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Sulfur hexafluoride (S 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 ingS§ 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 $fnolecule and on electron detachment and ion transport in
parent Sk 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 $folecule reveals a rather simple picture which
can be summarized as follow§l) Elastic electron scattering is the most significant
electron scattering process over the electron energy range-f0m1 to~1000eV.(2)

Below 15 eV the most distinct inelastic energy-loss process is vibrational excitation—
direct dipole excitation involving the’; mode and indirect vibrational excitation via
negative ion states involving thg mode.(3) Below ~0.1 eV electron attachment form-

ing SK; is the most dominant interactiofalong with elastic scattering Above this
energy, the cross sections for dissociative electron attachment forming fragment anions
[principally SF (x=3, 4, and % and F ] are appreciable, with the room temperature
total electron attachment cross section dominated by the formation;ob&f#ween~0.3

and 1.5 eV and by the formation of Fbeyond~2.0eV. (4) Above ~ 16 eV dissociative
ionization becomes significant, generating principally Sk=1, 3, 4, and 5and F
positive-ion fragments which, together with elastic electron scattering, makes up most of
the total electron scattering cross sectid). Electron-impact dissociation into neutral
fragments SEF(x=1, 2, and 3 and F occurs above - 15eV, with cross section values
potentially exceeding those for ionization for electron energies near 206¢\he 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. ©2000 American Institute of Physids§0047-268@0)00204-X]

Key words: SE; sulfur hexafluoride; electron interactions; scattering; ionization; attachment; dissociation;
cross section; coefficients; transport; negative ions
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dissociative electron attachment togSE ... ... 307
Recommended and suggested cross sections for
nondissociative and dissociative electron

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 Christophabal?

attachmentto SF.......................... 308 Sulfur hexafluoride is also of environmental concern in that
29. Total electron attachment rate constant, it has been shown to be a potent greenhousé’ ¢ais an
Kat(E/N), for SRs. ..o 310 efficient absorber of infrared radiation, and because it is very
30. Total electron attachment rate constagi((e)), stable, is largely immune to chemical and photolytic degra-
fOr SRy oot 312 dation. The latter accounts for its long residence lifetime in
31. Temperature dependence of the relative cross the environment. The strong infrared absorption and the long
section for the formation of SFby electron (800—3200 yr residence lifetim&’ in the environment ac-
impacton Sk ... 313 count for its high global warming potential, which for a 100
32. Variation of the rate constant for electron yr period is estimated to be 24 000 times greater than that
attachment to Sfwith gas temperature. . ... .. 314 of CO,.3
33. Measured density-reduced electron attachment Because of its unique structure and applied interest, the
coefficient,s/N(E/N), for SR, .. ............. 315 SK; molecule has been the subject of many experimental,
34. Measured density-reduced effective ionization theoretical, and computational studies. There have been a
coefficient, @— 7)/N(E/N), for SR . ......... 316 number of reviews of its interactions with slow electrons
35. Electron drift velocityw(E/N), in Sk;......... 317 (e.g., Refs. 2, 8—1dand photonge.g., Refs. 15-18
36. Electron drift velocityw(E/N), in Sk; at low In the present work we synthesize and critically evaluate
E/N. 318 existing knowledge on the interactions of low-energy
37. Transverse electron diffusion coefficient to (mostly below about 100 eVelectrons with the SfFmol-
electron mobility ratioD+/u(E/N), for SF..... 318 ecule and recommend, suggest, or simply provide values for
38. Measured values of the product of the gas the various electron scattering cross sections, coefficients,
number density and the longitudinal electron and rate constants that are used to quantify these processes.
diffusion coefficientND, (E/N), for SFK;....... 319 These processes are identified in Table 1 along with the cor-
39. Photodetachment cross sectiogy(hv), for responding symbols and units.
SR 320 The data assessment procedure followed in this work is
40. Measured cross sections for negative the same as in the previous papers in this sefigs.As
ion-molecule reactionsin QF. ............... 321 discussed in these earlier publications, “recommended” or

41. Density-reduced electron detachment coefficient, “suggested” values of cross sections and coefficients are
OIN(E/N), of SR .. oo 322 determined, where possible, for each type of cross section
42. Measured reduced mobilitieg,y (E/N), for and coefficient for which data exist. These values are derived
negative ionsin Sf........... ... ... 322 from fits to the most reliable data, as determined by the fol-
43. Measured reduced mobilitieg,y (E/N), for F~ lowing criteria: (i) the data are published in peer reviewed
INSKs .. 322 literature; (ii) the data exhibit no evidence of unaddressed
44. Measured reduced mobilitieg,y (E/N), for errors;(iii ) the data are absolute measuremefig;multiple
SR and SE iNSRs. ... 323 data sets exist and are consistent with one another within the
45. ND, (E/N) for negative ions antND," (E/N) combined stated uncertainties over common energy ranges;
for positive ions in Sk ............ .. L. 324 and (v) in regions where both experimentally and theoreti-
46. Volume(ion-ion) recombination rate coefficient, cally derived data exist, the experimental data are preferred.
Key IN SR 324 Data that meet these criteria are selected for each cross sec-
47. Recommended and suggested electron collision tion or coefficient and a fit to these data is designated as our
cross sections for §F. ... 325 recommended data. The recommended data represent the

1. Introduction

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

Sulfur hexafluoride (S is a man-made molecule used in to be reasonable but do not meet all of the criteria listed

many applied areas? as an insulating medium in high- above. For example, results from a single measurement may
voltage transmission and distribution equipment; a highbe designated as suggested if a second, independent, con-
dielectric strength gas in ultraviolgiJV) laser-triggered firming measurement is unavailable. In cases where no rea-
spark-gap closing switches; a fluorine donor in, for instancesonable data exist, or where two or more measurements are
rare gas—halide excimer lasers; a gas for plasma etching @f an unresolved contradiction, the raw data are presented for
silicon and GaAs-based semiconductors; a blanket gas fanformation and no recommendation is made. At the present

magnesium casting; a reactive gas in aluminum recycling téime, we make no use of data presented on the Internet unless
reduce porosity; a gas for thermal and sound insulation; anthese have been also published in the archival literature or in

a gas for use in many other wide ranging areas including formal report of a scientific institution or conference.

retinal detachment surgery, airplane tires, AWACS radar No attempt is made in this article to evaluate the predic-

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



ELECTRON INTERACTIONS WITH SFg 271

TaBLE 1. Definition of symbols

Symbol Definition Common scale and units
Tpar(N) Total photoabsorption cross section 10 ¥cn?; 10 22m?
opir (N) Total photoionization cross section 10" Ben?; 1072 m?
O pi partiat (V) Partial photoionization cross section 10 Bcn?; 107 22m?
O pist(\) Total photodissociation cross section 10" ¥cn?;, 107 2m?
Oeci(€) Total electron scattering cross section 10 %cn?; 10 20 m?
Te i () Elastic differential electron scattering cross section “Aen?srt
Teint (&) Elastic integral electron scattering cross section 10 *%cn?; 10720
oer(e) Total elastic electron scattering cross section 10 %cn?; 10 20m?
om (&) Momentum transfer cross sectidelastio 10 %cn?; 100 °m?
Y10 Vibrational differential scattering cross section “Om?srt
by (£) Total vibrational excitation cross section 10 %cn?; 10720m?
T e it (£) Differential electronic excitation cross section “POm?srt
o (&) Total ionization cross section 10" % cn?; 1070 m?
i partal (&) Partial ionization cross section 10 %cn?; 107 2°m?
T gist (€) Total dissociation cross section 10 %cn?; 10 2°m?
T gisneut{€) Total cross section for electron impact 10 %cn?; 10720 m?
dissociation into neutrals
Tem(€) Emission cross section 10 ¥cn?; 10722 m?
() Total electron attachment cross section 10 “cn?; 1078 m?
Ogar(e) Total dissociative electron attachment cross section 10~ cn?; 102 m?
opa(hv) Photodetachment cross section 10 ¥cn?; 10 2 m?
Tic (Eem) Cross section for ion conversion 10 %cn?; 107 2°m?
Ted (Eem) Cross section for collisional detachment 10 %cn?; 107 20m?
oo (Eem) Cross section for charge transfer 10 %cn?; 10720
a/N (E/N) Density-reduced ionization coefficient 10 ®cn?, 1072 m?
7N (E/N) Density-reduced electron attachment coefficient 10 ¥cn?, 10 22m?
(a—n)/N (E/N) Density-reduced effective ionization coefficient 10" ¥cn?, 107 22m?
Kape(N*) Rate constant for bound-electron attachment M@ st
Kgis (E/N) Electron-impact dissociation rate constant “fomPst
Kat(E/N) Total electron attachment rate constant “lemPst
(Kadth Thermal total electron attachment rate constant st
w (E/N) Electron drift velocity 16cmst
D+/u (EIN) Transverse electron diffusion coefficient to electron V
mobility ratio
D, /u (EIN) Longitudinal electron diffusion coefficient to electron V
mobility ratio
o (EIN) Reduced mobility of negative ions évts
uo (E/N) Reduced mobility of positive ions Givist
ND; (E/N) Product of gas number density and negative ion 108¥cm st
diffusion coefficient
ND;" (E/N) Product of gas number density and positive ion 10¥cm st
diffusion coefficient
k, (E/N) lon-ion recombination rate coefficient 10cm’st
SIN (E/N) Density-reduced electron detachment coefficient “Yen?

tions of the many Boltzmann-code and Monte Carlo-type (COfe)22(4alg)2(3t1u)6(2€g)4(5alg)2(4t1u 6(1tzg)6(3eg)
analyses of electron transport in Sf€.g., Refs. 11, 26—44 5 5 5

that are available in the literature. This will be the subject of X[(1t2)°(5t10)°1(1t1g) "Asg,

a future papef®

where the first three orbitals constitute the inner-shell va-
2. Electronic and Molecular Structure lence region. The four lowest emptyalencé orbitalg'®52
are: (6a,4)%(6t1,)%(2t,9)(4ey)?. However, there are still
The electronic structure of this highly symmetric moleculesome questions as to the energetic sequence of the various
has long been a subject of much interest because of its umrbitals. For instance, the {§) and (1,) orbitals are
usual propertiese.g., unusual spectroscopgnd because of nearly degenerate and their ordering is unresolved. Actually,
its many industrial uses. In the Smolecule the sulfur atom their sequence has been interchanged by some au#agrs
is at the center of a regular octahedron, the corners of whichee Refs. 13 and 52, and also discussions in Refs. 16, 17, 46,
are occupied by the six fluorine atoms. It has ten valencd7 and 53-55 As noted by Gianturco and Jaihthe Sk
orbitals containing 48 electrons and belongs to the pointnolecule, being an assembly of atoms containing 70 bound
group Oh 15 |ts ground-state valence electron configurationelectrons, is difficult to handle bgb initio computational
is:46-5 methods. The rather large nuclear charges of the fluorine

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



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

atoms away from the center-of-mass, makes the single-cente 200 T T T T T T T ]
approach unlikely to work. Thus, computational models are (a) . g;’:':‘i r(]:fizf’iwm:
by necessity approximate models. O Lee(1977) 1

Nonetheless, the present assessment of electron interaﬂ\'g 150 Sasanuma (1978) |
tions with the SE molecule has unveiled a rather simple o [ i1 fiyy, 77 - Holland (1992) 1

picture which can be summarized as follows: P 100

S—

(i) Elastic electron scattering is the most significant elec- o
tron scattering process over the electron energy range >
from ~0.01 to~1000 eV. 50

(i)  From ~0.1 to 15 eV the most distinct inelastic H
energy-loss process is vibrational excitation—direct ob———t
dipole excitation involving thev; mode and indirect 10 20 30 40 50
vibrational excitation via negative ion states involving
the v, mode.

(iii) Below ~0.1 eV electron attachment forming $ks 200 T T T T T T T T
the dominant inelastic interaction. Above this energy :
the cross sections for dissociative electron attachmen
forming fragment anion$principally SE, (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 SFbetween~0.3 and 1.5
eV and by the formation of Fbeyond~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 o —
electron scattering cross section. 10 20 30 40 50

(v)  Electron-impact dissociation into neutral fragments

SF, (x=1, 2, and 3and F occurs above 15 eV, with 1. () Total photoabsorpti tan, (1), of S functi
. . . 1G. 1. (@) I otal photoabsorption Cross sec |(mr],ay , 0 s as a function
cross section values potentially exceeding those foEf bhoton energy(®) Ref. 60: (-- -) Ref. 61:(L]) Ref. 53: () Ref. 62-

ionization at electron energies near 20 eV. (—-—) Ref. 48.(b) Total excitation(photoabsorptioncross section ob-
(vi)  The total electron scattering cross section exhibits distained from high-energy electron energy-loss spesta text (—) Ref. 64;

tinct structure due to negative ion resonances at about -) Ref. 59; (- —) Ref. 65.
0.0, 2.5, 7.0, and 11.9 eV.
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2.1. Total Photoabsorption Cross Section, Opat(N) ~10 and ~50eV. There are considerable differences in
these measurements. For example, the most recent cross-

The photoabsorptiofand photoelectranspectrum of SE section measurements by Hollaatlal*® lie below those of
has been investigated extensively over broad energy rangeBlechschmidtet al.®* in some regions of the spectrum by
It is unusual in that the most prominent features are due toaearly a factor of 2. They are in closer overall agreement
intervalence transitions. Rydberg series, which often domiwith the measurements of Lez al>3 and Sasanumet al 52
nate molecular absorption cross sections at energies a fedll the data however show that the most intense feature in
electron volts above the ionization threshold, are stronghthe entire absorption spectrum occurs around 23 eV and is
suppressed in $F This anomalous intensity distribution has due to the &,4—6t;, and &,,—2t,, intervalence transi-
been interpreted by Nefeddvand Dehme¥ in terms of a  tions which are enhanced by shape resonaffceer a spec-
potential barrier experienced by the outgoing electron. tral assignment see Mitsuket al,®® Sze and Brion? and

Total photoabsorption cross sections, (), have been Holland et al*® (see also Table 4 in Sec. 2.3
discussed by a number of authasee e.g., Hitchcock and For comparison with the photoabsorption measurements in
Van der Wiel®® Berkowitz!® and Hollandet al®®). Also, Fig. 1(a), excitation cross sectiorts®*®° determined from
Gallagheret al® reviewed the data on the photoabsorption,high-energy electron energy-loss spectra of &f shown in
photoionization, and ionic photofragmentation cross section&ig. 1(b). These spectra are equivalent to the total photoab-
for this molecule. The reader is referred to these studies ansbrption cross section as a function of the photon energy.
the sources cited therein for detailed data and discussion. The electron energy-loss spectrum of Simpsoral®* was

In Fig. 1(@) are shown the total photoabsorption cross-obtained at 0° scattering angle with 400 eV incident elec-
section data for SFof Codling®® Blechschmidtet al.®* Lee  trons, and was normalized to the photoabsorption results of
et al,”® Sasanumat al,%? and Hollandet al*® Collectively ~ Codling® at 23.0 eV. The electron energy-loss spectrum of
these measurements cover the photon energy range betweditchcock and Van der Wiéf was also obtained at 0° scat-
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TaBLE 2. Values of the total excitatiofphotoabsorptioncross section for 150 T 1 T T
SF; determined from high-energy electron energy-loss spectra of dirad. r
in Ref. 65. The values listed here are derived by digitally scanning the figure
in Ref. 65 &
£ L
Energy loss Cross section Energy loss Cross section Et'.o 100 |
(eV) (107 #m?) (eV) (107%m?) = -
8 0.0 36 80.4 g I
9 0.39 38 72.4 © so0F _
10 7.74 40 67.1 = L
11 24.4 42 61.1 © L )
12 18.2 44 55.7 L Opist .-
14 25.2 46 52.2 : S
16 73.9 48 47.5 I R e
17 95.4 50 40.3 40 50 60 70 80
18 76.6 52 37.9
20 711 54 34.9 Wavelength (nm)
22 1225 56 33.3 Fic. 2. Total photodissociatioft - -), opgs¢(N), and total photoionization
23 156.8 58 317 (—), oyt (N), cross sections of $Fas a function of photon wavelength
24 130.9 60 30.2 (data of Hollandet al. from Ref. 48.
26 83.8 62 27.6
28 84.6 64 26.4
30 74.8 66 24.6
32 74.2 68 25.5 photodissociation cross section it has been implicitly as-
34 77.0 70 25.5 sumed that an excited $inolecule can decay only by dis-

sociation into neutral fragments or by autoionization.

In Fig. 3 are shown the partial photoionization cross sec-
tering angle but with 8 keV incident electrons and was norions, o pariaNv), of Hitchcock and Van der Wil de-
malized to the photoabsorption data of Blechschreictl®*  duced from dipole oscillator strength measurements over a
at 27 eV. Yinget al® used a 0.5° scattering angle and 2.5range of energies up to an equivalent photon energy of 63
keV incident electrons. Their measurements of generalizedV. In the same figure are also plotted the cross sections for
oscillator strengths, fddE, were put on an absolute cross dissociative and double photoionization ofsSf the energy
section scale via the relation o,,(10 cn?)  range 75-125 eV obtained by Masuoka and Sarftagsing
=109.75d/dE(eV1). These last data are listed in Table 2 time-of-flight mass spectrometry and synchrotron radiation.
since they are absolute values. They are in good agreemefhe most abundant positive fragment ions are seen to be SF
with the other two sets of data. and SE (see also Creasest al.”? and Peterkat al.”®). The

Photoabsorption cross section measurements also havelatively large cross section of the doubly charged positive
been extended into the extreme UV and soft x-ray regiongon SF, ~ was also observed under electron impact and was
using synchrotron radiaton by a number of taken to indicaté the formation of SE* by removal of two

investigatorg?-°0:53:54.60,61,66-70 F~ ions. Gustafssofi also measured partial photoionization
cross sections of Sfbetween 20 and 54 eV using synchro-
2.2. Total Photoionization, o((X), Partial tron light. In general, these cross sectignet shown in Fig.
Photoionization, oy parial (M), and Total 3) are rlcth stfru%lvrl;edsgov;m%}%ilstmct resonance effects
Photodissociation, @y (A), Cross Sections (e.g., see Gustafssdrand Dehmer).

Studies employing photoelectron spectroscopy allowed

Because the lowest ionic state of (SE antibonding, the detailed investigations of the photoionization process, in-
ionization process even at threshold is dissociative and rezluding the relative probabilitiegpartial cross sectionsof
sults in the formation of the fragments Sknd F. No SE exciting specific electronic, vibrational, or rotational states of
ion has been observed in the preponderance of the investigdie molecular ion. Photoelectron—photoion coincidence ex-
tions, and its abundance is estimated to be less thart 10 periments also allowed determination of the subsequent fate
compared to that of SF. Thus, the photoionization of g%  of the excited molecular ions. In addition, photoion—
viewed as totally dissociative, and can be attributed to any ophotoion coincidence experimer{gsg., see Refs. 75 and)76
the following processes: direct, indirect, double, or Auger.have allowed probing of double ionization processes. These
Measurements of dissociative photoionization and dissociacan be either direct or via an Auger decay. In the first case
tive and nondissociative double photoionization can be foundwo highly correlated valence electrons are ejected. While in
in Gallagheret al*® and Hitchcock and Van der Wief.Hol- the latter case an inner-shell electron is ejected, an Auger
land et al*® used their measurements of the absolute totatlecay occurs, and the resulting doubly charged positive mo-
photoabsorption cross section and the photoionization quarnecular ion dissociates immediately into two fragment ions
tum efficiency as a function of the photon wavelength to(plus neutrals Using such techniques in conjunction with
calculate the absolute total photoionization cross sectiorsynchrotron radiation, Frasinslét al.’® detected the two
ait(N), and the absolute total photodissociation cross segghotoions from the double photoionization of (SFThe
tion, opgis{\), for SR shown in Fig. 2. In deducing the thresholds they determined for the production of the ion pairs
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SR +F*, SR +F', SK +F", SF'+F, , and SE +F, are
listed in Table 3. According to Elanet al.”’ the major dis-
sociation process of SQF after Hen ionization is
SF; "—SF; +F"+F,. Itis possible, however, that $F dis-
sociation may proceed via doubly charged intermediate¥ith those from photoabsorption and electron energy-loss
such as SF".”7 In Table 3 are listed the ionization energies €xperiments in Table 4. Both the photon energy and/or en-
of the various orbitals of the $Fnolecule.

lon-pair formation from photoexcitation of $ks another
interesting process which has revealed a great deal about tfefs. 52, 62, and 63.
dissociation energetics and the structure of thgr86lecule.
For instance, Mitsuket a

SRs+hv—SRE* =F +SF +(5—-x)F [x<5] (1)

|63

investigated the process

et al. measured the photodissociation efficiency curve for F
produced from Sfas 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

ergy loss and transition assignments are given in the table.
For a fuller account and more detailed list of transitions see

2.3. Electron Energy-Loss Spectra

There have been a number of electron-impact energy-loss

employing negative-ion mass spectrometry and synchrotrostudies of Sf°2°%64658386-88Tha stydies of Simpson
radiation in the 11.27-31.0 eV photon energy ranJde
negative ions Sfand SE , which were also observed, were Ying et al® are of particular interest in that their high-

attributed to the attachment of low-energy electrons generenergy electron-impact energy-loss spectrum can be used to
ated by photoionization of the parent moleculdditsuke
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TaBLE 3. lonization energies of various orbitals of SF

Type of orbital EnergyeV) Reference Comments
15.29 78 Photoionization/Formation of $F
15.3+0.2 79 Photoionization/Formation of SF
15.32 63 Photoexcitation/Formation of SF
15.5 80 VES

1ty 15.67 80 VES

toy 15.69 81 PES

1ty 15.7 55 PES

1ty 15.7 52 Formation of SE
15.9+0.2 74 EI% Formation of SE
15.9+0.2 82 El; Formation of SE
16.0 59 Formation of SE
16.7 80 VES

3ty,, 1ty 16.93 80 VES

tig 16.96 81 PES

1ty 5ty 17.0 55 PES

1tyy, 5ty 17.0 52 EELS
18.0 59 Formation of SF
18.0 80 VES

2ey 18.3 80 VES

eq 18.40 81 PES

3e, 18.6 55 PES

9

3eq 18.6 52 EELS
18.7£0.2 82 El; Formation of Sk

ta 18.71 81 PES
18.79+0.14 63 Formation of Sk
18.9+0.2 74 El; Formation of S§
19.1+0.5 79 Photoionization/Formation of SF
19.0 59 Formation of S§

1ty 19.245(0-0) 80 VES
19.4+0.5 79 Photoionization/Formation of SF

t1y 19.68 81 PES

1ty 19.8 55 PES

Lt,g 19.8 52 EELS
20.1+0.3 74 El; Formation of SE
20.3+0.2 82 El; Formation of Sk

tog 225 81 PES

4ty 22.6 55 PES

2ty 22.7 80 VES

4ty 22.9 52 EELS
26.0 59 Formation of Sk

a, 26.8 81 PES
26.8+0.3 74 Formation of S§

Say4 26.85 55 PES

5a,4 27.0 52 EELS

2ay, 27.0 80 VES
31.0 59 Formation of SF
31.3+0.3 74 Formation of SF
33 59 Formation of S~
35.8+1.0 74 Formation of £
37.0 59 Formation of §
37.31.0 74 Formation of §
38.0 59 Formation of F

2e 39.3 52 EELS

]

40.0 59 Formation of S§*
40.6+0.5 74 Formation of Sk~

3ty 41.2 52 EELS
41.1+1 76 DDP' producing SE+F*,

SK+F", or SE+F;

45.1+1 76 DDF producing SE +F"
46.5-0.5 74 Formation of SE™*
52.8+1 76 DDP' producing SE+F;

2The authors reported observation of a weak Skgnal using the 21 eV resonance line of helium.

PVES=He! induced valence electron spectra.
‘PES=photoelectron spectra.

dEl=Electron impact.

