.30 1.34 0.217 2.210 0.0480 1.18 0.0517 1.0500 0.0543
0.50 1.72 0.133 2.510 0.0335 1.40 0.0359 1.1500 0.0413
0.70 2.02 0.097 2.720 0.0265
1.00 2.39 0.071 2.960 0.0210
1.09a 2.49 0.0656 3.020 0.0192
1.24 2.65 0.0581 3.120 0.0176
1.55 2.95 0.0473 3.290 0.0154
1.86 3.22 0.0403 3.450 0.0137
2.17 3.48 0.0354 3.590 0.0125
2.48 3.72 0.0317 3.720 0.0115
2.79 3.94 0.0290 3.830 0.0108
3.11 4.15 0.0263 3.960 0.0102
3.42 4.33 0.0244 4.100 0.0096

aData beyond this EI N value were taken with another (higher pressure) electron swarm apparatus. The rest of the measurements were made using a pulsed
Townsend technique.

- 10°
....I

C/J
(")

E
(.)

,....
b,-- 10-1.-

<i



Also plotted in Fig. 30 is the recommended value (2.25
X 10-7 cm3s-1) of the thermal value, (ka,t)th(T---300K), of
the electron attachment rate constant (see Table 32, Sec.
6.3.3).

Besides the measurements of ka,l <8») made using the
electron swarm method, there have been a number of other
measurements of this quantity using the laser-photoelectron-
attachment and the high-Rydberg-atom methods which have
extended the values of ka,t( <8 ») for SF6 down to the p,eV
range. The results of these methods dealing with the electron
attachment cross section for the formation of SF6 have been
discussed earlier in Sec. 6.1. Most of the rate-constant mea-
surements involving high-Rydberg atoms are normally given
in terms of the dependence of the rate constant on the prin-
cipal quantum number n or the effective principal quantum
number n* of the Rydberg atom involved (see Fig. 23).
However, the bound-electron attachment rate constant,
ka,be(<8)), can be expressed as a function of the average
kinetic energy of the Rydberg electron which is given by
R/n2 or R/n*2, where R is the Rydberg constant (13.6 eV)
(see discussion in Sec. 6.1). In Fig. 30 are plotted the
ka,t(<8») data of KIar et ai.152using the laser-photoelectron-
attachment technique and the data of a number of investiga-
tors using the high-Rydberg-atom method. All data on the
bound-electron attachment rate constants, ka,be<<8 ) ), are

shown in Fig. 30 by the same symbol (+), although they
involve a number of studies and various Rydberg atoms:
Xe*(nf) (Refs. 237 and 238), Rb*(ns ,nd) (Ref. 241),
K*(nd) (Refs. 242 and 245), K*(np) (Ref. 248), Na*(np)
(Ref. 244), and Ne*(ns,nd) (Ref. 234). They refer to the
production of SF6 and are consistent with the electron
swarm measurements only for large n values (small values of
(8». The ka,be<<8») becomes progressively smaller than
ka,t(<8») as the value of n decreases, that is, as the energy
increases for the reasons discussed in Sec. 6.1.

We performed a least squares fit to only the swarm data in
Fig. 30, excluding the measurements in the Xe buffer and
also those in C2H4, and required the fit to agree with the
recommended thermal value (2.25X 10-7 cm3S-I) of
ka,l <8»). This fit is shown by the solid line in Fig. 30, and
recommended values of ka,l <8») in the energy range from
0.038 to 4.0 eV obtained from this fit are listed in Table 31.

6.3.3. Thermal Value, (ka,t)th' of the Total Electron Attachment
Rate Constant

Many measurements have been made of this quantity
which vary significantly. They are summarized in Table 32.
The most reliable data lie between 2.2X 10-7 and 2.3
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TABLE30. Values of ka,t(EIN) and TJINa(EIN) for SF6 measured in the buffer gas Nz by Hunter et al. (Ref.
228), and values of w (EIN), and (8) (EIN) for this buffer gas as reported by Hunter et al. (Ref. 228)

SF6/Nz

EIN (8) "IIN a w ka,t
(10-17 V emZ) (eV) (10-13 emZ) (105 em S-1) (10-7 em3S-1)

0.0311 0.0403 21.2 1.07 2.27
0.0466 0.0433 14.9 1.49 2.22
0.0621 0.0466 1-1.9 1.83 2.17
0.0932 0.0548 8.88 2.30 2.04
0.124 0.0644 7.27 2.57 1.87
0.155 0.0751 6.34 2.73 1.73
0.186 0.0864 5.55 2.83 1.57
0.217 0.0977 5.02 2.91 1.46
0.249 0.109 4.58 2.97 1.36
0.311 0.130 3.70 3.10 1.15
0.373 0.150 3.16 3.23 1.02
0.466 0.179 2.54 3.45 0.878
0.528 0.199 2.14 3.59 0.769
0.621 0.229 1.79 3.80 0.679
0.777 0.282 1.39 4.09 0.569
0.932 0.335 1.10 4.35 0.479
1.09 0.388 0.885 4.60 0.407
1.24 0.436 0.725 4.82 0.350
1.55 0.514 0.512 5.29 0.271
1.86 0.578 0.387 5.77 0.223
2.17 0.628 0.300 6.26 0.188
2.48 0.668 0.247 6.76 0.167
3.11 0.729 0.177 7.78 0.138
3.73 0.772 0.142 8.79 0.125
4.66 0.817 0.107 10.27 0.110
5.28 0.840 0.0903 11.25 0.102
6.21 0.870 0.0748 12.6 0.095
7.76 0.901 0.0567 15.0 0.085
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Consistent with the finding that the thermal electron at-
tachment rate constant for SF6 is independent of T for tem-
peratures a few hundred degrees above ambient, are the re-
sults of a beam study222which showed the energy-integrated
total electron attachment cross section at thermal (and near-
thermal) energies to be independent of T in the range from
300 to 1200 K. Interestingly, the temperature independence
of the total rate of electron attachment to SF6 is evident for
mean energies up to at least 1 eY as can be seen from the
data in Fig. 32(b).264,285

