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Low-energy electron interactions with the Cl, molecule are reviewed. Information is
synthesized and assessed on the cross sections for total electron scattering, total rotational
excitation, total elastic electron Eéatteﬁng, momentum transfer, total vibrational excita-
tion, electronic excitation, total dissociation into neutrals, total ionization, total electron
attachment, and ion-pair formation. Similar data on the density-reduced ionization,

density-reduced electron attachment, density-reduced effective ionization, electron trans-

port coefficients, and electron attachment rate constant are also synthesized and critically
evaluated. Cross sections are suggested for total electron scattering, total elastic electron
scattering, total ionization, dissociation into neutrals, electron attachment, and ion-pair
formation. A cross section is derived for the total vibrational excitation cross section via

low-lying negative ion resonances. Data are suggested for the coefficients for electron .

aitachment, ionization, and effective ionization, and for the rate constant for electron
. attachment. While progress has been made regarding our knowledge on electron—
chlorine interactions at low energies (<< 100eV), there is still a need for: (i) improvement
in the uncertainties of all suggested cross sections; (ii) measurement of the cross sections
for momentum transfer, vibrational excitation, electronic excitation, and dissociative ion-
ization; and (iii) accurate measurement of the electron transport coefficients in pure Cl,
and in mixtures with rare gases. Also provided in this paper is pertinent information on
the primary Cl, discharge byproducts Cly , Cl,, Cl, C1™, and CI*. © 1999 American
Institute of Physics and American Chemical Suciety. [S0047-2689(99)00401-8]
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1. Introduction

Molecular chlorine (Cl,) is a plasma processing gas (e.g.,
see Refs. 1-24). It is used in plasma etching of semiconduc-
tors where the Cl atoms produced in a gas discharge effi-
ciently etch a silicon surface. The dominant primary electron
interaction processes are taken to be single-step electron-
impact ionization of Cl, and Cl, dissociation of Cl, into neu-
trals, and dissociative attachment to C12'1,10,13,17 The basic .
species involved in Cl, plasmas, then, are the three molecular
species: Clp, Cl; , and Cl; , and the three atomic species: Cl,
C1™, and CIT. Although recent work on the interactions of
Cl, with slow electrons is largely motivated by plasma etch-
ing technology, considerable work on electron interactions
with the Cl, molecule was done in the 1970s and the 1980s
motivated by gas ultraviolet (UV) laser applications.”>~*! In
this latter application the fundamental process of interest is
dissociative electron attachment producing halogen atomic
negative ions (Cl7) which.efficiently recombine with the
rare-gas positive ions**? to form the lasing species (e.g.,
ArF*, KriF*, and XeCl* excimers) in rare-gas—halide
lasers.?8

Molecular chlorine is also of atmospheric and environ-
mental interest.? It is a potential atmospheric reservoir of
chlorine atoms® which are released photolytically,

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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TaBLE 1. Definition of symbols
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Symbol Definition Common scale and units
Tpa, f(N) Total photoabsorption cross section 1072 cm? 107% m?
o\ Total photoionization cross section 1072 cm? 107% m?
O pipartial(N) Partial photoivnization cross scction 1072 om?, 107 w?
) Total electron scattering cross section 107 cm? 1072 m?
Oror(€) Total rotational electron scattering cross section 107% cm? 1072 m?
Tron,je0(E) Cross section for rotational excitation of the 1071 em% 10720 m?

J rotational state integrated over angle
O rotsuml(€) Rotationally summed electron scattering cross section 1071 cm? s
A%0 /40 de Rotationally summed differential 107" cm? srlev!
electron scattering cross section
Tei(8) Total elastic electron scattering cross section 1071 cm? 1070 m?
onlE) Momentum transfer cross section -(elastic) 1071 cm% 1072 m?
Toin€) Total vibrational excitation cross section 10716 cm? 1072 m?
O yibinain(8) Total indirect vibrational excitation cross section 1071 cm? 1072 m?
Tl ) Electronic excitation cross section 107 cm% 107 m?
o) Total ionization cross section 1071 cm? 1072 m?
O aiss(8) Total dissociation cross section 107 cm? 1070 m?
O disenent{ €) Total cross section for electron impact 1071 cm? 1072 m?
dissociation into neutrals
a.(8) Total electron attachment cross section 1071 cm% 107% m?
O ga(€) Total dissociative electron attachment cross section 107 cm% 1072 m?
oi(e) Cross section for jon-pair formation 1078 em? 1072 m?
TpaestciZ(N) Photodestruction cross section for Cl; 107" cm? 1072 m?
Tpici(N) Photoionization cross section of Cl 1078 em? 1072 m?
LN ) Total electron scattering cross section for Cl 1071 cm?; 1072 m?
Oerc(€) Total elastic electron scattering cross section for Cl 1071 em?; 1072 m?
Tmci(€) Momentum transfer cross section for Cl 10716 em? 1072 m?
Cexcrci(€) Total electron-impact excitation cross section of Cl 1071 em? 107%° m?
gy ofE) Total electron-impact ionization cross section for Cl 10716 em? 1072 m?
aice) Electron-impact single ionization cross section for Cl 107 cm? 1072 m?
(M) Photodetachment cross section for C1~ 1078 cm? 1072 m?
Taa-(6) Collisional detachment cross section involving C1~ 1071 em?; 1072 m?
a6 Cross section for charge transfer in 1071 cm?; 1072 m?
collisions involving C1~
O] Cross section for single ionization of C1* 107 cm% 1072 m?
alN Density-reduced ionization coefficient 1072 m?
(a—n)IN Density-reduced effective ionization coefficient 1072 m?
9N Density-reduced electron attachment coefficient 107" m®
ko Total electron aftachment rate constant 1071 cm?® 57!
(ko) Thermal electron attachment rate constant 10710 cm? 57!
w Electron drift velocity 10° cm 57!
Dylu Transverse electron diffusion coefficient v

to electron mobility ratio

Cly+h»(A<500 nm)—2CL

In this paper a number of collision cross sections, coeffi-
cients, and rate constants are used to quantify the various
processes which result from collisions of low-energy (mostly
below about 100 eV) electrons with the Cl, molecule. These
are identified in Table 1 along with the corresponding sym-
bols and units, The procedure for assessing and recommend-
ing data followed in this paper is the same as in the previous
five papers in this series.**® As will be discussed through-
out this paper, few of the available data sufficiently meet the
criteria to be ‘‘recommended.”” This demonstrates the need
for additional data for this molecule. We have, however,
“‘suggested’’ the best available data for each collision
process. ’

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

Since the Cl, molecule is one of the simplest reactive
gases used in plasma processing (often in mixtures with Ar),
we consider it desirable from the point of view of this appli-
cation to also provide relevant information on the most likely
discharge byproducts, namely Cl; , CLy, Cl, CI”, and CI*.
In this way, one may have more complete information about
the key species and processes. Therefore, while the emphasis
in this paper is on low-energy electron interactions with the
neutral Cl, molecule, pertinent information is also provided
for the CL; and Cl;, molecular ions, and for the atomic spe-
cies Cl, C1~, and CI".

An early attempt to critically evaluate low-energy
electron-impact cross section data for Cl, was made by
Morgam.31 In addition, a number of investigators have used
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Joltzmann codes and electron transport data to calculate
ross sections and rate coefficients for some electron colli-
jon processes in Cl,.1%%°~4 The value of these results is
|uestionable however, partly because of the limited measure-
nents on electron transport parameters upon which they are
vased, and because of the model dependent nature of the
alculated cross sections. The results of two such calcula-
ions by Rogoff et al.' and Pinhao and Chouki*® are com-
rared with other data in later sections of this paper.

2. Electronic and Molecular Structure
2.1.Cl,

The electronic structure of the outermost (valence) shell of
he Cl, molecule in its ground electronic state®* is:
~(03p)?, (m3p)*, (m3p)*, (0,3p)° and has '3 sym-
netry. The first four excited electronic states of Cl, listed by
Tuber and Herzberg® are A'3Il,,, A°%Il,,, B3I, and
SUI,. A number of theoretical and experimental studies
iave located many other excited electronic states (see be-
ow).

o the present study regarding the electronic structure of the
hlorine molecule: calculations, photoabsorption and photo-
lectron studies, and electron energy-loss investigations. Al-
hough our interest is focused on the third type of informa-
ton, basic information provided by the other two types of
nvestigations is included in the paper as complementary.
The most useful theoretical work concerning the electronic
tates of chlorine are the ab initio calculations of Peyerim-
off and Buenker.*® These workers calculated potential en-
rgy curves for the ground and excited electronic states of
he chlorine molecule and for its positive and negative ions
ising the multireference single and double excitation with
onfiguration interaction (MRD-CI) method. They consid-
red all states which correlate with the lowest atomic limit
CI(*I1,)+CI(®*P,)] and many others which go into ionic
1"+Cl~ or Rydberg CI*+Cl asymptotes. All singlet states
vhich correlate with the ground atomic products were found
5> be repulsive. Among the triplet states of Cl, which disso-
iate into the ground state atoms only the °II, state is not
cpulsive. The potential energy curves calculated by Peyer-
mhoff and Buenker*® are reproduced in Fig. 1. The
iotential-energy curves shown in the figure are for the elec-
ronic states of Cl, which dissociate into the lowest atomic
imit [CI(®?P,)+CI(*P,)]. In Fig. 2 are also shown the
otential-energy curves for the lowest electronic states of
Iy with various asymptotic limits and a potential-energy
urve for the ground state of Cl, for the asymptotic limit
1P, +CI7('S,). As will be seen from subsequent discus-
ions in this paper, the potential-energy curves for Cl,, Cl; ,
nd Cl; in Fig. 1 are most helpful in understanding the low-
nergy electron interaction processes with the Cl, molecule.
‘eyerimhoff and Buenker calculated for the dissociation en-
1gy Dy, the vertical ionization energy, and the electron af-
inity of Cl,, respectively, the values 2.455, 11.48, and 2.38
V. These values are in good agreement with experimental

There are three types of sources of information of interest

values discussed later in this paper. The estimated electronic-
state energies (MRD-CI values) are listed in Table 2.

There have been many photoabsorption and photoioniza-
tion studies,>>**7-% as well as a number of photoelectron
studies’ =" of Cl,. The data on the total photoabsorption
cross section, o, (A), of Cl, have been discussed and sum-
marized by a number of groups (e.g., Gallagher et al. 5
Maric ez al.,** and Hubinger and Nee®). In Fig. 2 are plotted
the measurements of o,(\) of a number of
investigators>*4° 1,57.59,62.63.65.56 in the wavelength range
15.5-550 nm. Between 250 and ~500nm the agreement
among the various measurements is good. A least squares fit
to the data in this wavelength region is shown in Fig. 2 by
the solid line. Data taken off this line are given in Table 3 as
our recommended values for the o7, () of Cl, in this wave-
length range. ‘lhe extensive measurements ot Samson and
Angel® cover the wavelength range 15.5-103.8 nm and are
recommended for this energy range (Table 3). The measure-
ments of Samson and Angel of the total photoionization
cross section o, (N) show that o, (N) is equal to the total
photoabsorption cross section oy, (N) except in the wave-
length range 82.5-77.0 nm where it is up to 10% lower,
depending on the value of the wavelength. The decrease of
the photoionization efficiency to values below 1.0 in this
wavelength range has been attributed to photoabsorption pro-
cesses leading to the production of neutrals.®>

Measurements have also been made by Samson and
Angel® of the partial photoionization cross section,
Opipartiai(A), for the production of Cl; and CI* by photon
impact on Cl,. These are shown in Fig: 3. In Fig. 3 are also
plotted the results of Samson and Angel for the production of
Cl; * by photon impact on Cl,. The data in Fig. 3 show that
for photon wavelengths down to ~80.0 nm, the cross section
for the production of the Cl;r ion is about equal to the total,
that is, it far exceeds the cross section for the production of
the CI* ion (dissociative photoionization has a much lower
probability than nondissociative photoionization). At pro-
gressively shorter wavelengths, dissociative photoionization
becomes more probable. The cross section for double elec-
tron ejection is negligible down to about 40 nm. Carlson
et al” and Gallagher et al.% have published measurements
of the production of Cl;’ in the ionic states (2 Ty hx 2Hg,
(2w, HA®I1,, and (50 ')B %3, by photon impact on Cl,.

Data on photoionization energetics are given in Table 4
where they are compared with data obtained using other
methods. For further spectroscopic investigations of the elec-
tronic stricture of the chlorine molecule see Lee and
Walsh,™* Iczkowski ef al.,”> Douglas et al.,’® Frost et al.,%
Bondybey and Fletcher,*! Huber and Herzberg,45 Douglas,61
Moeller et al.,** Burkholder and Bair,2 McLoughlin e al.,®3
Lonkhuyzen and de Lange,”? and Frost ef al.”’

There have been three major electron-impact studies of the
electronic structure of Cl,: the threshold-electron excitation
study of Jureta et al.** which covered the excitation energy
range up to 11.5 eV, the electron energy-loss study of
Spence et al.** which covered the energy-loss range 5.5—
14.5 eV, and the electron energy-loss study of Stubbs ez al®

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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FiG. 1. Composite potential-energy diagrams for most of the electronic states of the Cl, molecule as calculated by Peyerimhoff and Buenker (Ref. 46).

which covered the electron energy-loss range up to 14.252
eV. Threshold-electron excitation methods are best suited for
locating optically forhidden states, while electron energy-
loss spectra using sufficiently energetic electrons give spec-
tra similar to photoabsorption. Figure 4(a) shows the
threshold-electron excitation spectrum of Cl, obtained by Ju-
reta et al®® in the region of Rydberg excitation between
about 7.5 and 11.5 eV, and Fig. 4(b) shows an electron
energy-loss (in the range 5.5-11.5 eV) spectrum of Cl, ob-
tained by Spence ez al.** at a scattering angle of 3° using
200 eV incident energy electrons. The threshold-electron ex-
citation technique of Jureta et al. had an energy resolution
[full-width-at-half-maximum (FWHM)] of about 35 meV
and the energy-loss experiment of Spence et al. had an en-
ergy resolution of 50—60 meV. As expected, the spectra they

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

obtained at small scattering angles [Fig. 4(b)] differ from the
threshold-electron excitation spectra and correspond closely
to the photoabsorption spectra. The most prominent features
of the energy-loss spectra arise from excitation of optically
allowed Rydberg states. Larger-angle scattering data showed
additional structures due to excitation of optically forbidden
states. The spectra also showed the presence of hot bands.
Such observation of hot bands in electron scattering spectra
is unusual, but because the ground-state vibrational spacing
of Cl, is small (0.0694 eV) and the Franck—Condon overlap-
ings are particularly favorable, such structures become rela-
tively strong for some electronic transitions. Stubbs et al®
had a better electron beam energy resolution (FWHM
=18meV) than the other two studies. This allowed them to
obtain highly resolved electron energy-loss spectra up to
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TaBLE 2. Vertical electronic energies (MRD-CI values) from the ground
state of Cl, to various excited states as calculated by Peyerimhoff and Buen-
ker (Ref. 46)

137

TaBLE 3. Recommended total photoabsorption cross section, o, (\), for
Cly. Data of Samson and Angel (Ref. 63) in the wavelength range of 16—
103.8 nm, and data taken off the solid line in Fig. 2 between 250 and 500
nm

State/Excitation Vertical energy (eV)
X'z; 0.00
13, w0, 3.24
1', o, 4.04
131, m— oy 6.23
1, my— oy 6.86
1%3) o0, 6.80
1A, om0 8.25
2 M0, my—4s 834
20, wy—ds 8.38
A, me—oh 8.25

12+ 772——)0'3 8.35

2 31—1" 775—>4pcr ].R0
2 ', m—4po 9.22
LIS) m—dpm 9.32
13, m—dpm 9.58
1A, my—d4pm 9.62
2 12; 7Tu7rg——)0’§ 9.67
235 mm— ol 9.75
1A, mg—ddm 9.92
', my—dda 10.01
M, m,—4ds 10.10
2'3Y o, 0y; m—dpT 10.34
3%, w,—4s 11.33
31, wy—ds 11.51
M, 7,—4dé8 12.74

Wavelength Tpad(N) Wavelength Opai(N)
(nmm) (10™* m? (nm) (10”*m?
16.0 255 320 23.7
20.0 260 330 25.6
30.0 186 340 23.6
40.0 1480 350 19.1
50.0 4220 360 133
60.0 6300 370 8.41
70.0 7180 380 5.10
80.0 7480 390 3.06
85.0 9040 400 1.92

924 9803 410 1.39
103.8 4384 420 1.02
430 - 0.77
250 0.050 440 0.56
260 0.23 450 0.39
270 0.91 460 0.26
280 2.66 470 0.17
290 6.44 480 0.11
300 119 490 0.071
310 18.4 500 0.v46

4.252 eV, using electrons with incident energy between 10
nd 120 eV. These incident energies are lower than that (200
:V) used by Spence ef al.