°EELS=Electron energy-loss spectra.
'DDP=dissociative double photoionization.
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TaBLE 4. Photon energy/energy loss and transition assignments fr SF

Photon energy/Energy loss Assignment
(eV) Ref. 63

Assignment
Ref. 62

Assignment
Ref. 52

Assignment
Ref. 83

6.494(Ref. 52)
7.93 (Ref. 84"
9.596(Ref. 52

9.8 (Ref. 89)
10.982—-12.266Ref. 52
11.0(Ref. 8%)
11.5; 11.6(Ref. 83)
11.54(Ref. 64')
11.729(Ref. 84)
11.76(Ref. 8%)
12.8(Ref. 83)
13.2 (Ref. 63)

13.2 (Ref. 83)
13.143-13.309Ref. 52
13.244(Ref. 85)
13.27(Ref. 84)
13.30(Ref. 64Y)
13.3(Ref. 83)

14.1 (Ref. 83
14.218(Ref. 85)
14.283(Ref. 84)
14.3(Ref. 63)
14.35(Ref. 64")
13.970-14.415Ref. 52
14.3; 14.7(Ref. 83)
14.6 (Ref. 63)
14.707(Ref. 52
14.90(Ref. 64)
14.9 (Ref. 83)
14.933(Ref. 85)
15.163(Ref. 84)
15.546(Ref. 52
15.7 (Ref. 63)

15.7 (Ref. 62)
16.0; 16.1(Ref. 83
17.00(Ref. 62)
17.00(Ref. 63)
17.021

19.6 (Ref. 63)
19.8 (Ref. 59)

19.8 (Ref. 62)

20.9 (Ref. 52)

21.2 (Ref. 63)
22.1(Ref. 63)
23.2(Ref. 52)

23.2 (Ref. 62)
24.6 (Refs. 6% and 52)
25.7 (Ref. 63)
25.8(Ref. 52)

26.2 (Ref. 63)
28.3(Ref. 52)
28.5(Ref. 60%)
28.8(Ref. 62)
31.8(Ref. 62)
35.4(Ref. 62 and 60)
37.6 (Ref. 62)

1ty 6ty,/5t;—6ay4

1ty—4p

5ty — 4s/3e4— 6ty

1t14—5p

5ty—58/1t,3— 61y,

4t 1w Galg

4ty —4s

4t,,—5s
5ty— 2t29/4t1u~>n5 (n=6)

5a,5—4p
5a;4—5p

S5a;,—6p

5t,,—6a
1u 1g 1tlg*> 6algg
1t —6ayg
1t;4— 6ty /1y, Sty —6ag
1ty —6ayy
5ty —6ay

1ty 45— 7a,4(4s)
5t1u—> 6alg
ltlg" 6t,(4p)
1tlga4p

4ty —6ayy
4ty,—6a,4

1t,4—6t,,(4p)
1ty—6ayy

3e4— 6ty
5ty —7a,449)

1ty Sty —4s

1tlg_’ 7t14(5p)

3e,— 6ty

1ty5— 61y,

3ey—6ty(4p)
1ty 61y, 1t,4— 6ty
4ty — 6alg‘3

St1— 2ty
5t1u—> 2t29

4ty —4s

1t,4—2ty4%58,4— 68,
4t,,—5s

52,4614,
5a,4— 61y,
S5a;5—4p

5a,4— 6t1/1t5,, Sty — 2ty

5a;4—5p
4ty— 2ty

1ty,, 5agg—(6a;9)?
3ty —6ay

2e4— 61y,

4ty —4ey

aSee Refs. 52, 62, and 63 for more details and for information on other transitions.

PData from studies on ion-pair formation from photoexcitation.
‘Data from studies on photoabsorption spectra.

dData from electron energy-loss experiments.

®Estimated uncertainty=0.020 eV.

"The photoabsorption data show weak continuous absorption which begins at 7(&&&\84.

9Forbidden transition.

Mriplet

iSinglet

IUncertainty=+0.05 eV.

Energy position of peak maximum in the Fefficiency curve.
'Estimated uncertainty+0.5 eV.
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TasLE 5. Values of the electron affinity of the §Folecule reported since 16 : ; 5 -
1983 Electron  : Electron | Calculations | Recommended
— Attachment © Scattering  Positions/ )
Electron affinity />\ | : g ; Assignments
(eV) Reference Comments o) 14 : : :
0.0-1.49(0.762 103 Range of 20 values listed in Ref. 103 g I % : : 7%// : 4
which were reported prior to 1983. T 12fF S P NVl |
1.05+0.1 104 Energetics of electron transfer reactions 5 % : : :
1.15+0.15 105 Thermal electron attachment studies c - : | 7 : :
1.07+0.07 106 Thermal electron attachment studies o : : :
1.19 95 Calculation o 10 : : 7 : 1
1.3-1.4 926 Calculation 2 N § ///4 § 1
1.06 107 Calculation g 5 ; e
3.44 101 Calculation [) 8r : g : -
3.46 100 Calculation Z : L L 706Vt
1.06 Recommended valugsee tex} ks I Vi T ]
@Average of the values listed in Ref. 103 excluding the lowest and the 8 6 7/ : : : m
highest values listed in Ref. 103. g /// : : §
PThis value is a refinement of their earlier result in Ref. 105. 8 %
o 4+ | s | .
. . : . 3 : 5 7  2seviay A
previous section, Simpsoet al. obtained an energy-loss = 7 L ; / P2 1g
spectrum corresponding to optical electronic excitation of :cj L ///////% : T : % § _

SF; using 400 eV incident energy electrons and a 0° scatter-

ing angle. Their high-energy electron-impact energy-loss : 5 ooy @)
spectrum was used to generate UV absorption cross section: N B P
in the 10—30 eV region by normalization to the photoabsorp-
tion results of Codlin@“ at 23.0 eV[see comparison with Fic. 4. Negative ion states of the $Folecule as determined by electron
. . . . attachment measurements, electron scattering measurements, and calcula-
photoabsorption data in Figs(al and Xb)]. Hitchcock and tions: (- - -) Dehmeret al. in Ref. 112;(— —) Gianturcoet al. in Ref. 121;
Van der Wiet® also obtained electron-impact energy-lossi.-.) Gyemantet al.in Ref. 123. Shaded areas represent the range of mea-
spectra at 0° using electron-ion coincidence measuremensgred peak energies. The last column gives the recommended average posi-
and incident electrons with 8 keV kinetic energy. Theirt?ons and assignmen(see_tex)‘. It shoulq be noted that the adiabatic posi-
. tion of the ~0.0 eV negative ion state is at1.06 eV[ = —|EA(SR)|].

electron-energy loss data were also used to determine cross
sections for dipole photoabsorption and photofragmentation
of SK; in the equivalent photon energy range of 5-63 eV by
normalization to the photoabsorption measurements of Besides the above three studies, Chutpaml®® and Tra-
Blechschmidtet al®! at 27 eV. Their data are compared in jmar and Chutjiaff investigated the electron-impact excita-
Fig. 1(b) with the data of Simpsoet al®* tion of SK; using 20 eV incident electrons in the energy-loss

Furthermore, Hitchcock and Van der Wilused their range of 7—14 eV. In their experiments the scattering angles
electron energy-loss measurements, in connection with theanged from 20° to 135°. From a comparison of their data at
photoionization branching ratios they measured for the sitow energies and large scattering angles with data they ob-
lowest energy states of $I,: to obtain partial ionization tained earlier using 400 eV electrons and a 0° scattering
cross sections for the production of specific positive ionsangle(i.e., under conditions favoring excitation of optically
These data were presented earlier in Fig. 3. Sze and Brionallowed transitions they identified a number of spin and/or
studied inner-shell electron energy-loss spectra gf &g  symmetry forbidden transitions in the energy rang&0—
2.0-3.7 keV electrons and a 0° scattering angle. Their find=-16 eV which are listed in Table 4.
ings for valence-shell excitation spectra have been discussedIn addition to the electron energy-loss studies involving
earlier (Table 3. Ying et al®® performed angle-resolved low-lying transitions, Franciset al® recorded electron
electron-energy loss measurements using a coplanar electrenergy-loss spectra of gk the region of S, S2s, and
spectrometer, and determined generalized oscillator strengtlisls excitation, using dipole and nondipole electron-
of valence shell electronic transitions in the range of 7—7Gscattering conditions. Electron-impact energies between 700
eV using electrons with initial kinetic energy of 2.5 keV. and 3200 eV and scattering angles between 0° and 30° were
Their valence-shell electron energy-loss spectrum of SFused. It was found that relative to dipole electron energy-loss
measured at 0.5(converted to photoabsorption cross sectionor photoabsorption spectra, there are large intensity redistri-
using the relationship apa,(10*18 cn?) =109.75 d/dE butions in both the SR and S 3 spectra under nondipole
(evV™Y), where d/dE is the differential oscillator strengtfis ~ conditions. In contrast, the Fslspectrum was found to be
compared with other electron energy-loss spectra and phot@ssentially the same in near-dipole and nondipole scattering
absorption data in Fig.(h), and values are listed in Table 2. regimes. Fomunungt al® conducted a theoretical study of
There is general agreement among the photoabsorption datéectron excitation of optically allowed transitions between
and the electron energy-loss spectra. 20 eV and 2.5 keV, and a number of investigations have
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been conducted on the generalized oscillator strength gf Skpositions of the Sg-negative ion resonances as determined
(e.g., see Refs. 88 and 90 by considering only the electron scattering data, along with
Energy-loss spectra involving vibrational excitation o SF their symmetry assignments. The energy positions of the
were investigated by Trajmar and ChutjiihRohr®* and  lowest four negative ion states of the SRolecule and their
Randellet al®? These are discussed in Sec. 3.5.1. symmetries are:-0.0eV(@,y), 2.5eV@,y, 7.0eVty,), and
11.9eV(,g). It should be noted that the adiabatic position of
. . the ~0.0eV negative ion state is at-1.06eV [=
2.4. The Electron Affinity and Negative lon States —|EA(SF;)|]. Other negative ion states are indicated near
of SF¢ 17 eV and higher energiesee Table § The resonances
The four lowest lying empty orbitals of GFare?®5?  near 27 and 50 eV can be assigned as core-excited valence

(6alg)°(6t1u)°(2t2g)°(4eg)°. Calculations for the octahedral Negative ion states involving the* molecular orbitals.
symmetry Op) of SK; (see Refs. 93—96have shown that

the S—F antibonding character of the highest occupied, to- 2.5. Fundamental Vibrational Modes

tally symmetric, nondegenerateafy molecular orbital of and Other Data

SF; results in a substantial increase of the S—F bond i SF
compared to neutral QF Although a number of authors
(e.g., Refs. 97—9%onsidered electron capture into degener-
ate molecular orbitals of lower symmetry thagy,, calcula-
tions for a lower symmetry configuratioisee Gutset?*1%!
and Richman and Banerj#® showed theO,, octahedral
structure to be the most stable.

The fundamental vibrational frequencies-vg of the Sk
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 modé$?>~**The
low energies of these vibrations results in vibration excita-

There has been widespread unanimity that Sfaches tion of these modes at relatively low temperatures above am-

thermal and near thermal electrons with a very large crosP'ent' Even at room temperature the population of ke

section forming Sk, and that the SfFmolecule must thus e\fl_eri of ’_’8 |s'onel f;alf of thg gr(f)und-state populz?]tlonl.
have a positive electron affinity. However, up until recently € vibrational frequencies for gFare somewhat lower

there has been no concensus regarding the size of its electrg?@nkthek:esg_ecti\_/e fLequencie_zs f(_)r thgrﬁeutr?@é 0 thfe
affinity. Prior to 1983 there were at least 20 reported valued/€aKer bonding in the negat!ve lon. The va _L(m;e\/) 0
for this quantity® that varied from near 0.0 eV te 1.5 eV. the six fundamental frequencies of SBnd their degenera-

Values reported since 1983 are listed in Table 5 along witf'€S (values in parenthesiss listed by Chaset al.:** are:
the range of pre-1983 values listed in Ref. 103. We take th9'0868(1)’ 0.0775(2), 0.1147(3), 0.0736(3), 0.0620(3),
average of the two most recent and widely accepted vaIue%nd 0.04033). i )

determined in Refs. 104 and 106 to be our presently recom- N Table 8 are listed other data ongS#nd Sk which are

mended value of (1.060.06) eV for the electron affinity of relevant to the present discussion on electron interactions
the S, molecule with the Sk molecule. The large difference between the

In addition to the electron attachment resonance afduilibrium bond lengths of SFand Sk shows the large

~0.0eV, electron attachment and electron scattering experEffect of electron correlation.
ments and calculations have shown the existence of several )
negative ion states at energies below 30 eV. The energies of 3. Electron Scattering by SF ¢
these states, as determined by the positions of.the maximain 31 Total Electron Scattering Cross Section,
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 There have been eight sE&12%137-13%f experimental
symmetry assignments. These experimental and the calcdeterminations ofog (e). These are shown in Fig. 5.
lated valuegbelow 15 eVf are shown in Fig. 4. The electron Rohr?° determined the integrated vibrationally elastit(
attachment data for each resonance exhibit a considerabte0) electron scattering cross section fors®€low ~6 eV.
spread partly because these data involve a number of diffeHe then obtained a value ofy. (&) by adding to this cross
ent fragment negative ions. The energy range for each resgection the total vibrational excitation cross section he mea-
nance as determined by the electron attachment studies, esured earlief? His data on the total vibrational excitation
tends to lower energies than the respective energy ranggoss section, however, need to be corrected because they
determined by the electron-scattering studies. This differencesere originally normalized to the data of Srivastataal.,*4°
is especially large for the 7.0 eV resonance, and can be atvhich were subsequently corrected by Trajreaal® Ac-
tributed to the competition between dissociation and autodesording to Trajmaret al,° the vibrational cross section of
tachment of SE* in the attachment studies. It is interesting Rohr°! needs to be multiplied by a factor of 1.28 at 5 eV to
to note that although electron attachment studies and theorgorrespond to the renormalized data of Srivastival. The
indicate a resonance near 9 eV, none of the electron scattadata identified in Fig. 5 as “Roh{1979" are the original
ing investigations show any evidence of it. values of Rohr without this correction. The, (&) of Rohr

The last column in Fig. 4 gives the recommended energys not a direct measurement and for this reason it is not

o'sc,t(g)
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TaBLE 6. Negative ion states of GF

Energy position

(eV) Type of study Symmetry/Orbital Reference
~0.0 Many electron attachment studies
0.38 SF; from SK 26, 108-110
0.5+0.1 SK; from SFK 111
~0.1 Excitation function ofv, Agg 92
~0.1 Vibrational excitation by electron impact 91
~0.0 Multiple scattering calculation ag 112
2.0 F, from Sk 26
2.2 F, from SF; 113
2.4 F, from Sk 114
2.6 F~ from SF; 26
2.8 F~ from Sk 114
2.8 F~ from Sk 113
~2.9 F~ from Sk 115
2.3 Total electron scattering cross section g 116
25 Total electron scattering cross section Ay 117
25 Total electron scattering cross section ayg 118
2.52+0.15 Trochoidal derivative spectrum ag 119
2.56+0.15 Total electron scattering cross section ag 119
2.7 Angular dependence of vibrationally ayg 120
elastic electron scattering
21 Multiple scattering calculation g 112
3.30 Multichannel calculation with Agg 121
close coupling
4.4 F, from SF; 26
4.8 F, from SKy 114
4.8 F, from SF 113
5.0 SF, from SFK 113
51 F~ from Sk 26
5.2 F~ from Sk 114
53 F~ from Sk 113
54 SF, from SFK 26
54 SF, from SKy 114
~5.4 F~,F,, and SF from Sk 115
5.7+0.1 F~ from SF 111
6.0+0.1 SF, from SF 111
6.7 Total electron scattering cross section tag 116
7.0 Total electron scattering cross section tiy 118
7 Angular dependence of vibrationally ty 120
elastic electron scattering
7 Total electron scattering cross section toy 117
7.01£0.16 Trochoidal derivative spectrum toy 119
7.05+0.10 Total electron scattering cross section t1y 119
7.2 Elastic electron scattering cross section ty 122
7.2 Multiple scattering calculation tiy 112
8.8 F~ from SF 26
8.9 F~ from Sk 114
9.3+0.1 F~ from SK 111
9.4 F~ from Sk 113
9.4 SF; from SKy 26
8.7;9.1 Multiple scattering calculation Tiu 123
9.85 Multichannel calculation with T 121
close-coupling
11.2 F, from Sk 26
11.2 SF; from Sk 114
11.3 SF; from Sk 113
11.3 F~ from Sk 26
115 F~ from Sk 114
11.6 F~ from SFK 113
116 F, from SF 113
11.7 F, from Sk 26
11.8+0.1 F~ from SF; 111
12.0 SF, from SFK 26
12.3 SF, from Sk 113
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TaBLE 6. Negative ion states of g~Continued

Energy position

(eV) Type of study Symmetry/Orbital Reference
13.0 SF, from SF 114
11.87+0.10 Total electron scattering cross section tog 119
11.88+0.07 Trochoidal derivative spectrum tog 119
11.9 Total electron scattering cross section tog 118
11.9 Total electron scattering cross section tog 116
12 Total electron scattering cross section tog 117
12 Elastic electron scattering cross section tog 122
12 Elastic and vibrationally inelastic 83
electron-impact excitation
11 Multiple scattering calculation T 124
11.0; 11.8; 13.7 Multiple scattering calculation Tog 123
12.7 Multiple scattering calculation tog 112
13.10 Multichannel calculation with Tog 121
close coupling
16.8 Total electron scattering cross section 118
17 Multiple scattering calculation of total Tog 124
cross section for elastic electron scattering
23-24 Angular distribution of photoelectrons 46
24 Multiple scattering calculation Eq 124
27.0 Multiple scattering calculation € 112
27.0 Multichannel calculation with € 121
close coupling
27.1; 28.3; 28.6 Multiple scattering calculation Eqy 123
28.84 Multichannel calculation with Eq 121
close coupling
25-5% Total electron scattering cross section € 119

&The values of Lehman(Ref. 114 given in this table have been deduced from his figures and were reduced by

PMain resonance.
“Possibly one or more resonances in this energy range.

TABLE 7. Vibrational assignment, energy, symmetry, infrared activity, andincluded in the data used to determine the recommended
degeneracy of the fundamental frequencies of thg iB&lecule(see Refs.

0.6 eV as discussed in the text.

15, 125-13¢ Another low-energy measurementaf, () was made by
137 ; feai ; ; ;
Energy Infrared Ferchet al.™~" in a transmission experiment using a time-of-
Vibration (eV) Reference Symmetry activity Degeneracy
vy 0.0955 127 Agg No 1
0.0959 126
0.0959 129 TaBLE 8. Other data on SFand SE?
0.096 130
Physical quantity Value Reference
vy 0.0793 127 Egy No 2
0.0796 126 SR,—F bond dissociation enefyy ~ 3.38 eV 132
g-g;gg igg <(3.39+0.15) eV 138
' (3.9+0.15) eV 134
V3 0.1174 125 Fu Yes 3 (4.1+0.13) eV 135
0.1175 127
0.1175 129 S—F bond length of SF 1.5568 A 136
0.1175 128 1.564+0.01 A 129
0.1175 130 1.565 A 96
Ve 0.0761 127 Fi Yes 3 1567 A 94
0.0762 130 o
—_S— 129
0.07625 128 F—S—Fbond angle of Sfand Sk 90
0.0763 129 S—F bond length of SF 1.72 A 129
d
v 00647 127 Fag No 3 177 K 101
0.0649 130 1710 A 94
0.0651 126 1.704 A& 96
0.0651 129 — -
#See text for values of the vibrational frequencies of SF
Ve 88228 igg Fau No 3 PHubers and LogRef. 131 obtained a value of (1:00.1) eV for the dis-
0'0432 130 sociation energy of SFF.
0:0434 127 CAccording to Fenzlafet al. (Ref. 115 this value is too low due to the low

values ofog () derived later in this section.

#See text and Chas al. (Ref. 129 for the vibrational frequencies of §F
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flight spectrometer. It covered the electron energy rangéaeLE 9. Recommended values for the total electron scattering cross sec-
from 0.036 to 1.0 eV with a reported uncertainty 7% 0™ 0sci(e), of Sk

above 0.2 eV and-9% below 0.2 eV. The results of Ferch Electron energy  owi() Electron energy  oc,(e)

et al. are in excellent agreement with the other available (eV) (1072°m?) (eV) (10 2°m?)
measurements afs. (&) above 0.5 eV.

Measurements of ¢ (&) extending to higher electron en- g:gig 24712:? 12 22:2
ergies were also made using a variety of techniques. Wan 0.045 315.3 15 26.4
et al’®**measured the (&) of SF; using an electron trans- 0.050 290.1 18 26.7
mission spectrometer employing a trochoidal monochro- 0.060 2494 20 27.6
mator. The overall uncertainty of their measurements is 0.070 217.6 22 28.7

o X X 0.080 192.7 25 29.4
within =15% above 1 eV, but it may increase to as much as 0.090 1731 30 20.4
+50% at energies below 0.2 eV. These data are in reason- 0.10 157.4 35 29.3
able agreement with the other measurements abdvé eV, 0.15 109.5 40 29.3
but fall systematically below most of the other measurements g'gg 23'3 ‘S‘g ;g'g
for lower electron energies. Kennerdy al!'® measured the 0.30 cg1 60 288
osc{€) of SF; for incident-electron energies between 0.5 0.35 50.4 70 28.2
and 100 eV. The uncertainty in their measurements was re- 0.40 44.6 80 27.2
ported to be+5% from 0.5 to 30 eV;+10% from 30 to 50 0.45 40.3 90 26.5
eV, and*=15% from 50 to 100 eV. The principal source of 8:28 g;g 1(5)8 ;23
error above 30 eV is the detection of electrons scattered in- 0.70 29.4 200 20.2
elastically in the forward direction which contribute to a 0.80 26.8 250 18.0
higher transmission value and a lower cross section. Hence, 0.90 24.9 300 16.3
the values above 30 eV are a lower boditindeed, as can ig 22‘2‘ igg 121
be seen from Fig. ®), the values of Kennerlgt al. lie be- 20 228 450 131
low those of the other groups at energies abevE) eV. 25 23.4 500 12.4

Romanyuket al*® measuredrg (&) for SF; from ~0.4 3.0 23.1 600 11.2
to ~25eV using an electron trap method. No uncertainty is 3.5 22.7 700 102
given in their paper, but their values belowl.0 eV are low. i:g gg:g ggg g:;‘é
In addition, the measurements of Romanyetkal. show a 5.0 23.7 1000 8.15
resonance peak at 16.8 eV, which is absent from all the other 6.0 28.0 1500 6.07
data. The measurements of Dababeehl*® extend over a 7.0 30.7 2000 4.80
larger electron energy range stretching from 1 to 500 eV and g'g ;3'2 gggg g'gg
were made using an electron transmission technique. The 10.0 273 3500 205
values ofos (&) at the resonance energies 2.3, 6.7, and 11.9 11.0 29.6 4000 2.64
eV are, respectively, reported to be (24.0.2)x 10~ 16 cn?, 12.0 32.9

(31.5+0.5)x 10 *®cn?, and (33.5:0.2)x 10 8 cn?. Mea-
surements ol (&) for SF; at higher energie$75-4000
eV) have been reported by Zeceaal'*® and were made surements except at the very high energies. The additivity
using a Ramsauer-type electron spectrometer. The total umdle ignores molecular geometry and reduces molecular scat-
certainty in these measurements-st6%. The data of tering to atomic scattering. Since the contribution from the
Zeccaet al'*® are generally higher than those of Dababnehinterference occurring between the scattering amplitudes
et al'®in the energy range from 75 to 700 eV where the twooriginating from the different constituent atoms of the mol-
sets of data overlap. They are also higher than those of Kerecule is not included in the additivity rule, the results of the
nerly et al**?in the range from 75 to 100 ejéee Fig. 80)].  total scattering cross section using the additivity rule show
Finally, a more recent measurement of thg (¢) of SK; larger discrepancies in the low-energy range.
for electron energies between 0.6 and 250 eV has been madeBesides the calculations by Jiaetal ! there have also
by Kasperskiet al'” who employed the electron transmis- been two other electron scattering calculations, one by Deh-
sion method. The estimated uncertainty of these measureneret al!*?and another by Benedict and Gyem&itHow-
ments is up tat 7% below 5 eV, less thatt 4% between 10 ever, these authors calculated cross sections for total elastic
and 100 eV, and approximately5% at the highest energies electron scattering and for this reason their results are not
they investigated. These data are consistently higher than ttehown in Fig. 5(see Sec. 3)3
other measurements between 20 and 100 eV, but agree well The experimental data in Fig. 5 by-and-large lie within the
with the high-energy measurements of Zeetal**® quoted or expected experimental uncertainties for most of
In Fig. 5 are also plotted the values of.{s) for SF;  the electron energy range investigated. There are however
calculated by Jiangt al**! who employed the additivity rule systematic differences between the various sets of experi-
and the model complex optical potential. These calculatednental measurements. For instance, there exist large uncer-
values ofos.{¢) are not in good agreement with the mea- tainties in the data below 1 eV and, as mentioned earlier,
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Fic. 6. Elastic differential electron scattering cross sectiong (¢), of SK; as a function of electron energy (O) Data of Srivastavat al. from Ref. 140;
(M) experimental measurements from Ref. 140 as corrected by Trajnarin Ref. 10;(CJ) extrapolated values of Trajmat al.in Ref. 10;(®) data of Rohr

from Ref. 120;( #) data of Sakaet al. from Ref. 142;(X) data of Johnstone and Newell from Ref. 122; data of Choet al. from Refs. 143, 144(- - -)
calculations of Gianturcet al. from Ref. 121;(— —) calculations of Jiangt al. from Ref. 145.