6.5. Density-Reduced Electron Attachment
Coefficient, 1]/N(E/N)

There have been at least 17 room-temperature (293-298
K) measurements of 7}IN(EIN) in pure
SF6,26,175,177,178,180-186,188,189,286-290over a period of 40 yr,

normally at high EIN to avoid the difficulty arising from the
strong electron attachment at low EIN. They mostly em-
ployed the steady-state Townsend or the pulsed-Townsend
methods. The more recent time-resolved measuring tech-
niques provided an improvement over the traditional
avalanche-shape method. All determinations except that of
Kline et al.26assumed that electron detachment is negligible
in these measurements and this is a reasonable
assumption26,180,291(see also Sec. 8).

The experimental results obtained by these methods are
shown in Fig. 33. Their quoted uncertainties range from
::t:5% to ::t:15%, but clearly some of the data diverge con-
siderably more than this. For instance, this is the case for the
lowest five data points of McAffee and Edelson286[their EIN
dependence is inconsistent with the well-established steep
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Mean Electron Energy (e V)

FIG. 32. (a)Variation of the rate constant for electron attachment to SF6 at
thermal electron energies with gas temperature (see Table 33): (- - -) Refs.
108, 198; (- -) Ref. 256; (T) Ref. 273; (0) Ref. 277; (.) Ref. 280; (8)

Ref. 272. (b) Variation of the rate constant for electron attachment to SF6 as
a function of mean electron energies for a range of temperatures. The data
are those of Christophorou and Datskos from Ref. 264 taken for mixtures of
SF6 in Nz buffer gas.

rise of the electron attachment rate constant as the EIN (or
(8» decreases toward zero (Figs. 29 and 30)], and for the
measurements of Siddagangappa et al.288,289The solid line in
Fig. 33 up to EIN=450X 10-17y cm2is a least squares fit to
all the data except those just mentioned. (Aschwanden186re-
ported two values of 7}INat each value of EIN for which he
made measurements below 243X 10-17y cm2. In Fig. 33 are
only plotted the lower set of values since these are consistent
with the other available measurements.) For EIN values
above 450X 10-17Y cm2, we prefer the data of
Aschwanden,185,186as opposed to the other diverging
data.180-182,184,189,290Aschwanden's data are more consistent
with the values (broken line in Fig. 33) of 7}IN(EIN) we
obtained from aIN(EIN)-[(a-7})IN(EIN)] using our
recommended values for al N(EI N) (Fig. 17) and
(a- 7})IN(EIN) (Fig. 34). Values obtained from the solid
line in Fig. 33 are listed in Table 34 as our recommended
values for the 7}IN(EIN) of SF6.

It should be noted that there have been a number of cal-
culations of the 7}IN(EIN) of SF6 using Boltzmann and
Monte Carlo codes (e.g., see Refs. 11,26-28,30-34,38,40,
41, and 44). These, however, are not discussed here.

Finally, it should be pointed out that one can determine
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FIG. 33. Measured density-reduced electron attachment coefficient, 17IN (EIN) , for SF6: (0) Ref. 175; (8) Ref. 177; (A) Ref. 286; (6) Ref. 178; (.) Ref.
184; (D) Ref. 180; (.) Ref. 26; (<» Ref. 287; (*) Ref. 181; (+) Ref. 288; C'') Refs. 185 and 186; (\7) Ref. 289; (x) Ref. 290; (I) Ref. 188; (~) Ref. 182;
(@) Ref. 189; ([gI)Ref. 183; (- - -) (aIN) - (a- 17)1N (see text); (-) suggested.

values of T//Na(EIN) [where Narefers to the SF6gas number
density in a mixture with a buffer gas of density N (N
~ Na)] for SF6in various buffer gases (N2,Ar, Xe) from the
electron-attachment-rate constant data presented in Sec. 6.3
by making use of the w(E/N) values in the corresponding
buffer gases (Tables 29 and 30). Furthermore, if the
(s)(EIN) is known (as in the measurements of T//Na(E/N)
for SF6in N2, Ar, and Xe buffer gases by Hunter et a1.228),

values of T//N aC(s ») can be obtained.

6.6. Density-Reduced Effective Ionization
Coefficient, (a- '1J)1N( EIN)

The data from direct experimental measurements of
the density-reduced effective ionization coefficient,
(a - T/)I N(E/ N), 26,175,177,178,181,183,185,186,189,287,290,292-295 are

compared in Fig. 34 [Fig. 34(b) is an expanded view of a
portion of Fig. 34(a)]. The solid line in Fig. 34 represents our
recommended data for (a- T/)/N(E/N) up to an E/N
=4000X 10-17V cm2, based upon a fit to all of the available
data. Values obtained from this line are listed in Table 35.
Analysis of the data in Fig. 34 in the region near where

(a-T/)/N(E/N)=O gives a so-called critical value,
(E/N)cp of E/N (the value of E/N at which T//N= a/N) of
(359.3:!: 3) X 10-17 V cm2.