The strongest structures in the energy-loss spectrum of
‘hlorine lie between 9 and 10 eV under all scattering condi-
ions. They primarily consist of two vibrational series com-
wising transitions that are allowed by electric-dipole selec-
ion rules and have been previously reported in both
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photoabsorption and electron impact studies. In Table 5 are
listed the energy positions of the energy-loss peaks observed
in the electron impact studies of Spence ez al.* and Jureta
er al.** For comparison, photoabsorption data from Moeller
et al.® are also shown along with possible identification of
the states responsible for the observed energy losses. A com-
parison of the values of the energies of the various states as
determined from the energy-loss spectra and from the
threshold-electron excitation spectra shows excellent agree-
ment (Table 5). The higher-energy resolution in the study of
Stubbs et al.** allowed detection of more transitions than in
the other two studies. These are listed in Table 6.
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FIG. 3. Partial photoionization cross sections as a function of photon wave-
length, 07 paa(N), for the production of the positive ions Cl2 , C1*, and
CLf* from Cl, (data of Samson and Angel, Ref. 63): (—) Cly: (- at
(=) C;*; () total.

(G. 2. Total photoabsorption cross section as a function of photon wave-
ngth, 07, (), for Clyt (= =) Ref. 63; (= =) Ref. 59; (O) Ref. 66; (- - -}
ef. 33; (V) Ref. 65; (X) Ref. 62; (A) Ref. 57; (D) Ref. 51; (O) Ref. 49;
--) recommended.
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TaBLE 4. Dissociation energy, vibrational energy, equilibrium internuclear separation, spin-orbit splitting, elec-
tron affinity, energy position of negative ion states, ionization threshold energy, dissociative ionization thresh-
old energy, energy threshold for double ionization, and energy threshold for ion-pair formation of Cl,

Physical quantity ) Value/Method/Reference

Dissociation energy Cl, (X '%7) (eV) Dy=2.4793, (45)
Dy=2.4794, (56)
D,=2.5139, (56)

Vibrational energy (eV) 0.0694, (45), (56)

Equilibrium jnternuclear 1.9879, (45)

separation (A) 1.9878, (56)

Spin-orbit splitting (eV) 0.080=0.002 [for the (1 ﬂg)_’ state], (68)
Electron affinity (eV) 2452 (74)

Energy position of negative See Table 15 in Sect. 6

ion states (eV)

Ionization threshold energy (eV)

Cl; (X 21-]&3,2) Adiabatic
11.50 (photoelectron), (45)
11.48:0.01 (photoionization), (53)
11.49" (photoeleciron) (*II,), (69)
11.48 (photoelectron), (72)
11.480+0.005 eV, (75)
11.50 (photoeleciron) (*[1,), (67)
11.5 (photoclectron), (70)
11.51%0.01 (photoelectron), (68)

Vertical

11.48=0.01 (electron impact), (76)
11.559 (photoelectron), (72)
11.59+0.01 (photoelectron), (68)

Cly (I, 1) 11.56, (75)
: 11.63 (vertical, electron momentum Spectroscopy, 2,),
an .
~11.6 (electron impact), (76)

Cly (11, 32) ~11.8 (electron impact), (76)
11.80 (electron impact), (78)
11.80+0.1 (electron impact), (79)

Cly (1L, 1) . ~11.9 (electron impact), (76)

Cly (I1,) Adiabatic
13.96+0.02 (photoelectron), (68)
14.0 (photoelectron), (70)
14.0° (photoelectron), (69)
14.04 (photoelectron, *T1,, 3), (72)
14.11 (photoelectron), (67)

Vertical

14.33 (photoelectron), (70)

14.39 (photoelectron) (*I1,, 35), (72)

14.40=x0.02 (photoelectron), (68)

14.43¢ (photoelectron), (69)

14.41 (electron momentum spectroscopy, 2,), (77)

C; e Adiabatic
15.72%0.02 (photoelectron), (68)
15.70° (photoelectron), (72)
15.8 (photoelectron), (70)
15.8° (photoelectron), (69)

Vertical

14.09%+0.03 (electron impact), (76)

15.94 (photoelectron), (67)

16.082 (photoelectron), (72)

16.08£0.02 (photoelectron), (68)

16 (photoelectron), (70)

16.109 (photoelectron), (69)

16.18 (electron momentum spectroscopy, 50,), (77)
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TaBLE 4. Dissociation energy, vibrational energy, equilibrium internuclear separation, spin-orbit splitting, elec-
tron affinity, energy position of negative ion states, ionization threshold energy, dissociative ionization thresh-
old energy, energy threshold for double ionization, and energy threshold for ion-pair formation of Cl,—

Continued

Physical quantity

Value/Method/Reference

CL (%))

Vertical

20.61£0.06 (electron impact), (76)
21.8, 24.0 (electron momentum spectroscopy, 40,), (77)
27.3 (electron momentum spectroscopy, 4oy, (17)

Dissociative ionization
(Cl+e—ClI*+Cl+2¢)
threshold energy (eV)

Energy threshold for
double ionization (eV)

15.45 (adiabatic), (70)
15.7%0.3 (electron impact), (79)

30.5 (photoionization), (63)
3113 [cft

(X?2;, v=0), threshold

photoelectron spectroscopy], (73)

Energy threshold for ion-pair
(Ch+e—Cl*+Cl +e)
formation (eV)

11.9%0.2, (79), (80)

2Thirteen values are listed by Christodoulides e ul. (Ref. 74). Il we exclude die lowest three as t0o low and the
highest one as too high, the average of the other nine values is 2.45 eV which is within the combined quoted

uncertainty of the averaged values.
®0-0 band.

®Ongset.

YBand maximum.

22.Cl;

The Cl, negative ion consisting of Cl~ (ISO) and Cl
j2P3,2,1,2) has four electronic states. These states can be
u‘ranged 5-% in order of increasing energy as: 23,1, 2H
'M,, and 22+ In Fig. 5(a) are shown the potentlal—energy
surves for these states as calculated by Gilbert and Wahl®’ in
he molecular-orbital self-consistent-field (SCF) approxima-
ion. In Fig. 5(b) similar curves are shown for the negative
on states 23,7, H 12> and *2 7 as they have been deter-
nined by Lee ef al.¥ using their photodlssomatmn Cross sec-
ion measurements for Cl, and adjusted potential-energy
surves for Cl, based on those calculated by Gilbert and
Wahl.® The numerical values shown in Fig. 5(b) for the
jarious quantities are those used by Lee et al., and the des-
gnations a; and a, refer, respectively, to the Cl (>Ps;,) and
21 (®Pyj,) asymptotic limits. Data for a number of physical
rarameters of the Cl, ion are given in Table 7.

2.3. CIf

Photoelectron studies have shown’® that the known states
»f the CI; ion correspond to the ejection of one electron
Tom one of the occupied orbitals of the outer orbital struc-
ure of the Cl, molecule [(0,)?, (m,)*, (7,)*]. The N
tate of Cl; lies above the first dissociation limit (Ref. 70
[able 4). Optical emission from the excited A 2II,, state of
*1; to the ground state X II of Cl; is known,” but emis-
iion from the 22 * state to the A 211, state, although allowed
y the selectxon rules, has not been observed, possibly
secause the 23 state is entirely predissociated.” The pho-
odissociation spectra® of Cl; obtained in the range 1.80—
.55 eV showed vibrational structure indicating that the

—
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FiG. 4. (a) Threshold-electron excitation spectrum of Cl,. Here the electron
energy is varied and the excitation spectrum reflects the relative probability
of electrons having energy from about 7.5 eV to about 11.5 eV to lose all
their energy in a collision with a Cl, molecule. The experiment detects only
the “‘zero-energy electrons’” (data of Jureta et al, Ref. 43). (b) Electron
energy-loss spectrum from Ref. 44 of Cl, between 7.5 and 11.5 eV using
200 eV incident electrons and a scattering angle of 3°. The scale above the
spectrum shows the expected locations of Rydberg states due to excitations
of a m,3p electron to 4s, 4p, and 4d orbitals.
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TABLE 5. Comparison of the energies of the 450, °IL,, 450, 'TI,, 2 °T(1u), 2 'T1,, 2 'S, and 'TI(?)
states of Cl,. (The electronic configuration and term symbol are as given by Spence et al. in Ref. 44.)

Energy (eV)

Energy (eV) Energy (eV)

Energy-loss Threshold-electron Photoabsorption
Name/ Vibrational experiment excitation experiment experiments®
Assignment level (Ref. 44) (Ref. 13) (Ref. 82)
450g°11, hot band (7.83)°
v=0 7.91
v=1 7.99
v=2 (8.07)
v=3 (8.15)
4s0g ', hot band (7.87)
v=0 7.939 (7.95)
v=1 8.019 8.03
r=2 8.101 8.11
v=3 8.186 8.19
v=4 8.270 8.27
v=5 8.354 (8.35)
2 3TI(1u) v=0 9.130 9.116
r=1 9.190 9.193
-2, y=0 ©9.225 9.250 9.230°
v=1 9.305 9.320 9.307
y=2 9.381 9.395 9.384
v=3 9.455 9.465 9.459
v=4 9.530 9.534
215F hot band (9.620)
v=0 9.682 9.695° 9.688
v=1 9.815 9.815° 9.807
y=2 9.938 9.930° 9.928
=3 10.046 10.028
v=4 10.141
Mg(?) 9.900
9.966
10.025

2Other photoabsorption data can be found in Refs. 54, 55, and 61.
YNumbers in parentheses represent unresolved components.

“May be due to the presence of a nearby triplet state.

dissociation of these ions involves a predissociation mecha-
nism. Data on low-lying ionic states of Cl; derived from
optical emission and photoelectron spectroscopy investiga-
tions are listed in Table 8.

3. Electron Scattering for Cl,

3.1. Total Electron Scattering Cross Section,
o'sc,t( £)

Up until very recently, the only data on the total electron
scattering cross section, g (&), for Cl, were the 1937 mea-
surements of Fisk’® which are very large (Fig. 6). The ab-
sence of reliable experimental data on o (&), coupled with
the lack of calculations of this quantity, led to two very re-
cent measurements’>>> of 0 «(g) for Cl,. The measure-
ments of Gulley er al.** covered the energy range 0.02-9.5
eV and those of Cooper et al.*® the energy range 0.3-23 eV.
They are plotted in Fig. 6 and are seen to be very much
smallcr than the old mcasurcments of Fisk. The uncertaintics
are estimated to be =20% in the measurements of Cooper
et al. and 8% in the measurements of Gulley et al. While

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

the shape of o (&) as determined by the two recent mea-
surements is similar, the magnitude of o (&) as measured
by Cooper et al. is systematically lower than that measured
by Gulley eral at all but the lowest energies (below
~0.7eV). The magnitude of the data of Gulley et al. is con-
sistent with the total rotational excitation cross sections (see
Sec. 3.2). Cooper et al® pointed out that the lower values of
their o (g) measurements may in part result from the fact
that electrons secattered into small angles (<72.°) with little
energy loss are detected as ‘‘unscattered’’ in their apparatus,
and since the measurements of Gote and Ehrhardt™ on rota-
tional scattering from Cl, showed (see Sec. 3.5.1) that for-
ward scattering is appreciable, this may be a significant cause
of error in determining the value of o (e).

In the energy range covered by the two recent experimen-
tal studies, the o (&) for Cl, has two distinct features: It
shows a minimum around 0.4 eV and structure that can be
attributed to resonance-enhanced electron scattering. In con-
nection with the latter, the peaks at low encrgies in the Gul-
ley et al®? data and the bump (or unresolved peak) in the
Cooper et al®® data at 2.5 eV correspond to the energy po-
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LE 6. Transitions observed by Stubbs ef al. in Ref. 84 in a high- TABLE 6. Transitions observed by Stubbs er al. in Ref. 84 in a high-

lution energy-loss experiment below the second ionization Cly (T1,) resolution energy-loss experiment below the second ionization CL(IT,)
2t onset—Continued
ne/Assignment Vibrational level (v) Excitation energy (eV) Name/Assignment Vibrational level (») Excitation energy (eV)
(5s0p)'T1, 0 9.803° M(6s50,)'S} 0 13.631°
1 9.886 1 13.674
2 9.962. 2 13.715
3 10.037 3 13.757
4 10.121 4 13.803
F - 9.162° 5 gg‘g‘j
- 9.602° 6 s
9‘7435 7 3.93
_ 10.693° 8 13.977
. 9 14.023
G(8pay)'l, 1 11.272 10 14.066
2 11.356 d 0 11.835¢
3 11.435 1 11915
4 11.513 2 11.984
5 11.593 3 12.055
6 11.670 4 12.127
a 0 10.937¢ e 0 12.113°
1 11.029 1 12.167
2 11.105 2 12215
3 11.193 3 1564
4 11.275 4 12319
5 11.358
7 11.500 - 12.402
8 11.581 - 12.459
- 12.488
H - - 10.162°
- 10.230 *Symmetry forbidden.
. ®Allowed.
> - 10.196 *Spin forbidden.
- . 10.278
( B 10.764° sitions of the negative ion states identified in electron attach-
’ " ment studies near 0 and 2.5 eV (see Sec. 6.1 and Refs. 87,
B Ry 95, and 96). Similarly, the strong peak near 7 eV (Fig. 6)
10'711C corresponds to the negative ion state (see Sec. 6.1 and Refs.