the measurements of Romanyakal*® show a resonance measurements. The recommended cross section is shown by
peak at 16.8 eV which is not present in the other measurehe solid line in Fig. §Fig. 5b) is an expanded view of part

ments. We thus deduced a recommended cross sectiaf Fig. 5a) to more clearly show the individual measure-

os.{€) for SKs by considering only the measurements of mentg. Values obtained from the solid line are listed in
Kennerlyet al,'!® Ferchet al,**” Dababnetet al,'!® Zecca

Table 9 as our recommended values for thg(e) of the
et al,'®® and Kaspersket al'*” The data of Rohr were not SF, molecule. It should be noted that while these values are

considered because they are not direct measurements, awell defined for energies above 0.5 eV, below this energy the
the data of Waret al!*® and Romanyulet al'® were not  uncertainties are potentially larger since the data rely solely
considered because of their differences with the rest of then one measurement, namely, that of Fegtlal '
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Fic. 6. Elastic differential electron scattering cross sectiong (¢), of SF; as a function of electron energy (O) Data of Srivastavat al.from Ref. 140;
(M) experimental measurements from Ref. 140 as corrected by Trajnadrin Ref. 10;(00) extrapolated values of Trajmat al.in Ref. 10;(®) data of Rohr
from Ref. 120;( #) data of Sakaet al. from Ref. 142;(X) data of Johnstone and Newell from Ref. 122 data of Choet al. from Refs. 143, 144(---)

calculations of Gianturcet al. from Ref. 121;(— —) calculations of Jiangt al. from Ref. 145—Continued

3.2. Elastic Differential Electron Scattering Cross data of Srivastaveet all*° needed to be renormalized to
Section, o g (&) more accurate helium cross section values than those used in
There have been a  number  of publishedthe original analysis. The qlata |dent|1t|1§d in Fig. 6 by the
measurement&120.122,140,1425 4 1o ool Iation@L 145 of  Squares are the data of Srivastaetaal. " for o, gi(e) as

the elastic differential electron scattering cross section'€calculated by Trajmast al® using the improved He cross
e (), of SK which are plotted in Fig. 6. The early mea- Sections of Registegt alt’

surements ofo gi(¢) by Srivastavaet al**? for incident Another early measurement of the, gir(e) of Sk was
electron energies between 5 and 75 eV were made relative toade by Rohf?° He measured differential cross sections for

those for helium. It was subsequently realifed®that the  vibrationally elastic A »=0) electron scattering by $Rip
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TasLE 10. Elastic differential electron scattering cross sectiofy (),

for SF in units of 10 2°m?sr 1. The data are those of RofRef. 120 and
were obtained by digitizing the curves in Fig. 2 in Ref. 120

Electron energyeV)

Angle 0.5 2.7 7.0
10° 5.82 1.85 6.75
20° 2.91 1.57 6.21
30° 2.28 1.72 5.63
40° 1.75 2.02 434
50° 1.36 2.15 2.73
60° 1.01 1.90 1.38
70° 0.93 1.63 0.80
80° 0.87 1.35 0.96
90° 0.74 1.18 1.26
100° 0.66 1.16 1.49
110° 0.68 1.32 1.37
120° 0.66 1.35 1.19

#The data shown in Fig. 2 of Ref. 120 for this energy were larger by a facto

to 10 eV. Absolute values of the cross sectiafy(e) were
obtained by comparison with data on elastic electron scatter-
ing by He and have an estimated uncertainty of about
+20%. Interestingly, Ro#f° found that below 1 eV the
cross section appears to be determined essentially by direct
scattering, while between 2 and 3 eV and around 7 eV the
scattering is dominated by resonances. In Fig. 6 are shown
the angular dependencies measured by Rohr for 0.5, 2.7, and
7 eV. (Note that the cross section values at 2.7 eV as pre-
sented in Fig. 2 of Ref. 120 were too large by a factor of 2.
The data have been corrected as presented here in Fig. 6.
The 0.5 eV data peak sharply in the forward direction and
the scattering is dominated by direct processes. The 2.7 and
7 eV measurements indicate strong resonant contributions to
the scattering process. These data compare favorably with
other data obtained at similar electron energies.

The measurements @f, 4(e) of SF; by Johnstone and
Newell?? were made over a wider electron energy range
(5-75 eV} using a hemispherical electron spectrometer, with

of 2 than the correct values. The values listed here are those presented &1 angular range of 10°—120°. The magnitudergfx(e)
the original reference divided by 2.

was determined with reference to the respective cross sec-

TasLE 11. Elastic differential electron scattering cross sectiafyy (£), for SF; in units of 10 2 m?sr ! (data of Choet al. from Refs. 143 and 144

Electron energyeV)

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 3.51 291 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 2.07 171 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 1.89 111 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 0.95 112 0.79 0.61 0.64 0.35 0.21
115° 1.06 1.25 117 0.94 0.83 121 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 1.07 111 1.65 1.26
150° 1.42 0.74 111 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 1.47 131 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 0.57 151 171 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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TasLE 12. Elastic differential electron scattering cross sectiqny (&), for SR in units of 10 2°m?sr™*. The
data are those of Saka al. from Ref. 142 as supplied by Professor M. Hayaihivate communication,
2000. Stated uncertainties are approximately 8%—10%

Electron energyeV)

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° 1.17 151 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

tions for He(calculated values by Nesb&tbelow 20 eV and eV. Choet al1*3* directly measured the cross sections at
measurements by Registerall*’ for energies greater than large angles using a new magnetic deflection
20 eV), and they have a quoted uncertainty #fl2%—  techniqué**%%1®%that allows cross section measurements at
+14%. While these data are in qualitative agreement wittangles up to 180°. This reduces extrapolation uncertainties
other measurements, the degree of agreement varies with tkden using these data to calculate the corresponding elastic
electron energy and the scattering angle. integral and momentum transfer cross sections. At most en-
The measurements of Sakaeall*? were made using a ergies, the measured values o®f 4i(e) by Choet al. are
crossed-beam method and extend up to 700 eV with an arseen to be higher than the corresponding measurements of
gular range of 5°—135°. They were put on absolute scale bfrajmaret al° and Johnstone and Newéf?
normalization to the differential electron scattering cross sec- In Fig. 6 are also shown the results of two calculations of
tions for He (data of Jansemt al**® for energies between o gi(e), those of Gianturcet al*** who used arab initio
100 and 700 eV and data of Regisetral}*” for 75 eV), and  approach and solved the multichannel scattering problem
have an overall uncertainty of abotit10%. within the close-coupling methodology, and those of Jiang
Recent measurements of the differential elastic electroet all*® who calculated differential elastic scattering cross
scattering cross section for §for energies ranging from 2.5 sections at six electron energies between 100 and 700 eV
to 75 eV by Choet al}*31**have been made in response to using the independent-atom model with partial waves. There
the discrepancies in the resultant determinations of the intds qualitative agreement between these calculated results and
gral elastic scattering cross sections,j,(&), by Trajmar the experimental data, particularly at higher energies. The
et al,'° Johnstone and Newelif? and Sakaeet all*? (see  values calculated by Gianturat all?! are generally larger
discussion in Sec. 3)8.These recent data of Cled al**'4*  than the measurements, especially at small and large scatter-
are also shown in Fig. 6, and are in good agreement with thang angles.
data of Sakaet al'*?at 75 eV and with RoHf°at 2.7 and 7 In Tables 10, 11, and 12 are listed, respectively, the
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Fic. 7. Elastic integral electron scattering cross sectiqi, (g), of SF; as a function of electron energi®) Ref. 120;(A) Ref. 140 as corrected by Trajmar
et al. in Ref. 10; (M) Ref. 142;(¢) Ref. 122;(V¥) Refs. 143, 144(— -) Ref. 124; (~---—) Ref. 112; (- - —) Ref. 121;(- - -) Ref. 145;(+) deduced in
present work from data in Ref. 92, see text) suggested values.

oegii(e) values of Rohr for low electron energies, the Newelf'?? (+17%); Sakaeet al!*? (~+10%); and Cho
recently measured values of Ceoal*****at intermediate et al14® (+20%). The errors are generally larger when the
electron energies, and the values of Sakal."** at higher ifferential cross sections rise steeply at small scattering
energies. Collectively these data provide values of thgpgles.
e diff (¢) Of SF; from 0.5 to 700 eV. The tabulated values of  The . (s) data of Sakaeet al,X*2 Cho et al,**® and
Teir(¢) for Trajmaret al'® and Johnstone and Newgll  g,p,a20 agree well within the overlapping energy ranges.
are presented in the respective references. The data of Trajmaet al*° and Johnson and New#f are
seen to fall significantly below the other data, particularly at
3.3. Elastic Integral Electron Scattering Cross higher electron energies. In view of the agreement between
Section, o n (£) the data of Sakaet al,*? Cho et al,*** and Rohr?® we
pave chosen to fit these data in order to obtain our suggested

integral electron scattering cross section,i(¢), for SR \_/alu_es fqr this cross section. This fit is shown by the so!id
derived from the differential elastic cross section measurelin® in Fig. 7 and values obtained from the fit are listed in
ments of Srivastavaet al}*® (as corrected by Trajmar |2aPle 13 as our suggested values for dhgy () of the Sk

et al19, Rohr!? Sakaeet al,'*? Johnstone and Neweff? ~ molecule. _ _

what larger than those quoted in the preceding section fofig. 7 was deduced by us from the relative cross sectgi)c;n for
oei, largely because of errors arising from the extrapolafotal elastic electron scattering measured by Raretedl.

tion of the elastic differential electron scattering cross sectiorf his cross section was put on an absolute scale by normal-
measurements to 0° and 180° scattering angles. The statéing its value at 1 eV to the data of Roftat 1 eV. The
uncertainties for ther ;(¢) data are as follows: Srivastava total elastic electron scattering cross section determined this
etall®® (£18%); Roht?® (~=*20%); Johnstone and way is shown in Fig. 7 by the crosses and is seen to be in

In Fig. 7 are compared the five sets of values of the elasti
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TaBLE 13. Suggested values for the elastic integral electron scattering cross 257 T T T T T

section,o (&), of SKy

Electron energy Oeint(€) Electron energy Oeint(€)
(eV) (107 m) (eV) (1072°m?)
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
25 17.8 70 20.5
3.0 19.3 75 20.2
35 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
9.0 245 300 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

agreement with the measurements of Rohr between about O,
and 1 eV. Below~0.5eV the deduced values are signifi-

F L Trajmar (1983)
[ [ ] Sakae (1989) a
20 L © Johnston (1991)
3 » \ Cho (2000)
& { A Suggested
L X o
S tsT NN VAN ]
¥ » o
9 i 3 8 .
~— | -
e 10}
o) L
51 ]
0' i MY | =]
1 10 100 1000

Electron Energy (eV)

Fic. 8. Momentum transfer(elastio electron scattering cross section,

om (&), of SR as a function of electron energy®) Ref. 140 as corrected

by Trajmaret al. in Ref. 10; (M) Ref. 142;(¢0) Ref. 122;(V¥) 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 Trajmaret al1° (Sec. 3.2. The quoted uncertainty in
the data is+ 20% for Srivastavat al,** ~ +9% for Sakae
et al,'*? = 20% for Johnstone and Newéf? and + 20% for
Choet al1*3 The 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 Trajmaet all® and Johnstone and
I\\L)ewell122 lie somewhat below those of Sakeeal,**? while
the data of Cheet al'*® are in reasonable agreement with

cantly lower than the values measured by Rohr, perhaps due

to the fact that the measurements of RandeHll. were made

at only a single scattering angle (90°).

Also shown in Fig. 7 are the results of four calculations of

TaBLE 14. Suggested values for the momentum tran&kastio cross sec-
tion, o, (g), of SK

the total elastic electron scattering cross sectin)(e), by Electron energy 1‘85(08)2 Electron energy 1‘85(08)2
Benedict and Gyemant! Dehmer et al,!'? Gianturco i (1o my ) (o my
et al,*?* and Jianget al**® The results of the first three cal- 275 16.0 27 143
culations show distinct structure due to negative ion reso- gg 12"51 gg ﬁg
nances, but they agree with the experimental data only in 40 14.0 0 10.3
restricted energy regions. The valuesf;(¢) calculated by 45 13.9 45 9.37
Jiang et al. using the independent-atom model with partial 5.0 14.1 50 8.65
waves are higher than the experimental data of Sakad. 6.0 15.1 60 7.69
between 100 and 500 eV, and only merge well with the ;'8 ii'g ;g g-gi
experimental data at high energies. 90 144 80 6.46
10 15.1 90 6.03
3.4. Momentum Transfer (Elastic ) Electron 11 16.7 100 5.70
Scattering Cross Section, o ,(g) 12 17.6 125 4.92
13 17.1 150 4.16
The momentum transfdelastig electron scattering cross 14 15.8 200 2.98
section, o, (£), of SRy has been determined by Srivastava 15 14.9 250 2.23
et al, % Sakaeet al,'*? Johnstone and Neweif? and Cho 13 ﬂ:? ggg ﬂ?
et al*® from their respective differential elastic electron 18 15.0 400 1.28
scattering cross section measurements extrapolated, as re- 19 15.4 450 1.13
quired, to 0° and 180° scattering angles. These determina- 20 15.7 500 1.02
tions of o, (¢) are shown in Fig. 8. The data of Srivastava gg E(?J 388 8:22

et al*® shown in Fig. 8 are those that have been renormal-
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Sakaeet al. Based upon this agreement, we have made a Figure 9b) shows the energy-loss spectrum again at a col-
modified spline fit to the data of Chet al. and of Sakae lision energy of 1 eV, but at a scattering angle of 80°. The
et al. which is shown by the line in Fig. 8. Values extracted excitation is now seen to be dominated by themode and
from this fit are listed in Table 14 as our suggested data foits higher harmonics. No other modes or intercombination
the o, (&) of the Sk molecule. The data of Chet al**®and  lines are seen. Rohr observed the same behavior at all angles
Johnstone and New&tf indicate structure which can be as- greater than 60° for all the energies he employed.

sociated with the negative ion states presented in Table 6. In Fig. 9c) are shown the angular dependencies of the
However, it should be noted that the variations in the meadifferential cross sectionssyp, g, for the v, and v vibra-
sured values ofr,, (&) in the energy region of 2.7-30 eV are tional excitations in the angular range 10°—120° for a colli-
smaller than the stated uncertainties of the measurementsion energy of 1 e\(note that the cross section scales reflect
Thus the line designating our suggested valuesrfpfe) in - true intensity ratios and that the values of the cross section
this energy range is broken in order to hlghllght the pOtentiakor 2 have been mu|t|p||ed by a factor of lorhe differen-

uncertainty of the observed structure. tial cross section of the IR active; vibrational mode is
peaked in the forward direction, indicating that a direct pro-
3.5. Inelastic Electron Scattering Cross Section, cess via the dipole interaction is involved. For the Raman
Tinel (£) active totally symmetric vibration; the dipole mechanism

is excluded and the angular distribution is nearly isotropic.

Figure 9d) shows the differential cross sectiof, 4 (€)

Two low-energy electron-impact vibrational-excitation for excitation of they, vibration at a scattering angle of 80°.
studie€1%2of SF, have shown that at energies belov@ ey The sharp peak at 0.060 eV was attribdifetd the formation
the energy-loss spectra of SBre characterized by strong Of SF; negative ions and the broad maximum at near 0.7 eV
vibrational excitation and vibrationally elastic electron scat-t0 vibrational excitation via a negative ion state.
tering. In this energy range these studies have also shown A similar crossed-beam study of §iWas conducted by
that the vibrationally inelastic processes are dominated bjrandellet al®* using 0.05-1 eV incident-energy electrons
excitation of ther; and v; modes. This is seen from the detected at a fixed scattering angle of 90°. FiguréallO
energy-loss spectrurtollision energy of 1 eV and scatter- shows the electron-energy loss function measured at an inci-
ing angle of 10°) in Fig. @) which is characterized by the dent electron energy of 0.4 eV due to excitation of the
large magnitude of the excitation of the; fundamental v3, 2v;, v;+v3, and 3v; vibrations. The contribution to
mode which exceeds the elastic peak by about a factor of 3he total scattering cross section of inelastic scattering is
Rohr! estimates that at 1 eV the integral total vibrationalroughly equal to the elastic scattering at this energy. The
excitation cross section is 10" ®cn?. The v, (0.1175 eV, weak peak at a negative energy loss was attributed by Ran-
Table 7 vibrational mode is infraredIR) active and is as- dell et al. to superelastic scattering from the thermal popula-
sociated with vertical displacement of the apical F atoms irtion of v3=1. In agreement with Roht, Randellet al. have
the octahedral structure for normal modes of vibration ofattributed the excitation of; to a direct dipole mechanism
SFK;, and ther; (0.096 eV; Table Yvibrational mode is the and the excitation of; to a long-lived negative ion reso-
Raman active totally symmetric breathing mode. nance, i.e., to excitation of the symmetric breathing mode,

3.5.1. Vibrational Excitation
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Fic. 10. Low-energy electron energy-loss spectra fog 8FRandellet al.
from Ref. 92.(a) Energy-loss spectrum of $for a collision energy of 0.4
eV and a scattering angle of 90¢h) Energy-loss spectrum of §For a
collision energy of 0.18 eV and a scattering angle of 90° showing resolution
of the v, and v; vibrational modes.
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Fic. 11. Low-energy electron energy-loss spectra fog 8FRandellet al.
from Ref. 92. Excitation functions fota) v,, (b) v3, () 2vq, (d) v,
+v3, and(e) elastic electron scattering. The solid line labeled “Total Vi-
. S . . ~ bration” in (e) is the sum of the relative excitation cross sectionsfarvs,
vy, via autoionization of SF*. The latter interpretation is 2., andv,+ v shown in(a—(d) (see text

supported by the high-resolution electron attachment studies
of Klar et al’®*® which show that the attachment cross
section has a pronounced cusp at 0.096 eV associated with The relative cross sections in Figs.(&1 11(b), 11(c), and
v, excitation. It is also consistent with the work of Trajmar 11(d) have been used by us in conjunction with other as-
and Chutjiafi® whose electron-energy-loss spectra using 12essed cross sections in this paper to deduce absolute values
eV incident electrons showed strong enhancement of vibrafor the total vibrational excitation cross secti@n, (&), of
tional excitation attributed mostly to the; mode. Figure SF; for electron energies less than 1.1 eV. This was done as
10(b) shows an energy-loss spectrum obtained by Randefbllows: Since the vibrational energy-loss measurements by
et al% for an electron-impact energy of 0.18 eV and a scatboth Roh?* and Randelkt al®? show that the major contri-
tering angle of 90° showing resolution of electrons scatteredbution to vibrational excitation by electron impact below
inelastically through energies corresponding to #hend v, ~3 eV comes fronv, (indirect excitation via the SF* reso-
vibrational modes. Within experimental error, the thresholdsrance$ and v5 (direct excitation via the dipole interactipn
for v, andv5 are at 0.095 and 0.117 eV, respectively, andvibrations and their combinational excitations, we have
excitation is thus at the energy threshold. summed the relative vibrational excitation cross sections
Figures 11a), 11(b), 11(c), and 11d) show the excitation shown in Figs. 1(a), 11(b), 11(c), and 11d), and plotted the
functions, respectively, for,, vs, 2v;, andv,+v5 as re- result in Fig. 11e). In Fig. 11(e) is also shown the relative
ported by Randelkt al®® The scales in Fig. 11 are not in total elastic electron scattering cross section measured by
absolute units, but their vertical axes give the correct relativéRandellet al. To put the deduced total vibrational cross sec-
values of these quantities. Clearly, the excitation cross sedion of Randellet al. on an absolute scale, the relative vibra-
tion for v4 is the largest, and the excitation functions fqr  tional values shown in Fig. 1&) were multiplied by the
andv; are markedly different, reflecting the different mecha-same factor used to normalize the relativg, (&) values of
nisms by which these vibrations are excited. The measureRandellet al. that are shown in Fig. 7 and discussed in Sec.
functional dependence of the cross sectionifgwas found  3.3. The values ofo,;(e) determined in this way are
by Randellet al. to be in agreement with that predicted by shown in Fig. 12(closed circles
the Born point-dipole approximation. Confirmation of these deduced valuesjy (&) below
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¥ O e e ) B L AL B A p— TasLE 15. Deduced values of the total vibrational excitation cross section,
L4 Randell (1992) - normalized 1 Ovib,t (8)1 of SFG
° Osot ™ Oeint
Suggested Electron energy Oyips (&) Electron energy Oyips (€)
. sor 7 (eV) (102 m?3) (eV) (1002°m?d)
[aV]
E 0.09 1.9 1.2 12.6
5] 0.10 7.0 1.5 10.8
Q 201 T 0.12 21.3 2.0 8.0
e} 0.15 30.6 2.5 5.6
2 0.17 30.6 3.0 3.8
© 0.20 34.9 35 2.8
10 1 0.22 35.5 4.0 2.3
0.25 33.6 4.5 2.0
0.28 30.9 5.0 2.4
L 0.30 29.4 6.0 4.4
0 . e e e 0.35 26.8 7.0 6.5
0.01 0.1 1 10 100 0.40 25.4 8.0 4.6
0.45 23.5 9.0 3.1
Electron Energy (eV) 0.50 21.6 10.0 25
0.60 19.7 11.0 3.5
Fic. 12. Deduced total vibrational excitation cross sectiog,(g), for 0.70 18.1 12.0 6.3
SF;: (@) Ref. 92 normalized as discussed in teiD) difference,oq(€) 0.80 16.4 13.0 2.4
—0eim(€), of the recommended values fog;(e) ando () [see text; 0.90 15.1 14.0 0.5
(—) suggested values. 1.0 13.9

1.1 eV, and extension af,;,,(¢) to higher electron energies section for indirect vibrational excitation via the negative ion
has been obtained by the following analysis. At energiestates near 7 and 12 eV can also be obtained from Fig. 12
above~1 eV and below the region of significant electronic and Table 15.
excitation (<16 eV), the total electron attachment cross sec- Above 15 eV, wherer,,(¢) becomes small, the differ-
tion of SF; is very much smaller than the total electron scat-enceos.(e) — e jnt(¢) can be attributed to other inelastic
tering cross sectiorisee Fig. 47 in Sec. 10so the cross processesgsuch as ionization and dissociatjpand may be
section o, (e) can be estimated by the difference used to deduce a value of the total cross section for dissocia-
Osct(€) — Teint(€), Viz., tion of SK; into neutral fragments. This will be further dis-
cussed in Sec. 5.