For E/N>4000X 10-17 V cm2, there is only one set of
measurements, namely, that of Hasegawa et al.189made us-
ing the steady-state Townsend method. As discussed previ-

TABLE34. Recommended values of the density-reduced electron attachment

coefficient 17IN (EIN) for SF6 as a function of EIN

EIN

(10-17 V cm2)
17IN(EIN)
( 10-18cm2)

17IN(EIN)
( 10-18 cm2)

EIN

00-17 V cm2)

75
100
125
150
175
200
225
250
300
350
400

126
87
68
58.0
51.7
46.8
43.3
40.1
34.8
31.6
28.3

450
500
550
600
650
700
750
800
850
900

26.3
24.5
22.6
20.7

18.6
16.4
14.3
12.2
10.2
8.06
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FIG. 34. (a) Measured density-reduced effective ionization coefficient, (a-1])IN (EIN), for SF6, (b) an expanded portion of Fig. 34(a): (8) Ref. 175; (A)
Ref. 177;(.) Ref. 178;(. ) Ref. 295; (T) Ref. 292; (0) Ref. 26; (,0.)Ref. 287; (D) Ref. 181; ( 0 ) Ref. 185; (@) Ref. 186; (\7) Ref. 290; (+) Ref. 189; (x)
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TABLE 35. Recommended values of the density-reduced effective ionization

coefficient (a-71)IN (EIN) for SF6 as a function of EIN

EIN
(10-17 Y cm2)

(a- 7l)IN (EIN)
(10-18 cm2)

EIN

(10-17 Y cm2)

(a- 7l)IN (EIN)
( 10- 18cm2)

200
250
300
350
400
450
500
550
600
650
700
750

-55.3
-32.8
-16.1
- 2.43
10.9
25.8
39.3
51.9
63.8
75.2
87.0
98.8

800
850
900
950

1000
1250
1500
2000
2500
3000
3500
4000

110
122
132
143
154
204
250
338
413
478
531
578

ously, the values of Hasegawa et al.189of (a- 'fJ)IN for
EIN> 4000X 10-17V cm2 agree with the alN values of Ha-
yashi and Wang.182

Finally, it should be noted that measurements of
(a- 'fJ)IN(EIN) in mixtures of SF6with Xe have been made
by Hilmert et al.296and Xiao et al.297Similar measurements
have also been made by Qiu and Xiao183in mixtures of SF6
with Ar and Kr, and by Xiao et al.293in mixtures of SF6
with Ne.

7. Electron Transport in SF6
7.1. Electron Drift Velocity, w( EIN)

The experimental dataI85.186.293.294.298-304on w(EIN) for
SF6are plotted in Fig. 35. These measurements were taken at
"room temperature" (-293-300 K) and generally at high
values of EIN. The reported uncertainties range from < 1%
to 15%, as evidenced by the uncertainty of :!:15% reported
by Harris and Jones,298 :!:5% claimed by Naidu and

102 . Harris(1971)
Sangl (1971)

Naldu (1972)

,. Brans10n(1973)
o deUrquijo(1980)

Aschwanden (1964. 1985»)

+ Nakamura (1988)

Xiao (1999)

Lisovskiy (1999)
Recommended

Suggested

/'

/.v'v
",""v v

.,4/ v
"p>/v

,/.t'/v
v~

Eo
CDo
:s.
~

A 0

101

100 1000

E/N (10-17 V cm2)

FIG.35. Electron drift velocity, w (EIN), in SF6: (8) Ref. 298; (.) Ref.
299; (- - -) Ref. 300; (.-) Ref. 301; (0) Ref. 302; (~) Refs. 185 and 186;
(+) Ref. 303; (0) Ref. 293; (\7) Ref. 304; (-) recommended values.
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TABLE 36. Recommended, suggested, and deduced values of the electron
drift velocity w (EIN) for SF6 (see text)

EIN

(10-17 Y cm2)
w (EIN)

(106 cm/s)

EIN

(10-17 Y cm2)
w (EIN)

(106 cm/s)

31.7
33.4

35.1

36.8
38.5
40.1

41.8

43.4

(58.3)C
(71.7)
(83.9)

(95.4)

(106.3)
(116.8)

o
25
50

100
150
200
250
275
300
350
400
450
500
550
600

[0.0]8
[4.1]
[6.8]

[10.2]
[12.1]
[13.5]
[15.6]
17.0b
18.3
20.5
22.6
24.6
26.4
28.2
30.0

650
700
750
800
850
900
950

1000
1500
2000
2500
3000
3500
4000

8Yalues in square brackets are deduced from available data (see text).
bRecommended values.

cYalues in parenthesis are suggested data based upon the measurements of
Aschwanden (Ref. 186).

Prasad,300and the very low uncertainty of :!:0.5% quoted by
Aschwanden.185In general, the lower the EIN, the higher the
expected uncertainty.

In the EIN range between -250X 10-17 and -600
X 10-17V cm2, the data are more consistent than in the low
EIN region. The solid line in Fig. 35 represents a fit to all
measurements in the EIN range of 250X 10- 17-1 000
X 10-17V cm2, except those of Branston,301Naidu and
Prasad,300and Xiao et al.293.294The reason for excluding
these three sets of measurements is because the first two do

not show the correct dependence of the electron drift velocity
on EIN, and the third is consistently -20% lower in mag-
nitude than the rest of the data. Values from the solid line in
Fig. 35 are given in Table 36 as our recommended data for
the w(EIN) in SF6. .

Above EIN= 1000X 10-17V cm2, there are only two sets
of measurements, namely, those of Aschwanden186and those
of Lisovskiy and Yegorenkov.304The latter lie systematically
lower than the former, but the data sets agree within com-
bined uncertainties. Since the measurements of Aschwanden

agree well with the other data at lower EIN, we choose his
data as our suggested values of w(EIN) for EIN> 1000
X 10-17V cm2. These suggested values are shown in Fig. 35
by the broken line and are listed in parenthesis in Table 36.