87, 95, 96) at 5.5 eV overlapping with the lowest electron-
excited Feshbach resonance of Cl, at 7.5 eV which has been

I(4s0g)'Sy 0 12.565" identified by Spence” in an electron transmission experi-
; gzgz ment. The spacing of the peaks and inflections in the data of
3‘ 12'699 Gulley et al. at 0.09, 0.14, and 0.2 eV may be associated
4 12.742 with indirect (resonance enhanced) vibrational excitation of
5 12.785 Cl, via the near 0 eV negative ion state of Cl; (see discus-
6 12.834 sion in subscquent scctions).
7 12.880 In view of the fact that the data of Gulley et al.*? exhibit
8 12.926 4
9 12971 lower uncertainty, superior electron energy resolution, a
. mare extensive energy range, and consistency with rotational
S 0 12.953 excitation cross section data,”* we performed a least squares
1 13.005 P d
5 1 3' 063 fit to the measurements of Gulley er al. which we extended
3 13112 to 23 eV using the shape of the Cooper ef al. cross section
4 13.170 between 9.5 and 23 eV. The solid line in Fig. 6 is a plot of
5 13.224 this least-squares fit, and represents our recommended
(5503} 0 13.200" o (€) for Cl,. Values taken from this curve are listed in
1 13335 Table 9.
2 13380 ” . .
3 13.429 3.2. Total Rotational Electron Scattering Cross
4 13.466 Section, oo4(€)
5 13.516 o ]
6 13.559 Recently Gote and Ehrhardt™ measured the absolute dif-
7 13.599 - ferential cross sections for electron-impact rotational excita-
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FiG. 5. (a) Potential-energy curves for the lowest four negative ion states (3., ZHg LI, 23 ;' ) of Cl; as calculated by Gilbert and Wahl in Ref. 85 using
the molecular orbital self-consistent-field approximation. (The broken and solid curves for Cl, are two different determinations by Gilbert and Wahl.) (b)
Potential-energy curves for the states 3 , 2Hg,,,z, and 22; of Cl; determined by Lee et al. in Ref. 89 using their photodissociation cross section
measurements for Cl, and the potential-energy curves of Gilbert and Wahl in (a). The designations a1 and a2 represent, respectively, the asymptotic limits

Cl (*P3)+ClI™ and Cl (*P,,) +CI™.

tion of Cl,. The measurements of Gote and Ehrhardt are
listed in Table 10. These data allowed determination of the
total cross section for rotational scattering (rotational elastic
plus rotational inelastic) as a function of electron-impact en-
ergy, oy (€). In Fig. 7 is plotted (open circles) the cross
section 07;(&) as determined (summed over all j values and
all scattering angles) by Kutz and Meyer’® from the data of

Gote and Ehrhardt (Table 10). Also plotted in Fig. 7 are the
full-potential calculation results of Kutz and Meyer (solid
circles) which extend over a much larger energy range. There
is good agreement between theory and experimerit in the
overlapping energy range. It is interesting to observe that
both the experimental measurements (Table 10) and the
calculation®®* show a ‘rotational rainbow,”” ie., a maxi-

L3}

TABLE 7. Some physical parameters for Cl,

Quantity Value Method/Reference
Dissociation energy, D, ‘1.28 eV Calculation, (85)
1.24 eV Calculation, (86)

‘Dissociation energy, Dy 1.26 eV 45)
Equilibrium internuclear distance, R, 265 A Calculation, (85)
) 271 A Calculation, (86)
Fundamental vibrational frequency 0.0322 eV Calculation, (85)
0.0320 eV Calculation, (86)

Transition energies®

346 eV (P37 23

Calculation, (86)

2.89 eV (I, —%2))
178 eV (II,—?37)

Ionization energy of Cl;°
Electron affinity of Cl,®
Negative ion states

2.39 eV
245 eV*
~00 eV (3=

4s)
(74)
From Table 15, Sec. 6

2.5 eV (A1)
5.5 eV ((IL)
7.5 eV (X 2T1)(450)[*M 3]

At the ground state equilibrium bond length.

*These two quantities should be the same and have both adiabatic and vertical values. The vertical values

normally exceed the adiabatic.

“Thirteen values are listed by Christodoulides et al. in Ref. 74. If we exclude the lowest three values listed in
this reference as too low and the highest one as too high, the average of the remaining nine values is 2.45 eV.
This value is within the combined quoted uncertainty. of the values used in the averaging.
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TABLE 8. Some parameters for Cl;

Parameter Value Reference
Equilibrium separation (A) 1.890 (*I1, 3) 72
Dissociation energy (eV) 3.99 (*II) 67

: 3.966 (Il 3) 72

3.876 (*I, 1) 72

1.38 (*I1,) 67

1.41 (*M, 3) 72

132 (I, 72

Dy 3.95 45

0.08004 (M) 45
~0.080 (*I1,3p) 72

el
~0.045 win
~0.0347 (’%;) 72

Energy of fundamental vibration (eV)

Energies to various ionic states

See Table 4
(adiabatic/vertical) (eV) :

num in the rotational excitation cross section at a relatively
ligh Aj. The experimental and calculated values of o (&)
re compared in Fig. 7 with the suggested value of o (€)
solid line in Fig. 6). From the figure it can be seen that
ro(€) exceeds the total scattering cross section near 2 eV.
“his is physically impossible, but the discrepancy is well
vithin the combined uncertainties of the two measurements.
t is interesting to note the deep minimum shown by the
alculated o, (e) that is also present in the measured
rset(€). Below this minimum the calculated values for
ott(€) exceed the measured o (&).

In Fig. 8 are shown the various confributions to o (&),
1at is, the integrated (over angle) excitation cross sections,
orj—o(&), for j=0, 2, 4, and 6. Clearly the rotationally
lastic electron scattering channel (j=0) dominates over all
nergies, especially below the minimum.
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G. 6. Total electron scattering cross section, o (&), for Cl,: (@) Ref. 91;
)) Ref. 92; (X) Ref. 93; (—) recommended values.

TABLE 9. Recommended total electron scattering cross section, o (&), for
Cl,

Electron energy Oi(8) Electron energy Ogi(€)
V) (1072 m?) (eV) (107% m?)
0.02 40.0 0.80 6.55
0.03 352 0.90 7.36
0.04 26.8 1.00 797
0.05 17.0 1.20 9.06
0.06 10.7 1.50 11.1
0.07 7.36 2.00 13.9
0.08 8.50 2.50 16.0
0.09 10.6 3.00 17.9
0.10 9.68 3.50 19.9
0.11 9.26 4.00 219
0.12 9.06 4.50 242
0.13 9.76 5.00 26.8
0.14 9.89 6.00 34.5
0.15 8.90 7.00 41.2
0.17 7.19 8.00 42.8
0.20 5.09 9.00 41.0
0.22 4.44 10.0 40.3
0.25 4.00 12.0 39.7
0.30 3.75 14.0 38.6
0.35 3.70 16.0 36.7
0.40 3.80 18.0 35.1
0.50 4.32 20.0 33.0
0.60 5.00 22.0 315
0.70 5.83 23.0 31.0

3.3. Total Elastic Electron Scattering Cross Section,
0'5"(8)

“There are no measurements of the total elastic electron
scattering cross section, g, (&), for-Cl,. There have been,
however, two calculations of this cross section, the old
phase-shift calculation of Fisk,”! and the more recent close-
coupling calculation of Rescigno.!%’ These results are shown
in Fig. 9. The Fisk result is clearly unacceptable. We have
also plotted in Fig. 9 the total rotational scattering cross sec-
tion o (&) as calculated by Kutz and Meyer.*® Similarly,
we have plotted the o (&) determined by Kutz and Meyer
from the measurements of Gote and Ehrhardt.®* From an
experimental perspective, o, {(8) may be considered
equivalent to o.(¢) since 0. ,(&) contains a large elastic
component and the energy loss of rotational excitations is
small (<107*eV).”® Clearly, the 0., (¢) based on the ex-
perimental data of Gote and Ehrhardt and the o.&) calcu-
lated by Rescigno are similar 1in shape and comparable in
magnitude over a large energy range. The solid line in Fig. 9
represents a fit to these two data sets, and values obtained
from this fit arc given in Table 11 as our suggested set of
data for o, ,(e) for molecular chiorine.

3.4. Momentum Transfer Cross Section, o ()

There are no measurements of the momentum transfer
cross section, ap(€), for Cl,. The results of two Boltzmann-
code z:malyscsl"m are questionable, in part because they were
hindered by the lack of accurate electron transport coefficient
measurements. The two Boltzmann analyses used the early
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TasLE 10. Differential rotational excitation cross sections for electron scattering from Cl, from Ref. 94. The rotationally summed cross sections, 0y qum(€),
(in units of 10 % cm? sr_') are also listed. The partial cross sections are listed as the percentage of their relative contribution t0 0y ¢,m(€)

Scattering
angle 10° 200 30° 40° 50° 60° 70° 80° 90°  100°  110°  120° 130°  140° 150°  160°
2eV v
J=0 53.1 63.7 97.0 982 100 100 100 90.7 865 719 49.6 315 17.3 18.6 34.6 437
Jj=2 40.7 31.0 <1 <1 <1 <1 <1 4.1 12.1 17.6 50.4 67.6 82.7 70.8 65.3 54.9
J=4 6.1 34 <1 <1 <1 <1 <1 1.6 <1 4.2 <1 <1 <1 6.3 <1 <1
Ji=6 <1 <1 <1 <1 <1 <t <1 35 <1 <1 <1 <1 <1 42 <1 <1
J=8 <1 <1 <1 1.8 <1 <1 <1 <1 14 <1 <1 <1 <1 <1 <1 <1

Taun(e) 159 113 086 102 132 153 162 158 145 129 103 072 054 051 060 074

S5ev

J=0 100 90.1 731 - 672 - 796 741 684 331 19.6 42 32.3 284 424 55.5 56.5 52.5
Jji=2 <1 61 246 328 143 144 170 550 685 747 64.2 703 409 36.3 244 316
ji=4 <1 34 23 <1 37 9.0 79 114 77 21.1 <1 <1 13.2 6.7 16.8 15.8
Ji=6 <1 <1 <1 <1 <1 25 4.8 <1 4.1 <1 1.1 <1 2.1 1.5 24 <1
J=8 <1 <1 <1 <1 <1 <1 2.0 <1 <1 <1 1.1 <1 1.4 <1 <1 <1

Toroum(®) 582 458 335 298 254 202 172 151 138~ L18 112 120 115 116 123 129

10eV

Jj=0 97.1 100 973 763 722 437 318 292 273 183 <1 180~ 164 112 117 13
Ji=2 2.8 <1 <1 106 273 450 453 556 404 577 733 625 447 655 479 555
ji=4 <1 <1 1.5 63 <1 <1 121 53 264 185 216 76 286 204 392 410
ji=6 <1 <1 <1 6.1 <1 3.8 9.1 84 34 14 <1 72 6.7 <1 <1 <1
J=8 <1 <1 <1 <1 <1 58 <1 1.2 <1 1.4 <1 3.2 <1 1.1 <1 <1

Cnaum(€) 2128 1439 749 462 . 174 141 108 096 084 08 087 098 108 = 157 206 312

20 eV

Ji=0 100 949 792 839 581 390 804 626 288 145 240 150 189 110 126 <1
j=2 <1 <1 208 55 352 359 86 17.1 451 430 352 19.6 249 318 12.8 17.1
ji=4 <1 14 <1 78 37 16.4 7.0 134 261 335 38.5 55.7 39.5 572 51.0 62.3
Jji=6 <1 2.3 <1 27 3.0 5.8 4.0 2.1 <1 52 2.2 9.7 13.6 <1 17.5 16.3
Jji=8 3 <1 12 <1 <1 <1 3.1 <1 42 <1 3.8 <1 <1 3.1 <1 6.1 43

Orotsum(€) 31.61 1932 941 397 - 183 132 096 075 0.80 0.89 0.89 0.83 0.65 0.55 0.57 0.89
30V )
J=0 - 99.8 87.3 68.1 306 252 <1 <1 <1 <1 <1 <1 <1 2.1 <1 6.6 2.8

=2 <1 122 241 694 515 830 687 543 . 321 261 171 124 162 111 155 45
=4 <1 <1 61 <1 182 106 258 411 525 69.1 581 582 485 515 517 709
j=6 <1 <1 L7 <1 <1 64 32 <1 139 39 239 283 296 344 226 218
©j=8 <1 <1 <1 <1 <1 <1 <1 <1 14 <1 <1 - <1 <1 <1 <1 <1

O ot sum(€) 3184 1590 586 226 1.18 069 041 043 062 071 059 039 022 011 0.11 0.20
50 eV .
J=0 95.2 846 508 3.6 167 135 <1 8.7 <1 3.6 25 58 <1 10.5 8.6 49

Ji=2 33 119 314 814 697 693 469 218 158 100 153 133 17.3 120 101 8.8
i 14 35 144 123 136 <1 385 546 528 617 537 437 486 314 222 284
Jj=6 <1 <1 33 - 28 <1 132 47 11.0 281 213 274 362 322 298 282 353
- J=8 <1 <1 <1 <1 <1 <1 13 <1 3.1 34 <1 <1 <1 15.4 215 22.5

Croum(€) 2872 861 241 101 051 020 016 030 044 049 044 029 018 015 033 069
100 eV

j=0 9.6 763 175 157 205 265 <1 81 63 70 <1 139 60 <l <l <I
=2 <t 235 721 554 504 318 190 238 153 143 71 184 67 53 <1 <1
j= <1 <1 70 238 291 227 506 391 452 349 306 159 76 171 70 30
je=6 <1 <1 34 51 <1 103 244 240 302 299 377 123 235 313 345 306
j=8 <1 <1 <1 <1 <1 65 57 32 19 115 201 198 302 330 420 419
Je=10 <1 <l <l <1 <1 17 <1 <1 <1 <1 42 181 206 129 162 240
j=12 <1 <1 <l . <1 <1 <1 <1 <l <1 <l <1 17 44 <1 <1 <l

Trorsuml(E) 1570 350 091 042 019 013 015 020 019 015 008 004 007 015 059 091
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Taste 10. Differential rotational excitation cross sections for electron scattering from Cl, from Ref. 94. The rotationally summed cross sections, & um(€),
(in units of 107" cm® sr™") are also listed. The partial cross sections are listed as the percentage of their relative contribution to O ot sum{ &) —Continued

Scattering

angle 10° 20° 30° 40° 50° 60° 70° 80° 90° 100°  110°  120° - 130°  140°  150°  160°
200 eV
Ji=0 9.4 149 243 137 <1 3.6 <1 6.3 <1 <1 <1 <1 <1 <1 <1 <1
J=2 5.6 851 520 309 190 122 2.0 6.7 <1 13.0 <1 <1 <1 <1 <1 <1
Jji=4 <1 <1 21,6 425 393 255 239 285 331 6.2 <1 1.1 <1 <1 <1 <1
Jji=6 <1 <1 1.1 8.9 342 397 425 343 476 113 325 23.7 53 <1 2.6 <1
=8 <1 <1 <1 1.7 6.9 176 286 142 133 239 33.6 31.1 21.0 201 175 15.7
Ji=10 <1 <1 <1 <1 <1 <1 14 7.2 3.6 24.8 204 30.9 297 282 25.1 25.0
Ji=12 <1 <1 <1 <1 <1 <1 <1 24 <1 13.0 13.2 13.2 30.7  40.1 353 42.8
j=14 <1 <1 <1 <1 <1 <1 <1 <1 <1 7.6 <1 <1 7.0 9.5 15.4 153
Orotsuml(€) 1292 252 083 036 023 019 013 009 006 004 0.03 0.05 0.11 024 034 058

data of Bailey and Healey'®! for the electron drift velocity
and the characteristic energy for a 20%Cl,:80%He mixture
by volume, and the ionization and attachment coefficients of
Bozin and Goodyear.!%2 In Fig. 10 the Boltzmann-calculation
results are compared with the close-coupling calculation re-
sult of Rescigno.!® These cross sections differ substantially,
especially at low energies, stressing the need for a direct
measurement of o ,(&). They also indicate the need for mea-
surements of electron transport coefficients that would allow
a more reliable Boltzmann-code analysis. The need for such
measurements is made more apparent because the cross sec-
tions of Rogoff et al.! have been used commonly in various
discharge models. Of the available values for o,(¢), the ab
initio calculations of Rescigno'® are preferred because they
are not model dependent and because of the agreement be-
tween Rescigno’s calculations and measured values of
0. {(€) and O s nenri(€) (see Secs. 3.3 and 5, respectively).