Oyib(8) = Osc (&) = Teim(e) —oa4(e)

~0gei(e)— Ooim(e). 2) 3.5.2. Electronic Excitation

Excitation of the Sk molecule by electron impact to any
Using the assessed values @f.(¢) and o¢;(e) deter-  electronic state is generally assumed to lead to dissociation,
mined in this work, we obtained the differenee, () i.e., all excited electronic states of theg3Rolecule are an-
—oeint(e), and have shown these values in Fig. 12 by thetibonding. This assumption is consistent with optical emis-
open symbols. It is encouraging to see the agreement of th&on data following electron-impact excitation of Se.g.,
two determinations ofrj,(e) in the energy range from see Refs. 154 and 15%lectron-impact electronic excitation
~0.5to 1 eV, thus confirming the normalization of the dataof SF; is thus an important process in controlling the rates of
of Randell et al®? However, the two sets of values differ decomposition of this gas in electrical discharges and also
significantly at energies below 0.5 eV, indicating potential indirectly the rates of electron-impact ionization and electron
errors in the various cross sections employed. Nonethelesattachment. In spite of this, to our knowledge, there are no
in the absence of any direct measurements@f;(e), we  cross sections for electron-impact excitation functions for
take the differencerq.(e)— oeint(e), between 1 and 14 specific electronic transitions in §FWe can however direct
eV, and the normalized data of Randetlal®® below 1 eV, attention to the following investigations: the electron-impact
to be a good measure of;,(e). The solid line in Fig. 12  energy-loss spectra and the generalized oscillator-strength re-
represents our suggested values for the total vibrational crossilts presented in Sec. 2; the differential inelastic electron
section,oip ¢ (&), for SK; using the cross section values de- scattering cross sections;g g (¢ =20 €V), for five elec-
duced as just described. Values ®fi,;(e) extracted from tronic states located at 9.8, 11.0, 11.6, 12.8, and 13.3 eV
the solid line in Fig. 12 are listed in Table 15. In the absencebtained by Trajmar and Chutjiéhat one(20 e\) incident-
of absolute experimental measurements, the values reprelectron energyFig. 13; and the Boltzmann-type calcula-
sented by the solid line in Fig. 12 can be used in combinatiotions (e.g., Yoshizawat al?” and Itohet al?®) which deter-
with the relative data in Figs. 14), 11(b), 11(c), and 11d) mined an overall electronic excitation cross section function
to deduce cross sections for vibrational excitation pf v, consistent with the measured ionization and attachment co-
2vq, and v;+v3; up to ~4 eV. An estimate of the cross efficients.
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T L s e e e N R TaBLE 16. Comparison of the values of the partial ionization cross sections,
b ] 0 partial (€ =100 €V), of Sk as measured by three different groujstefs.
=206V g 157-159
@ ] T partial T partial T partial
(\IE \/‘\ 1 (e=100 eV) (=100 eV) (¢=100 eV
G Fragment (1002 m?) (1072°m?) (1072 m?)
3jo 102F = positive ion Ref. 157 Ref. 158 Ref. 159
= 5 ] SR 3.38 3.42 3.52
3 -— | SF; 0.30 0.39 0.395
o x ] SF; 0.99 1.09 0.93
] SFg 0.26 0.27 0.22
SF" 0.42 0.46 0.265
T e ——— st 0.32 0.31 0.21
0 30 60 20 120 F* 0.34 0.27 0.19
. SF4H 0.13 0.18 0.255
Scattering Angle (degrees) Skt - - 0.03
Sk~ 0.09 0.12 0.095

Fic. 13. Differential electronic excitation cross secti@rn, 4 (£), for ex-
cited electronic states of $at (<) 9.8 eV;(M) 11.0, 11.6, and 12.8 eV; and 2Taken off the figures given in Ref. 157.
(@) 13.3 eV. The incident electron energy was 20 @@dta of Trajmar and  Ppata for case A-type analysis in Ref. 158.
Chutjian from Ref. 83

o tions at various electron energies is plotted in Fig. 14.
4. Electron-Impact lonization of SF ¢ Rao and Srivastav®® reported only one value (6.11
4.1. Total lonization Cross Section, o, (£) X107 2°m?) of the total ionization cross section at 100 eV
’ (the sum of the partial ionization cross sections they mea-
There have been five measurem&nts®~1%%f the total  sured at this energy, see Table)1Bhe stated uncertainty in
ionization cross sectiomr;; (¢), of SK;, which are compared their measurements i$10%, and their value of(¢) is
in Fig. 14. Twd?% of these were direct measurements ofalso plotted in Fig. 14.
the total ionization cross section. The uncertainty in the data No SF, was detected by Dibeler and MohiérRao and
of Rapp and Englander-Goldefiis probably+7%, while  Srivastavad® Al-Nasir et al,*®° or Pullen and Stockdafé*
that of Asundi and Crag§%is much larger. Asundi and It is believed that the SFion is unstable both in its ground
Craggs observed structure in their data at 14.3, 15.9, 17.5tate and in its excited electronic states in the symmetrical
18.7, 20.3, and 22.2 eV. The processes at 15.9, 18.7, arwbnfiguration. Nevertheless, some authors have reported
20.3 eV were attributed to the formation of SFSF; , and  weak SE signals. For example, Stanski and Adamczyk
SF;, respectively, and agree within experimental errorindicated that at 100 eV the cross section for, S& about
(+0.2 eV) with the values of Dibeler and Mohi&rwhich  5x10°2m?, and Shibateet al®? reported observation of
were similarly attributed to these positive ioflable 3. SF; in frozen-gas-target experiments where a high-energy
The other three experimental determinatiAs™®® of  positive-ion beam collided with $Frozen on a thin Al foil
oit(e) were made by summation of the respective partiaheld at~15K.
ionization cross sectionsr; yama(€), presented in Sec. 4.2.  There have been a number of calculati§fs'®’ of the
Stanski and AdamczyR” measured electron-impact disso- o7 (s) of SF;. Hwanget al®*and Kim and Rudtf’ calcu-
ciative ionization of Sk as a function of electron energy to lated the total electron-impact ionization cross section using
600 eV and obtained partial ionization cross sections for thehe binary-encounter-BethEB) theory, the former with-
positive ion fragments SF, SF;, SF, SR, SF", S*, F",  out and the latter with contributions from multiple ionization.
SF, ", and SE " by normalizing their sum to the total ion- Margreiteret al1®® and Tarnovskyet al1*>'%calculated the
ization cross section of Rapp and Englander-Gofdén. total single ionization cross section using the additivity rule.
Margreiteret al1®® measured electron-impact ionization of The results of these calculations are compared with the ex-
SF; from threshold to 180 eV using a Nier-type ion source inperimental data in Fig. 14See also Deutscht al 1% for a
combination with a double-focusing sector field mass specealculation of electron-impact ionization cross sections “uti-
trometer. They determined absolute partial ionization crosfizing empirically modified collision theories)” Surpris-
sections for the production of $F SF,, SF;, SF,, SF",  ingly, the calculatedr;(¢) by Kim and collaborators for this
S*, F*, SF; ", and SE " using an improved experimental molecule are higher than the experimental measurements, al-
method based on ion trajectory calculations. They deterthough the results of similar calculations for other molecules
mined theo; paia(€) USING various procedures which gave [see, e.g., CHRefs. 19 and 25 C,F (Refs. 22 and 26 and
cross section values at 100 eV that differed by 7%—40% folC;Fg (Ref. 23] are in good agreement with experiment.
the larger ion fragments, and by as much as a factor of 3 for The experimental data shown in Fig. 14 are in reasonable
F*. The cross section values at 100 eV listed in Table 16 aragreement with each other except in some cases at low elec-
for the “preferred method of analysis(case A of Margre-  tron energies(e.g., the lowest values of Stanski and
iter et al, and the sum of these partial ionization cross secAdamczykR®). Overall, the data of Rapp and
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.
-

------- Asundi (1964)
° Rapp (1965)
o) Stanski (1983)
——— Margreiter (1990)
] Rao (1997)
-------------- Margreiter (1990)
_____ Hwang (1996) N
....... - Tarnovsky (1998) ]
.......... Kim (1999) 7
- Recommended ]

| L 1 [ | 1 ! 1 L 1 | 11

10 100 1000

G, (102 m?)

Electron Energy (eV)

Fic. 14. Total electron-impact ionization cross sectiop,(¢), for SF; as a function of electron energf:- -) Ref. 82;(®) Ref. 156;(O) Ref. 157;(— —)
Ref. 158;(M) Ref. 159;(---) Ref. 163;(— - -) Ref. 164; (- - —) Ref. 166; (----—) Ref. 167;(—) recommended values.

Englander-Goldeh® are considered to be the most reliable, number of investigatots’~**°have measured the cross sec-

and they form the basis for our recommended data. The solitions for the production of the various positive-ion fragments

line in Fig. 14 is a fit to the data of Rapp and following electron impact on Sf Thus, Stanski and

Englander-Goldefi® up to 300 eV, and to the data of Stanski AdamczyK®’ measured electron-impact dissociative ioniza-

and Adamczyk®’ for energies above 300 eV. Values derived

from this fit are listed in Table 17 as our recommended val-

ues of theﬂ'i,t(E) of the SK molecule. TasLE 17. Recommended values for the total ionization cross section,
The high ionization thresholds and the repulsiveness of the;; (¢), of SF; (derived from a fit to the data of Rapp and Englander-Golden

dissociating excited electronic states ofg$f€count for the in Ref. 156 and the data of Stanski and Adamczyk above 300 eV in Ref.

large values oV (the energy required by energetic charged15

particles to produce an electron-positive ion pair ing)SF Electron energy oi (€) Electron energy oy, (e)
Hilal and Christophorotf® measured the mean energy re- eV) (107 201m?) (V) (10°20m?)
quired to produce an electron-positive ion pair ing®y « 165 0.020 75 577
particles(initial energy~5.1 MeV) and found it to be 35.45 17.0 0.035 80 5.05
eV per ion pair. This value is larger than thit34.0 17.5 0.055 90 6.28
+0.4) eV per ion paif measured by Lopest al1’® using 18.0 0.084 100 6.53
%Co vy rays. The lower value foly rays is consistent with 19.0 0.155 125 6.87
. Th 20 0.240 150 6.97

other measurementsee Chrlstophordu) which show that 29 0457 200 6.83
for molecular gases, the energy to produce an electron- 25 1.04 250 6.48
positive ion pair fora particles exceeds that farrays andg 30 1.93 300 6.04
particles. 35 2.87 350 5.60
40 3.47 400 5.16

4.2. Partial lonization Cross Sections, & arial (£) gg 2;2 ggg i:;g
P : ; ; 60 5.09 550 4.00

It was indicated in the preceding section that all electron- 20 i 500 265

impact ionization processes in $are dissociative and that a
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Y L % ab "‘ Fic. 15. Partial ionization cross sec-
o 02+ .o' 03k % 0.4r . tions, o pama(e), as a function of
hat [} L - ‘ I electron energy for SF (@) data of
= “ 0.2+ 3 Stanski and Adamczyk from Ref. 157;
L= 0.1 F =L 02 a (—) data of Margreiteret al. from
8 ’ . 01k i Ref. 158[these data are normalized to
b-—“ o (d) SF, L (e) SF* " F* the “case A” values at 100 e\(third
TIY Y N BN . wl 1y Column, Table 1§|; (A) data of Rao
0.0 0.0 0.0 and Srivastava from Ref. 159.
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o1 @ s i M sF | (i) SF,™
0.0 ol NIRRT 0.0 Ll wul NIRRT o'o Lashad NIRRT
10 100 1000 10 100 1000 10 100 1000

Electron Energy (eV)

tion cross sectionsr; yama(€), for SF; as a function of elec-  incident electron energi00 eV) and were obtained by nor-
tron energy up to 600 eV. They reported,. () for the  malization to the electron-impact ionization cross sections of
production of the positive-ion fragments SFSF;, SF;,  the rare gases. They have a quoted uncertainty- 20%.
SF;, SF", S*, F", SK, ", and SE* from Sk. They ob- The data of these three groups of investigators are compared
tained these cross sections by normalizing the sum of th# Table 16 for the common electron energy of 100 eV. The
relative intensities of the fragment ions to the total ionizationagreement between the three sets of data varies from frag-
cross section of Rapp and Englander-Golderor SR, ~ ment to fragment. For some positive ion fragme(sisch as
Their partial ionization cross sections;,ia(€), are shown  the energetic fragments"Fand SF) the agreement between
in Fig. 15. They generally maximize at or above 100 eV. the three sets of measurements is poor and thus further mea-

Similarly, Margreiteret al *>® investigated electron-impact surements are indicated.
dissociative ionization of SFand determinedsee previous Finally, Al-Nasir et al1®® employed an ejected-electron/
section for detailsthe o ,aria( ) for the same positive ion produced-ion coincidence technique and measured relative
fragments as Stanski and AdamcZykThe o paria(€) data  partial doubly differential cross sectionded™/dE d) (par-
for their preferred methodcase A in their papérare also tial doubly differential cross section for the production of
plotted in Fig. 15. There is general overall agreement beions in the charge state for the ions SE, SF;, SF;, SF ,
tween the data of Stanski and AdamcZfkand Margreiter  (SF", SF, "), S, SK*, SR ", and SE* resulting from
et al1®® although for some fragments the two sets of mea-<lectron-impact dissociative ionization of the SFRolecule.
surements differ considerably. The difference may be due tdhey made such measurements at incident electron energies
the detection efficiency of energetic fragments, a problenof 100 and 200 eV, ejected electron energies of 30, 50, 65,
which was addressed specifically in the experiment of Mar100, and 150 eV, and ejected-electron angles ranging from
greiteret al1®® 10° to 120°. Their results confirm previous observationst

The data of Rao and Srivastavaare for only a single that the probability of production of ions of the form SF
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8 T 1 TasLE 18. Threshold energies for appearance of positive ions frogn SF
ol (a) SF _,;ﬁ::;::-:;: . ] radicals
A ’ p N ] lon Radical Threshold energgV) Reference
< AR LI SF Sk, 11.2+1.0 166
o 2r Rty 1 11.7 173
PR 0,.,@%” , ‘ ] 10.5+0.1° 174
= PSRN SF; Sk, 14.5-1.0 166
S (o) SFg ] SR 15.8 173
8 AN SF, 13.¢% 173
‘3 N Sk, 12.03+0.08 174
8 ] SF Sk 17.0* 16.2¢ 173
g 1 SF, 14.8 173
S Sk 10.6, 11.4 173
g - . -‘ Sk, 11.0+1.0 166
5 ef © i SK Sk 21.8, 21.5:9 173
: s ] SF, 19.3¢ 18.58+¢ 173
sF; | Sk 15.4 173
AT N > ] Sk, 12.8, 11.8 173
q Sk, 10.08 174
ol / SFs 3 SF* Sk 27.8" 27.0%, 262 173
SF, 25.31 24,89 173
I Sk 21.4¢ 20.6 173
0 ' ‘ = SF, 18.8 173
10 100 1000 SF 14.7, 15.6 173
Electron Energy (eV) SF 10.09 174
*Estimated.

Fic. 16. Electron-impact ionization of GFadicals:(a) Cross section for the
formation of SE and SF by electron-impact on the free radical SMea-
surements of Tarnovskst al. from Ref. 166:(O) SF ; (@) SF; ; (+) sum dEstimated using reactions producing F

of the measured cross sections for;S&nd SE generated by electron- eMeasured

impact on SE. Calculations of total electron-impact single ionization cross fEstimated'using reactions producing three F.
section of the radical SF (—) data of Tarnovskyet al. from Ref. 166;
(---) data of Ali et al. from Ref. 172(without double ionizatiop (—-—)
data of Ali et al. from Ref. 172(with double ionizatioih (b) Cross section
for the formation of SE by electron-impact on the free radical SK®)
measurements of Tarnovslet al. from Ref. 166;(—) calculation of Tar-
novsky et al. from Ref. 166;(- - -) calculation of Aliet al. from Ref. 172
(without double ionizatiopy (—-—) calculation of Aliet al. from Ref. 172

(with double ionization (c) Calculated electron-impact total single ioniza- old to 200 eV using the fast-neutral-beam technique. It was
tion cross sections as a function of the electron energy for the radicgls SF

SF,, Sk, SF, and SF{- - -) calculations of Tarnovskgt al.from Ref. 166; found that dissociative |or_1|zat|0n IS |mportqnt for s3Mut
(—) calculations of Aliet al. from Ref. 172(without double ionization not for Sk. For the Sk radical the cross sections for forma-

tion of the parent SF positive ion and the fragment $F

positive ion were found to be about the same, while electron-
with x odd is higher than that for similar ions witheven, impact ionization of the Sfradical predominantly generates
and that the probability of production of ions of the form SF; parent ions. The reported uncertainties of these cross
SF, © with x is even higher than that of similar ions with  section measurements are15% for the parent ionization
odd. cross sections and=18% for the dissociative ionization

All three experimental studies clearly show thatS&by  cross sections. Figure (@ shows the cross sections for the

far the most abundant positive ion fragment and that thdormation of the SE parent ion and the SFfragment ion
cross sections of doubly charged positive ion fragments arfrom the Sk free radical. The two cross section curves are
generally smal(Fig. 15. Besides the doubly charged speciessimilar except for the shift in the appearance energy of the
SF, ", SH*, and SE ", Al-Nasir et al!®° found a measur- SF/ cross section to higher energy. The sum of the two cross
able signal due to SF, and Harland and Thynh¥ de-  sections is also plotted in the figure and represents the total

bListed value of the ionization threshold energy.
‘Estimated using reactions producing two F.

9Estimated using reactions producingH.
PEstimated using reactions producing four F.
iEstimated using reactions producing+zF.
JEstimated using reactions producing two F.

tected S* from SK; under impact by 70 eV electrons. single ionization cross section for this radical, since Tar-
novskyet al. put an upper limit on the contribution from all
4.3. Electron-Impact lonization of SF 4 Neutral other singly charged positive ions of 0230 **cn? at 70
Fragments ev.

The cross section for the formation of the;Sparent posi-

Absolute cross sections for electron-impact ionization andive ion from the Sk free radical is shown in Fig. 1B).
dissociative ionization of the S/and Sk free radicals have Based on the very weak signals Tarnovsityal. observed
recently been measured by Tarnovskyal°® from thresh-  for ions other than SFfrom SF;, they put an upper limit on
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Fic. 17. Density-reduced electron-impact ionization coefficiefiN (E/N), for SF; as a function oE/N (T=293-296 K):(®) Ref. 175;(A) Ref. 177;(H)
Ref. 178;(#) Ref. 179;(¥) Ref. 184;(O) Ref. 180;(A) Ref. 26;(0) Ref. 181;(¢0) Refs. 185 and 186V) Ref. 187;(+) Ref. 188;(*) Ref. 182;(X) Ref.
183; (—) recommended values.

the possible contributions from all other singly charged ionssections lie generally higher than the modified additivity rule
of 0.2x 10 ¥cn? at 70 eV. results.

Besides the measurements in Figs(al&nd 16b), there Table 18 lists values of the threshold energies for the ap-
have been two calculations of the ionization cross sections giearance of positive ions from SFadicals.
these two radicals by electron impact. The modified additiv-

ity rule calculation of the total electron-impact single ioniza- 4 4 Density-Reduced Electron-Impact lonization

tion cross section of Tarnovskgt al,*>1% and the BEB Coefficient, a/N(E/N)
calculation of the total electron-impact ionization cross sec- ’
tion with and without double ionization of Alet all’? In There have been a number of measurements of this coef-

comparing the results of the two BEB calculations with theficient using the steady-state Townsend metffdd®'8%and
experimental measurements one should consider the calcthe pulsed-Townsend methd¥ 18 These measurements
lated values without double ionization. The overall agreewere made at room temperatuf293—-296 K and collec-
ment between the experimental and calculated values is retively cover the E/N range from 21X10 7 to 8482
sonable although, because the BEB cross sections are higherl0™ "V cm? Not all of these studies quote uncertainties
than the experimental data for most of the electron energfor the data. Bhalla and Cragd$ and de Urquijoet al®®
range, further scrutiny of both theory and experiment is in-quote uncertainties ranging from about5% to about
dicated. +15%), while HayasHhf? estimates the uncertainty in his
Besides the total electron-impact single ionization crossneasurements to be abatits%. These may be considered
sections for SE and Sk, Tarnovskyet all®%®and Ali  typical of the uncertainties in the data of the other groups.
et al}’? made similar calculations for the radicals S5, Figure 17 shows the available data @N(E/N) for SF.
and SF. The calculated total electron-impact single ionizaThe solid line represents a least squares fit to all the data
tion cross sections for all five radicals $SF,;, SF;, SF, plotted in the figure up to 200010 "V cm?, except those
and SF are presented in Fig.(&p In all cases the BEB cross of Maller and Naidd® which clearly differ from the rest in
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TaBLE 19. Recommended values of the density-reduced electron-impact L A B R
ionization coefficienta/N (E/N), for Sk 15} () 4
= r ]
E/N a/N (EIN) E/N /N (E/N) S i oF
(1077 Vv em?) (10" 8cm?) (107 YVv cm?) (10”8 cn?) g 10 A
< [ a “a ]
215 4.66 700 102.9 = I Lat SF‘
250 8.90 750 112.4 2 C et s ]
300 18.5 800 1215 g 050 A__.--""' e
350 295 850 130.1 © . SF
400 40.1 900 138.9 0.0  esle.0.0.0.01800000000;0
450 52.3 950 148.6 :
500 62.7 1000 158.2 P r L B B
550 73.2 1250 208.5 g 8r %00 o ]
600 83.7 1500 259.8 g . . R g
650 93.3 2000 366.3 e 6F o st ]
kot S
g o° a O Oger~ Tojint
8 40 AL 4 o ]
X i . 8 + Odis,neutt
their functional dependence d&/N. Values derived from w oL b b
this curve are listed in Table 19 as our recommended data for 8 1 ®
the a/N(E/N) of SFs. Above 2000 10 17V cm? the data O L. A
taken using the pulsed Townsend metf¥6d®’ lie higher 0 50 100 150 200
than those taken wusing the steady state Townsend Electron Energy (eV)

techniquet®? The steady state data of Hayashi and Wéhg

for a/N above 2006 101"V cm? agree well with the high F_|G._ 18. (a) R_elative Cross sectionsigis neu(€), for electron-i_mpact disso-
E/N values of (-~ 7)IN of Hasegawaet a!® (also ob- 721on S50 (W) o, (1) 5% nc(®, SF neuss e fom e
tained using the steady state Townsend method, see S&gm of the cross sections for the three radicéis.Deduced cross section
6.6). However, it is possible that the values obtained by theor total dissociation into neutral®;gs neu.(¢), for SF; from other recom-

steady state method at higf{N may be adversely affected mended cross sectiorisee text

by the low pressures and/or small drift distances used in such

high E/N measurements.

Besides the above measurements, there have been a nuh®a) because of a lack of ionization cross sections for the
ber of Monte Carld" and Boltzmanh-26-28:30:32-34.384043.44 g radicals required to normalize their relative measure-
code calculations ot/ N(E/N) for SF;. The results of these ments. However, such measurements have since become
calculations depend on the details of the calculation, espeavailable(Fig. 16) and could be used to determine absolute
cially the cross sections used and the associated energyoss sections from the relative measurements ogttal,
losses(for such data and details see the individual papers assuming that the other experimental variables involved are

accurately known. It should be noted that the relative cross

5. Cross Sections for Electron-Impact sections for the three radicals ?n Fig. 18 are absolute with

. . respect to each other, and that in Table 4 of the paper by Ito
Dissociation of SF ¢ Into Neutral et al1” the cross sections for the three fragments are listed

Fragments, o gisneut (€) as being in units of 10°°m?. As for the case of the GF
molecule!®? these cross sections are expected to be much

Relatively little work has been done on the process ofsmaller than the cross sectiomg(e) ando () of SF, at
electron-impact dissociation of the Sfolecule into neutral  electron energies above50eV.
fragments in spite of the practical significance of this process As we have discussed in Sec. 3.5.1, at energies above
in plasma processing and gaseous dielectrics. There have15eV where the cross section, (&) is small, the differ-
been no absolute measurements of the cross sections for totceos. (e) — oeinf€) can be used to deduce a value for the
or partial dissociation of Sfinto neutral fragments. To our total cross sectiong s neutfe), for the dissociation of SF
knowledge the only study to date is that of kbal*”>who into neutral fragments via the relation
used appearance mass spectrometry in a dual electron beam
device and measured thep energy dgpendence of the partial Tdisneutte) =[0scfe) = Tein(e)] = o). (3
cross sections of electron-impact dissociation of BFo the  In Eq. (3) the quantity[ s, {&) — 0enf€)] iS as determined
neutral radicals SF, SFand Sk from threshold to 200 eV. in Sec. 3.5.1(open symbols in Fig. 12 above 15 g\and
The dissociation products gfand Sk were below the de- () is our recommended cross section for the total ioniza-
tection limit of their system. The relative cross sections fortion cross section(Table 17. These two quantities, along
electron-impact dissociation of §knto SF, Sk, and Sk with their difference,o g neutf€), are shown in Fig. 1@®).
reported by Itoet al. are shown in Fig. 1&). The quoted The cross sectiom g neytfe) deduced this way is seen to
relative uncertainty of these datais20%. Itoet al!”*were  have a different energy dependence than the sum of the rela-
unable to determine the absolute cross section scale in Figive cross sections for dissociation of gSiato the neutral
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TaLe 20. Deduced values of the total cross section neuti(s), for TaBLE 22. Threshold energies of excited neutral fragments upon electron

electron-impact dissociation of §kto neutral fragments impact on S
Electron energy Ogisneut( €) Electron energy o yis neut(€) Threshold energy
(eV) (1072°m?) (eV) (1072°m?) Fragment (ev) Reference Species detected
15 0.8 45 2.7 FR 18.7£1.0 191 Rydbergs
16 1.2 50 2.8 17.9+1.0 191 Photons/total
17 1.6 60 2.4 18.0£1.0 161 F
18 18 70 21 Metastable 27 191 Low-energy fragments
19 2.2 75 1.7
fragments 30.61.0 191 Neutrals/total
20 2.7 80 15
26.8-0.3 74 SK
22 35 90 L1 27.0+0.3 161 Sk
25 3.7 100 0.87 R 2
30 3.1 125 0.53 FR 36.0+1.0 191 Rydbergs
35 2.4 150 0.23 35.0-1.0 191 Photons/total
40 2.3 200 0.07 35.8+1.0 191 Neutrals/total
35.8+1.0 74 F
37.5+1.0 161 F
35.8+1.5 154 P
fragments SE SF, and SF reported by Itet all” [Fig. R 44.3+1.0 191 Rydbergs
18(a)]. This discrepancy is consistent with previous 44.5+1.0 191 Photons/total
observatior® of possible inaccuracies in magnitude and en- ig% 12 121 ’;‘e“"a'S’tOta'
ergy dependence in the cross sections for dissociation into 416-15 155 p
neutrals measured by Sugai and co-workers for, @rd 40+ 2 192 g
CHF;. Ito et al. obtained the relative cross sections in Fig. 43.6+1.5 154 3

18(a) under the assumption that the total ionization cross
section for each of the $Fadicals is similar in shape to that
of SK,.1%°
In the absence of any absolute data ondhg ecfe) Of  etal™ " studied the dissociation of the Sknolecule into
SFK, we list in Table 20 the values ofy;s neui(€) deduced as neutral metastable fragments as a function of the incident
described above as our presently suggested data. It should bkectron energy from threshold to 300 eV. They identified a
realized that these data are approximate and require expenumber of dissociation channels involving both partial and
mental confirmation. total fragmentation of the SFmolecule by electron impact.
Table 21 lists the expected or measured threshold energids Table 22 are listed the threshold energies they determined
for dissociation of Sfinto Sk, SF, Sk, Sk, SF, kB, and  for the production of the various excited fragments. The
F as given by ltcet al1”® work of Corret al1®* shows that dissociation leading to total
There have been a few other studiég®>1911%gealing  fragmentation of Sgis responsible for the formation of the S
with electron-impact dissociation of $ito excited neutral fragments and also the dominant process for the formation of
fragments. These provide complementary information on thé& atoms. The finding that the F atoms are predominantly
dissociation mechanisms of this molecule. Thus, Corproduced by complete dissociation of thegSkolecule is
also consistent with the results of three other studies by
Becker and collaboratol¥°51%20n the optical emission
TasLe 21. Expected or measured threshold energies given bgti. in - from excited atomic fragments generated by electron-impact
Ref. 173 for electron-impact dissociation of (SRto neutrals dissociation of SE Thus, Blankset al"lss using a crossed
Expected threshold Measurefithreshold ~ €/€Ctron beam—gas beam apparatus, measured absolute emis-
Reaction energy(eV) energy(eV) sion cross sections and appearance potentials for the most
intense $— 3s atomic fluorine lines in the visible range of

| 191

SK,+e—SK+F+e 9.6 — . .