There are no reliable experimental measurements for the
electron drift velocity w(EIN) in SF6at low EIN. The data
of Harris and Jones298are not direct measurements, but
rather values based on an empirical formula they deduced
from their measurements. The values of w at low EIN are
difficult to measure because the strong electron attachment at
low EIN depletes the electrons and results in very weak
electron currents. This may also prevent the electron swarm
from reaching a steady-state condition with regard to elec-
tron attachment.305Unfortunately, there are no calculated
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FIG. 36. Electron drift velocity, w (EIN), in SF6 at low EIN (see text): (8)
Ref. 298; (A) Ref. 299; (0) Ref. 302; (6) Refs. 185 and 186; (+) Ref. 303;
(» Ref. 293; (-) recommended values from Fig. 35; (- - -) deduced values
for low EIN.

values of w(E/N) at low E/N either. Calculations using the
Boltzmann transport equation or the Monte Carlo method
(e.g., Refs. 11, 26, 27, 30-32, 34, 38-41, 44, and 306) do
not extend to low E/N. However, in an effort to provide an
estimate of the w(E/N) in SF6 at low E/N, we have fit a
curve to the limited data below 300X 10-17V cm2, requiring
that the fitted curve goes through the origin since w(E/ N)
= 0 at E/N = O. This fit is shown by the broken line in Fig.
36, and values from the broken curve are presented (in
brackets) in Table 36 as our deduced values for w(E/ N) for
E/N ~ 250X 10- 17V cm2in lieu of direct measurements. It is
emphasized that for electronegative gases, such as SF6 for
which the electron attachment cross section is very large at
thermal and near thermal electron energies, the definition of
electron drift velocity becomes questionable in the E/ N re-
gion where the majority of electrons are attached prior to
reaching a steady-state electron energy distribution.

Now that we have been able to obtain independent values
of TJ/N(E/N) and w(E/N), we can determine their product,
TJ/N(E/N) Xw(E/N), which represents the total electron at-
tachment rate constant, ka,t(E/N), for SF6 as a function of
E/N in pure SF6. Values of this quantity are listed in Table
37. Since, moreover, plots of the electron attachment rate
constant as a function of the mean electron energy, k a/ <8 ) ) ,

in various buffer gases is a unique function of the mean
electron energy (see Fig. 30), one may infer that the rate
constant ka,tmeasured in a buffer gas A has the same mag-
nitude as measured in a buffer gas B, when the E/N values in
A and B are such that the mean electron energies in the two
buffer gases are the same. From such considerations, we in-
fer from the data in Table 37 and Fig. 30, that the mean
electron energy in pure SF6 at E/N= 100X 10-17V cm2 is
~4.5 eV. Unfortunately, the data in Table 37 do not extend
to sufficientlylow E/ N to allow determination of (8) for SF6
at E/N< 100X 10-17V cm2. An estimate of the mean elec-
tron energies at 350X 10-17 V cIl)2<E/N<700X 10-17
V cm2 can be made by considering the values of the charac-
teristic electron energy [3/2(eDT/ f-t)] inferred from the
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TABLE37. Assessed values of 1JIN(EIN) and w (EIN), and their
product-total electron attachment rate constant ka.t(EIN)-for pure SF6
(see text)

DT/ f-t(E/N) data in Sec. 7.2 (Fig. 37). From these data, the
characteristic energy in SF6 is estimated to be 7.4 eV at
E/N=400X 10-17 V cm2 and 8.6 eV at E/N=650X 10-17
Vcm2.

7.2. Transverse Electron Diffusion Coefficient to
Electron Mobility Ratio, DTIp(EI N)

In Fig. 37 are plotted the values of DT/ f-t(E/N) as mea-
sured by Naidu and Prasad300at 293 K. These are the mean
values of a number of measurements made at a pressure of
0.27 kPa. Also plotted in Fig. 37 are similar subsequent mea-
surements made by Maller and Naidu307along with their
indicated errors. The two sets of measurements are consistent
with each other. A fit to the most recent data is shown by the
solid line in the figure and is listed in Table 38 as our pres-
ently suggested values of the DT/ f-t(E/N) for SF6. They can
be used to determine the characteristic energy, 3/2(eDT/ f-t),
of electrons in SF6 gas as a function of E/N. Calculated

3
300 400 500 600

E/N (10-17 V cm2)

700

FIG. 37. Transverse electron diffusion coefficient to electron mobility ratio
as a function of EIN, DTI f.L(EIN), for SF6: (- - -) Ref. 300; (8) Ref. 307;
(-) suggested values.

EIN w (EIN) 1JIN(EIN) ka.t(EIN)
(10-17 V cm2) (106 cm S-I) (10-18 cm2) (l0-12cm3 S-I)

100 10.2 87.0 887
150 12.1 58.0 702
200 13.5 46.8 632
250 15.6 40.1 626
300 18.3 34.8 637
350 20.5 31.6 648
400 22.6 28.3 440
450 24.6 26.3 647
500 26.4 24.5 647
550 28.2 22.6 637
600 30.0 20.7 621
650 31.7 18.6 590
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valuesof DT/J-L(E/N)for SF6usingBoltzmanncodeanaly-
sis or the Monte Carlo method can be found in Refs. 11,
26-28, 30-32, 34, 39-41, 43, and 44.

7.3. Product of Gas Number Density and
Longitudinal Electron Diffusion Coefficient,

NDL(EI N)

There are three sets of measurements185,186,293of this
quantity which are plotted in Fig. 38. Two of these are by
Aschwanden185,186and have uncertainties as shown by the
error bars in the figure. The other set of mesurements is by
Xiao et al.293who state no uncertainties. The solid line in
Fig. 38 represents a fit to the three data sets, and values from
this fit are listed in Table 39 as our suggested data for the
NDL(E/N) of SF6. Calculated values of the longitudinal
electrondiffusioncoefficientDL (orNDL or DL/J-L)usinga
Boltzmann code analysis or the Monte Carlo method can be
found in Refs. 27, 39-41, 43, and 44.