LB B L B e R T LB L) e e

N ---0--- Gote (1995) - Exp.
102 —e— Kuiz(1995)-Calc.
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FiG. 7. Total cross section for rotational scattering, o,y (g), for Cl, as
reported by Kutz and Meyer (Ref. 98): (O) values calculated by Kutz and
Meyer from the measurements of Gote and Ehrhardt (Ref. 94); (@) ab initio
calculations (Ref. 98). For comparison the suggested o () from Table 9
(solid line in Fig. 6) is also plotted.

3.5. Inelastic Electron Scattering Cross Section,
_O'inel(ﬁ)

3.5.1. Rotational Excitation Cross Section, o, )

Rotational excitation of Cl, by electron impact can be ei-
ther direct or indirect via the formation of short-lived nega-
tive ion states. The experimental measurements of Gote and
Ehrhardt®* on the absolute differential cross sections for ro-
tational excitation of Cl, by electron impact at energies be-
tween 2 and 200 eV and in the angular range 10°-160°,
clearly show (Table 10) that rotational excitation of the Cl,
molecule in its vibrational and electronic ground states by
slow electrons is an efficient electron scattering process.
Cross sections exceeding 10716 cm? have been measured. As
discussed earlier in this section, Gote and Ehrhardt reported
rotationally summed cross sections and partial rotational ex-
citation cross sections (i.e., cross sections for excitation to
various rotational levels) as the percentage of their relative

Opo, je 0 (€] (1 02 m?3)

| SRR TTY B ETTT | PR |

100

FEIRTRTT

1000

L[ R —
001 0.1 1 10

Electron Energy (eV)
Fic. 8. Integrated (over angle) excitation cross sections, oy, j.o(£), for Cl,

from Ref. 98 for the rotational excitation channels (O) 0—0; (®) 2+0;
(M) 40; (#) 60 of Cl,. Also shown for comparison is o ().
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FiG. 9. Total elastic electron scattering cross section, o7(&), for Cly: (- - -) °

calculated total elastic electron scattering cross section, o4(e) from Ref.
91; (®) measured o, (£) [data of Ref. 98 based on measurements by Ref.
94]; (- -) calculated total rotational electron scattering cross section,
Tror(£) from Ref. 98; (1) calculated total elastic electron scattering cross
section, 0,,(&) from Ref. 100; (—) suggested values.

contribution to the rotationally summed cross sections. The
cross sections in the forward direction belong mostly to ro-
tationally elastic scattering. Above a scattering angle of
about 30°, the scattering is dominated by rotationally inelas-
tic processes. Kutz and Meyer’s98 close-coupling calculation
of the rotational excitation of Cl, by electron impact over the
energy range of 0.01-1000 eV, neglecting vibrational, reso-
nant, and electronic excitation, shows two different excita-
tion mechanisms, the importance of each depends on elec-

TaBLE 11. Suggested total elastic electron scattering cross section, o, (€),

for Cl,

Electron energy o.(8) Electron energy o)
&) (107%° m? (eV) (107 m?)
0.20 1.50 7.00 27.1
0.22 1.64 8.00 28.8
0.25 1.82 9.00 30.2
0.30 2.11 10.0 313
0.35 2.38 12.0 327
0.40 2.66 14.0 33.1
0.50 3.30 16.0 32.9
0.60 4.10 18.0 32.1
0.70 4.98 20.0 30.9
0.80 5.99 220 29.5
0.90 6.89 23.0 28.8
1.00 7.77 25.0 273
1.20 9.34 30.0 24.0
1.50 114 40.0 194
2.00 14.6 50.0 16.1
2.50 16.9 60.0 13.6
3.00 18.6 70.0 11.6
3.50 19.9 80.0 10.1
4.00 21.1 90.0 8.87
4.50 22.1 100.0 7.99
5.00 232 150.0 6.31
6.00 25.2 200.0 6.16
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FiG. 10. Calculated momentum transfer cross sections, o(€), for Cly:
(- - -) Ref. 1; (—) Ref. 100; (- =) Ref. 40.

tron energy. At low electron energies only a few rotational
quanta are exchanged and the differential cross section de-
creases exponentially with Aj. At high electron energies the
excitation spectrum shows a rotational rainbow, i.e., the dif-
ferential cross section has a maximum at a relatively high

Aj. The location of the maximum depends on electron en-

100 T T T T T

426,01 qum/dQ2 de (10718 cm?stTev)

0.01
10
1
0.1
0.01 — * * * .
0 30 60 90 120 150 180
Scattering Angle (6)

" Fie. 11. Comparison of experimental and calculated rotationally summed

differential electron scattering cross sections dzam‘,s,,m /dQ de, for Cl, at
incident electron energies of 10, 20, 50, 100, and 200 eV from Gote and
Ehrhardt (Ref. 94): (®) experimental data from Ref. 94; (—) close-coupling
calculation results from Ref. 98.
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FiG. 12. Total vibrational excitation cross section, o, (), for Cl,. Results
of Boltzmann-code analyses: (- - -) Ref. 1; (—--—) Ref. 40. Estimate of
oyips(e) derived from prosent analysis described in toxt (—).

ergy and scattering angle. For the observation of a rotational
rainbow not only high electron energies, but also high scat-
tering angles are needed. The scattering angle can only be
large when, classically speaking, the impact parameter is
small, i.e., when the impacting electron penetrates the elec-

tron cloud and comes near the core of the molecule. At low

incident energy, the electron essentially interacts with the
long-range parts of the potential of the target. For homo-
nuclear molecules these are the quadrupole and polarization
potentials.”® In their calculation Kutz and Meyer’® used the
polarizabilities ay=24.42 a.u. and @,=16.293 au. (1 a.u.
=0.1482x 1072 cm?).

In Tlig. 11 are comparcd the closc-coupling rotationally
summed differential electron scattering cross sections calcu-
lated by Kutz and Meyer”® (solid line) with the experimental

vahies of Gote and Fhrhardt® for varions incident electron-

energies. The agreement is good adding credence to the cal-
culation and the underlying assumptions.

The full-model potential calculation results of Kutz and
Meyer for the integrated excitation cross section and for the
first four rotational excitation channels are shown in Fig. 8.
The total scattering cross section (for all scattering channels)
has a minimum at about 0.5 eV which was found to be very
sensitive to small changes of the potential. The integrated
cross section decreases with the final rotational state j. At
low scattering angles and electron energies only a fow rota-
tional quanta are transferred (‘‘normal’ excitation mecha-
nism), whereas at high scattering angles and electron ener-
gies many rotational quanta can be exchanged (rotational
rainbow mechanism).

Another calculation of rotational excitation of Cl, was per-
formed by Ernesti er al.” within the two-center Coulomb-
scattering approximation. This study predicted a rainbow
scattering pattern which is consistent both with the close-
coupling result and with the experimental data.

3.5.2. Total Vibrational Excitation Cross Section, o (€)

There are no experimentally determined total vibrational
excitation cross sections, oy, (€), for Cl,. There are only
the results of two Boltzmann-code calculations,'*® based
upon limited experimental data. These results are comparcd
in Fig. 12. Their assumed energy dependence is similar (al-
though there is no experimental evidence to support such a
shape), and their magnitudes differ. Thus, there is a need for
a direct measurement of the vibrational excitation cross sec-
tion for this molecule and there is also a need for more and
better electron transport data to enhance the usefulness of the
Tyipe(g) calculated from Boltzmann codes.

Vibrational excitation cross sections are important in ef-
forts to model plasma reactors due to their large effect on the
clectron energy distribution function (see, for example, Rels.
103 and 104). For this reason, we have attempted to deduce
a rough estimate of oy (&) from the available cross sec-
tions for other pracesses. We assumed the suggested values
for oy ((e) (Sec. 3.1, Fig. 6), o.(&) (Sec. 3.3, Fig. 9),
oi4(e) (to be discussed in Sec. 4.1, Fig. 14), 0 giss neur(€) (t0
be discussed in Sec. 5, Fig. 16), and o4, (&) (to be discussed
in Sec. 6.1, Fig. 17), and took the difference

a'sc,t(s) —[o, e,t(a) + 0},,(8) + O'diss,neut,t(e) + O'da,t(s)]
=0y, (8) ™~ Oyip indirE) (D

to be a measure of o;,,(¢). Since direct vibrational excita-
tion for a homopolar molecule such as Cl, is expected to be
small,"*'* g, (&) may be taken, in this case, to be the
cross section for indirect (resonance enhanced) vibrational
excitation, o, ingi(€), of the Cl, molecule via its temporary
negative ion states. Values of o, inai(€) derived in this way
are shown in Fig. 12 (solid line), where the two Boltzmann
computed values of o, (&) are also shown. The oy ingir(€)
deduced in this study bares no similarity to the computed
oyini(e). In spite of the large uncertainty involved in the

“derivation of oy igi(£), this deduced cross section shows

that the indirect vibrational excitation cross section of Cl, is
very large. In the absence of any direct measurements of
Oyib(€), the present derived cross section oy, ingir(€) 1S pre-
ferred to those provided by the Boltzmann codes.

3.5.3. Electronic Excitation Cross Sections, o g.(£)

There have been no measurements of the cross sections for
electron-impact excitation of any of the electronic states of
Cl,. However, there have been three calculations of cross
sections for some of the lowest excited electronic states of
Cl,. Rogoff et al.! report cross scctions for clectron impact
excitation of the electronic states 3Hu, I, and the sum
2 1,+2 'S that are derived from a Boltzmann-code analy-
sis. Another Boltzmann-code calculation by Pinhao -and
Chouki* report cross sections for electronic excitation of
ML+, 35, 40T+ T, and 2ML,+2'S).  Also,
Rescigno'® performed close-coupling calculations using the
complex Kohn variational method and reported excitation
cross sections for °I1,, 'II,, *I1,, 'I1,, and *3,; . Rescigno
refers to the cross sections he calculated for these five states

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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FiG. 13. Comparison of calculated cross sections for electronic excitation, o (&), of Cl,. (a) Excitation of *TI,+'T1, : {—-~) Ref. 1; (—) Ref. 40; (- -) Ref.
100. (b) Excitation of 2 'TI,+2 'S : (--—) Ref. 1; (—) Ref. 40; (- —) Ref. 100. (c) Excitation of 3TI, and 'TI,: (- - -) Ref. 1; (—) Ref. 100.

indiscriminately as cross sections for excitation or as cross
sections for dissociation, the implication being that all exci-
tations to these states lead to dissociation. This would be
consistent with the potential energy curves for the excited
states calculated by Peyerimhoff and Buenker*® (Fig. 1). He
also calculated the total cross sections for electron-impact
excitation of the 'IT, and 'S, Rydberg states of Cl, using the
Born-dipole approximation and found that the Born-dipole
cross sections far exceeded those he calculated using the
close-coupling method.

Since the excitation cross sections of Rogoff ef al.! have
been used in various plasma models, we compared them with
the results of the other two calcuiations in the few cases
where this is possible. Thus, in Fig. 13(a) the cross sections
estimated by the three studies for I, +'TL, are compared. In
Fig. 13(b) a similar comparison is made for 2 'TI,+2 !5} . In
Fig. 13(c) the cross sections of Rogoff efal' and of
Rescigno'® for electron-impact excitation of the electronic

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

states °IT, and C 'TI, are compared. The vertical excitation
energies of >II, and 'TI, are, respectively, 3.31 and
~4.05eV (see Table 2). The agreement between the
Boltzmann-code-deduced electronic excitation cross sections
and those of Rescigno is poor. Clearly more work, both ex-
perimental and computational, is indicated.

4. Electron Impact lonization for Cl,

4.1. Total lonization Cross Section, o,(¢)

In Fig. 14 are compared the available data on the electron-
impact total ionization cross section, (&), of Cl,. 'these
include the measurements by Center and Mand},'" Kurepa
and Beli¢,”> Stevie and Vasile,'® and Srivastava and
Boivin.'®® The Center and Mandl cross section measure-
ments were made using argon as the calibrant gas, and nor-
malizing to the ionization cross section for Ar of Rapp and
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6. 14. Electron-impact total ionization cross section, oj(¢), for Cly: (A) Ref. 107; (@) Ref. 95; (M) Ref. 108; (¢) Ref. 109; (- —) Ref. 110; (- - -) Ref.

1; (—=-=) Ref. 1; (-+) Ref. 40; (—) suggested.

riglander-Golden.''? The stated uncertainty of these mea-
wements is = 15%. Kurepa and Beli¢’s cross section mea-
wements are absolute. They were made in the energy range
f 10-100 eV and have a reported relative error of *20%.
elow ~50eV they are higher than the values obtained by
enter and Mandl. The third set of measurements were made
y Stevie and Vasile'® in the energy range 12100 eV using
mass spectrometer and a modulated molecular beam. These
sterminations of oy (&) were made relative to those of the
wree calibrant gases Ar, O,, and Kr for which they used the
sspective data of Rapp and Englander-Golden.!'* The val-
s plotted in the figure are the averages of the data using
ich of the three calibrant gases. The authors indicated an
ror bar in their data for 70 eV as shown in Fig. 14. Their
acertainties are approximately *20%. Their measurements
sree with those of Kurepa and Beli¢® near the threshold,
at they are considerably higher for energies greater than
-15eV. Clearly these three sets of data differ not only in
lagnitude, but also in the measured energy dependence of
i(€). The more recent unpublished relative measurements
f Srivastava'® are also shown in Fig. 14. These cover a
roader energy range, from threshold to 700 eV, and were
‘bitrarily normalized to the 70 eV point of the ‘‘suggested’’
arve discussed later and shown by the solid line in Fig. 14.
iterestingly, the cross section of Srivastava shows structure

near 25 eV which, although not as evident, is nonetheless
indicated by some of the other measurements, and might be
due to autoionization.

In Fig. 14 are also shown the results of two recent unpub-
lished calculations, one by Kim''® and another by Deutsch
et al.™" The results of both of these calculations are in rea-
sonable agreement with the measurements of Kurepa and

TABLE 12. Suggested total ionization cross section, o;,(¢), for Cl,

Electron energy oie) Electron energy ;&)
(eV) (1072 m?) (V) (107% )
11.5 0.03 35 5.26
12 0.11 40 5.49
13 0.25 45 5.68
14 0.43 50 5.87
15 0.69 55 6.03
16 0.99 60 6.15
17 1.32 65 6.25
18 1.67 70 6.32
19 2.06 75 6.33
20 2417 80 6.31
22 3.25 85 6.28
24 3.79 90 6.25
26 4.17 95 6.22
28 4.51 100 6.19
30 4.30

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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Fic. 15. Density-reduced electron-impact ionization coefficient, a/N(E/N),
for Cl, at various gas pressures. Data from Ref. 102. The solid line is a
least-squares fit to all the data points and represents the suggested values for
a/N(E/N).

Belié¢®® and Stevie and Vasile.!”® The calculation of Kim
includes multiple ionization but not autoionization.

At the present time we have averaged the measured values
of Kurepa and Belié” and Stevie and Vasile,'® even though
the differences in their magnitudes exceed their combined
uncertainties, and take this to be our suggested value for the
ay,(¢) of Cl,. We have not included the values of Center and
Mandl'”” due to the obviously inconsistent shape of their
cross section when compared to the other”>'% measured val-
ues. These average values are shown by the bold line in Fig.
14 (Table 12).