° s the optical spectrum between 620 and 780 nm. According to
Sk te—Sk+2Fte 121 - Blankset al. these lines are emitted by atomic fluorine frag-
SF;+e—SK+Fte 11.3 — . . . .

8 ments that are formed in the various excited states associated
Skre-Sh+3Fte 16.0 16. with the 1s?2s?2p*3p electron configuration. Figure 19
SF;+e—SR+F+Fte 15.2 o ;

5 shows the absolute emission cross sectiog,(e), of the
iﬁg:g%igii o ig'g 19 integrated FI $*D°—3s*P multiplet as a function of the
SF+e Sht2F,+e 170 incident electron energy, and Table 23 lists the absolute
SF.+e SFi5F+e 997 228 emission cross §ect|9nsem (100 (.a\/),. measured for various
SF.+e—SF+3F+ Fyte 21.9 visible FI emission lines for an incident-electron energy of
SF+e—SF+F+2F,+e 21.1 100 eV.

*Estimated uncertaintyz 0.5 eV, The threshold energies for excited neutral fragments pro-

bThe experimental value is affected by contributions from all respectiveduced by ele?tron i_mpaCt on ks Obtainelg5by thes? work-
processes given in the first column of the table. ers are also listed in Table 22. Blan&sal.>> determined a
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10— F——— TaBLE 23. Absolute emission cross sections,, (100 eV), for various
visible FI emission lines for 100 eV incident electrons impacting og SF
(data of Blankset al. from Ref. 155
sk
< Line Oem (100 V)2
5 ok Transition (nm) (10 ¥ cmd)
i‘-’b 450, 4p 624.0 0.6
o 4k 634.9 0.4
£ 641.3 0.3
©
‘DO 4P 677.4 0.4
2r 679.5 <0.1
683.4 0.6
ob—— A v v 685.6 25
0 100 200 300 400 687.0 0.4
690.2 1.4
Electron Energy (eV) 691.0 0.4
Fic. 19. Emission cross section for the integrated pt3°— 3s*P multip- PO 2p 703.7 0.6
let as a function of the energy of the incident electrons impacting gn SF 712.8 0.3
(data of Blankset al. from Ref. 155. 720.2 0.2
80— 2p 731.1 1.4
4po 4p 733.2
value of 41.6-1.5eV for the threshold energy of the stron- ;iz-g (2):1)’
gest line emission at 685.6 nm. This relatively high onset 755.2 '
indicates that total fragmentation of the molecule plays a 757.3 11
leading role in the electron-impact-induced dissociation of 2po_, 2p 760.7
Sk 0 _ . . 7755 2.0
Becker and collaborator¥ %2 also investigated light 788.0 1.1
emission resulting from_ electron impact on bSIFI Othe_r aThe uncertainty ist 20% for oy (100 €V} values larger than 10°cn?,
(shortey wavelength regions. Blanks and Beckérinvesti- +25% for oer, (100 €V) values smaller than 16°cr?, and aboutt 40%

gated the wavelength range from 200 to 600 nm, and Forandbr the o, (100 eV) of emissions at wavelengths longer than 750.0 nm.

et al® studied the wavelength range from 45—185 nm using

200 eV incident electrons. Blanks and BecRéfound that

the 2D —*P multiplet at 366.8 nm has the largest emissioncited fragments. These results would indicate that the weak
cross section with a cross section of (#.8.2)x10 ?°cn?  light emission observed by some investigators from the mo-
at 100 eV. Figure 20 shows the emissions produced by 200on of electron swarms in SFat high E/N or from Sk

eV electrons on S The spectrum consists of a broad struc-discharges may be due to such excited fragments, although
ture from 200 to 320 nm and several line emissions. Theanother possible source of these weak emissions may be im-
strongest line emissions originate from excited fluorine frag{urities. It has, for instance, been shown that small amounts
ments in theé#*3%, 24P% and?“D° states associated with the of N, in SF; greatly enhance light emission as the nitrogen
2p*4p electron configuration. These states lie approximately

16 eV above the ground state atom and decay into the

2p*3s?>*P states emitting several multiplets in the wave- 6T T 1
length region between 350 and 400 nm. The threshold en- I
ergy of the strongest line was found by Blanks and Becker to
be (40t 2) eV (Table 23. Interestingly, no emission from
ionic fluorine was observed by Becker and collaborators. A
later study by Field and Elantf using wavelengths of 58.4,
30.4, and 25.6 nm to excite §Hs consistent with the
electron-impact result in that no detectable ionic emission
from either parent or fragment ions was observed. However,
according to Foranct al,®* at shorter wavelength&45—

185 nm), the observed lines following electron impact of 200

Emission Intensity (arb. units)
w
T
1

eV electrons on SFcould be identified with singly ionized S 0 : : :
atoms, besides neutral S and F atomic transitions. 200 300 400 500 600
From the work of Becker and collaboratdré;*®it can be Wavelength (nm)

concluded that electron impact on gStesults in the forma- 20 - bout 200 and 600
; P ; : - FIG. 20. Emission spectrum o etween about an nm gener-
tion of neutral and ionized excited atomic fragments Wlthated by collisions with 200 eV incident electrofdata uncorrected for the

significan_t probabilities, and that light _Ob_served following wavelength dependence of the detector efficigfimm Blanks and Becker
electron impact on Sfis due to de-excitation of these ex- in Ref. 192.
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17— T  — T T metric measurements. Similar measurements using ion cy-

: clotron resonancdICR) techniques found the lifetime of
SF* to be much longer, in the ms rang€-?°*This is not
surprising, since a number of studi®s?%?%have shown
108F E that the autodetachment lifetime of many polyatomic long-

i ] 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
. temperaturg 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 theof SF;™
has been reported, such energy dependence has been found
O Y A S — for other transient aniorf§:?°’~21Fyrthermore, Delmore
0 400 800 1200 and Appelharfs? observed an increase 6f33% in ther, of

E/N (1077 V cm?) metastable SF* when the temperature of the i(_)n source was
decreased from-475 to~375K. This was attributed to the
Fic. 21. Calculated electron-impact dissociation ritg,(E/N), as a func-  contribution of various excited states to the autodetachment
ti:” tO‘; EI/C'i\_‘ for _(.t_) tf{ta'_disfoéiatiolt”“f);?‘t&}' elecgci;'ic eBXCit?tin”’ aF:‘df process. It has also been shé#hthat ther, of SK;* in the
() o) desocte oniatottesilsof Pl and Van Bt fom Ke. IR spectrometer varies with the observation time of the
195 atE/N=100x 101"V cm? The dashed lines are extrapolations by €Xperiment, thus accounting for radiative and collisional
Phelps and Van Brunt of their calculations to lovgiN. cooling of Sk * 204213

Besides the formation of $Fby direct attachment of low-

- - nergy electrons, $Fcan also be formed indirectly by rela-
mol_e_cule has a Ia_wg_e exg'tat"’” §°eff'°'e”t for the_ Secon(ﬁvely higher energy electrons when these electrons lose
positive group radiation “IT,— B *IIy) and quenching of

the C states of i by SF; is not very strong® all” of their energy to inelastic electron scattering and are

Finally, in the absence of any measurements of thé[hen attached efficiently as “zero-energy” electrons tg; SF

; . - - molecules. Indeed, this is the basis of the so-called s SF
electron-impact dissociation rate for e show in Fig. 21 threshold-electron-excitation technique” used to locate
the result® of a Boltzmann calculation of the electron- q

impact induced dissociation rates((E/N), of SF (also see negative-ion states and excited electronic stafgls; especially
Ref. 196. It should be realized that these data are model

kg (cm®s™)

optically forbidden states, of neutral molecufé$:
Many early studig14:198.214.215218-22hq\yed that SF

specific. . . .
is formed near 0.0 eV with a very large cross section. These
6. Electron Attachment to SF 4 studlles also mdlcated. that the shap.e of the mea§ured cross
section for the formation of SFwas instrumental, i.e., the
6.1. Cross Sections for the Formation of Negative SF; resonance is narrower than the energy spread of the
lons electron pulse or beam used to measure it. This narrowness

of the S resonance is largely responsible for the large
uncertainty and spread in the early published values of the
attachment cross sectionals,%(s), for formation of Sk at

It has long been established that;3§ an electronegative
gas. Electron attachment to §kads to the formation of
both parent (Sf) and fragmentSK;,, SF,, SK;, SF, )
F,, and F) negative ions. The experimental data on thethermal and near-thermal energies. There have been a num-
cross sections for the formation of each of these negativBer of subsequentroom temperatupestudies using both
ions are presented and discussed in this section. The meg@nventional  electron bedf**?*® and  electron
sured cross sections for the various negative ions formed bgwarmt®®1%%#4-2?techniques. Additionally, newer very-
electron impact on Sfshow that the parent negative ionSF high resolution and very-low energy electron beam tech-
is formed only at extremely low electron energigmlow  hiques have been used to provide accurate values of the ab-
~0.2 V), and that the fragment negative ions are formed viasolute cross section for the attachment of free electrons to

a number of negative ion states located between 0 andFs to_form Sk from ~1eV down to the ueV
~15eV. range!®2153229-236gegides these methods, information on

a’avs,%(s) has been provided in the thermal and subthermal

electron energy range by another new technique using
The stable parent negative ion Sproduced at zero and “bound-electron” capture in collisions of SQFwith high-
near-zero electron energy is initially formed as a metastabl®ydberg atom$3*23’=2>3The results obtained by these meth-
SK;* ion which subsequent to its formation is stabilized byods are complementary to those obtained by direct “free”
collision or radiation. Its autodetachment lifetimeg, under electron-impact methods.
collision-free conditions has been found to be between 10 The cross section data for total electron attachment deter-
and 68 us'®"~2%2 ysing time-of-flight(TOF) mass spectro- mined by these methods are plotted in Fig. 22 over an energy

6.1.1. SF;
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Fic. 22. Measured total electron attachment cross seatign(e), for SF; as a function of the electron energy, for free electrons and for electrons bound in
high-Rydberg states of atonfsee text Below ~0.1 eV this cross section is about equabfﬁ(_)s,% (&) for the production of Sf. Conventional electron-beam

data:(- - -) Ref. 26;(H) Ref. 223;(— —) Ref. 139. Swarm-unfolded daté¥) Ref. 108;(A) Ref. 225;(A) 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.) 2ista
of Ref. 233 normalized to the swarm-unfolded cross section of McCetkdd. in Ref. 227. LPA technique:« - —) Refs. 152, 255, 261. High-Rydberg data:
(O) Xe* (nf), Ref. 240;(¢) Rb* (ns,nd), Ref. 241;(+) Rb* (ns,nd), K*(nd), Xe*(nf), Ref. 243;(0J) K*(np), Ref. 248.(—) Recommended values.

range of 0.0001~0.2 eV, and are briefly discussed below. €t al** are for the total electron attachment cross section

Data obtained by conventional electron-swarm andand were made using a trochoidal monochromatdr (
electron-beam techniquesThe swarm daf@®199224-228  =328K). They have a quoted uncertainty015% above 1
plotted in Fig. 22 have been unfolded from the total electroreV and a larger uncertainty below this energy, which perhaps
attachment rate-constant measurements made in mixtures iocreases ta-50% at 0.2 eV.

Sk with N, buffer gas. They are therefore total electron Data obtained from very-high resolution, very-low energy
attachment cross sections. However, sincg &Fthe pre- electron-beam techniquesTwo such techniques have been
dominant negative ion in the energy region belevd.1eV,  developed, one by Chutjian and collaboraftt$30-232234nd
these cross sections give the valuergke (¢). Itis difficult  the other by Hotop and collaboratdr¥:**?*-**The two

to assess the uncertainty of these cross section data. Alechniques are similar in principle. The technique of the
though the rate constant measurements are expected to hd@émer group uses vacuum uv photoionization of rare-gas
an uncertainty around 10%, the cross section values have atoms mixed with SEto generatén situ photoelectrons of

a larger uncertainty. Similarly, the electron beam data have well defined and variable energy. It is referred to as the
large uncertainty at low energies. Klir al?® used the re- threshold-photoelectron-spectroscopy-by-electron-

tarding potential difference method in their experiments andattachment(TPSA) technique and provides relative cross
their energy resolution was typically between 80 and 100sections for electron energies in the range from a few meV to
meV. Their cross section below 0.1 eV is therefore instru- 150 meV with electron-energy resolution between 6 and 8
mental. The measurements of Olthadf al?>®> and Wan meV (full-width at half-maximum.?®? The energy depen-
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dence of the cross section is obtained using convolution tech- 10'F ‘ — |
nigues and the absolute value is determined by normalization . e
to electron swarm data. The data of Chutjieinal>*? were i ST S ge ™ w e

normalized to the thermal electron attachment rate constant
(2.27x 10 "cm®s 1) of Crompton and Haddad; while the

(107 cm3s™)

data of Chutjian and Alajaji#i® were normalized to the oor° i
electron swarm-unfolded cross section data of McCorkle 3 R
et al??’ The technique of Hotop and collaborators is referred g [

~ b

to as the laser-photoelectron-attachm@mA) method and

is based on the controlled production of variable-energy pho-
toelectrons using lasers to photoionize a well-collimated . ‘ L L
beam of metastable Ar(4s%P,) atoms “from a differen- 7 100 1000
tially pumped dc discharge source in a field-free region.”
The resulting negative ions are then detected by application
of pulsed electric field$> This technique has permitted the F. 23. Rate constank, ,.(n*), for bound-electron capture as a function
energy dependence of the electron attachment cross sectiofthe effective principal quantum numbet in collisions of Rydberg at-
to be measured directly with sub-meV resolution. The valuegms with Sk (from Ling et al.in Ref. 249: (W) K*(np), Ref. 248;(0)

Rb* Ref. 241:(®) R Ref. 241;(0) K* Ref. 243:(V
measured by Hotop and collaborafSfs™*for the Ua,s%(s) NZ*E:g;: Rgf. 244;((;; NE**EE:; Rgf. 234;,((A))Ne*((r|‘1(t‘:1))7, Ri_-f. 23?:17.( :

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=300K) rate constant measurement of Cromptonticles, the electron in the Rydberg atom essentially being
et al?®+?%®|t should be emphasized that the cross section ogquivalent to a free electron having the same kinetic energy
Hotop et al. in Fig. 22 is only for the formation of SF as the binding energy of the Rydberg electron. These studies,
while the rest of the data above 0.1 eV are total electrors well as those of Chutjian and collaborators and Hotop and
attachment cross sections. collaboratorgreferred to earlier in this sectipmave shown
Data obtained from high-Rydberg atom bound-electronthat at very low energie$=1 meV**??%) the attachment
capture methods-A number of investigators, foremost the cross section for the formation of gkvaries inversely with
group at Rice University, have used beams of atoms excitethe electron velocity in accordance with the Wigner thresh-
in high-Rydberg states, % (nl), to measure the rate con- old law for s-wave electron attachmefi!

Effective Principal Quantum Number, n*

stant for the reaction Reaction(4) has been studied using a number of Rydberg
o . atoms: Hé& (n=14,'p); 20 Ne* (ns, nd);?3
A** (nl)+SK—AT+SK (4 Xe* (nf); 237238240243k () 242243245 |k (1)) 248

down to ~4 eV In almost all such investigations, Na* (np);*** Rb*(ns, nd);*****3 and C&(ns, np, nd).**°
A** (nl) is a rare-gas or an alkali-metal atom in a RydbergThe results of these high-Rydberg-atom studiessgpdv)
state with principal quantum numberand angular momen- are plotted in Fig. 22.

tum quantum numbet. In these studies the rate constant The wide spread in the data shown in Fig. 22 and the
Ka.pe fOr the formation of SE is measured as a function of Many factors that can affect thefmany of which are often
the principal quantum number, or as a function of the NoOt clearly discerned makes the deduction of a recom-
effective principal quantum numbe* (n* =n—§,, where mended total attachment cross sectiog{e), for SF; dif-

8, is the I-dependent quantum defectn example of the ficult. However, since at energies belowl.5eV, Sk and
kapdN*) measurements is shown in Fig. 23. From data suclPFs are the only negative ions produced by electron attach-
as in Fig. 23, the cross section for bound-electron capturéNent to Sk with significant intensity, we determined the

oapdv), is determined via the relation recommended value af,(e) for SK; shown by the solid
. line in Fig. 22, by summing our recommended cross sections
Tabd V) = Kapd M)/ 0 1ms, ®  for SF; and SE formation, which are determined separately

wherev s is the root-mean-square velocity of the Rydbergbelow.

electron. While a number of authofs.g., see Refs. 251 and ~ The determination of the recommended cross section,
253 have shown Eq(5) to be inappropriate for Rydberg @ask (¢), for the formation of S was made by consider-
states with small compared tm, and while postattachment ing the data in Fig. 24). The dot-dash line { - —) repre-
electrostatic attraction between the products (8F;) may  sents the measurements of Hotop and collaborafot®ob-
have significant effects on the size of the measured crosmined using the LPA techniqugnuch of this curve from
section(e.g., see Ref. 253a number of studiete.g., Refs. ~0.003 to 0.2 eV is overlaid by the solid recommended line
241, 248, 252, and 25%have shown that the cross sectionsdiscussed later The broken lineg— —) and(— - —) are the

for bound-electron capture are consistent with the “free” cross sections for the production of only SBs obtained,
electron modelfor sufficiently large valueg>30) of the respectively, from electron-swarm-based measurements by
principal quantum number.nin such cases, then, the excited Hunteret al??® and from electron-beam-based measurements
electron and the core can be considered independent pasy Kline et al?® The symbols shown in the figure are the
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Fic. 24. (a) Selected measurements of the electron attachment cross seqig;?‘(a), for the formation of Sf from SF; as a function of the electron
energy:(- - -) Ref. 26;(— - —) Ref. 228; (- - —) Refs. 152, 255, 261(0) Ref. 240;(¢) Ref. 241;(+) Ref. 243;(0) Ref. 248;(—) recommended values.
(b) Selected measurements on the dissociative electron attachment cross se,cg,ig(w), for the formation of SE from Sk as a function of the electron
energy:(---) Refs. 108, 109(- - -) Ref. 26;(— - —) Ref. 228;(®) Ref. 113;(—) suggested data.
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TaBLE 24. Recommended values of the electron attachment cross sectioaBLE 25. Suggested values for the dissociative electron attachment cross
Task (¢), for the formation of SE by electron impact on Sfin the elec- section,adaysg (¢), for the formation of SE by electron attachment to §F

tron energy range 0.0001-0.40 eV as a function of the electron energy

Electron energy TasE (e) Electron energy TasE (e) Electron energy Tda,SE (e) Electron energy Tda,SE (e)
(V) (107 °m?) ev) (10" °m?) ev) (101 (eV) (102 mm?)
0.0001 7617 0.030 221 0.10 1.85 0.40 3.45
0.0002 5283 0.035 190 0.12 2.09 0.45 2.75
0.0003 4284 0.040 171 0.14 2.36 0.50 2.15
0.0004 3692 0.045 149 0.15 2.48 0.60 1.25
0.0005 3280 0.050 132 0.16 2.61 0.70 0.72
0.0006 2968 0.060 109 0.18 2.87 0.80 0.42
0.0007 2724 0.070 92.7 0.20 3.15 0.90 0.25
0.0008 2529 0.080 82.9 0.22 3.45 1.0 0.15
0.0009 2369 0.090 74.3 0.25 3.86 1.2 0.060
0.001 2237 0.10 49.5 0.28 4.15 15 0.020
0.002 1511 0.12 30.8 0.30 424 1.9 0.005
0.003 1202 0.14 17.8 0.35 4.07
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 cross sections we considered only the more recent data of
0.008 621 0.22 1.24 Hunter et al??® since these measurements were more accu-
0.009 969 0.25 0.52 rate and more extensive than the previous ones, and since
0.010 526 0.28 0.25 : . .
0.015 383 0.30 016 more recent cross sections were e.mployedlln the determina-
0.020 304 0.35 0.05 tion of the electron energy distribution functions used to ob-
0.025 257 0.40 0.01 tain the swarm-based cross sections from the measured rate

constants.
6.1.2. SF5

bound-electron attachment cross sections of Refs. 240, 241,

243, and 248. At the lowest energies 0.005eV), the cross A number of electron-beam studf@g%8-111113.115.2%5y¢
section values of Hotop and collaborators are in excellenshown that at energies below?2 eV, SE is produced via
agreement with the bound-electron attachment measuremeritge dissociative electron attachment reaction

for n>30. At higher energies, the cross section of Hotop and

collaborators drops off abruptly at the onsets of the v, e+ Sh—Sk +F ©)
and 2v, vibrational excitationgsee discussions in Refs. 152 with maxima at~0.0 and 0.38 eV. It has been shown by
and 255, and is in overall agreement with the data of HunterChen and Chantfy° that the first peak at-0.0eV is very

et al. and Klineet al. considering the precipitous decline in sensitive to gas temperatu¢8ec. 6.4.1and that the second
the magnitude of the cross section with increasing electropeak at 0.38 eV is rather independent of temperature. Inter-
energy in this energy range. The measurements of Hotop arestingly, Matejciket al?>® have recently found that the first
collaborator®?2% from 0.0001 to 0.23 eV, the bound- peak at 0.0 eV disappears at temperatures below ambient.
electron attachment data below 0.005 eV, and the data of In Fig. 24b) are compared the published values of the
Hunteret al. and Klineet al. above 0.2 eV were fit to yield cross sectiong g, S,_—(s) for the formation of SE by low-

the solid line in Fig. 24a). This line represents our recom- energy electron- |mpact on Shs a function of electron en-

mended values for, s (¢) in the energy range 0.0001-0.4 ergy for swarm-normalized déf$%°??%and electron-beam

eV, and values extracted from the line are listed in Table 24data?®*3None of these studies quoted uncertainties. As can
The other free-electron data fWa,sng(s) shown in Fig. be seen from Fig. 2#) there are large differences in the