8. Autodetachment, Thermally Induced
Detachment, Photodetachment,

and Collisional Detachment of SF6"

Electron detachment from SF6 ions is an important pro-
cess of basic and applied interest. It can be induced via a
number of ways, for instance, automatically from unstable

FIG.38. Measured values of the product, NDdE/N), of the gas number
density N and the longitudinal electron diffusion coefficient DL as a func-
tion of E/N for SF6: (8) Ref. 185; (-.) Ref. 186; (0) Ref. 293; (-) sug-
gested values.

SF6 * , or from SF6 * or SF6 by an applied electric field, or
by heat, or by collision with photons, electrons, or neutral
species. In this section we briefly elaborate on the autode-
tachment of SF6 * and summarize pertinent findings on ther-
mally induced detachment, photodetachment, and collisional
detachment of SF6 (see, also, Refs. 14, 202, 308, and 309).

8.1. Autodetachment

As shown in the previous section, low-energy free elec-
trons attach very efficiently to the SF6 molecule forming
SF6 * parent anions. The initially produced isolated SF6 *
parent ion is long lived, but metastable. Its mean lifetime
toward autodetachment, that is, for the process

SF- * -+SF(*) + e6 6 (12)

is > 1 J-LS.Process (12) is a function of the internal energy of
the unstable SF6* .202Alternatively, the unstable SF6 * spe-
cies can be easily stabilized by collision

SF6* + collision-+ SF6+ energy (13)

and/or by emission of infrared radiation hv

SF6*-+SF6 +hv. (14)

8.2. Thermally Induced Detachment

The possible effect of temperature on electron detachment
from stabilized SF6 ions has recently been investigated by
Christophorou and collaborators.264,285These studies have
shown that when the gas temperature was raised from 300 to
~600 K, thermally enhanced electron detachment is ob-
served for such negative ions as C6F6 and c-C4F6, but not
for SF6 ' that is, not for the reaction

SF6 + heat-+SF6+e. (15)

This may be related to the relatively larger electron affinity
of the SF6molecule (1.06 eV, Table 5) compared to those of
the other two molecules «0.5 eV). 264,285,310Also, the ener-
getically stabilized SF6 ion does not detach in collisions
with SF6 for collision energies less than ~90eV (see Refs.
311 and 312, and Sec. 8.4).
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TABLE38. Suggested values of the transverse electron diffusion coefficient TABLE39. Suggested values of the product of the gas number density and
to electron mobility ratio DT/ f.L(E/N) for SF6 the longitudinal electron diffusion coefficient NDdE/N) for SF6

E/N DT/ f.L(E/N) E/N DT/ f.L(E/N) E/N NDdE/N) E/N NDL (E/ N)
(10-17 V cm2) (V) (10-17 V cm2) (V) (10-17 V cm2) (1024m-1 S-I) (10-17 V cm2) (1024 m-1 S-I)

365 4.86 600 5.52 85 2.05 350 2.90
400 4.99 650 5.82 100 2.10 400 3.01
450 5.13 700 6.22 150 2.28 450 3.10
500 5.21 725 6.44 200 2.46 500 3.19
550 5.32 250 2.65 550 3.27

300 2.79 600 3.36
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FIG. 39. Photodetachment cross section, (Tpd (hv), for SF;; as a function of
the photon energy hv: (8) Ref. 314; (A) Ref. 318.

8.3. Photodetachment

The first attempt to investigate the photodetachment pro-
cess in SF6 was made by Drzaic and Brauman98,99who re-
ported observation of electron detachment from gas-phase
SF6 induced by IR multiphoton absorption. However, they
did not observe photodetachmentof SF6 with ' 'visible
light." According to Hay,94Freiser and Beauchamp313ob-
served a monotonically increasing photodetachment signal at
wavelengths shorter than 350 nm (3.55 eV), but were unable
to detect photodetachment from SF6 below 370-380 nm
(3.25-3.35 eV). Following these initial investigations, new
photodetachment methods314-318enabled a quantitative mea-
surement of the photodetachment cross section and energet-
ics of the SF6 ion. Thus, Mock and Grimsrud314observed
photodetachment from SF6 (in a mixture of SF6 with nitro-
gen at 1 atm and 423 K) over a portion of the wavelength
range between 300 and 450 nm and estimated a photodetach-
ment onset of 387 nm (3.2 eV). No photodetachment was
detectable in the spectral range from 450 to 1200 nm. Mock
and Grimsrud314were able to determine absolute values of

the photodetachment cross section (J'pd(A) in the wavelength
range between 300 and 400 nm, and these are shown in Fig.
39 [the data plotted were taken from Fig. 1(a) of their paper].

A more detailed set of measurements was made by Dats-
kos et al.318using a more sensitive method,315,316which al-
lowed accurate determination of the absolute photodetach-
ment cross section, (J'pd(hv), of SF6 as a function of photon
energy hv. In this method the photodetachment cross section
and the photodetachment threshold Eth are determined using
a two-laser arrangement.315,316Photoelectrons generated by
one laser pulse attach to SF6 forming SF6. Another tunable
laser pulse, delayed with respect to the first, photodetaches
the electrons from the SF6 ions when h v> Eth. The photo-
detached electrons, being more mobile than the SF6 ions,
induce a detectable transient voltage signal while drifting as
free electrons prior to being again attached to SF6. The size
of this transient signal due to the photodetached electrons is

J. Phys. Chern. Ref. Data, Vol. 29, No.3, 2000

TABLE40. Suggested values of the photodetachment cross section (Tpd(h v)
of SF;; as a function of photon energy (data of Datskos et at. obtained by
digitizing Fig. 4 of Ref. 318)

measured and used to determine the cross section (J'pd(h v)
(see Refs. 315, 316, and 318 for details).