The model-dependent total ionization cross section of
Rogoff et al.,! and Pinhao and Chouki*® deduced from mod-
eling of chlorine discharges are also plotted in Fig. 14. While
the Pinhao and Chouki cross section is in general agreement
with the most reliable measurements, that of Rogoff ef al. is
not. However, such a comparison is biased by the input cross
section assumed by each calculation.

Threshold ionization energies leaving the Cly ion in vari-
ous states of excitation have been given in Table 4. Also

listed in Table 4 are the values for the threshold energy for

TABLE 13. Suggested density-reduced electron-impact ionization coefficient,
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FiG. 16. Total cross section for electron-impact dissociation into neutral
fragments, s peu(€), -for Cly: (®) measurements by Cosby and Helm
from Ref. 114; (- - -) calculations by Rescigno from Ref. 100 [sum of the
cross sections for electronic excitation of the lowest five electronic states

G, ', I, ', 33)) of Cl].

dissociative .ionization (Cl,+e—Cl*+Cl+2¢) and for
double ionization.

There seem to be no cross section data on either the partial
ionization, or the cross sections for multiple ionization of Cl,
by electron impact. Therefore, the relative production of Cl3
and C1* by electron impact is not known. Photoabsorption
measurements, however, show that the production of Cl; far
exceeds the production of Cl* for dissociative photoioniza-
tion (see Fig. 3).

4.2. Density-Reduced Electron-Impact lonization
Coefficient, o/ N(E/N)

The only measurement of the density-reduced electron-
impact ionization coefficient, a/N(E/N), of Cl, is that -of
BoZin and Goodyear'® shown in Fig. 15. These measure-
mients were made at T7=293K for Cl, pressures of 0.13,
0.33, 0.67, and 1.33 kPa. From a least-square fit to the data
in Fig. 15, we obtained the values listed in Table 13 which
represent our suggested values for the a/N(E/N) of Cl,.

TaBLE 14. Total cross section for electron-impact dissociation into neutral
fragments, o ggssneurt(e), for Cl; (data of Cosby and Helm from Ref. 114)

a/N(E/N), for Cl, (based on measurements of BoZin and Goodyear from Electron energy O dissneuta{ &)
Ref. 102) (eV) (10°2 'm?)
EIN alN(EIN) EIN alN(EIN) 8.4 048-0.14
(107 V cm?) 1072 md) 107V cmd) (1072 m?) 9.9 . 1.04£0.31
124 } 1.36+0.41

213 6.45 340 282 14.9 2.07%0.62

220 7.34 360 334 174 1.51£045

240 9.82 380 © 390 19.9 1.52x0.46

260 124 400 447 224 1.19+0.36

230 15.5 420 50.4 274 0.96x£0.29

300 19.2 440 56.2 474 0.52+0.16

320 234 450 59.1 974 ) 0.24+0.07
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TaBLE 15. Negative ion states of Cl,

Assigned symmetry of
corresponding negative

Method/Reference

Energy (eV) ion state

0.03+0.03 11,
2.5*0.15 qI,2
55+0.15 3.t
0.0 ' DN
2.5+0.05 I,
5.75+0.05 1,

b +
9.7 N
0 5
2.5 11,
55 I,
0.07 N
24+0.1
7.46 (v=0) Electron-excited Feshbach

and subsequent peaks
separated by 0.08 eV
corresponding to

addition of two nso

v=1-5 positive-ion core
— 2d an
~5 d ZH "

resonances formed by

electrons to the X 2Hg

Maxima in the dissociative electron attachment
cross section measured in an electron-impact
mass-spectrometric study (87)

Maxima in the dissociative electron attachment
cross section measured in an electron-impact
mass-spectrometric study (80, 95)

Dissociative electron attachment using

a crossed-beam electron impact spectrometer.
Assignments based on angular distribution
analysis of the C1~ ions (96)°

Electron swarm (117)
Electron-impact mass spectrometry (76)

Electron transmission (97)

Studies of Cl~ ions produced by
dissociative electron attachment from
condensed Cl, (118)

se assignments are incorrect, see text.

a et al. (Ref. 96) did not observe the 9.7 eV resonance indicated by the data of Kurepa and Beli¢ (Ref. 95).
rding to Azria et al. (Ref. 96), there may be a small contribution of the 23, ; state of Cl, to the C1™ formation at the low-energy side of the resonance

S5eV.

se values are about 0.5 eV lower than the corresponding gaseous data. This may be due to the effect of the polarization energy of condensed Cl, on the

itive-ion states of the isolated Cl, molecule (Refs. 118 and 119).

Total Cross Section for Electron-Impact
Dissociation Into Neutral Fragments,
a'diss,neut,t( £) » for Cl,

here has been one measurement!'>!!* of the total cross
ion for electron impact dissociation into neutrals,
sneatt(€), for Cl, and these data of Cosby and
m!>14 are shown in Fig. 16. In Fig. 16 is also shown the
. of the cross sections calculated by Rescigno'® for the
est five excited electronic states (CIT,, ,, 3Hg, IHg,
) of Cl, which are reached by promoting an occupied
:nce electron into the antibonding (54,) orbital. The cal-
ition by Rescigno showed that the total dissociation cross
ion is the largest for the *II, state up to the highest
-gy (30 eV) he investigated. The agreement between Re-
n0’s calculations and the experimental data is good, sup-
ing the premise that all electronic excitations result in
ociation. The experimental data of Cosby and Helm!'>!!4
listed in Table 14 as the presently suggestied values fox
sneut(€) for the Cl, molecule.

1 an earlier study, Wells and Zipf'"®> observed dissocia-
excitation of Cl, and identified the fragments as, in part,
nic chlorine in long-lived high-Rydberg excited states
* (HR)] produced through

e+ Cly— e+ Cl+CI*(HR) )
and
e+Cl,—2e+Cl*+CI*(HR). (3)

They associated an energy threshold for reactions (2) and (3),
respectively, equal to 14.8*+1 eV and 29.2+5¢eV.

Another process. for neutral fragment production is disso-
ciative recombination (e+Cl; —Cl+CI). No data exit on
this process (see Mitchel'!® for data on this process for other '

* species).

6. Electron Attachment to Cl,

As we have discussed in Sec. 2.2, the Cl, negative ion
consisting of C1™ (1S;) and Cl (2P3,2,l,2) has four electronic
states whose order of increasing energy is: 2% , Il °I1,,
22; (Fig. 5). The paiticipation of these states in dissociative
electron attachment of Cl, depends on the way their
potential-energy curves cross the ground-state. potential en-
ergy curve X '3 g of the neutral Cl, molecule. On the basis
of the Cl, potential-energy curves in Fig. 5, one would ex-
pect formation of the parent anion Cl, at zero energy, and

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999



152 L. G. CHRISTOPHOROU AND J. K. OLTHOFF
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Fig. 17. Total dissociative électron attachment cross section, a4,(£), for
Cl,: (@) measurements of Kurepa and Beli¢ from Ref. 95; (-+-) relative
cross section for the production of CI™ from Cl, measured by Tam and
‘Wong in Ref. 87 normalized to the Kurepa and Beli¢ cross section at 2.5 eV;
(—) cross section of Kurepa and Beli¢ (Ref. 95) adjusted upwards by 30%.
The open symbols represent the contribution to the measured cross section
attributed to ion-pair production (see Sec. 6.5.).

the formation of C1~ at near-zero energy and in three higher-
energy ranges below 10 eV. For the fragment negative ion
Cl1™, the dissociative attachment reactions

Cly(X ') +e—~Cl*—Cl™(1Sg) + Cl(*P3p1) (4)

involve the ground state X 12; of Cl, in the v=0 and per-
haps v=1 state, and the four 23, I, *TI,, % negative
ion statcs of Cl, which are correlated with the dissociation
limit Cl17('S)+Cl(®P3p,1p). This limit lies 1.10 eV
[Cl (?P,;)] and 1.21 eV [Cl (®P3,)] below the minimum of
the potential energy curve for the ground state of Cl, [see
Fig. 5(b)].

Three electron-beam experimental studies®™*>® have
shown that the yield of C1~ from Cl, exhibits three peaks: at
~Q0¢eV, at 2.5 eV, and at 5.5 eV (Table 15). These were
ascribed™ to the S, *I1,, and *II, resonant states of
Cl;, respectively. The ground state, 23, of Cl; is formed
by addition of an extra electron to the lowest unfilled (o, 3p)
Cl, orbital of the ground-state electron configuration of Cl,:
[(..)(o3p)X(m3p) (m3p)*]. The core-excited 2II,
and 21, states of Cl; are formed by exciting one electron
of the 5 shape resonance from the m,3p and m,3p to
the o,3p orbital, respectively. An electron-transmission

study by Spencceg7 located the lowest-lying electron-excited -

Feshbach resonance in Cl, at 7.46 eV. He associated
this resonance with Rydberg states having symmetry
(XM, (450)[*[113,,]. The derivative of the transmitted
current in Cl, between 7.0 and 9.0 eV showed a progression
of six resonances starting at 7.46 eV, with an average spac-
ing between adjacent resonances of 80 meV. A recent high
resolution (~ 60 meV FWHM) electron beam studym of dis-
sociative electron attachment to Cl, between ~0.0 and 0.7
eV showed two resonances at 0.03 and 0.250 eV. The former
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peak has been attributed'? to dissociative electron attach-
ment via the >3} state of Cl,. The latter may be due to
dissociative electron attachment via one of the excited *II
states of Cl, . 120

The parent negative ion Cl; is not normally formed in the
gas phase. The transient anion in the lowest negative ion
state, Cl; *(*%.}), must be collisionally stabilized before it
breaks up by dissociative electron attachment. Since, more-
over, dissociative clectron attachment occurs at subpicosce-
ond times, collisional stabilization of Cl;* can only take
place at high gas densities when the collisional stabilization
time becomes comparable to, or shorter than, the dissociative
electron attachment time, or in the condensed phase. No par-
ent negative ions have been observed in electron attachment
studies in the gas phase. They, however, have been observed
in gas-phase negative-ion charge transfer reactions'?'* and
in the condensed phase.!'® With regard to the latter-type in-
vestigation, Azria et al.M® studied the- production of CI™ by
dissociative electron attachment in eleciron-stimulated de-
sorption from Cl, condensed on a platinum substrate. They
found that the energy dependence of the C1™ signal exhibits
two peaks at about 2 and 5 eV which they attributed to the
2Hg and 2II, Cl; resonant states. Thus, in the condensed
phase (in the chlorine lattice on the surface of the substrate)
the dissociation dynamics of Cl, are similar to those in the
gas phase except possibly with a 0.5 eV downward shift in
the resonance energy positions. (See Chn'stophorou“g’123 for
a discussion of the effect of the medium and state of matter
on the energetics of negative ion states.)

~ 6.1. Total Dissociative Electron Attachment Cross

Section, o y,4(£)

Dissociative electron attachment to Cl, is rather simple in
its products: only Cl~ is produced directly. Thus, electron
beam experiments with mass analysis and total electron at-
tachment experiments without mass analysis should yield the
same results. In spite of this, it seems that the only absolute
measurement of the total dissociative electron attachment
Ccross section, o7, (&), of Cl, is that of Kurepa and Beli¢.®
Their data are shown in Fig. 17. They cover the energy range
from 0 to 13.0 eV and have an uncertainty of =20%. They
indicate that dissociative electron attachment to Cl, princi-
pally proceeds via three negative-ion states located at
~0eV, (2.5£0.05) eV, and (5.75%0.05) eV. A weak pro-
cess they observed between 9 and 11.5 eV was not observed
by others®® (see Table 15).

In Fig. 17 is also plotted, for comparison, the relative cross
section for the production of C1™ from Cl, as determined in a
higher-energy resolution study by Tam and Wong.®” (Note
that the energy scale for C17/Cl, in Fig. 2 of the paper of
Tam and Wong is not that indicated on the energy axis of the
figure in their paper.) Here the data of Tam and Wong have
been normalized to the Kurepa and Beli¢ cross section at 2.5
eV. Other than the small differences in the shape and energy
position of the resonance at ~5 eV, the overall shapes of the
two cross sections are in reasonable agreement. The sharp
peak at zero energy is worth noting as it is consistent with



3LE 16. Suggested total dissociative electron attachment cross section,
W{(g), for Cl,

ELECTRON INTERACTIONS wiin ui, 153

ectron energy O gas(€) Electron energy O ga(€)
(eV) (107% m? (eV) (1072 m?)
0.05 1.83 52 0.053
0.10 1.04 5.6 0.062
0.20 0.32 6.0 0.062
0.30 0.081 6.2 0.060
0.40 0.026 6.6 0.052
0.50 0.013 7.0 0.039
0.60 0.0088 72 0.030
0.80 0.0065 7.6 0.018
1.0 - 0.0055 8.0 0.0091
12- 0.0062 8.2 0.0066
1.6 0.011 8.6 0.0053
20 0.024 9.0 0.0051
22 0.032 9.2 0.0049
2.6 0.036 9.6 0.0051
3.0 0.025 10. 0.0049
32 0.018 10.2 0.0048
3.6 0.012 10.6 0.0046
4.0 0.017 11.0 0.0045
42 0.022 11.2 0.0042
4.6 0.033 11.6 0.0041
5.0 0.047 11.8 0.0043

s electron swarm data (Sec. 6.2). The energy positions of
: negative ion resonances as determined in the study of
m and Wong along with the Tam and Wong assignments
: compared with other data in Table 15. Comparison with
rer studies indicates that the assignments of Tam and

ong are apparently incorrect. The sequence of their assign-

:nts is in error because their calculations show the poten-
1 energy curve for the 23} anionic state not crossing the
tential energy curve for the X 12; ground state of the Cl,
slecule.

Based on the analysis of the total electron attachment rate
nstant in Sec. 6.2.2, the values of o4,(g) given by Kurepa
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.. 18. Total electron attachment rate constant as a function of E/N,
(EIN), for Cl, (T~298-300K); (®) Ref. 117; (O) Ref. 124; (X)
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FiG. 19. Total electron attachment rate constant as a function of the mean
electron energy (g), k,((g)), for Cl, (T~298 K): (@) Ref. 117; (X) (ks )u
determined from the average of the two most recent values of the thermal
(T=~300K) electron attachment rate. see Table 18: (A) Ref. 124: (V) Ref.
124 using the rate constants measured by Rockni ez al. (Ref. 88); (—-—) Ref.
127 using the o,(&) of Kurepa and Beli¢ (Ref. 95) and a Maxwellian
distribution function for the electron energies; (---) Ref. 128 using the
o.(€) of Kurepa and BeliC (Ref. 95) and a Maxwellian distribution func-
tion for the electron energies; (- - -) Ref. 117 using the o,,(¢) of Kurepa and
Beli¢ (Ref. 95) and the electron energy distribution functions they calculated
for N,.

and Beli¢ appear to be approximately 30% lower than indi-
cated by the electron swarm measurements. We have, thus,
adjusted their cross section upwards by this percentage for
our suggested values for o4, ,(£). This adjusted cross section
is shown in the figure by the solid line, and values taken
from this curve are listed in Table 16 as our suggested data
for the 074,((&) of the Cl, molecule.