22 were not considered for various reasofi3:The data of ~ Cross section data for the production of;Sffom Sk;. The
Chutjian and collaborators are indirect measurements both iirge discrepancies below 0.1 eV may be partly due to the
absolute magnitude and energy dependence. Also, accordiygried effects of temperature on the formation of Sk the

to Chutjiarf>® part of the disagreement between the data theyoW energies(e.g., see Refs. 152, 260, and 26thich are
obtained using the TPSA technique and the data obtaine®fill unresolved. For this reason, we suggest data for the
using the LPA and bound-electron attachment methods ar@f0SS Sectiong g, se-(¢), for the formation of SE by elec-
due to the effects of stray fields on the TPSA measurementson attachment to SFlown to only 0.1 eV. These suggested
(2) The electron beam data of Olthoét al?*®> and Wan data are shown in Fig. 24) by the solid line which was

et al!® do not show the enhancement a0.4eV due to obtained by a least squares fit to the data of Kéhal® and
SF; borne out by all other electron beam and electron swarnunter et al??® Values derived from the line are listed in
studies, and no means exists to differentiate between tie SFTable 25. The data of Rao and Srivastavavere excluded
and Sk contributions.(3) From the various swarm-based from the fit since they exhibit a large energy uncertainty due
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Fic. 25. Cross sections for the formation of SFSF; , and SE by dissociative electron attachment tos38 a function of the electron enerdy), (®) Ref.
114; (- - -) Ref. 26;(A), (A) Ref. 113;(—) suggested values.

to the difficulty of obtaining accurate values from the sharpwith a threshold at (2:80.1) eV and a peak at 5.4 eV.
SF; peak shown in the figure in their paper. It should be Cross sections for all three fragment negative ions were

noted, that at room temperature the contribution of $&
the total electron attachment cross section betei1 eV is

small compared to SFproduction.

reaction

10-2§ T T T T T T T I
6.1.3. SF;, SF3, and SF; I
'3__
The smaller SE (x=2,3,4) ions are generated mostly < 10 i
through negative-ion states located at progressively higheg 7
electron energiegsee Table 26 The SK fragment is gen- o 4L
erated from a broad resonance between 4 and 8 eV. Harlan~~ 10
and Thynné&' attributed the production of this ion to the &
© [ -
) ‘ .
10_55_ o P e Lehmann (1970) E
Sks+e—SF, +2F ) Eo. -o- K179 |3
L . A Rac(1993) 1
and reported the cross section maximum for this ion to be a T

(6.0=0.1) eV. In contrast, Fenzlafét al,*'® although not 10°
excluding reaction(7) for the formation of SE, attributed
its formation “at least on the high energy side of the reso-

nance,” to the reaction

measured at room temperature by Lehm&fikline et a
and Rao and Srivastav& and are shown in Fig. 25. Kline

|26

Electron Energy (eV)

0 2 4 6 8 10 12

14

Fic. 26. Cross section for the formation of, Fby dissociative electron

Ref. 26;(A) Ref. 113;(—) suggested data.

attachment to Sfas a function of the electron energ®) Ref. 114;(- - -)
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TABLE 26. Energy positions of cross section maxima in the formation of negative ions by low-energy electron

impact on Sk
Negative Energy position of cross
ion section maximunieV) Referencés) Suggested reaction
SKs ~0.0 Many (see texk e+SKR—SK*
Sk, 0.50+0.1 111 e+ SR—SF, +F
0.38 108, 109
~0.0; 0.38 110, 26
~0.0% 0.38 115
~0.0 113
SFH, 6.0+0.1 111 e+ SR—SF, +2F
5.4 114¢
5.4 26
5.4 115 e+ SF—SF, +F, and (SF, +2F)
5.0 113
Sk, 11.2 114¢
9.4; 10.9 28
11.3 113
SF, 13.0 114¢
12.0 26
12.3 113
F, 2.4;4.8;: 11.7 11%°
2.0;4.4;11.2 26
5.4 115 e+Sk—SK* (5.4 eV)—SF+F,
2.2:4.8;11.6 113
F 5.7+0.1 111 e+ SF— Sk, * —SF+F+F~
9.3+0.1 111 e+ SF— Sk, * — SR+ 2F+F~
11.8+0.1 111 e+ SR—Sk,* —SK+3F+F~
2.8;5.2;809; 115 1104
2.6;5.1;8.8; 11.3 i)
~2.9 115 e+ SR—SFK*—SR+F"
5.4 115 e+ SR— Sk, * —SR+F+F~
2.8;5.3;9.4; 11.6 113

#The zero-energy peak was found to “disappear” at temperatures below anfBieit259.
PDetermined from the respective figures of each of these references.
All energy values determined from the figures given in Ref. 114 were reduced by Q$ceMext

et al. established the magnitudes of the cross sections bselative cross section measurements of Fenaafl1*°
measuring the various positive-ion cross sections and cali- The solid lines shown in the figure for each negative ion
brating their sum with the total ionization cross section meafragment represent our respective suggested cross sections.
surements of Rapp and Englander Gold&Their effective  They were obtained by a least squares fit to all three sets of
electron energy resolution was between 0.08 and 0.1 eV witimneasurements for each ion, except for the case of the SF
an estimated uncertainty of the electron energy scale abn for which only the data of Refs. 113 and 114 were con-
+0.1eV. Rao and Srivastat/d measured peak cross section sidered. In Table 27 are listed the suggested values for the
values for SE, SF;, and SE, respectively, equal to 4.0 cross sections of these three fragment negative ions derived
X 10719 8.8<10° 2 and 1.3 10 ?°cn?. The data of Rao from the solid lines in Fig. 25.

and Srivastava in Fig. 25 were taken off their ptdtsand

were put on an absolute scale using these peak cross section 6.1.4.F;
values. In Fig. 25 the data of Lehmann were shifted to lower
energies by 0.6 eV, as suggested by Klegteal?® Figure 26 compares the room temperature cross section

With the applied shift in the data of Lehmahif,the = measurements of Lehmant, Kline et al,?® and Rao and
agreement in the magnitude and energy dependence of ti&ivastava'® for the production of k. The F, ion is pro-
cross sections for these three ions as measured kjuced in the energy range from1l to ~14eV, and the
Lehmanri** and by Rao and Srivastaidis reasonable. The cross sections exhibit maxima near 2.2, 4.7 eV, and 11.5 eV
energy position of the maxima in the cross sections for eackiTable 26. The data of Lehmann shown here were again
of these ions as determined from the data reported bghifted to lower energy by 0.6 eV as discussed previously.
Lehmann'** Kline et al,?® and Rao and Srivastat/d are  Rao and Srivastav# gave a value of 2,810 2°cn? for the
listed in Table 26, along with similar data derived from the cross section of this ion at the maximum of the third peak at
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TABLE 27. Suggested cross sections for the formation of S6F; , SF, , 10-1 R B e B S s e —
F, , and F by dissociative electron attachment tog2#s a function of the E
electron energy. Note that the cross section units arére?
Cross section (1072 m?) —
Energy NE 10_2 |
(eV) Odasy  Odasg  Odasg Odaf; OdaF S
1.50 — — — 0.0030 — = [
2.00 — — — 0.0080 0.022 ~
2.25 — — — 0.0075 0.075 - sl
2.50 — — — 0.0060 0.149 e 107F
2.75 — — — 0.0042 0.162 [ e Lehmann (1970)
3.00 - - — 00026  0.098 I A T oy
3.50 0.0084 — — 0.0026 0.171 L Suggested .
4.00 0.0350 — — 0.0265 0.856 Al T
4.50 0.144 — — 0.0707 2.69 10°
5.00 0.457 — — 00489  4.63 o 2 4 6 8 10 12 14
5.50 0.528 — — 0.0155 4.39
6.00 0.394 — — 00038  2.78 Electron Energy (eV)
6.50 0.251 _ _ 0.0019 1.37 Fic. 27. Cross section for the formation of Foy dissociative electron
7.00 0.130 _ _ 0.0015 0.749 attachment to Sfas a function of the electron energ®) Ref. 114;(- - -)
7.50 0.0460 _ _ 0.0015 0.615 Ref. 26; (A) data from Ref. 113 adjusted upwards by a factor of 10 as
8.00 0.0084 0.0014 _ 0.0018 0.977 discussed in the tex(;—) suggested data.
8.50 0.0032  0.0046 — 0.0031 1.42
9.00 — 0.0150 — 0.0065 1.57
9.50 — 0.0330 — 0.0104 1.39
10.00 — 00510 — 0.0200 1.3 The original data of Rao and Srivasta¥afor this ion
10.25 — 00577 000019 00308 114  \yare mistakenly reported at values that were low by a factor
10.50 — 0.0640  0.00037  0.0503 1.31 262 o -
11.00 . 00750 000140 00910 510 of 10.5°° The data plotted in Fig. 27 are the original values
11.50 _ 0.0710 0.00420  0.0954 235 corrected upward by a factor of 10. The various cross section
12.00 — 0.0490 0.00760  0.0615 1.95 measurements along with a least squares fit to the three sets
E'gg - g-gﬁg 8-833 Sg g-giﬁ (1)-259 of data(solid line) are shown in Fig. 27. Values obtained
1350 _ 00031 000440 00050 0.400 from the solid line in Fig. 27 are listed in Table 27 as our
14.00 — 00008 000170 00032 0340 Suggested data for thes,e(e).
14.50 — — 0.00068  0.0018 0.310
15.00 — — 0.00028  0.0012 0.300

6.2. Total Electron Attachment Cross Section,

L o,(£), and Total Dissociative Electron Attachment
11.5 eV which is lower than the other two sets of measure- Cross Section, o ga(€)

ments by nearly a factor of 10. The solid line in Fig. 26 is

our suggested cross sectim‘ha,,:z—(s), for this ion that was In Fig. 28 are plotted the recommended or suggested cross
obtained by considering all three sets of experimental datéections for the various negative ions as determined in the
Values derived from this curve are listed in Table 27. preceding sections, namely, for SEFig. 24a)], SF; [Fig.
24(b)], SF,, SK;, and Sk (Fig. 25, F, (Fig. 26, and F
6.1.5. F- (Fig. 27. The total electron attachment cross section,

oa(¢), as represented by the sum of all these recommended

The F ion is the predominant fragment negative ion pro-or suggested cross sections is shown in Fig. 28 by the dotted
duced by dissociative electron attachment tg 8Fambient line, which overlaps with the solid line for §Fbelow
temperature at electron energies abov8 eV. Cross sec- ~1.5eV and the solid line for SFbelow ~0.2eV. Data
tions for the formation of this ion are shown in Fig. 27, andderived from the dotted line are listed in column 2 of Table
these exhibit maxima near 2.8, 5.2, 9.1, and 11.5 eV. Abov@8 as our recommended values for itig(e) of the Sk
~15eV the data of Rao and Srivast&show formation of molecule in the energy range 0.0001-15 eV. The total dis-
F~ possibly via ion-pair processes. The energy positions o$ociative electron attachment cross sectigg (<), as rep-
the maxima in the F cross section function as determined resented by the sum of the suggested dissociative electron
from the various sources and possible reaction mechanisnagtachment cross sections for all fragment negative ions, is
of formation are given in Table 26. Not included in Table 26listed in column 3 of Table 28. The values listed represent
is an early observation by Currai of F~ formation at  our suggested data for they, () of the Sk molecule. It is
~0.0eV (presumably via the reactioa+SFK—F +SF;).  seen from Fig. 28 that beyond0.3 eV, o4, (&) =0,(¢). It
None of the subsequent room temperature investigationis also seen thadry, {¢) is dominated by the formation of
identified this resonance, and the observation by Ctitfan SF; below ~1.5eV and by the formation of Fabove this
has been questioned by Fenzlaffal1*® energy.
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Fic. 28. Recommended and suggested cross sections for the formatiog fFi§F24@)], Sk [Fig. 24b)], SF, , SF;, and Sk (Fig. 29, F, (Fig. 26), and
F~ (Fig. 27 by electron attachment or dissociative attachmeént) Suggestedr,(e) (sum of all cross sections in figyre

6.3. Total Electron Attachment Rate Constant,  k,, mean electron energye)(E/N) for the Ar and Xe buffer
as a Function of E/N and () gases given by Hunteet al??® Similar data are given in
Table 30 for the N buffer gas.
Also plotted in Fig. 29 are the earlier measurements of the

Hunteret al?28 measured the total electron attachment ratéka{E/N) of SF; conducted by Gaft® in mixtures of Sk
constantk, {E/N) near 300 K in mixtures of Sfwith N,,  With N, and Ar buffer gases, and by Christophoretal,*%®
Ar, and Xe buffer gases. TH&/N range they covered for the Lakdawala and MoruzA%®> and Christophorou and
three buffer gases corresponds to the mean electron ener@atsko$®® in mixtures of Sk with N,. Christophorou and
range from~0.04 to~4.3 eV. The uncertainty in their mea- Datsko$®* reportedk, only as a function of the mean elec-
surements varies fromt5% to =15% depending on the tron energy(e). For presentation in Fig. 29, we converted
value of E/N. Hunteret al. obtained values of the rate con- their k, ((¢)) data tok,(E/N) by using the(e)(E/N) in
stants uninfluenced by changes in the electron energy distriFable 30. We deduce thé&,{E/N) of Lakdawala and
bution function of the pure buffer gases by using extremelyMoruzzf® from their measurements of/N,(E/N) in mix-
low concentrations of SHthe Sk fractional concentrations tures of Sk with N,. The data in Fig. 2 of their paper rep-
were as low as 1810 ° for N,, 1.5x10 ° for Ar, and  resent measurements for a number of 8&ncentrations in
2.2x10 % for Xe). This was achieved by extrapolating the N, ranging from 0.03% to 0.6%. We performed a least
measured electron attachment coefficiefit\,(E/N), (nor-  squares fit to all theirp/N,(E/N) data points and values
malized to the attaching gas number dendity at each from this fit were converted t&, {E/N) using the electron
value of E/N to zero Sk concentration and multiplying the drift velocities in N, given by Hunter and Christophorgti
extrapolated values of/N,(E/N) by the electron drift ve- and Weddinget al?®® The resultant values d€, (E/N) are
locity for the pure gas. The data of Huntdral. are shown in ~ plotted in Fig. 29. It is seen that although the data of
Fig. 29. In Table 29 are listed the values lof{E/N) and  Lakdawala and Moruzzi considerably expand Eié&l range
nIN4(E/N) for mixtures of Sk with Ar and Xe, along with  of the measurements, they are incompatible with the rest of
the values of the electron drift velocitw(E/N) and the the data in this buffer gas.

6.3.1. ko (E/N) in Ar, Xe, and N ,
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TaBLE 28. Suggested room temperature values of the total electron attachment cross sgdtignand the total dissociative electron attachmept, ()
for SK

Electron energy oa1(€) Ogar(€) Electron energy oa(e) Ogat(€)
(ev) (1072°m?) (107°m?) (eVv) (1072°m?) (1072°m?)
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 — 55 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
0.12 329 2.09 11.0 0.0227 0.0227
0.14 20.2 2.36 115 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

For an indirect determination of the total electron attach-each of these buffer gases. This facilitates a comparison of
ment rate constarkt, {(E/N) in pure Sk see Table 37 in Sec. the measurements made in different buffer gases. In Fig. 30
7.1. are plotted thek, ((e)) for SFs based on the measurements

of k, (E/N) made at room temperature in the buffer gases
6.3.2. ka:((€)) NZ'108,225,228,264Ar,225,228Xe’228 and also GH,. 108 The uncer-

Since the electron energy distribution can be calculated a@inty in these data is likely to vary from:5% to +15%
a function ofE/N for Ar, Xe, and N, one can determine the depending orE/N. Differences in thek, ((e)) values mea-
total electron attachment rate constant as a function of theured in the various buffer gases may reflect differences in
mean electron energyk,{((¢)), from measurements of the electron energy distribution functiori{e,E/N) and
ko {E/N) for SF; in low-concentration mixtures of Rwith hence the mean electron energies. This may be especially
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TasLE 29. Values ofk,(E/N), and /N, (E/N) for Sk measured in the buffer gases Ar and Xe by Humteal. (Ref. 228, and values ofv (E/N), and
(€) (E/N) for these buffer gases as reported by Humeteal. (Ref. 228

SRy /Ar SF,/Xe

E/N (&) n/Ny w Kat (&) 7N, w Kat
(100Yv em?) GY) (10~ Bcn?) (1 cms?) (10 7cemPs ™Y (ev) (10" *?cn) (10cms™ (107 cmPs™

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 394 0.0554 218

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 111 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

0.50 172 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

1.09 2.49 0.0656 3.020 0.0192

1.24 2.65 0.0581 3.120 0.0176

155 2.95 0.0473 3.290 0.0154

1.86 3.22 0.0403 3.450 0.0137

217 348 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

#Data beyond thi€/N value were taken with anothénigher pressupeelectron swarm apparatus. The rest of the measurements were made using a pulsed
Townsend technique.

true in the case of the Xe data since the cross sections for thi~ L B L L S AL S R |

buffer gas are not as well establishésee below. The | x0ac0%00 @ @8 |
(e)(EIN) values for the buffer gas ethylene are those . * I,
determined from (e)(E/N)=3/2(eD;/u)(E/N), where 100F ", x g%;
D+/u(E/N) is the ratio of the lateral electron diffusion co- 5 LY
efficient to electron mobility as a function &/N for this 0 i 'u.. x
gas. e 3 4
In Fig. 30 are also plotted thie, ((&)) for Sk measured N SFeinAr s,
at room temperature in a Xe buffer gas by Shimamori © "-.
et al?®” using a pulse-radiolysis microwave cavity technique. :; 1071 o Honter 1989)
The calibration of the mean electron energy in this study was ~F i x E::IZiiliiii
made by analyzing the time profile of the microwave con- [ gz:f‘(j‘;';‘;’;““"”)
ductivity signals for “thermalized” electrons produced by o Gant{1976)
pulsed x-rays in gaseous Xe and assuming a Maxwelliar X f:;:::f;;’("‘ggjg5)
form for f(e,E/N). The data of Shimamot al. obtained 102 A T I ST R
from measurements in a Xe buffer gas disagree with the dat: 0.01 0.1 1 10 100 1000
of Hunter et al??® obtained using the same buffer gas, and
are not in good overall agreement with the other electron E/N (10'18 \Y cm2)

swarm data. This may indicate that the electron energy dis- ol o function of

tribution functions in Xe as assumed by Shimanegral.and 76 29- Total electron attachment rate constég{(E/N), as a function o
. R E/N for SR; measured in mixtures with various buffer gases-N®) Ref.

as determined by Huntet al. are different, and both are less 2g: (w) Ref. 108;(0) Ref. 225:(# ) Ref. 263:;(C]) Ref. 264. Ar —(H) Ref.

accurate than those for the, ldnd Ar buffer gases. 228; (M) Ref. 225. Xe —(X) Ref. 228.
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TasLE 30. Values ok, (E/N) and /N, (E/N) for SF; measured in the buffer gas,My Hunteret al. (Ref.
228, and values ofv (E/N), and{e) (E/N) for this buffer gas as reported by Hunttr al. (Ref. 228

SRy /N,
E/N (&) 7Ny w Kat
(107Y7V cnd) (eV) (10" Bcn?) (10 cms?) (1077 cm®s ™Y
0.0311 0.0403 21.2 1.07 2.27
0.0466 0.0433 14.9 1.49 2.22
0.0621 0.0466 11.9 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