In Fig. 39 are shown the data for the photodetachment

cross section (J'pd(h v) for the reaction

SF6+ h v-tSF6+ e, (16)

obtained by Datskos et al. 318using this technique, along with
typical associated errors. They show that the photodetach-
ment cross section has a threshold (i.e., a vertical detachment
energy) at 3.16 eV which is about three times the size of the
electron affinity of the SF6 molecule. The cross section in-
creases from a zero value at the threshold to ~ 1.0

X 10-18cm2at a photon energy of 3.46 eV. The small size of
the measured cross section (J'pd(h v) has been attributed to
the large relaxation in the equilibrium internuclear positions
of SF6 compared to SF6.94,231,318With the exception of the
lowest two data points of Mock and Grimsrud (which are
considered uncertain due to the low sensitivity of the experi-
ment at these wavelengths), the measurements of Mock and
Grimsrud are in agreement with those of Datskos et al. in the
small wavelength range in which they overlap. Since the
measurements of (J'pd(hv) for SF6 by Datskos et al.318are
more extensive and their uncertainty indicated, they are
listed in Table 40 as our suggested data.

Ingolfsson et al.317employed a somewhat similar tech-
nique to that of Christophorou and co_workers,315,316,318but
used only a fixed wavelength (337 nm) from a pulsed nitro-
gen laser. At this wavelength (which corresponds to a photon
energy of 3.68 eV) they observed photodetachment from
SF6 with an estimated cross section of ~ 10-18 cm2. This
value is not inconsistent with the data in Fig. 39.

The cross section data in Fig. 39 should be valuable to
investigations attempting to measure the SF6 ion densities in
various types of gas discharges (e.g., see Ishikawa et al.319
and Kono et al.320).The small measured cross section for
photodetachment of SF6 would also indicate that this elec-
tron detachment mechanism is of minor significance com-
pared to collisional detachment in gas discharges and gas-
insulated high-voltage equipment using SF6 gas.321-324

Finally, it should be noted that no photodetachment cross
sections appear to have been published for the other negative
ions produced by dissociative electron attachment to SF6,
except for F-. 309

320
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Photon energy (Tpd(hv) Photon energy (Tpd(hv)
(eV) ( 10-18 cm2) (eV) ( 10-18 cm2)

3.18 0.013 3.35 0.492
3.20 0.042 3.37 0.530
3.22 0.070 3.40 0.638
3.24 0.152 3.42 0.725
3.26 0.205 3.44 0.825
3.28 0.211 3.45 0.983
3.30 0.313 3.46 1.02

4.5 3.33 0.366
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FIG. 40. (a) Measured cross sections for collisions of (a) SF;;-, (b) SFs ' and
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(Tet(Eem). All data in this figure are those of Wang et at. from Ref. 325.
Note that in Figs. 40(a) and 40(b) the cross section values for (Ted(Eem)have
been multiplied by a factor of 3 for the convenience of display.

8.4. Collisional Detachment

Collisional detachmentstudiesinvolving the threemajor
negative ions (SF6, SF.s' and F-) formed by electron attach-
ment to SF6 have been performed by Champion and
collaborators.311,312,32SCollisional detachment from SF6 and
SF.s in SF6 was found to have anomalously high energy
thresholds [see Figs. 40(a) and 40(b)]. The thresholds for
electron release in the reactions

SF6+ SF6-7SF6+SF6+ e (17)

and

SF.s+SF6-7SFs+SF6+ e (18)

are ~ 90 eV in the center-of-mass (cm) system. These values
are much larger in comparison with the respective electron
affinities of SF6 (1.06 eV, Table 5) and SFs (2.7 eV-3.7 eV,
Ref. 103). The anomalously high energy threshold for the
collisional detachment reaction (17) has been
attributed311,312,32Sto the competing ion-conversion and
charge-transferreactions at cm energiesbelow ~ 100eV,
viz.
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SF6+SF6-7F- +SFs+SF6, (19)

(20)SF6 +SF6-7SF.s +F+SF6,

and

SF6 +SF6-7charge transfer products+SF6. (21)

As can be seen from Fig. 40(a), the cross sections,
(TicP-(£cm)' (Ticsp-(E cm)' and (Tct(£cm)' for reactions (19),, , 5

(20), and (21) respectively, are much larger than the cross
section, (Tcd(£cm), for the collisional detachment reaction
(17), and their thresholds lie at much lower collision energies
£cm (collision energy in the cm system). The energetic
thresholds for collisionally decomposing ground-state
SF6 via the reactions (17), (19), and (20) are, respectively,
1.06 eV [=EA(SF6), Table 5], 1.61 eV [=D(SFs-F)
+EA(SF6)-EA (F), with D (SFs-F) = 3.95 eV (Table 8), EA
(SF6)= 1.06eV, and EA (F)=3.40 eV103],and 1.34 eV [= D
(SFs-F) + EA(SF6)-EA (SFs), with D (SFs-F) = 3.95 eV
(Table 8), EA (SF6)= 1.06 eV, and EA (SFs) = 3.66 eV (av-
erageof the two highestvalueslisted in Ref. 103)].Clearly,
the data in Fig. 40(a) show that electron detachment from
SF6 by SF6 has a very small probability of occurrence for
collisionenergies£cm< 60eV, and that the dominantcolli-
sional decomposition mechanism of SF6 is dissociation. It is
interesting to note also that studies of reactions of the form
A- + B-7 A+ B-, with A-being SF6, have shown326that
the large geometrical change between SF6 and SF6 intro-
duces an internal barrier in the reaction coordinates and

hence such reactions proceed with a low reaction rate con-
stant.