6.2. Total Electron Attachment Rate Constant as a
Function of the Density-Reduced Electric
Field E/N, k,(E/N), and the Mean Electron Energy

(&), kax((€))
6.2.1. ko (EIN) in N,

McCorkle ef al.''’ measured the total electron attachment
rate constant, k,(E/N), of Cl, using mixtures of Cl, with
N,. Their measurements covered the E/N range of 6
X1071-4x 10" Vem?, with a probable uncertainty of
*+10%. The measurements were made at room temperature
(298 K) and also at other temperatures above and below
ambient (Sec. 6.2.4). The total gas number density in their
experiments was 6.48X 10" molecules/cm® and the Cl, gas
number density was in the range (0.2-2.3)X10%
molecules/cm®. The rate constant was found to be indepen-
dent of both the total and the attaching gas pressures. The
measurements at room temperature are plotted in Fig. 18.

Another measurement of k,(E/N) was made by Sze
et al.'** using mixtures of Cl, with N,. These measurements
were made at 300 K and for only one mixture composition
[the Cl, gas number density in the mixture was 260 parts per
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TaBLE 17. Suggested total electron attachment rate constant, k, ({¢)) (T
=298 K), for Cl, (data from Ref. 117)

TaBLE 18. Thermal values, (k, )y, of the total electron attachment rate
constant for Cl, near room temperature

(e) ko (&) (DM Temperature

(eV) (1071 cm3s™h (1071% cm3s™h (K) - Reference

0.046 19.3 (1.20) 2.8%0.4 300 129

0.054 19.9 (0.9) 3.1 293 130

0.064 20.0 (0.9) 11.0 300 131

0.075 19.9 (1.1) 18.6%+1.2 298 117

0.094 19.8 (1.2) 20.0+3.0 300 126

0.113 193 (1.3) 3717 350 132

0.131 18.5 (1.3)

0.165 17.1 (1.5)

0.196 152 (1.4) ] )

0.228 142 (1.5) (2) Values estimated by McCorkle et al. using the electron
0.275 119 (1.5) energy distributions in N, and the total electron attach-
0.322 10.1 (1.2) ment cross section of Kurepa and Belic® (Fig. 17).
0.368 ol While the Kurepa and Belié-based k,({&)) have a simi-
0.487 62 (11) lar energy dependence to the directly measured rate con-
0.550 54 (0.9) stants, they are lower in magnitude (at a mean electror
0.599 4.6 (0.7) energy of 0.08 eV by ~30%) indicating that the Kurep.
0.640 3.9 (0.5) and Beli¢ cross sections are lower than their true values.
g;g‘s‘ > Egg (3) Values of k,((&)) determined by Chantry'®’ and by
0779 26 (05) Kurepa et al.'*® using the total electron attachment cross

*Values in parentheses are standard deviations as given by the authors.

million (ppm)]. These measurements are also plotted in Fig.
18, along with the limited measurements made by Rokni
et al.®® at 300 K. With the exception of the measurements of
Sze et al. below ~5X10717Vcm?, these data are not in-
compatible with those of McCorkle et al.

Besides their measurements in mixtures with N, Sze
et al.*** also reported k,«(E/N) for one mixture of Cl, in Ar.
These data are not included in the present paper since the
measurements were made for only one mixture concentration
(260 ppm) and the effect of Cl, on the electron energy dis-
tribution function in pure Ar could not be assessed. For the
same reason, early measurements by Bradbury'® on the
probability of electron attachment per collision in a Cl,/Ar
mixture are not included..

6.2.2. K, 4((£))

McCorkle ez al.''7 used their measurements of k,(EIN),
and the electron energy distribution functions for N, they
calculated at each E/N for which they measured k,, using a
Boltzmann code, and determined the &, ({¢)) for Cl,. These
derived data are shown in Fig. 19 for T=298 K. In this fig-

_ure is plotted also the thermal value, (k.. of k,((€)) as '

given by the average of the two most recent
measurements! 712 of this quantity (Sec. 6.2.3). In addition,
values of k,({e)) reported by the following four groups of
investigators are plotted in the figure:

(1) Values reported by Sze et al.'* determined from their
k,(E/N) measurements and also from the measure-
ments of Rokni ez al.®® These are in fair agreement with
the McCorkle et al.'!” data.
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section of Kurepa and Belié® (Fig. 17) and a Maxwell-
ian electron energy distribution function. Clearly the as-
sumption of a Maxwellian distribution function for the
electron energies is unrealistic at high E/N, as is shown
by the large difference between the calculated k, ((&))
and the experimental measurements of k,({e)). The
data of McCorkle et al.'!” are listed in Table 17 as ou
suggested values for the k,((¢)) of Cl, at 298 K.

Values of k,({&)) derived from limited measurements i..
mixtures of Cl, with argon®!?* are uncertain and are not
included in this work.

6.2.3. Thermal Value, (k,4)y,, of the Total Electron Attachment
’ Rate Constant

In Table 18 are listed the values of the electron attachment
rate constant at thermal energies, (k, )y (7'=300K). These
are independent measurements - by various
groups'17126129-132 5 4 they vary significantly. The two most
recent measurements'"?® are consistent with each other and
we take their average, 19.3X107 0 e 571, as the best
present estimate of (k, )y, for T=300K (plotted on Fig. 19
as a X symbol). '

6.2.4. Effect of Temperature on the Electron Attachment Rate
Constant, k,«((£),T)

There have been two measurements!!"1? of the depen-

dence of the total electron attachment rate constant &, , of Cl,
on gas temperature. The measurements of McCorkle et al.'"’
were made at various mean electron energies from thermal to
0.78 eV, and the measurements of Smith ez al.'*® were made
at only thermal energies. The former results are reproduced
in Fig. 20(a), and the latter are compared with the former
in Fig. 20(b). All of the data for (k,,)y are tabulated in
Table 19.
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FiG. 20. (a) Variation of k,({¢)) of Cl, with temperature from McCorkle
et al. (Ret. 117). (b) Variation of (k,)q Of Cl, with temperature: (®) Ref.
117; (O) Ref. 126.

6.3. Density-Reduced Electron Attachment
Coefficient, »/N(E/N)

The early measnrements of »/N(E/N) hy Railey and
Healey!”! in Cl, at 288 K are not in agreement with the more
recent measurements of Bozin and Goodyear'®? made at 293
K (Fig. 21). Bozin and Goodyear indicated an uncertainty of

TaBLE 19. Variation of (k, ¢y of Cl, with temperature

Temperature (ko
(K) (10710 cm®s™h) Reference
213 122 117
233 ' 135
253. 15.1
273 . 16.7
298 186
323 21.4
203 <10 126
300 20
455 33
590 48

30 T T T T T
[ ®  0.13kPa 1
- 0.33kPa
L Bozin (196
25 u  067kPa n (1967) -
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FiG. 21. Density-reduced electron attachment coefficient, 7/N(E/N), for
Cly: (@), (A), (W), (#) Ref. 102; (- - -) Ref. 101; (—) suggested values.

+10%, but the average uncertainty of their data is more
likely twice this value. They also indicated that their mea-
surements for 1.33 kPa may be more uncertain than those at
the other three pressures (see Fig. 21). Therefore, the solid
line in Fig. 21 is a least-squares fit to the data of Bozin and
Goodyear at pressures of 0.13, 0.33, and 0.67 kPa, and data
taken off this curve are listed in Table 20. In the absence of
other measurements, these values are presently suggested for
the 7/N(E/N) of Cl,, but clearly there is a need for further
measurements.

6.4. Density-Reduced Effective lonization
Coefficient, (a— 7)/N(E/N)

Bozin and Goodyear'®® reported measurements of the
density-reduced effective ionization coefficient («
— 5)/N(E/N) for pure Cl,. Their measurements were made
at roumn lemperature (T=293 K) for gas pressures of 0.13,
0.33, 0.67, and 1.33 kPa. Figure 22 shows their data which -
have a stated uncertainty of *10%. The solid curve is a
least-squares fit to the data at all pressures, and values taken
off this curve are listed in Table 21 as the presently sug-
gested estimates of the (a— 7)/N(E/N) for pure chlorine.

TaBLE 20. Suggested values for the density-reduced electron attachment
coefficient, 7/N(E/N), for Cl, (data of Bozin and Goodyear from Ref. 102)

EIN 7IN(EIN) EIN 7IN(EIN)

(10717 Vem?) 1072 m? (1077 vem? (1072 m?
215 25.3 - 350 13.7
225 24.4 375 11.9
250 223 400 10.0
275 20.0 425 8.14
300 17.6 450 6.26
325 15.6

J. Phys. Chem. Ref. Dala, Vol. 28, No. 1, 1999




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

200 [ T IBARARRAR T T ]
< 1s0f :
£ 1 ]
S H
by :
o I ‘o
- 100} N
w : e 0.13kPa
= 3 : s 033KP 4
Z 50 = 067 kP:
e L : . 1.33 kPa
| : Suggested 1
& o
_50 " I 1 sagaal 1 " ) 1)
200 300 400 500 600 700 800

E/N (1077 V em?)

FIG. 22. Density-reduced effective ionization coefficient, (a— 7)/N(EIN),
for Cl, from Bozin and Goodyear (Ref. 102). The solid line represents the
suggested values.

6.5. Cross Section for lon-Pair Formation, ojp(¢€)

Besides the formation of negative ions via the resonant
electron attachment processes discussed in the preceding sec-
tions, negative ions have been observed to form by electron
impact on Cl, via the direct process of polar dissociation,
that is, via the ion-pair process

Cly+e—CIT+Cl™ +e. 5)

The energy onset for process (5) is 11.9 eV (Table 4). The
absolute cross section measurements of Kurepa and Belic®
for negative-ion formation above 11.9 eV (see Fig. 17) is due
largely to the ion-pair process, Eq. (5), although in some
energy regions contributions from indirect electron attach-
ment processes are possible. The Kurepa and Beli¢ data
(quoted rclative uncertainty +20%) are plotted in Fig. 23.
As discussed in Secs. 6.1 and 6.2, these data need to be
adjusted upward by 30%, and the so-adjusted data are shown
in Fig. 23 by the solid line. Data taken off this line are listed
in Table 22 as our suggested values for the oy (€) of Cl,.

6.6. Negative lons in Cl, Discharges

There have been a number of studies dealing with negative
jons in Cl, gas discharges. By way of example we refer in

TaBLE 21. Suggested values of the density-reduced effective ionization co-
efficient, (a— 7)/N(EIN), for Cl, (data of Bozin and Goodyear from Ref.
102)

EIN (a—n)/N(EIN) EIN (a— 1)/N(EIN)
(1077 Vem?) (1072 m?) 1077 vem?d) (1072 m?
215 —18.5 500 69
250 -10.7 © 550 86.8
300 2.13 600 103.7
350 18.0 650 1203
400" 33.7 700 136.9
450 50.9 750 1534
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FiG. 23. Cross section for ion-pair formation, oy(&), for Cl, of Kurepa and
Beli¢ from Ref. 95. The solid curve is the same data adjusted upward by
30% as discussed in Secs. 6.1 and 6.2:

this section to two such studies,>!** dealing with laser-
induced photodetachment of negative ions and its use to infer
the density of negative ions in the plasma. Han et al.'*® de-
scribed a technique for sampling negative ions in the hollow
cathode and hollow anode of Cl,/N, discharges. The photo-
electron transient signals which were induced by laser pho-
todetachment of the negative ions present in the discharge
were employed to probe the ion concentration. The observed
negative-ion transient signal allowed a study of the kinetics
of the three negative ions (C1~, Cl; , and Cl3) they observed
in the discharge. Interestingly, the authors concluded from
their measurements that the Cl; ion is likely to be due to the
recombination of C1~ and Cl,, and the Cl; ion is likely to be
the result of three-body electron attachment to Cl,.

Hebner'* also employed laser photodetachment spectios-

TABLE 22. Suggested cross section for negative ion—positive ion pair pro-
duction, oy(&), in Cl, between 12 and 100 eV (adjusted data of Kureba and
Beli¢ from Ref. 95)

Electron energy oi(€) Electron energy o)
(eV) (10720 m?) V) 10720 m?)
12 0.0016 52 0.0114
13 0.0060 56 0.0166
14 0.0117 60 0.0229
16 0.0234 62 0.0255
18 - 0.0312 66 0.0304
20 0.0335 70 0.0354
22 0.0312 : 72 0.0413
26 0.0216 76 0.0528
30 0.0140 80 0.0553
32 0.0116 82 0.0546
36 0.0085 86 0.0525
40 0.0078 90 0.0497
42 0.0078 92 0.0481
46 0.0083 96 0.0442
50 0.0099 100 0.0399
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soefficient to electron mobility. Dy/u. for Cl, (T=288 K) derived from
lata given by Bailey and Healey (Ref. 101). Both data sets are uncertain.

sopy to infer the density of chlorine negative ions in low
yressure, inductively coupled chlorine plasmas.

7. Electron Transport for Cl,
7.1. Electron Drift Velocity, w

The only. known measuremeﬂts of electrbn drift velocity,
v, for Cl, are those made in 1935 by Bailey and Healey'"!

using the volume mixtures 20%Cl,:80%He,
20%Cl,:80%C0O,, and 40%Cl,:60%CO,. Bailey and Healey
also showed a curve for w vs E/N which they identified as
the w for Cl,. This curve is reproduced in Fig. 24(a), but it is
considered uncertain because of its indirect determination
from the drift velocities they measured in the mixtures just
mentioned. Clearly, measurements of w(E/N) for Cl, are
needed, and efforts are underway to measure this quantity in
our laboratory for Cl, and its dilute mixtures in argon.'>

7.2. Lateral Electron Diffusion Coefficient to
Electron Mobility Ratio, D;/u

There are no measurements of this quantity for Cl,. Bailey
and Healey'"! reported measurements of the quantity ky
(mean energy of agitation of electrons in terms of the mean
energy of agitation of the gas molecules at 288 K) which we
used to determine the ratio of the lateral electron diffusion
coefficient Dy to electron mobility g, via the relationship
Dy/u=ky(kT/e). The values of D/ p determined this way
are shown in Fig. 24(b). They should be considered uncer-
tain. Measurements of D4/ over a wide range of E/N are
needed.

8. Optical Emission from Cl,
Gas Discharges

There have been a number of studies of light emission
from chlorine excited in an electrical discharge (see, for in-
stance, Refs. 136~142). It is clear from these investigations
that the emission spectrum from a chlorine vapor discharge

102§ T T T T LR REL | T T T T T TTTT] T §
i S_ O
O 1L NG i
£ 10k Mo, 3
< i ]
Y s ]
o i i
- — -
T 10% E
c F 3
2 I s ]
3 1 Oiss,neut,t
g 107°F E
- ] ~ E
a - S / 1
8 i H A / T
o '2_— H , I' -
o 107 R
N H ]
| ! ]
i I o |

10_3 1 1 JoL L L1t L 1 Ll lJ1t 1L 1 Ll i1l [ J. 11 1 Lt} L il 1

0.01 0.1 1 10 100

Electron Energy (eV)

FiG. 25. Recommended and suggested cross sections for Cl,.
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TaBLe 23. lonization energy of Cl (®P;,) for the production of CI*
(CPyu0), CIF ('Dy), and CI* ('Sy)

TABLE 24. Photoionization cross section, o, ¢i(A), of the Cl atom (mea-
surements of Samson ef al. from Ref. 151)

Tonic state Tonization energy (eV) References
P, 12.97 147°
12.97+0.02 146*
12.967%0.001 148, 149°
P, 13.06 147
13.06£0.02 . 146
13.053 148, 149
3P B 131 147
) 13.090 148, 149
'D, 14.42 147
14.41£0.02 146
14412 148, 149
'So 16.42 147
16.42+0.02 146
16.423 . 148

3He 1 (584 A) photoelectron spectra data.
bSpectroscopic data.

consists, in addition to the atomnic line spectrummn, of a large
number of red-degraded bands extending from about 640 to
340 nm which were generally assigned to Cl; .