Also plotted in Fig. 30 is the recommended value (2.25shown in Fig. 30 by the same symbgt), although they
X 10" " cmPs 1) of the thermal value K ), (T~300K), of  involve a number of studies and various Rydberg atoms:
the electron attachment rate constéds¢e Table 32, Sec. Xe*(nf) (Refs. 237 and 238 Rb*(ns,nd) (Ref. 241,
6.3.3. K*(nd) (Refs. 242 and 245K* (np) (Ref. 248, Na* (np)
Besides the measurements kf((¢)) made using the (Ref. 244, and Né&(ns,nd) (Ref. 234. They refer to the
electron swarm method, there have been a number of oth@roduction of SE and are consistent with the electron
measurements of this quantity using the laser-photoelectrorswarm measurements only for langeralues(small values of
attachment and the high-Rydberg-atom methods which havg)). The k,,{(¢)) becomes progressively smaller than
extended the values df, ((e)) for SF; down to theueV  k,((e)) as the value oh decreases, that is, as the energy
range. The results of these methods dealing with the electraincreases for the reasons discussed in Sec. 6.1.
attachment cross section for the formation of Sfave been We performed a least squares fit to only the swarm data in
discussed earlier in Sec. 6.1. Most of the rate-constant me#&ig. 30, excluding the measurements in the Xe buffer and
surements involving high-Rydberg atoms are normally giveralso those in gH,, and required the fit to agree with the
in terms of the dependence of the rate constant on the pritfecommended thermal value (2230 ‘cm’s ™) of
cipal quantum numben or the effective principal quantum k,((e)). This fit is shown by the solid line in Fig. 30, and
numbern* of the Rydberg atom involvedsee Fig. 28  recommended values & ((¢)) in the energy range from
However, the bound-electron attachment rate constanf).038 to 4.0 eV obtained from this fit are listed in Table 31.
Kapd(e)), can be expressed as a function of the average
kinetic energy of the Rydberg electron which is given by
R/n? or R/n*z, whereR is the Rydberg constar(i3.6 eV) 6.3.3. Thermal Value, (k,) , of the Total Electron Attachment
(see discussion in Sec. 6.1ln Fig. 30 are plotted the Rate Constant
ka((e)) data of Klaret al**? using the laser-photoelectron-
attachment technique and the data of a number of investiga- Many measurements have been made of this quantity
tors using the high-Rydberg-atom method. All data on thewhich vary significantly. They are summarized in Table 32.
bound-electron attachment rate constarkg,d{(¢)), are The most reliable data lie between 220 7 and 2.3
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i 1 ) LU I | | I LI I 1 1 | LI I ) ) ]
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P~ '“~t.‘:. - =+ .#_# t i ﬁ*"’*:- -
| T + N
~~~~~~~ +*§H§-

i e  Christophorou (1971) - N,
Christophorou (1971) - C,H,

»

s Gant (1976) - N, P

L« Gant(1976) - Ar . .
v Hunter (1989) - N,

4L ° Hunter (1989) - Ar . ]
1 0 - a2  Hunter (1989) - Xe N ]
N o Christophorou (1995) - N, ]
- ¢ Shimamori (1992) - Xe 1
[ ---- Klar (1992) - LPA )
i + High Rydberg atom measurements ]
B = (ka.t)th * 7]

—— Recommended

L 1 IIIIIII { 1 IlIIIII 1 1 IIIIIII 1 1

0.001 0.01 0.1 1
Mean Electron Energy (eV)

Fic. 30. Total electron attachment rate constégt((e)), for SK; as a function of the mean electron enefgy. For the electron swarm data, measurements
were made in the buffer gases indicated in the legend. Electron swarm measuré@griik) Ref. 108;(H), (#) Ref. 225;(V¥), (O), (A) Ref. 228;(0J) Ref.
264, (<) Ref. 267;(®) Recommended value ok{,,. Laser photoelectron attachment measureménts) Ref. 152. High-Rydberg-atom measurements:
(+), this same symbol was used for data from all of the following sources: ¥ eatin Ref. 237[ Xe* (nf)]; Foltzet al.in Ref. 238 Xe*(nf)]; Zollars

et al.in Ref. 241[Rb* (ns,nd)]; Zollarset al.in Ref. 242[K* (nd)]; Beterovet al.in Ref. 244[Na* (np)]; Zhenget al.in Ref. 245[K* (nd)]; Harthet al.

in Ref. 234[Ne* (ns,nd)]; and Linget al. in Ref. 248[K* (np)]. The recommended values kf,({¢)) are shown by the solid line.

x 10 "cm®s L. The average of the ten values in this rangeTasie 31. Recommended values for the total electron attachment rate con-

is 2.25x 10" " cm®s ! which is our recommended value.  stantka((e)), of SF; as a function of the mean electron enetgy
(&) kat((€)) (e) kat((€))
6.4. Effect of Temperature on Electron Attachment eV) (10 “cenPs Y (eV) (10 "cmPs Y
to SFgq
0.038 2.25 0.5 0.241
6.4.1. Effect of Temperature on the Production of SF 5 from SF ¢ 0.04 2.20 0.6 0.181
0.05 2.05 0.7 0.135

In Fig. 31 are shown the relative cross section measure-
ments of Chen and Chantfy for the production of SF 0.06 1.88 0.8 0.103
0.07 1.74 0.9 0.0833

from Sk at temperatures ranging from 300 to 880 K. Two 0.08

t _ 1.62 1.0 0.0721
peaks are seen in the energy dependence of the production of 59 151 15 0.0406
Sk, one at~0.0eV sqd the otherlgt near 0.38 eV. Thﬁ 010 141 20 0.0268
near-zero-energy peak is veryﬁgngtl\{e to tempgraturg, as ;15 1.04 25 0.0197
an activation energy of-0.2 eV, and is due to dissocia- 0.20 0.801 2.0 0.0154
tive electron attachment to “hot” SFmolecules, i.e., due to
L 0.25 0.622 3.5 0.0125

attachment of near-zero-energy electrons to vibrational/

. ) ) 0.30 0.487 4.0 0.0104
rotational states of SHying at energies 0.2 eV above the 0.40 0.327

molecular ground state
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TasLe 32. Thermal T=295-300K) values K, ), of the total electron 1000¢F N A B B Mt N S
attachment rate constant for SF F ’,’\\GSOK SF./SF
r IN——T40K 5776 1
(Kadn i iy
(10 7cm?s™Y Reference c l,"r’/\ll,_ 607 K
I o
0.385 198 2 i
2.06+0.08 268 g 100F \("\\” 00k =
2.13+0.04 269 7)) S ]
2.2 270 0
2.2+0.1 27 8 I
2.20 272 I5)
2.27+0.07 254 s
2.24+0.15 256 2
2.27+0.09 256 © 10F E
2.3 273 ) C
2.3+0.2 267 o
2.25+0.2 228
2.30£0.1 228
2.41 274
2.5 275 1 Ly N
2.6 276
2.70 108 0 0.5 1
2.78 108
g i Electron Energy (eV)
2.8+0.3 278

Fic. 31. Temperature dependence of the relative cross section for the for-

. 219 mation of SE by electron impact on SHdata of Chen and Chantry from
3.1+0.47 280 Ref. 11

—7 31 er. O
2.25X10°" cm®s Recommended value

tionally excited Sk molecules, SF, and observed the pro-
duction of SE from electron impact on SFas a function of
9 the electron energy, viz.

N(hv)jasert SFs— (SR ) jaser followed by (SF)jasert €

SR (v,r=0.2eV)+e(~0eV)—SF +F.

The 0.38 eV peak is broad, insensitive to temperature _
variation, and results from the capture0.38 eV electrons — (SFy)jasert F- (12)
by unexcited Sf molecules reaching the lowest repulsive Chen and Chantry found that the production of; SfFom
negative ion state of §F that is, due to the reaction electron impact on SFis enhanced and that this infrared
enhancement of SFproduction is different for thé’S and
SFy(v=0)+e(~0.38eV)—SK +F (100 **s isotopes. Thus, the formation of SRvas found to be
radiation-wavelength dependent. With the 936.856tm
(see, however, Refs. 259 and 28it is interesting to observe CO, line the *SF; enhancement was optimized and the
that in spite of this large increase in the formation of;SF **SF, was unaffected. With the 920.810 cMCO, laser line
from SF; with increasingT, the total electron attachment the 3*SK; line was optimized and th&SF, was unaffected.
rate constant and cross section at near-zero-electron energjis isotopic specificity is an illustration of possible isotope
(Sec. 6.4.2is independent off. This may imply that at separation processes using knowledge of low-energy
~0.0eV, the formation of SFin electron beam experiments electron—molecule reactions. It is consistent with the earlier
where the SE* is not stabilized by collision or radiation observations of Beteroet al?®? and Beterov and Fatey&
prior to its detection, decreases with Indeed, such a de- of optogalvanic effects when they used a Q&ser to vibra-
crease has been obser#€dnd would be consistent with the tionally excite Sk molecules (see also Avrillier and
decrease in the autodetachment lifetime of SFwith in-  Schermantf¥).
creasing internal energy of the transient afiohirhe data in
Fig. 31 can be put on an absolute scale by considering the®-
magnitude of the cross section for the production of $F
0.38 eV at room temperature. A valueef3.8x 10 6cn? is In Table 33 are listed the thermal valuegg )y, of the
suggested from Fig. Z8) and Table 25. total electron attachment rate constant fog 85 a function
The strong increase of the cross section for the productioof gas temperatur?8198.256.272273.2771.283 |though the data
of SK; from SFK; with increasing vibrational excitation en- listed in Table 33 showl ), to be virtually constant foi
ergy of the Sg molecule has led Chen and Chaftfto  between about 300 and 600 K, the more recent measure-
anticipate that the zero-energy peak in Fig. 31 could be phoments of Le Garreet al?’’ below room temperature indicate
toenhanced. Thus, they used specific lines from g [@€er  a small increase with increasing in the low-temperature
to produce(via n-photon absorption processesz 1) vibra-  range they investigateldee Table 33 and Fig. 83].

4.2. Effect of Temperature on the Total Electron Attachment
Rate Constant, k,.({€),T)
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TaBLE 33. Variation with temperature of the thermal electron attachment 5 — T T T T T T T 1
rate constant,k )y, of SFs | (a) -
(Kadth Temperature o;“’ 4r -
(1077 cm’s™h (K) Referenceés) g
~ | [ ] v
2.70 298-418 108, 198 9 3t . v, i
2.20 293-523 272 ~ v
£ < - v

3.10 205 280 = oI .
3.10 300 < °
4.50 455 [ o0 o
4.00 590 T e T R
2.27 204 256 0 100 200 300 400 500 600
2.20 500 Temperature (K)
2.30 300 273
2.60 329 1.0 ot
2.80 362 I
3.10 411 = 0.8 7
2.80 449 mtn 3
2.70 498 £ 06 s
2.20 545 N i
1.41 49 277 2 o04r .
1.44 85 = N
1.42 126 X 02F i
1.65 162 )
1.73 174 ) , ) | ) | ) | ) |
2.77 304 0.0

0 02 04 06 08 1

Mean Electron Energy (eV)

Consistent with the finding that the thermal electron at-gg 32 (a)variation of the rate constant for electron attachment tg &F
tachment rate constant for §F5 independent off for tem-  thermal electron energies with gas temperatsee Table 38 (---) Refs.
peratures a few hundred degrees above ambient, are the @8, 198;(— -) Ref. 256;(¥) Ref. 273;(O) Ref. 277;(H) Ref. 280;(®)

sults of a beam stu3§2 which showed the energy-integrated Ref. 27_2.(b) Variation of the rate cc_)nstant for electron attachment tp&F
a function of mean electron energies for a range of temperatures. The data

total electron ‘?‘ttaChmen.t cross SeCtion.at therf@atl near- e those of Christophorou and Datskos from Ref. 264 taken for mixtures of
therma) energies to be independent ©fin the range from  sE; in N, buffer gas.

300 to 1200 K. Interestingly, the temperature independence

of the total rate of electron attachment togS& evident for

mean energies up to at least 1 eV as can be seen from thge of the electron attachment rate constant asEthé (or
data in Fig. 32b).2%42 ()) decreases toward zef®igs. 29 and 3f, and for the
6.5. Density-Reduced Electron Attachment measurements of Siddaga_n%appalz.z_gg'ZBgThe solid line in
Coefficient, 5/ N(E/N) Fig. 33 up toE/N=450x 1Q ch_ is a least squares fit to
all the data except those just mentionedischwandetf® re-
There have been at least 17 room-temperat@83—298 ported two values of)/N at each value oE/N for which he
K) measurements of #»/N(E/N) in  pure made measurements below 2480 "V cm?. In Fig. 33 are
Sk, 26:175:177.178,180-186.188,189.286-28(;er g period of 40 yr, only plotted the lower set of values since these are consistent
normally at highE/N to avoid the difficulty arising from the with the other available measuremeptfor E/N values
strong electron attachment at lo®/N. They mostly em- above 4510 Y'Vcm? we prefer the data of
ployed the steady-state Townsend or the pulsed-Townsensischwandert®®®® as opposed to the other diverging
methods. The more recent time-resolved measuring tectuatal®0-182184189.2%\schwanden’s data are more consistent
niques provided an improvement over the traditionalwith the values(broken line in Fig. 3B of 5»/N(E/N) we
avalanche-shape method. All determinations except that aibtained from a/N(E/N)—[(a— n)/N(E/N)] using our
Kline et al?® assumed that electron detachment is negligibleecommended values fora/N(E/N) (Fig. 17 and
in these measurements and this is a reasonablex— 7)/N(E/N) (Fig. 34). Values obtained from the solid
assumptiofP' 18929} (see also Sec.)8 line in Fig. 33 are listed in Table 34 as our recommended
The experimental results obtained by these methods analues for then/N(E/N) of SK;.
shown in Fig. 33. Their quoted uncertainties range from It should be noted that there have been a number of cal-
+5% to =15%, but clearly some of the data diverge con-culations of then/N(E/N) of SK; using Boltzmann and
siderably more than this. For instance, this is the case for thklonte Carlo codege.g., see Refs. 11, 26—28, 30-34, 38, 40,
lowest five data points of McAffee and Edelé8t{theirE/N 41, and 44 These, however, are not discussed here.
dependence is inconsistent with the well-established steep Finally, it should be pointed out that one can determine
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O  Geballe (1955) N
e  Bhalla (1962) 7]
A  McAfee (1963)

4  Boyd (1971)

w  Teich (1972)

o  Maller (1976)

¢  Kline (1979)

¢ Raju (1982)

%  Shimozuma (1982) -
+

v

v

X

]

»

®

=

120
100

80__“‘;

Siddagangappa (1982) _
Aschwanden (1984,1985) -
Siddagangappa (1984) -
Fréchette (1986) —
de Urquijo (1986) n
Hayashi (1987) N
Hasegawa (1988) N
Qiu (1994) ]
- o/N- (o-n)/N - see text
Suggested

60

n/N (10718 cm?)

40 v

20

0 200 400 600 800 1000
E/N (1077 V cm?)

Fic. 33. Measured density-reduced electron attachment coeffigjéNt(E/N), for SK;: (O) Ref. 175;(®) Ref. 177;(A) Ref. 286;(A) Ref. 178;(H) Ref.
184;(0) Ref. 180;(#) Ref. 26;(<¢) Ref. 287;(*) Ref. 181;(+) Ref. 288;(V¥) Refs. 185 and 186V) Ref. 289;(X) Ref. 290; () Ref. 188;(») Ref. 182;
(®) Ref. 189;(X) Ref. 183;(---) (a/N)—(a— 75)/N (see text (—) suggested.

values of7/N,(E/N) [whereN, refers to the SfFgas number (a—7)/N(E/N)=0 gives a so-called critical value,
density in a mixture with a buffer gas of density (N (E/N)¢, of E/N (the value ofE/N at which 7/N=a/N) of
>Na)] for SF in various buffer gase@,, Ar, Xe) fromthe  (359.3:3)x 10 *'Vcm?

electron-attachment-rate constant data presented in Sec. 6.3For E/N>4000x 10 'V cm? there is only one set of

by making use of thav(E/N) values in the corresponding Measurements, namely, that of Hasegawal.'* made us-
buffer gases(Tables 29 and 30 Furthermore, if the ing the steady-state Townsend method. As discussed previ-
(e)(EIN) is known (as in the measurements gfN(E/N)

for SF; in N,, Ar, and Xe buffer gases by Huntet al?%9),
values 0f77/Na(<8>) can be obtained. TasLE 34. Recommended values of the density-reduced electron attachment
coefficientn/N (E/N) for SK; as a function oE/N

E/N 7IN (EIN) E/N 7IN (EIN)

6.6. Density-Reduced Effective lonization (10- 7'V em?) (10~ Bem) (10- 7'V em?) (10~ Ben)

Coefficient, (a— n)/ N(E/N)

75 126 450 26.3

The data from direct experimental measurements of 100 87 500 24.5
the density-reduced effective ionization coefficient, 15(5) ggo 56(5)% %-3
(a_ 77)/N(.E/N).,26,175,1-77,178,181,1-83,185,186,189,287,290,.292 é% p 51:7 e50 18:6
compared in Fig. 34Fig. 34b) is an expanded view of a 200 16.8 700 16.4
portion of Fig. 34a)]. The solid line in Fig. 34 represents our 225 43.3 750 14.3
recommended data fora—7n)/N(E/N) up to an E/N 250 40.1 800 12.2
=4000x 10" "V cm?, based upon a fit to all of the available 300 34.8 850 10.2
data. Values obtained from this line are listed in Table 35. igg gé'g 900 8.06

Analysis of the data in Fig. 34 in the region near where
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Fic. 34. (a) Measured density-reduced effective ionization coefficieat; ¢7)/N (E/N), for SK;, (b) an expanded portion of Fig. 8%: (®) Ref. 175;(A)
Ref. 177;(M) Ref. 178;(¢) Ref. 295;(V¥) Ref. 292;(O) Ref. 26;(A) Ref. 287;(00) Ref. 181;(¢) Ref. 185;(®) Ref. 186;(V) Ref. 290;(+) Ref. 189;(X)

(o-n)/N (1078 cm?)

(o-n)/N (1078 cm?)

L. G. CHRISTOPHOROU AND J. K. OLTHOFF

800

600 [

400

200 [

¥ X + 4 00 0 « ¢ 0 » O

I ¥ | | I

Geballe (1955)
Bhalla (1962)
Boyd (1971)
Teich (1974)
Itoh (1979)
Kline (1979)
Raju (1982)
Shimozuma (1982)
Aschwanden (1984)
Aschwanden (1985)
Fréchette (1986)
Hasegawa (1988)
Qiu (1994)
Xiao (1999)
Recommended

200

300

400 500

E/N (1077 V cm?)

Ref. 183;(*) Ref. 293;(—) recommended. The dotted vertical line in Fig(l34shows E/N),=(359.3+3)x 10 7V cm?

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



ELECTRON INTERACTIONS WITH SFg

317

TaBLE 35. Recommended values of the density-reduced effective ionizatiomaBLE 36. Recommended, suggested, and deduced values of the electron

coefficient (@— »7)/N (E/N) for SK; as a function ofE/N

drift velocity w (E/N) for SF; (see texk

E/N (a—7)IN (E/N) E/N (a—7)IN (E/N) E/N w (E/N) E/N w (E/N)
(107Y"V cm?) (10 *8cnv) (107Y"V cn?) (1078 cn?) (107YVemd) (10° cmis) (107YVemd) (10° cmis)
200 -55.3 800 110 0 [0.07 650 317
250 -32.8 850 122 25 [4.1] 700 33.4
300 -16.1 900 132 50 [6.8] 750 35.1
350 ~2.43 950 143 100 [10.2 800 36.8
400 10.9 1000 154 150 [12.1] 850 38.5
450 25.8 1250 204 200 (135 900 40.1
500 39.3 1500 250 250 [15.6] 950 41.8
550 51.9 2000 338 275 17.6 1000 43.4
600 63.8 2500 413 300 18.3 1500 (58.3°
650 75.2 3000 478 350 20.5 2000 (71.7)
700 87.0 3500 531 400 22.6 2500 (83.9
750 98.8 4000 578 450 24.6 3000 (95.4
500 26.4 3500 (106.3
550 28.2 4000 (116.8
600 30.0

ously, the values
E/N>4000x 10"’
yashi and Wang®?

Finally,
(a— n)/N(E/N) in
by Hilmert et al 2%

of Hasegawet al®® of (a— 7)/N for
V cm? agree with thex/N values of Ha-

mixtures of Sk with Xe have been made
and Xiaoet al?%” Similar measurements

have also been made by Qiu and Xi&in mixtures of Sk

with Ar and Kr, and by Xiaoet a

with Ne.

12%% in mixtures of Sk

7. Electron Transport in SF 4

7.1. Electron Drift Velocity,

w(E/IN)

The experimental dat8p:186:293:294.298-304 \y(E/N) for

SK; are plotted in Fig. 35. These measurements were taken

“room temperature” (~293-300 K and generally at high
values ofE/N. The reported uncertainties range frenl %

to 15%, as evidenced by the uncertaintyZ015% reported
by Harris and JoneS? +5% claimed by Naidu and

T Ta
ol Harris (1971) » a
10°[ A Sangi(1971) Ve v
s Naidu (1972) /“v v

v Branston (1973) A/ v

0 de Urquijo (1980) 25

a Aschwanden (1984, 1985)) e
o +  Nakamura (1988) Vil
E ° Xiao (1999) v
o v Lisovskiy {1999)
© Recommended
(@] ——— Suggested
—
e
2

a ©
a A4
. ‘. o °
101 ~ < |
° I
100 1000

E/N (10777 V cm?)

Fic. 35. Electron drift velocityw (E/N), in SF;: (@) Ref. 298;(A) Ref.
299; (- - - ) Ref. 300;(V¥) Ref. 301;(O) Ref. 302;(A) Refs. 185 and 186;
(+) Ref. 303;(¢) Ref. 293;(V) Ref. 304;(—) recommended values.

3/alues in square brackets are deduced from available(datatext
PRecommended values.
“Values in parenthesis are suggested data based upon the measurements of

it should be noted that measurements of Aschwander(Ref. 186.

Prasad® and the very low uncertainty of 0.5% quoted by
Aschwandert® In general, the lower thE/N, the higher the
expected uncertainty.

In the E/N range between~250x10 " and ~600
X 10"V ecm?, the data are more consistent than in the low
E/N region. The solid line in Fig. 35 represents a fit to all
measurements in theéE/N range of 25610 *’—1000
x10 YV em? except those of Branstofft Naidu and
Prasad® and Xiao et al?®3?% The reason for excluding
ﬁ%ese three sets of measurements is because the first two do
not show the correct dependence of the electron drift velocity
on E/N, 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
thew(E/N) in SK.

Above E/N=1000x 10" ¥V cm?, there are only two sets
of measurements, namely, those of Aschwahtfeand those
of Lisovskiy and Yegorenkot?* The 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 lowEfN, we choose his
data as our suggested values wfE/N) for E/N>1000
X 10”7V cm?. 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 velocityw(E/N) in Sk at low E/N. The data
of Harris and Jonég® are not direct measurements, but
rather values based on an empirical formula they deduced
from their measurements. The valuesvofat low E/N are
difficult to measure because the strong electron attachment at
low E/N 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®® Unfortunately, there are no calculated
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VT T T T T TaBLE 37. Assessed values ofy/N (E/N) and w (E/N), and their
e Hans (1071) " g product—total electron attachment rate constayy(E/N)—for pure Sk
251 ; jearl‘j;:q(:ijs:::%o) . AOA o 1 (See IEX)Z
a Aschwanden (1984, 1985) - ;A A R o ]
= 0L - Hetem L ; E/N w (E/N) 7IN (E/N) Kag (E/N)
E |- i C (0YVvem)  (1Fems?Y) (10 %cn?) (10 ZenPs)
[&] -’
o 15[ ] P ] 100 10.2 87.0 887
= o ® ] 150 12.1 58.0 702
SR 1] P A . 200 135 46.8 632
oo 250 15.6 40.1 626
5F ¥ . 300 18.3 34.8 637
] 350 205 316 648
ol 400 22.6 28.3 440
0 100 200 300 400 500 600 450 24.6 26.3 647
47 5 500 26.4 245 647
E/N (1077 V cm®) 550 28.2 22.6 637
_ ) ) 600 30.0 20.7 621
Fic. 36. Electron drift velocityw (E/N), in SF; at low E/N (see text (@) 650 31.7 18.6 590

Ref. 298;(A) Ref. 299;(O) Ref. 302;(A) Refs. 185 and 184;+) Ref. 303;
(¢) Ref. 293;(—) recommended values from Fig. 35; -) deduced values
for low E/N.

D+/u(E/N) data in Sec. 7.2Fig. 37). From these data, the
values ofw(E/N) at low E/N either. Calculations using the characteristic energy in gHs estimated to be 7.4 eV at
Boltzmann transport equation or the Monte Carlo methodE/N=400x10"'" Vcm? and 8.6 eV atE/N=650x 10"
(e.g., Refs. 11, 26, 27, 30-32, 34, 38—41, 44, and 306 Vcn.
not extend to lowe/N. However, in an effort to provide an
estimate of thew(E/N) in Sk at low E/N, we have fit a
curve to the limited data below 36010~ 17V cm?, requiring 7.2. Transverse Electron Diffusion Coefficient to
that the fitted curve goes through the origin sive¢E/N) Electron Mobility Ratio, Dr/u(E/N)
=0 atE/N=0. This fit is shown by the broken line in Fig.
36, and values from the broken curve are preseriied
bracket$ in Table 36 as our deduced values fofE/N) for

In Fig. 37 are plotted the values &f;/u(E/N) as mea-
sured by Naidu and Pras®8at 293 K. These are the mean
values of a number of measurements made at a pressure of

—17 2001 : ;
E/NﬁZS_OXdlct)h t\f/cm Im tl|eu of dtl_rect measuremr?nt;.dg;s 0.27 kPa. Also plotted in Fig. 37 are similar subsequent mea-
emphasized that for electronegative gases, such g surements made by Maller and Naifiialong with their

mthh tlhe (cajlectronthattachlmianttcross sec.tlontls vgr)f/. 'ifge %Edicated errors. The two sets of measurements are consistent
ermal and near thermal electron energies, the Gelintion Qi aach other. A fit to the most recent data is shown by the

electron drift velocity becomes questionable in BN re- solid line in the figure and is listed in Table 38 as our pres-

gion where the majority of electrons are attached prior to
; o ently suggested values of tie / w(E/N) for SF;. They can
reaching a steady-state electron energy distribution. y sugg val “ ) 6 y

> be used to determine the characteristic energy 33 ,
Now that we have been able to obtain independent valu 9y W2 ()

e . .
of 7/N(E/N) andw(E/N), we can determine their product, Sf electrons in Sk gas as a function oE/N. Calculated
n/N(E/N) Xw(E/N), which represents the total electron at-
tachment rate constark, (E/N), for SF; as a function of
E/N in pure Sk. 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 enekgy(e)), 6'_
in various buffer gases is a unique function of the mean
electron energy(see Fig. 30 one may infer that the rate
constantk, ; measured in a buffer gas A has the same mag-
nitude as measured in a buffer gas B, whenEh¥ values in ) i
A and B are such that the mean electron energies in the two o Naidu (1972) ]
buffer gases are the same. From such considerations, we in- 4r P e 1
fer from the data in Table 37 and Fig. 30, that the mean
electron energy in pure GFat E/N=100x10 Y"Vcm? is N N
~4.5eV. Unfortunately, the data in Table 37 do not extend
to sufficiently lowE/N to allow determination ofe) for SF; 300 400 500 600 700
at E/N<100x 10 Y’V cm? An estimate of the mean elec- E/N (1077 V cm?)
tron zenergles at 35010 1_7 ch2<E/N<7OOX 107 Fic. 37. Transverse electron diffusion coefficient to electron mobility ratio
Vem*® can be made by considering the values of the characss a function of/N, D1/ (E/N), for SF: (- - -) Ref. 300;(®) Ref. 307;
teristic electron energy3/2(eDy/w)] inferred from the (—) suggested values.

s
2

T