Similarly, the measurements of Wang et al.32Sshown in
Fig. 40(b) for SF.s' indicate that the cross sections for the
reactions

SF.s +SF6-7F- +SF4+SF6 (22)

and

SF.s+SF6-7charge transfer products+SF6 (23)

have much lower energy thresholds than that for the electron
detachment reaction (18). The cross sections for reactions
(22) and (23) far exceed that for reaction (18) below
~ 100eV.

In contrast to the above findings on the collisional detach-
ment in SF6 of the SF6 and SF.s ions, the measurements of
Wang et al. shown in Fig. 40(c) for the collisional detach-
ment of F- in SF6, viz.,

F- +SF6-7F+SF6+ e (24)

indicate a rather low energy threshold (~8.0eV). Addition-
ally, the cross-section values for reaction (24) progressively
exceed those of the charge-transfer reactions as the reaction
energyincreasesabove ~ 20eV. It is clear then that charge
transfer and collision-induced dissociation processes are the
dominant inelastic channels in SF6 involving the destruction
of SF6 ' SF.s' and F- at low collision energies. These find-
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ings are also consistent with the results of Wang et al.325on
the destruction of SF6"' SFs ' and F- in rare gases.

Interestingly, evidence has been obtained311,325that long-
lived energetically unstable states of SF6"can contribute to
collisional detachment. Also, experimental evidence has.
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FIG. 43. Measured reduced mobilities J.Lo(E/ N) for the fastest ion in the
study of Nakamura in Ref. 303, presumed to be F- in SF6.

been provided327-33othat negative-ion clusters such as
(SF6")SF6(and also clusters involving F-) can form in parent
SF6 gas and can contribute to the pressure dependence329of
the measured density-normalized electron detachment coef-
ficient 81N in SF6(the gas pressure in these experiments was
7.4 and 11.1 kPa).

Figure 41 shows the measurements of the density-reduced
electron detachment coefficient, 8IN(EIN), measured in SF6
by O'Neill and Craggs,291Hansen et al.,329and Hilmert and
Schmidt.33oThe density dependence of 8IN(EIN) observed
by O'Neill and Craggs (at pressures between 0.33 and 1.35
kPa) is seen to continue up to the higher pressures (7.43 and
11.15 kPa) employed by Hansen et al.329The coefficient
8/N(E/N) decreases with increasing N. They attributed this
decrease to a three-body process SF6"+SF6+SF6
-+(SF6")SF6+SF6,which leads to the formation of a stable
complex (SF6")SF6in which the electron is more tightly
bound than in SF6". This process then competes with the
two-body detachment reaction which is pressure indepen-
dent. The data shown in Fig. 41 were obtained using swarm
techniques. Data obtained by time-lag to breakdown
experiments323,324,331are not plotted since they gave very
different and less accurate values because of the way the
coefficient was evaluated in these experiments (see discus-
sion in Hilmert and Schmidt330).

The high-energy collisional detachment thresholds of the
SF6negative ions in SF6gas accounts for the observed small
values of the collisional detachment coefficient compared to
the values of the coefficients of other negative ion-molecule
reactions in SF6.311As a consequence, collisional detach-
ment in SF6, and electrical properties of SF6 such as dis-
charge initiation probabilities that depend on electron detach-
ment, are sensitive to the presence of impurities, such as
water and air, that may form clusters with SF6-originated
negative ions for which collisional detachment may be more
probable.332-334
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9. Ion Transport in SF6

The motion of ions through SF6gas is an important aspect
of modeling many systems utilizing SF6. While no direct
cross sections are available for these processes, some ion
transport data are available. We briefly summarize the avail-
able data here.

A number of studies have attempted to quantify the mo-
tion of negative ions184,303,327,335-340and positive
ionsI84,336,339,341-345formed by electron impact on SF6in par-
ent SF6 gas. These studies include measurements of ion
mobilities 184,303,327,336-345and ion diffusion. 303,337,340,342,343

They are not only limited in number, but the interpretation of
the measurements is often hindered by the absence of mass
spectrometric identification of the ions present in the system
and also by the absence of reliable information on the perti-
nent ion-transformation processes under varied experimental
conditions. Only the work of Patterson327and de Urquijo
et at.340on negative ions and the work of de Urquijo et at.342
on positive ions included mass analysis. The rest of the stud-
ies inferred the nature of the ions by reference to the mass
spectrometric data of these three studies. The early data on
the mobilities of positive ions, negative ions, and ion clusters
in the parent SF6 gas have been summarized and discussed
by Brand and Jungblue28 and by Morrow.12

In Fig. 42 are plotted the reduced mobilities [that is, mo-
bilities referred to standard pressure (101.325 kPa) and tem-

perature (277.16 K)], /La (EIN), for the negative ions SFs '
SF6, SF6(SF6), and SF6(SF6h in SF6. As mentioned in the
preceding paragraph, only Patterson327and de Urquijo340
identified the ions by mass spectrometry. The identification
of the ionic mobilities with the anionic species by other re-
searchers was made primarily by virtue of their agreement
with the /La(EI N) data of Patterson for the corresponding
negative-ion species. According to Brand and Jungblut,328all
measured negative ion mobilities can be assigned to one or
more of the following ions: SFs, SF6, SF6(SF6), and
SF6(SF6h.

In Fig. 43 are shown the /La (EIN) measurements of
Nakamura303for the fastest negative ion observed in parent
SF6gas in his study, which he presumed to be F-.

Similar measurements of the reduced mobilities,
/L;(EIN), of positive ions in parent SF6 gas are shown in
Fig. 44. Along with the early dataI84,336,339,341plotted in Fig.
44 are shown the more recent mass-identified measurements
of Talib and Saporoschenko344,345and de Urquijo et at.342,343

In Fig. 45(a) are shown the NDL (EIN) measurements of
Nakamura303for negative ions in SF6 (closed symbols). Al-
though in the experiments of Nakamura there was no m~ss
analysis of the negative ions present in the system, he as-
cribed his mobility measurements to the SF6 ' SFs ' and F-
ions as shown in the figure. More recent mass-identified
measurements of NDL(EIN) for SF6 and SFs in SF6by de
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Urquijo et at.340are also shown. De Urquijo et at.342,343also
measured ND~ (EIN) for the positive ions SF; , SF; , SF; ,
and SF+ in SF6, and these results are shown in Fig. 45(b).