9. Suggested Cross Sections
and Coefficients for CI,

Due to the paucity of confirmed data, only the cross sec-
tion for total scattering, oy (&), (Table 9, Fig. 6) is consid-
ered ‘‘recommended’” at this time. However, a significant
amount of data exist which are ‘‘suggested’’ as the best data
presently available. These include:

(i)  oee) in Table 11 (Fig. 9);
(i) oy,(e) in Table 12 (Fig. 14);
(ili)  Oiss neunrs(&) in Table 14 (Fig. 16);
(iv)  0a.(&) in Table 16 (Fig. 17); and
(V) oyp(e) in Table 22 (Fig. 23).

The cross sections that have been.designated as ‘‘recom-
mended’’ or ‘‘suggested’’ in this paper are plotted in Fig. 25.

Also shown in Fig. 25 is the derived o, 4,(¢) (from Fig. .

12) for which we do not provide tabulated data due to the
potential for large uncertainties inherent in the derivation
method -used. It should be observed that the suggested values
of o, (€) exceed those of oy ,(e) near 2 eV. While this is
physically impossible, the amount that o.(e) exceeds
0 «(&) is less than the quoted uncertainties of the two mea-
surements.

The cross section set shown in Fig. 25 is obviously not
complete, and should not be used as such. Obvious deficien-
cies in the set are the lack of a momentum transfer cross
section, and the limited energy range of the suggested values.
The suggested data in the figure should serve as a basis for
the formulation of any complete, self-consistent cross section
set for use by modelers.

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

Wavelength o5, () Wavelength o, (M)
(nm) (1072 m?) (nm) (1072 m?)
15.8 1.29 475 20.2
175 1.32 50.0 25.8
20.0 1.30 525 322
225 1.19 55.0 357
25.0 1.02 515 38.0
275 0.90 60.0 394
30.0 0.94 62.5 40.6
325 1.40 65.0 41.6
35.0 2.50 67.5 424
375 4.60 70.0 43.0
40.0 7.50 725 434
425 11.0 75.5 43.6
45.0 15.3

Also snggested are the

(i) rate constant for electron attachment k,,({e)) in
Table 17 (Fig. 19);

(i1)  density normalized ionization coefficient a/N(E/N)
in Table 13 (Fig. 15);

(i) density-reduced electron attachment
»/N(EIN) in Table 20 (Fig. 21); and

(iv) the effective jonization coefficient (a— 7)/N(E/N)
in Table 21 (Fig. 22).

coefficient

‘1 0. Data Needs for Cl,

Although cross sections have been suggested for total
elastic, vibrational excitation, ionization, dissociation into
neutrals, dissociative electron attachment, and ion-pair for-
mation, there is a need to improve the accuracy and reliabil-
ity of all these cross sections. There is a need as well for
measurements of the cross sections for momentum transfer,
dissociative ionization, vibrational excitation, and electronic
excitation, for which no data exist at this time.

With the possible exception of the rate constant for disso-
ciative electron attachment, and the ionization and effective
ionization coefficicnts, thiere is a need for measurement of all
other coefficients (electron drift velocity in pure Cl, and in
mixtures with rare gases, electron attachment, and electron
diffusion).

11. Electron Collision Data for Cl and CI*
11.1. CI

Atomic chlorine is an open-shell atom with a ground-state
configuration 1522522p%3523p3(?Psp,). Its electron affinity
is well established. Of the 38 values listed by Christodoul-
ides eral,’® those obtained using the photodetachment
method are the most accurate. These are: 3.613%+0.003
eV, 3,610+ 0.002 eV,'** and 3.616=-0.003eV.'** A value
of 3.613 eV is recommended. Studies of He I photoelectron
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Fic. 26. Photoionization cross section as a function of wavelength,

opici(A), for atomic chlorine from the measurements of Samson e al. (Ref.
151). The vertical lines show the *P° and ! PP limits.

spectra146’147 of C1(2P,,,) gave the ionization threshold ener-

gies listed in Table 23 for the production of C1* in the ionic

states >P, 14, 'D,, and 'S,.

De Lange et al.'® used electron modulation spectroscopy
and measured the photoionization cross section of Cl at the
Hel wavelength (584 A) normalized to that for HCI and HBr
at this wavelength. The cross section for ionization of the Cl
atom into the ionic states C1* (*P, ), C1* ('D,), and CI*
(18y) were measured to be (19.7£2.5)X 10" ¥cm?, (11.4
*+1.5)X 1078 em?, and (2.16%0.28) X 10™ ¥ cm?, respec-
tively. The ahsolute photoionization cross section as a func-
tion of photon wavelength, oy (M), of the Cl atom was
measured by Samson ez al.™*! from 755 to 158 A (16.4-75
¢V) with an overall estimated uncertainty of +8%. Their
data are listed in Table 24 and are plotted in Fig. 26.

30 T S A | T l
Cl
- —— Griffin (1995)
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O, o1 (8) (10720 m?)
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FiG. 27. Momentum transfer cross section, oy, (&), for atomic chlorine:

(—) R matrix calculation from Ref. 152; (- - -) multiconfiguration Hartree—
Fock calculation from Ref. 153.

159
11.1.1. Total Electron Scattering Cross Section, o5 ci(2)

There are no measurements or calculations of the total
electron scattering cross section, o ci(€), of atomic chlo-
rine. However, since we are dealing with an atomic species,
below the threshold for electronic excitation of the chlorine
atom at 8.90 eV, the total scattering cross section oy, ci(&)
is equal to the total elastic electron scattering cross section
o cil£). Above the ionization onset of the C1 atom at 12.97
eV, Oy a8) =01 ci(8) + Oexcrci(€) T 01 a(e), where
Oexceci(€) and o5, () are, respectively, the total cross sec-
tions for electronic excitation and electron-impact ionization
of the Cl atom. Between 8.90 and 12.97 eV, o, c(¢)
=0¢11(€) + Oexer i €). Thus, in principle, the cross section
0 s ci(g) for the chlorine atom for the three energy regions
mentioned above can be constructed using the expressions
indicated for each energy region and data on o.;ci(€),
Oexcrcil€), and oy (). Unfortunately, this exercise is not
feasible at the present time since, as will be seen later in this

" section, only the cross section for single ionization oicle) is

known with reasonable accuracy.

11.1.2. Momentum Transfer Cross Section, o, ci(£)

There have been two calculations of the momentum trans-
fer cross section, oy, c(g), of the Cl atom, the R matrix
calculation of Griffin e al.’®? and the multiconfiguration
Hartree-Fock calculation of Saha.'> Figure 27 compares the
results of these two calculations. Both calculations show the
presence of a Ramsauer—Townsend minimum in o7 y(&) (at
0.95 eV, at ~0.7eV"?). This minimum is similar to the
well-known Ramsauer—Townsend minimum in the scattering
cross section of the neighboring rare-gas Ar atom.

11.1.3. Total Elastic Electron Scattering Cross Section, o4 ¢((£)

There are four calculations of the total elastic electron
scattering cross section, o, cy(e), of the Cl atom,"*~'** but
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FiG. 28. Calculated total elastic electron scattering cross sections, o c|(£),

for atomic chlorine: (@) Ref. 154; (- —) Ref. 155; (~-—~) Ref. 152; (— - —)
Ref. 153. '
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FiG. 29. Calculated cross sections for electron-impact excitation of the 4s,
5s, 65, 4p, 5p, 3d, 4d, and 54 states of the chlorine atom from the ground
state 3p(?P) from Ref. 156.

no measurements. These calculations are compared in Fig.
28. They all show the existence of a Ramsauer—Townsend
minimum at ~0.7 eV, > at ~0.4eV," at 0.75 ¢V, and at
0.95 ev."®® Robinson and Geluman'** performed a plane-
wave calculation, Fabrikant'> used the method of extrapola-
tion of potential parameters along the isoelectronic sequence
of positive ions to obtain scattering lengths for e-Cl scatter-
ing, Griffin et al.’2 used the R matrix method, and Saha!*
performed a multiconfiguration Hartree—Fock calculation.
The agreement between these calculated cross sections is
reasonable.
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FiG. 30. Electron-impact single-ionization cross section, o;ci(g), for the Cl

atom. (@) measurements from Ref. 157; (— — —) calculations from Ref.
158; (—-—) calculations from Ref. 159.

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

TaBLE 25. Cross section, o; i(e), for single ionization of Cl by electron
impact (selected data of Hayes et al. from Ref. 157)

Electron energy a; c(e) Electron energy g, cie)
(V) (107* m?) (V) (107 m?)
11 0.00 65 3.49
12 0.01 70 3.47
13 0.02 75 3.44
14 0.24 80 343
15 0.52 85 343
16 0.74 90 3.37
17 1.01 95 3.34
18 ' 1.27 100 3.31
19 1.50 105 3.23
20 1.65 ) 110 3.20
22 1.99 115 3.21
24 : 2.34 120 3.15
26 2.59 125 3.13
28 2.80 130 : 3.07
30 2.96 135 3.05
32 3.16 140 3.01
34 3.20 145 297
36 3.27 150 2.96
38 3.35 155 291
40 3.35 160 2.85
45 343 170 2.31
50 3.44 . 180 2.72
55 347 190 2.68
60 3.49 200 2.63

11.1.4. Electron-Impact Excitation Cross Section, oexcci(€)

Ganas™® calculated cross sections, G e ci(€), for electron-
impact excitation of the 4s, 5s, 6s, 4p, Sp, 3d, 4d, and 5d
states of the chlorine atom from its ground state 3 p(*P).
These are shown in Fig. 29. Similarly, Griffin et al.'? calcu-
lated electron-impact excitation cross sections of Cl to the
3p*45*Ps), level using the R matrix method, but the result of
their calculation was found to depend on the number of
states they considered. For this reason it is not considered
here. :

11.1.5. Electron-Impact Single-lonization Cross Section, o ¢(€)

Hayes et al.’’ measured the electron-impact single-

ionization cross section, o;cy(g), of the Cl atom from the
innization threshold to 200 eV with an absolute uncertainty
of £14%. Their data are plotted in Fig. 30 and are listed in
Table 25 as our suggested data since these are the only ex-
perimental measurements with a specified absolute uncer-
tainty. Also shown in Fig. 30 are the o;c(€) calculated by
Lotz'>® and by Gopaljee et al.'® Lotz calculated o; (&) us-
ing an empirical formula and estimated an error of +40%/
—30%. Gopaljee et al.'® used the binary encounter approxi-
mation. Not included in Fig. 30 are the distorted-wave cal-
culation Tesults of Griffin ef al.'** because they were found
to vary considerably with the details of the calenlation. T.en-
non et al.'®® also reviewed and recommended data for
i ci(e) and other positive ions of the Cl atom to 16+.
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FIG. 31. Cross section, o;q+(¢), for single ionization of C1* by electron
impact (CI*+e—ClT"+2¢): (®) measurements from Ref. 165; (A) mea-
surements from Ref. 166; (M) measurements from Ref. 167; (- - -) semi-
empirical results using the Lotz formula from Refs. 158 and 165.

11.1.6. Radiative Attachment

Radiative attachment to the Cl atom, viz.,
CICPyy 1) +e—Cl (18y) + A (6)

and the resulting radiative attachment continuum Av (also
known as the- affinity spectrum) has long been investigated
(c.g., see Refs. 144, 145, 161-163). The cruss section for
process (6) is expected to be very small.'$>16* In reaction (6)
the photon energy consists of the electron affinity of the CI
atom and the kinetic energy of the attached electron. Because
the kinetic energy of a free electron in, say, a plasma has a
continuous range of values, the emission spectrum resulting
from process (6) is continuous. From its long-wavelength
limit (i.e., for the case where the kinetic energy of the cap-
tured electron is zero) the electron affinity (EA) of the Cl
atom has been accurately determined. Thus, Pietsch and
Rehder'* obtained N(Pap)=(343.410.2) nm, correspond-
ng to an EA for Cl (P3p) of (3.610+0.002) eV, and
AN(Py)=(333.120.4) nm, corresponding to an EA for Cl
Pyp) of (3.722%0.005) eV. Similarly, the radiative attach-
nent continuum was found by Miick and Popp'* to begin at
342.8 nm yielding an EA for Cl of 3.616 eV.

11.2. ct*

In Fig. 31 are shown the electron-impact ionization cross
iections as a function of electron energy for C1™, o; o+(e),
1s measured in three crossed-beam' experiments.!%~17 The
esults of Yamada et al.'® extend from threshold to 1000 eV
ind have estimated total systematic errors of —8% to
+10%. The measurements of Shi er al!® cover the
lectron-impact energy range from 30 to 500 eV and have a
eported uncertainty of +13%. Similarly, the data of Djuri¢
't al.'" stretch from threshold to 200 eV and have a system-
itic uncertainty of =10%. The measurements of Yamada
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FiG. 32. Cross section for photodestruction of Cl; as a function of photon
wavelength, ffpdesn,cg()\); (®) measurements of Lee et al. (Ref. 89); (—)

‘calenlation hy Tee of al. (Ref. 80); (B) measurements of Rackwitz ef al.

(Ref. 169); (A) relative measurements of Asubiojo et al. (Ref. 170) normal-
ized to the data of Lee ef al. at 354 nm; (V) relative measurements of
Sullivan e al. (Ref. 171) normalized to the data of Lee e al. at 354 nm.

et al. are consistently ~25% higher than the other two sets
of measurements, possibly because of detector efficiency
problems.'*>'®” Consistent with the measurements of Djuri¢
et al. and Shi ef al. is the prediction of the semiempirical
formula of Lotz'® (see Fig. 31).

Tor electron-impact ionization cross section data on C
see Mueller et al.'® See also, the review by Lennon et al 190
for ionization cross sections and ionization rate coefficients
for multiply charged positive ions of CL

1++

12. Electron Detachment, Electron
Transfer, and Recombination and Diffusion
Processes

12.1. Electron Detachment

The large cross section for dissociative electron attach-
ment to the Cl, molecule makes the dissociative electron
attachment process for chlorine an efficient mechanism to
remove slow electrons in chlorine-containing plasma gases.
Due to the depletion of free electrons, a higher electric field
strength is required to increase the source of ionization® and
sustain the ionization balance. In the active discharge, al-
though electron detachment processes involve both Cl, and
Cl™, those involving C1™ are by far more significant in view
of the larger abundance of Cl~ (see Sec. 0).