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TaBLE 38. Suggested values of the transverse electron diffusion coefficienTaBLe 39. Suggested values of the product of the gas number density and

to electron mobility ratioD+/u (E/N) for SKs the longitudinal electron diffusion coefficieltD, (E/N) for SF;
E/N D+/u (E/N) E/N D+/u (E/N) E/N ND, (E/N) E/N ND, (E/N)
(107YVvemd) (V) (107YV emd) (V) (10Yvem?)  (10*m's) (10 Tvem?d)  (10m7tsT

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

values ofD+/uw(E/N) for SK; using Boltzmann code analy-
sis or the Monte Carlo method can be found in Refs. 11,

26-28, 30—32, 34, 39-41, 43, and 44. SK;, ¥, or from SK* or SK; by an applied electric field, or
by heat, or by collision with photons, electrons, or neutral
7.3. Product of Gas Number Density and species. In this section we briefly elaborate on the autode-
Longitudinal Electron Diffusion Coefficient, tachment of SE* and summarize pertinent findings on ther-
ND,(EIN) mally induced detachment, photodetachment, and collisional

detachment of S (see, also, Refs. 14, 202, 308, and 309
There are three sets of measurem&nt$®2% of this

quantity which are plotted in Fig. 38. Two of these are by

Aschwandetf>'8 and have uncertainties as shown by the

error bars in the figure. The other set of mesurements is by 8.1. Autodetachment
Xiao et al*** who state no uncertainties. The solid line in A< shown in the previous section, low-energy free elec-
Fig. 38 represents a fit to the three data sets, and values fro

tfons attach very efficiently to the gFnolecule forming
this fit are listed in Table 39 as our suggested data for th F,* parent anions. The initially produced isolated;3F

ND,(E/N) of SK. Calculated values of the longitudinal arent jon is long lived, but metastable. Its mean lfetime

electron diffusion coefficienb, (or ND, or D /u) using a toward autodetachment, that is, for the process
Boltzmann code analysis or the Monte Carlo method can be

found in Refs. 27, 39-41, 43, and 44. SK*—SH*) +e (12)
8. Autodetachment, Thermally Induced is>1 us. Proces$l2) is a function of the internal energy of
Detachment. Photodetachment the unstable SF* .22 Alternatively, the unstable SF spe-

and Collisional Detachment of SF - cies can be easily stabilized by collision

SFK; * + collision— SF; +energy (13
Electron detachment from §FHons is an important pro- o ' o
cess of basic and applied interest. It can be induced via and/or by emission of infrared radiatidr

number of ways, for instance, automatically from unstable .
SK;* —SF; +hw. (14

o 8.2. Thermally Induced Detachment

Aschwanden (1984)
. Sechen 1385 The possible effect of temperature on electron detachment
Suggested . from stabilized SE ions has recently been investigated by

[ } \ \ ‘ | Christophorou and collaborato?¥:?® These studies have

O«e

shown that when the gas temperature was raised from 300 to
~600K, thermally enhanced electron detachment is ob-
served for such negative ions agHg andc-C4F; , but not

for SF; , that is, not for the reaction

ND,_ (10**m™ s™")
w
T

SF; + heat>SKs+e. (15

0 200 400 600 800 1000 This may be related to the relatively larger electron affinity
E/N (1077 V cm?) of the Sk molecule(1.06 eV, Table bcompared to those of
s 4 values of the orod N of th X the other two molecules<(0.5 eV) 26428531050, the ener-
g'e' 38. Measured values of the produbtD, (E/N), of the gas number oo oayy stapilized SE ion does not detach in collisions
ensityN and the longitudinal electron diffusion coefficieD{ as a func- ) . .
tion of E/N for Sy (®) Ref. 185;(V) Ref. 186;(C) Ref. 293;(—) sug- with SF; for collision energies less than 90 eV (see Refs.
gested values. 311 and 312, and Sec. 8.4
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T TasLE 40. Suggested values of the photodetachment cross secgfi¢hv)
3r ¢ 7 of SK; as a function of photon energylata of Datskot al. obtained by
r 1 digitizing Fig. 4 of Ref. 318
. Mock (1991)
A Datskos (1995)
O I 1 Photon energy opq(hv) Photon energy opq (hv)
5 2f . 1 ev) (10 e ev) (10 e
© L . g
© . ] 3.18 0.013 3.35 0.492
1_-_; L . j 3.20 0.042 3.37 0.530
= 1 .« } . 3.22 0.070 3.40 0.638
. - f 3.24 0.152 3.42 0.725
“ ] 3.26 0.205 3.44 0.825
L A ] 3.28 0.211 3.45 0.983
0 S£ L 3.30 0.313 3.46 1.02
3 35 4 4.5 3.33 0.366
hv (eV)

Fic. 39. Photodetachment cross sectiop, (hv), for SF; as a function of  measured and used to determine the cross see@gmy)
the photon energhv: (@) Ref. 314;(A) Ref. 318. (see Refs. 315, 316, and 318 for details
In Fig. 39 are shown the data for the photodetachment
cross sectionrpy(hv) for the reaction

SK;, +hv—SFKs+e, (16)

8.3. Photodetachment 318

obtained by Datskost al.>*° using this technique, along with

The first attempt to investigate the photodetachment protypical associated errors. They show that the photodetach-
cess in SF was made by Drzaic and Brauntdi°who re-  ment cross section has a thresh@lé., a vertical detachment
ported observation of electron detachment from gas-phasenergy at 3.16 eV which is about three times the size of the
SF; induced by IR multiphoton absorption. However, they electron affinity of the SfFmolecule. The cross section in-
did not observe photodetachment of ;Skvith “visible creases from a zero value at the threshold +d.0
light.” According to Hay®* Freiser and Beaucharfii ob-  x 10 '8cn? at a photon energy of 3.46 eV. The small size of
served a monotonically increasing photodetachment signal @he measured cross section(hv) has been attributed to
wavelengths shorter than 350 (8155 e\j, but were unable the large relaxation in the equilibrium internuclear positions
to detect photodetachment from Sfelow 370-380 nm  of SF; compared to SE**?*1318With the exception of the
(3.25-3.35 eV. Following these initial investigations, new lowest two data points of Mock and Grimsrydhich are
photodetachment methotd$38enabled a quantitative mea- considered uncertain due to the low sensitivity of the experi-
surement of the photodetachment cross section and energetent at these wavelengihshe measurements of Mock and
ics of the Sk ion. Thus, Mock and Grimsrdd observed ~ Grimsrud are in agreement with those of Datskbal. in the
photodetachment from GHin a mixture of Sk with nitro-  small wavelength range in which they overlap. Since the
gen at 1 atm and 423 )Kover a portion of the wavelength measurements af,4(hv) for SF; by Datskoset al*'® are
range between 300 and 450 nm and estimated a photodetaahere extensive and their uncertainty indicated, they are
ment onset of 387 nni3.2 e\). No photodetachment was listed in Table 40 as our suggested data.
detectable in the spectral range from 450 to 1200 nm. Mock Ingolfsson et al3'’ employed a somewhat similar tech-
and Grimsrud** were able to determine absolute values ofnique to that of Christophorou and co-workétg316:318yt
the photodetachment cross sectigg(\) in the wavelength  used only a fixed wavelengit337 nm from a pulsed nitro-
range between 300 and 400 nm, and these are shown in Figen laser. At this wavelengtiwhich corresponds to a photon
39[the data plotted were taken from Figalof their papetl. energy of 3.68 eY they observed photodetachment from

A more detailed set of measurements was made by DatSF, with an estimated cross section of10 *¥cn?. This
kos et al3!® using a more sensitive methdt;*'®which al-  value is not inconsistent with the data in Fig. 39.
lowed accurate determination of the absolute photodetach- The cross section data in Fig. 39 should be valuable to
ment cross sectionrpq(hv), of SFy as a function of photon  investigations attempting to measure the $6n densities in
energyhv. In this method the photodetachment cross sectiovarious types of gas dischargésg., see Ishikawat al3*°
and the photodetachment thresh&lg are determined using and Konoet al®?%. The small measured cross section for
a two-laser arrangeme®t*'° Photoelectrons generated by photodetachment of $Fwould also indicate that this elec-
one laser pulse attach to §ferming SK; . Another tunable tron detachment mechanism is of minor significance com-
laser pulse, delayed with respect to the first, photodetachgsared to collisional detachment in gas discharges and gas-
the electrons from the $Fions whenhv>Ey,. The photo- insulated high-voltage equipment usings3fas>'—32*
detached electrons, being more mobile than thg s, Finally, it should be noted that no photodetachment cross
induce a detectable transient voltage signal while drifting asections appear to have been published for the other negative
free electrons prior to being again attached t@.SFhe size  ions produced by dissociative electron attachment tg, SF
of this transient signal due to the photodetached electrons isxcept for F .30
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40— T ] -
: ] DO_'U oo . ] S'%+SF6—>F +SF5+SF6, (19)
BT e T e SF; +SF,—SF; +F+SF, (20)
2oF ° Oeq (X3) ] and
r Gic,SISS* ° i
10 Loe T & 29800 SF; +Sks—charge transfer productsSk;. (21)
L Ot v e
. olil s e o ww e N As can be seen from Fig. 49, the cross sections,
€ 50 ——— — — Ticr(Eem) Oicsr (Eem), and o &), for reactions(19),
& F(b) SFs + SF . ] (20), and (21) respectively, are much larger than the cross
9 40 :_Uu 8 ooo O g 1 section, o4(&.m), for the collisional detachment reaction
g oF o o3a, A (17), and their thresholds lie at much lower collision energies
= 20:_ Gic,F- Gy (X3) v E Eem (collision energy in the cm system_The energetic
3 3 ] thresholds for collisionally decomposing ground-state
s 10F s e shaa agn A 3 SF; via the reactiong17), (19), and(20) are, respectively,
§ T °'AA“I‘ N 1.06 eV [=EA(SK;), Table §, 1.61 eV [=D(SKk-P
o 0 +EA(SF;)—EA (F), with D (SRs—F)=3.95 eV(Table 8, EA
15— T v ] (SR)=1.06 eV, and EAF)=3.40 e\**], and 1.34 e\[=D
I . ] (SKR—F)+EA(SK,)-EA (SK), with D (SR—F)=3.95eV
10F R/ ed _ (Table 8, EA (SK;) =1.06 eV, and EA (S§=3.66 eV(av-
I v erage of the two highest values listed in Ref. fl0€learly,
I N Y 1 the data in Fig. 4@) show that electron detachment from
St " ] SF; by Sk has a very small probability of occurrence for
I v .* S 1 collision energiest,,<60 eV, and that the dominant colli-
ol . afiaie ol ] sional decomposition mechanism ofSi dissociation. It is
10 100 interesting to note also that studies of reactions of the form
Collision Energy, £, (eV) A~ +B—A+B~, with A~ being Sk, have showff® that

_ . the large geometrical change betweery Sthd Sk intro-
FiG. 40. (a) Measured cross sections for collisions@af SF; , (b) SF5 , and duces an internal barrier in the reaction coordinates and
() F~ on SK for the following processes(¥) collisional detachment, u ! ! ! : :

oeq(E); (O) collisional production of F, ocr (&) (O) collisional ~ hence such reactions proceed with a low reaction rate con-
production of SE, Ticsr, (Eam); and (A) charge transfer processes, Stant.
0w (E.n). All data in this figure are those of Wareg al. from Ref. 325. Similarly, the measurements of Wareg al>?® shown in

Note that in Figs. 4@) and 4@b) the cross section values fotq (&) have Fig. 4Qb) for SF;, indicate that the cross sections for the
been multiplied by a factor of 3 for the convenience of display.

reactions
SK +SFk—F +SF,+SkK 22
8.4. Collisional Detachment 5 +SF— 4+ ok (22
and
Collisional detachment studies involving the three major
negative iongSF; , SK;, and F') formed by electron attach- SF; +SFk;—charge transfer productSk; (23

ment to Sk have been performed by Champion and
collaboratorg1312325C g llisional detachment from SFand have much lower energy thresholds than that for the electron

SF; in SF; was found to have anomalously high energydetachment reactiofil8). The cross sections for reactions
thresholds[see Figs. 4@) and 4Gb)]. The thresholds for (22 and (23) far exceed that for reactioril8) below

electron release in the reactions ~100eV. o .
In contrast to the above findings on the collisional detach-
Sk +Sk—Sk+Skte (170 ment in Sk of the S and Sk ions, the measurements of
and Wang et al. shown in Fig. 4(c) for the collisional detach-

ment of F in SF;, viz.,
SK +SR—SkK+Sk+e (18

are~90 eV in the center-of-magsm) system. These values
are much larger in comparison with the respective electroiindicate a rather low energy threshole 8.0 eV). Addition-
affinities of Sk (1.06 eV, Table band Sk (2.7 eV-3.7 eV, ally, the cross-section values for reacti@#) progressively
Ref. 103. The anomalously high energy threshold for theexceed those of the charge-transfer reactions as the reaction
collisional detachment reaction (177 has been energy increases above20eV. It is clear then that charge
attributed!312325 to the competing ion-conversion and transfer and collision-induced dissociation processes are the
charge-transfer reactions at cm energies bete@w00eV, dominant inelastic channels in Skvolving the destruction
viz. of SF; , SK, and F at low collision energies. These find-

F +SF—F+SFR+e (24)
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181 Fin SF, s 7
- . . . I
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Fic. 43. Measured reduced mobilitigs; (E/N) for the fastest ion in the

study of Nakamura in Ref. 303, presumed to beifr SF;.

Fic. 41. Density-reduced electron detachment coeffic#h (E/N) as a
function of E/N for Sk (T=293-296 K) at the pressures indicated in the
legend:(— —,---, —-—) Ref. 291;(0), (V) Ref. 329;(®), (A), (O), (0),
(W), (X), (A), (W) Ref. 330.
been providetf’~3%° that negative-ion clusters such as
(SF;)SKs (and also clusters involving B can form in parent
SF; gas and can contribute to the pressure depend&hule
the measured density-normalized electron detachment coef-
ficient 5/N in SF; (the gas pressure in these experiments was
57'4 and 11.1 kPa

Figure 41 shows the measurements of the density-reduced
electron detachment coefficiedN(E/N), measured in Sf

ings are also consistent with the results of Wanal3? on
the destruction of §F, Sk, and F in rare gases.
Interestingly, evidence has been obtaitéd?®that long-
lived energetically unstable states of SEan contribute to
collisional detachment. Also, experimental evidence ha

1.0 Ay ) by O’Neill and Craggg®! Hansenet al.*?° and Hilmert and
—— SF, (Patterson, 1970) ° Schmidt®* The density dependence 6fN(E/N) observed
- 2§§Z(‘SF’€*)‘9(§;';:§‘"”1970) by O'Neill and Cragggat pressures between 0.33 and 1.35
09F ge:((sdzs)jrgzei}:e:s;;;970) ° - kP3 is seen to continue up to the higher pressi7e43 and
,,,,,,,,,, SF-* (de Urquiio, 1991) ° 11.15 kPa employed by Hansert al3?° The coefficient
T et erey ox SIN(E/N) decreases with increasimyy They attributed this
08l * I:ﬁf:tc(ng)n) x - decrease to a three-body process g $BFR+SFK;

K, (em? Vs

Aschwanden (1984)
Nakamura (1988)

04
10

Fic. 42. Measured reduced mobilitigg, (E/N) for negative ions in Sf

E/N (10717 V cm?)

1000

Mass identified data of Patterson from Ref. 327:-) Sk, ; (—) SF; ;

—(SF;)SKs+SFs;, which leads to the formation of a stable
complex (SK;)SFs in which the electron is more tightly
bound than in Sf. 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
experiment&>324331gre not plotted since they gave very
different and less accurate values because of the way the
coefficient was evaluated in these experimdsee discus-
sion in Hilmert and Schmidt9.

The high-energy collisional detachment thresholds of the
SK; negative ions in Sfgas 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 SE3!' As a consequence, collisional detach-
ment in Sk, and electrical properties of glBuch as dis-
charge initiation probabilities that depend on electron detach-
ment, are sensitive to the presence of impurities, such as

(=-—) SR (SK); (---) SK(SF;),. Mass identified data of de Urquijo
et al.from Ref. 340: ---—) SK; ; (-**) SK; . Measurements without mass
analysisi(X), (O), (W) Ref. 336;(#), (O) Ref. 337;(X) Ref. 184;(V) Ref.
338;(O) Ref. 339;(A), (A) Ref. 303.

water and air, that may form clusters with gériginated
negative ions for which collisional detachment may be more
probablg®3?-334
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Fleming (1969)

Teich {1972)

de Urquijo (1980)
Aschwanden (1984)

de Urquijo (1990) - SF;*
de Urquijo (1990) - SF5*
de Urquijo (1992) - SF,*
de Urquijo (1992) - SF*
----- Talib (1992) - SF,.*
-------- Talib (1992) - SF;*
-------------- Talib (1994) - SF;*
Talib (1994) - SF,*

OO0« nm po

0.4

l~l0+ (Cm2 V-1 S-‘l)

0.2

1T T ] 1 T T 1 F 1T

OO 1 Lol L TR | ! Lo
100 1000 10000

E/N (1077 V cm?)

Fic. 44. Measured reduced mobilitigsg (E/N), for SK and SE in parent Sggas (T=290-300 K):(®) Ref. 336;(A) Ref. 184;(H) Ref. 341;( #) Ref.
339;(V) SF; from Ref. 342;(V) SF from Ref. 342;(- - -) SK from Ref. 344; (- - —) SFj from Ref. 344;(—) SF; from Ref. 345;(---) SK from Ref.
345. Also shown are the reduced mobilities(@f) SF™ and(CJ) SF, from Ref. 343.

—
o

9. lon Transport in SF 4 perature(277.16 K], u, (E/N), for the negative ions SF,

SK; , SK;(SK), and SE (SK), in SF;. As mentioned in the
The motion of ions through $fgas is an important aspect preceding paragraph, only Patter§dnand de Urquijé*
of modeling many systems utilizing §FWhile no direct jdentified the ions by mass spectrometry. The identification
cross sections are available for these processes, some igfthe ionic mobilities with the anionic species by other re-
transport data are available. We briefly summarize the availsearchers was made primarily by virtue of their agreement
able data here. . _ with the u, (E/N) data of Patterson for the corresponding
A number of studies have attempted to quantify the MOy,aqative-ion species. According to Brand and JungBfiall

H ; P 4,303,327,335-340 [
tion of negative ion¥ —and  positive  0aqred negative ion mobilities can be assigned to one or
jons!:3%63%9 5 ¥ formed by electron impact on $f par- more of the following ions: SF, SFK;, SK(SF), and

ent Sk gas. These studies include measurements of ioré[__ SE
mobi|itiesls4,303,327,336—345 n’3’03,337,340,342,343 6( 6)2-

and on diffusio In Fig. 43 are shown theuy (E/N) measurements of
S . . . 0
They are not only limited in number, but the interpretation ofN kamurd® for the fastest negative ion observed in parent

the measurements is often hindered by the absence of ma N : _
spectrometric identification of the ions present in the systen§ 6 9as in his study, which he presumed to be F -
and also by the absence of reliable information on the perti- §|mllar meas_u.rem_ents. of the reduced mOb'“t“es’
nent ion-transformation processes under varied experiment&jo (E/N), of positive ions in parent SFgas are shown in
o < Fig. 44. Along with the early dat&*336-33934otted in Fig.

conditions. Only the work of Pattersti and de Urquijo "'9 g y P
et al3% on negative ions and the work of de Urquibal 342 44 are shown the more receni mass—ldentlflgd meafzurfments
on positive ions included mass analysis. The rest of the stuc?f Talib and Saporoschenkd**>and de Urquijoet al*****
ies inferred the nature of the ions by reference to the mass In Fig. 45a) are shown the&ND, (E/N) measurements of
spectrometric data of these three studies. The early data dwakamurd® for negative ions in SF(closed symbols Al-
the mobilities of positive ions, negative ions, and ion clusterghough in the experiments of Nakamura there was no mass
in the parent SEgas have been summarized and discusse@nalysis of the negative ions present in the system, he as-
by Brand and Jungbltf® and by Morrow!? cribed his mobility measurements to the,SFSF; , and F

In Fig. 42 are plotted the reduced mobilitighat is, mo- ions as shown in the figure. More recent mass-identified
bilities referred to standard pressuf®1.325 kPaand tem- measurements diD, (E/N) for SK; and SE in Sk by de
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Fic. 45. (8 ND_ (E/N) for the negative ions SF, Sk and F in SK;

(closed symbols, data of Nakamura from Ref. 303; open symbols, data of d

Urquijo et al. from Ref. 340. (b) ND;" (E/N) for the positive ions SF,
SF;, SK, and SF in SF; (data of de Urquijoet al. from Refs. 342
and 343.

Urquijo et al3* are also shown. De Urquijet al**>**3also

measuredN D, (E/N) for the positive ions SF, SF; , SF, ,
and SF in SF;, and these results are shown in Fig(#5
There seem to be no measurementsDgf/ w(E/N) for
negative ions in SE However, Naidu and Prasid mea-
sured the so-called Townsend energy fadtpr(ratio of the

mean ion energy to the mean energy of the gas molecages (")
a functionE/N at T=293K for pressures equal to 0.16 and (!“)
0.32 kPa. Table 41 lists the measurements of Naidu andV)

Prasad®’ for k; (E/N) and theD/u(E/N) values we cal-
culated from these wusing the equatiok; (E/N)
=39.D;/u(E/N) (for T=293K and a Maxwell distribu-

L. G. CHRISTOPHOROU AND J. K. OLTHOFF
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Fic. 46. Volume (ion—ion recombination rate coefficierk, in SF; as a
function of gas pressurefO) Ref. 346 =298 K); (M) Ref. 347 (T
=296 K); (A) Ref. 348 T=296 K).

tion function for the ion kinetic energigsThe quantity

D;/u(E/N) is seen to increase from a value of 0.025 V at

E/N=30.3x 10"V cm? to a value of 0.149 V atE/N
=212.2x10" "V cm?

Finally, in Fig. 46 are shown the measurements of Wilson

et al®*® and Schmidt and collaboratdf$3* of the volume
Qon—ion) recombination rate coefficieft for SK; as a func-
tion of gas pressurel(=296—298 K).

10. Recommended or Suggested Electron
Collision Cross Sections and
Electron Transport Coefficients for SF 4

In Fig. 47 are plotted the recommended or suggested cross

sections for Sk discussed in this paper:

(i) osc{&)—Table 9, Fig. 5;
oeinfe)—Table 13, Fig. 7;
on(e)—Table 14, Fig. 8;
oini(e)—Table 15, Fig. 12;
(v)  oie)-Table 17, Fig. 14;

(Vi) ogisneutfe)—Table 20; Fig. 18;
(vii) UaYS%(e)—Table 28, Figs. 24) and 28; and
(viii) og4afe)—Table 28, Fig. 28.

TasLe 41. k; (E/N) and D;/u (E/N) for negative ions in SE (T

A number of additional electron collision cross sections
=293 K) (data of Naidu and Prasad in Ref. 337

have been discussed in the paper and data on these can be

found as follows:

EIN D3 /u (E/N)
(10717V cm?) k (E/N) W) () oeq(e)—Tables 10, 11, and 12, Fig. 6;
30.3 1.0 0.025 (i) oipartiale)—Fig. 15;
60.6 1.2 0.030 (iii) aa,l(s)—TabIe 28, Fig. 22;
91.0 1.7 0.043 (iv)  oase(e)-Table 25, Fig. 26);
121.3 2.6 0.066 (V) Uaysa(s), a'ays,g(s), andaaysg(s)—Table 27, Figs.
151.6 3.5 0.088 25 and 28;
181.9 4.6 0.116 (Vi)  oae (e)-Table 27, Figs. 26 and 28; and
2122 >9 0149 (il) ap (s)~Table 27, Figs. 27 and 28.
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Fic. 47. Recommended and suggested electron collision cross sectionssfor SF

Based on the discussions in the paper, recommended able data. The most significant data need is for direct mea-
suggested data for the electron transport coefficientssurements of cross sections for vibrational excitation and for
density-reduced electron attachment and ionization coeffielectron-impact dissociation into neutral fragments. Addi-
cients, and electron attachment rate constants have been ptenally, a determination of the momentum transfer cross

sented as follows: section at energies below 2.5 eV is needed. These data are
(M) /N(E/N)—Table 19, Fig. 17: necessary to extend the recommended and suggested data in
(i) a/N(E/N)—TabIe 34’ Fig. 33j the present work, and hence provide a reliable source of
(i) Z/N ((e))~Tables zé ar?d 30’_ electron—SFk interaction data for use in computer modeling

al - l
(iv) (a—75)/N(E/N)-Table 35, Fig. 34: codes.
(v)  ka(E/N) in Ar, Xe, or N,—Tables 29 and 30, Fig. 29;
(Vi)  kq(())-Table 31, Fig. 30; 12. Acknowledgments
(vii) w(E/N)-Table 36, Figs. 35 and 36; ) )
(vii) D+/w(E/N)—Table 38, Fig. 37; and We wish to thank Professor M. Hayashi of the Gaseous
(ix) ND_(E/N),~Table 39, Fig. 38. Electronics Institute, Nagoya, Japan, for providing to us his

list of references on Sfand for valuable comments, Profes-
Tables of the recommended and suggested data can be fous@r S. J. Buckman of the Australian National University,
at http://www.eeel.nist.gov/811/refdatan the World Wide Canberra, Australia for his unpublished measurements on
Web. differential electron scattering cross sections, and Professor

H. Hotop of Universita Kaiserslautern for information on

11. Data Needs for SF ¢ their electron attachment data in S& low electron ener-
gies. We are also grateful to Robin J. Martucci of the Elec-
In spite of the many studies on electron interactions withtricity Division of the National Institute of Standards and

the Sk molecule there still exist distinct gaps in the avail- Technology for her assistance with the literature.
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