There seem to be no measurements of D:rl jL(EIN) for
negative ions in SF6. However, Naidu and Prasad337mea-
sured the so-called Townsend energy factor kT (ratio of the
mean ion energy to the mean energy of the gas molecules) as
a function EIN at T=293 K for pressures equal to 0.16 and
0.32 kPa. Table 41 lists the measurements of Naidu and

Prasad337for k:r(EIN) and the D:r IjL(EIN) values we cal-
culated from these using the equation k:r(EIN)
= 39.6D:r1jL(EIN) (for T=293 K and a Maxwell distribu-

TABLE41. k:r (EIN) and D:rIJL(EIN) for negative ions in SF6 (T
= 293 K) (data of Naidu and Prasad in Ref. 337)
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tion function for the ion kinetic energies). The quantity
D:rI jL(EIN) is seen to increase from a value of 0.025 V at
EIN=30.3XI0-17Vcm2 to a value of 0.149 V at EIN
= 212.2X 10-17 V cm2.

Finally, in Fig. 46 are shown the measurements of Wilson
et at.346and Schmidt and collaborators347,348of the volume
(ion-ion) recombination rate coefficient kr for SF6as a func-
tion of gas pressure (T=296-298 K).

10. Recommended or Suggested Electron
Collision Cross Sections and

Electron Transport Coefficients for SF6

In Fig. 47 are plotted the recommended or suggested cross
sections for SF6 discussed in this paper:

(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)

(viii)

0"se,t(e ) - Table 9, Fig. 5;
O"e,int(e)-Table 13, Fig. 7;
O"m(e)-Table 14, Fig. 8;
0"vib,t(e ) -Table 15, Fig. 12;
O"i,t(e)-Table 17, Fig. 14;
0"dis,neut,t(e ) -Table 20; Fig. 18;
O"asF-(e)-Table 28, Figs. 24(a) and 28; and

, 6

0"da.tCe ) -Table 28, Fig. 28.

A number of additional electron collision cross sections
have been discussed in the paper and data on these can be
found as follows:

(i)
(ii)
(iii)
(iv)

(v)

(vi)

(vii)

O"e,dittCe)-Tables10, 11, and 12, Fig. 6;
O"i,partial(e) -Fig. 15;
0"a.tCe ) -Table 28, Fig. 22;

O"a,sF;(e)-Table 25, Fig. 24(b);

0"a,SF;(e ), 0"a,SF)( e ), and 0"a,SF2( e ) -Table 27, Figs.
25 and 28;

O"a,F2(e)-Table27, Figs. 26 and 28; and
0"a,F-(e) - Table 27, Figs. 27 and 28.

324

1020

-,....'en 1019,....
'E
.3-

..J
1018

Z

1017
10

r
1020-,....

en

'E 1019
.3-
+
C..J 1018Z

1017
10

EIN D:rIJL(EIN)
(10-17 V cm2) k:r (EIN) (V)

30.3 1.0 0.025

60.6 1.2 0.030

91.0 1.7 0.043

121.3 2.6 0.066

151.6 3.5 0.088

181.9 4.6 0.116

212.2 5.9 0.149



,-...
C\J

E
o
C\J

I

o
,..-
'-"'"
c:
o
+-J
U
Q)

CJ)
en
en
o
~

()

ELECTRON INTERACTIONS WITH SF6

\
\

\
\

.x'-\
,/ ~ \

\ \
\ \
~ \
\ \
\ \
~ \
\ \ r,
i \ 1 \ I'
~ . \ I \ I~ \
. ,I v \

crda,t \: \
\, I

103
............

........
". ,
- ".

cra,SF6 "'.102

101

10°

10-1

10-2

10-3
0.001 0.01 0.1

325

1 10 100 1000

Electron Energy (eV)
FIG. 47. Recommended and suggested electron collision cross sections for SF6.

Based on the discussions in the paper, recommended or

suggested data for the electron transport coefficients,
density-reduced electron attachment and ionization coeffi-
cients, and electron attachment rate constants have been pre-
sented as follows:

(i)
(ii)
(iii)
(iv)
(v)
(vi)
(vii)
(viii)
(ix)

o:/N(E/N)-Table 19, Fig. 17;
'f//N(E/N)-Table 34, Fig. 33;
'f//N a((e ))-Tables 29 and 30;
(0:- 'f/)/N(E/N)-Table 35, Fig. 34;
kaiE/ N) in Ar, Xe, or N2-Tables 29 and 30, Fig. 29;
kai(e»)-Table 31, Fig. 30;
w(E/N)-Table 36, Figs. 35 and 36;
DT/ f.L(E/N)-Table 38, Fig. 37; and
NDdE/N),-Table 39, Fig. 38.

Tables of the recommended and suggested data can be found
at http://www.eeel.nist.gov/811/refdata on the World Wide
Web.

11. Data Needs for SFa

In spiteof the many studies on electron interactions with
the SF6 molecule there still exist distinct gaps in the avail-

able data. The most significant data need is for direct mea-
surements of cross sections for vibrational excitation and for

electron-impact dissociation into neutral fragments. Addi-
tionally, a determination of the momentum transfer cross
section at energies below 2.5 eV is needed. These data are
necessary to extend the recommended and suggested data in
the present work, and hence provide a reliable source of
electron-SF6 interaction data for use in computer modeling
codes.
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