12.1.1. Photodestruction (Photodetachment and
Photodissociation) of Cl;

The interaction of light with Cl, may result in either pho-
todetachment

Cl; +hv—Cly+e, )

or photodissociation

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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TABLE 26. Photodestruction cross section, opges, C,;()\), for Cl; (data of
Lee er al. from Ref. 89)

Wavelength Tpdest, CI;()\)
(nm) (1072 m?)
350.7, 356.9 35.1 £3.0
406.7 149 *1.1
413.1 10.8 =04
4579 3.55+042
468.0 241028
476.2 1.64+0.19
476.5 1.85%0.20
482.5 1.46+0.18
488.0 1.19%0.13
496.5 0.99+0.12
514.5 0.43+0.06
520.8 0.39+0.05
530.9 0.28+0.03
568.2 0.11£0.05
647.1 0.25+0.03
676.4 0.37£0.04
752.5 0.51+0.06
Cl, + hv—Cl+Cl™ (8)

of the Cl; ion. These processes can be discussed and under-
stood with reference to the potential energy curves shown in
Fig. 5 for the ground state of Cl, ('X;) and Cl; (*%,) and
the excited states of Cl, (*%; and B o). Photodetachment
from Cl; ( 2 , v=0) should be observed at a minimum
energy correspondmg to the EA of Cl, (Table 4). The cross
section for photodetachment depends on the threshold law
for photodetachment and the Franck—Condon factors which
describe the overlap of the v=0 level of Cl, (22 ) with the
vibrational levels of the Cl, ( Eg ) ground state. Vibrational
excitation in the molecular ion will also have an effect on the
probability of photodetachment. Because of the large differ-
ence in the bond length of Cl; and Cl, (Fig. 5. Tables 4 and
7), photodetachment will occur to high-lying vibrational lev-
els of Cl, with low probability. Photodissociation is expected
to result from excitation of Cl; (*3)) into the repulsive
excited states of Cl, . The total photodestruction cross sec-
tion is a combination of the two processes.

About 20 years ago processes (7) and (8) were the subject
of a few investigations.Rg’lm‘m In Fig. 32 are shown the
absolute measurements of Lee et al.® of the cross section,
a'pdest,Clz_()\)’ for the photodestruction of the Cl; ion. These

were made over the wavelength range 350-760 nm using a
drift-tube mass spectrometer—laser apparatus. The solid
circles are their experimental measurements (listed in Table
26) and the solid curve is their calculated fit to their .data.
The strong peak in the photodestruction cross section was
attributed® to the electronic transition 25, —*3.". In the ex-
periments of Lee et al., the Cl, ion was probably produced
via a three-body electron attachment process to Cl, and was
converted to Cl3 in collisions with Cl,. Also plotted in Fig.
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32 are the absolute photodestruction cross section measure-
ments of Rackwitz et al.'®® made in the photon energy range
from 0.5 to 3.0 eV, and the relative photodestruction cross
section of Asubiojo et al. 170 made between about 400 and
1800 nm and normalized to the data of Lee ez al.¥ at 354
nm. The results of Rackwitz er al. suggest that the Cl, ion
formed by electron impact is vibrationally excited and this
has a rather significant influence on the photodestruction
cross section in the threshold region. This is supported by the
work of Sullivan ez al.!”' who examined photoinduced reac-
tions of Cl; in the gas phase using ion cyclotron resonance
techniques. They found that the Cl, ion undergoes photodis-
sociation in preference to photodetachment and that the pho-
todissociation spectrum of Cl, exhibits one broad peak in
the wavelength region from 220 to 700 nm with a maximum
at (350+ 10) nm which they attributed to the 3k —>22 tran-
sition. This cross section has also been plotted in F1g 32
after it has been normalized to the Lee et al. data at 354 nm.
It can thus be concluded® from the results of these four
investigations that the Cl, ion photodissociates rather than
photodetaches, that the cross section for photodestruction de-
pends on the electronic excitation of Cl, upon photon im-
pact, that the cross section threshold shifts to energics lower
than the dissociation energy limit (1.26 eV, Table 7) of Cl,
into C1~+Cl when the anion is vibrationally excited, and that
the differences in the band widths between the four studies
probably reflect differences in the vibrational temperature in
the four experimental methods employed. The measurements
of Lee eral.® with their quoted uncertainty are listed in
Table 26 as our recommended values for Gpdest,Clz_()\)'

12.1.2. Electron-Induced and Collisional Detachment of Cl;

Apparently there are no data on electron-induced detach-
ment, or collisional detachment involving the Cl; ion.

12.1.3. Photodetachment of CI™

For C1™ the most significant reactions and parameters are
thosc involving the removal of the attached electron. These
processes have been discussed by many authors (see for in-
stance, Refs. 172 and 173). In this section we discuss briefly
data on photodetachment of the C1™ ion and in Sec. 12.14
data on collisional detachment of the Cl~ ion

The CI™ has a complete 3p°® subshell. Thus, the photode-
tachment process involves the removal of an electron from
the p orbital and can be represented by

ClI7(1Sg) + hv—Cl(2P3p 1) +e. 9)

An early review of the experimental and theoretical data
on the cross section, opqci—(X), for reaction (9) was given
by Popp.!® In Fig. 33 are compared the
experimental 3161162174177 554 the calculated'>*1"*~1% data
on opyci-(N) for process (9). Most of these results were
obtained over 20 years ago. The uncertainties in the experi-
mental measurements are as follows: the single measurement
of Berry ef al.'™ at 336 nm (15X 107 ¥ cm?®) has a quoted
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uncertainty of +12X1071® and —5X 1078 cm?; Miick and
Popp’s,'* and Mandl’s'” uncertainties were quoted as
+25%:; Roth’s'®! and Pietsch’s'®? uncertainties are as shown
by the typical error bars in Fig. 33; Wang and Lee! 76177
reported a photodetachment cross section value for C1~ equal
to 2.5x107"7 and 1.0X 107 cm? at 193 and 248 nm, re-
spectively, but gave no uncertainty. On the calculation side,
Robinson and Geltman'** quoted an uncertainty of +20%. It
should be noted that the relativistic random-phase approxi-
mation result of Radojevi¢ ef al.'® extends to 100 eV and
that Radojevi¢ et al. shifted their calculated curve from the
theoretical threshold to the experimental value. It is seen
from Fig. 33 that the spread in the experimental data is out-
side of the quoted uncertainiies. The limited recent measure-
ments of Wang and Lee!’® are consistent with the earlier

measurements of Mandl,'” and Miick and Popp,m but all
three - measurements are lower (often by a factor of 2 or
more) than the data of Rothe,161 Pietsch,162 and Berry
et al.'™ On the theoretical side, the calculated values of
opaci-(N) by Moskvin'” differ substantially from the results
of the other three calculations.!>*178180

12.1.4. Collisional Detachment of CI~

Collisional ~ detachment reactions fall into three
groups:'"**" direct detachment, detachment with excitation
(of autodetaching levels, or of a neutral product, or via
charge transfer to a negative ion state of the target), and
detachment with bonding (reactive collision with detach-
ment, or associative detachment). The magnitude and the

TABLE 27. Associative detachment thermal rate constants involving C1~

. Temperature Associative detachment thermal
Reactants (K) rate constant (cm® molecule™ s7') Reference

ClI”+H—HCl+e 296 9.6x10710 181
296 10.0x1071° 182

296 9.0x10710 183

CI"+0—ClO+e 300 <1x1071 184

" CI" +N—CIN+e 300 <1x107M 184
CI™+Cly(+He)—-Cl; ambient 0.9%10"% 185

(cm® molecule™?s™1)

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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TaBLE 28. Energy threshold for the detachment of Cl1™ in collisions with
various target gases as reported by Doverspike et al. in Ref. 186

Reactants Threshold energy (eV)
ClI™+H, 5.5%0.1
CI"+D, 55+0.1°
ClI+N, 7.6+0.1
ClI”+0;? 44+02
CI™+CO 7.1x02
CI"+CO, 7.3x0.2
Cl™+CH, 6.2+0.2

?In addition to direct detachment there are several other processes which
may contribute to the products of this reaction at energies below 4.4 eV,
such as the charge-transfer reaction C1~+0,—Cl+0O; which is endother-
mic by ~3.1eV and the associative detachment reaction Cl1~+0,—ClO,
+e¢ which is endothermic by 3.4 eV (see Ref. 186).

dependence of the collisional detachment cross section,
0.4(E), on the energy, &, of the reactants varies with the type
of the detachment process. (Note that € refers to the energy
of reactants, i.e., the projectile ion and the neutral target.)
Thus, the 1ising paits of v (&) as the kinetic encrgy of the
reactants increases are principally due to direct collisional
detachment, while the rising parts of o4(€) as the kinetic
energy of the reactants decreases toward thermal energy are
due to associative detachment. Generally, there is a threshold
for the direct collisional detachment process which occurs
(when the reactants are in their ground states) when their

kinetic energy is equal to the EA of the species carrying the

extra electron, although in certain cases such as for the reac-
tions C1~+M (where M is a molecule), the o 4(£) increases
rapidly from the threshold which itself is considerably
greater than the EA of the Cl atom. The associative detach-
ment process besides being responsible for the large cross
sections at thermal and near-thermal energies also accounts
for maxima often seen in the o4(&) functions at higher en-
ergies due to negative ion resonances. In Table 27 are listed
values of the thermal (7~300K) rate constants for the as-
sociative detachment reactions

ClI" +X—ClX+e, (10)

where X=H, O, N, or Cl,.

The threshold for collisional detachment can be low, and
the cross section for collisional detachment can be very
large!’*">—indeed, in many cases, much larger than the
cross section for photodetachment. When the associative de-
tachment reactions (10) are exothermic, that is, when the
so-called energy defect (the energy difference between the
dissociation energy of CIX and the EA of Cl) is positive, and
the reactions are not hindered by geometric or other factors,
the thermal values of the rate constants are large
(~107%cm3s™!) and close to the values of the orbiting
Langevin collision rate constants. Collisional detachment,
then, especially when it is field assisted, can be a dominant
electron release mechanism in electrically stressed gases.

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999

Doverspike et al.'3 measured absolute total electron de-

tachment cross sections for collisions of C1~ with a number
of molecular targets X (X=H,, D,, O,, N,, CO, CO,, and
CHy) for collision energies below the threshold for detach-

ment to several hundred eV. The reaction studied is

Cl"+X—Cl+X+e. (11)

In all such collisions the detachment thresholds were found
to exceed the electron affinity of the Cl atom. Table 28 lists
the threshold values for collisional detachment as reported
by Doverspike et al.'% The results of Doverspike et al. are
shown in Fig. 34(a) for energies near threshold and in Fig.
34(b) for higher energies.

Huq et al.'® measured absolute total cross sections for
charge transfer and electron detachment of Cl1~ on Cl,. In
Fig. 35 are shown their measurements of the total cross sec-
tions for electron detachment and for ‘‘slow’’ ion production
(via charge transfer). The quoted uncertainty is about
+10%. In Fig. 35 are also shown the eatlier measurements
by Hasted and Smith'® who reported cross sections for elec-
tron detachment in collisions of C1~ with Cl, in the energy
range [rown 10 to 2500 eV. According to Huq et al., 1
appears that, at the lowest energies, the Hasted and Smith
study did not fully resolve ions from electrons.

Measurements of the translational energy thresholds for
electron transfer reactions for various atomic negative ions to
Cl, at room temperature'?"'? allowed determination of the
electron affinity of the Cl, molecule. Thus, from measure-
ments of the energy thresholds for the endothermic electron
transfer reactions I~ +Cl, and C1~+Cl,, Hughes ef al.'** ob-
tained a value of (2.62%£0.2) eV for the EA of Cl,. Simi-
larly, from the room temperature relative cross sections for
the reactions of I”, Br™, and C1~ with Cl,, Chupka ez al.'*!
obtained for the EA of Cl, the value of 2.38%0.10€V.

12.2. Electron Transfer

While the reaction
Cl, +Cl,—Cl; +Cl (12)

is endoergic when the reactants are thermalized,” Hughes
et al.'? found that it becomes exoergic at energies in excess
of 0.3 eV with a rate constant at this energy‘ equal to
0.0084% 107 1% cm?® molecule ™ s™!. Similarly, the reaction

ClL,+ClI"—-Cly (13)
was found by Babcock and Streit'® to have a three-body rate
constant (with He as the third body) of 0.9X10™% cm®
molecule™ %571,

Measurements of the translational energy thresholds for
electron-transfer reactions for various atomic negative ions
(e.g., I” and C17) to Cl, allowed determination of the elec-
tron affinity of the chlorine molecule. Thus, Hughes et al'®?
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and Chupka ez al.'”! determined via such reactions the elec-
tron affinity of the Cl, molecule to be, respectively, (2.32
+0.1) and (2.38+0.1) eV.

12.3. Recombination and Diffusion Processes

12.3.1. Recombination of Ci; and CI~

Positive ion—negative ion recombination measurements in
flowing afterglow plasmas by Church and Smith'®® gave the
value of 5.0X 1078 cm® molecule ™' s™! for the rate constant
of the reaction Cl; +Cl™— products.

12.3.2. Recombination of Ci

Boyd and Burns'®! compared recombination and dissocia-
tion rate constants for halogens obtained by a variety of ex-
perimental techniques. The Cl-Cl recombination is exother-
mic (AH~—1.1eV) and requires a third body, M, i.e.,

Cl+Cl+M—Cl,+M. (14)

Boyd and Burns observed that the three-body recombination
rate constant for reaction (14) decreases with increasing tem-
perature and that the Cl; molecules are not efficient third
bodies at any temperature. Measurements of atomic chlorine
concentration in Cl, plasmas using infrared absorption spec-
troscopy by Richards and Sawin® showed that gas-phase re-

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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combination is an insignificant Cl loss mechanism. For the
temperature of their experiment (770 K), the rate constant for
reaction  (14) (M=Cl) is =~28%X107? cm®
molecule 25 1.1°! Richards and Sawin thus concluded that
the major mechanism for Cl loss is likely to be a recombi-
nation on the electrode surfaces.

12.3.3. Diffusion of Cl and CI- in Gases

Chang et al.'®? measured the diffusion coefficient of

atomic chlorine in molecular chlorine. They reported a value
for the diffusion coefficient of chlorine atoms in chlorine
molecules of (0.149+0.025) cm?s~! at 298 K and 1 atm.
Similarly, Hwang et al.'®® measured the diffusion coeffi-
cients of atomic chlorine in rare gases via radiative recom-
bination reactions. At 296 K and 101.33 kPa (1 atm) of rare-
gas pressure, the values of the diffusion constant for Cl in
He, Ne, Ar, Kr, and Xe were measured to be, respectively,
(0.75£0.12) cm?s™!, (0.32%0.05)
em?571, (0.1420.02) cm?s7), and (0.120.02) cm?s™ L.

Eisele et al."®* measured the longitudinal diffusion coeffi-
cients for C1~ ions in Ne, Ar, Kr, and Xe as a-function of
E/N. Measurements were made at abont 300 K and at gas
pressures below 0.067 kPa. They are shown in Fig. 36. As
E/N—Q, the ions are in thermal equilibrium with the gas
molecules and the diffusion coefficient is isotropic, related to
the ionic mobility X by the relation K=eD/kT, where e is
the ionic charge, k is Boltzmann’s constant, and T is the gas
temperature. For larger values of E/N, this relation is not
valid because the diffusion coefficient has components that
refer to the directions parallel and perpendicular to the elec-
tric field (for computational techniques allowing the calcula-
tion of the diffusion coefficient at any value of E/N from
knowledge of the ionic mobility at that E/N see Refs. 195—
197).
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K (see Refs. 194-197). Note that the Ar data have been multiplied by 0.1
for convenience of display.

Finally, Thackston et al.'®® reported measurements of the
longitudinal diffusion coefficients for C1~ in N,. These are
also shown in Fig. 36 with an uncertainty of =7% at all
E/N.

13. Summary for Other Species
and Processes

With the exception of the limited measurements on
electron-impact ionization of C1 and Cl*, no measurements
are known to have been made for other electron collision

processes for the species Cl, C1~, CI*, and Cl, . With regard
to data on other important processes in Cl, plasmas, data

- have been summarized in this paper on the photodetachment

of CI™, charge transfer reactions involving C1~ and various
molecular partners, and diffusion coefficients for C1™ in rare
gases and N,. Much work is needed on electron collision and
other processes involving the main species in Cl, plasmas.
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