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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 scattering, 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
attachment, 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 Cl;, Cl,, CL Cl7, and CI*. © 1999 American
Institute of Physics and American Chemical Society. [S0047-2689(99)00401-8]

Key words: chlorine; Cl,; cross section: electron attachment: electron collisions; electron scattering; electron

transport; ionization.

Contents

o
=
g
a
=
Lo
=
)
=
i
o
L8]

2. Electronic and Molecular Structure. ............ 135
2.1 Clysunsmuma ibndi to b s L s naidnsg 135
2.2. Cly . . Dovuben-iannn. o). Wik calsy. Dadenns 139
239007000 AN, Jnaiailany, Inaundogpe. 5auoy 139

3! Electron Scattering for Clsu.oc.cwnon v ws sa 5 o8 140
3.1. Total Electron Scattering Cross Section,

O CeY S TR ] ABRIN0T: ARIENIA0L SO 140
3.2. Total Rotational Electron Scattering Cross
Section! G Eg20 T8 HUENE fatng S 141
3.3. Total Elastic Electron Scattering Cross
SECHOM "ol rnt e s R A N N o 143
3.4. Momentum Transfer Cross Section, o (g)... 143
3.5. Inelastic Electron Scattering Cross Section,
Cr i ) et 2 2o Res ol b e 145
3.5.1. Rotational Excitation Cross Section,
o e e R 145

*Electronic mail: loucas.christophorou@nist.gov

©1999 by the U.S. Secretary of Commerce on behalf of the United States.
All rights reserved. This copyright is assigned to the American Institute of
Physics and the American Chemical Society.

Reprints available from ACS; see Reprints List at back of issue.

0047-2689/99/28(1)/131/39/$31.00 131

3.5.2. Total Vibrational Excitation Cross

Stetioni oy MIOINEL ok Lol ou 147
3.5.3. Electronic Excitation Cross Sections,
(o oot B ottt B oo AN 147
4. Electron Impact Ionization for Cly. ............ 148
4.1. Total Ionization Cross Section, oj(&)...... 148
4.2. Density-Reduced Electron-Impact Ionization
CoETRCIEnt, QINIELNDY. . .. rocovonnvimnmosis g 150

Total Cross Section for Electron-Impact
Dissociation into Neutral Fragments, o iss neuri(€)

Tor Cloge i i bt o s e i R S 151
Electron Attachment to Cly. .. ........c0vun... 151
6.1. Total Dissociative Electron Attachment

Cross Secton, Og LE) i vvm v ciny punaigi 152

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

Eléction Enerpv.de), R (8)). oo ionunsras 153
62 kRN I NS o n e e 153
0.2 2 ke dUBEYs - 0 vl ok hossosteuschins sigs s 154
6.2.3. Thermal value, (k,,)y,, of the Total
Electron Attachment Rate Constant.... 154

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



132

6.2.4. Effect of Temperature on the Electron
Attachment Rate Constant,
Rin Ole) Dbt s it -Yosrieiiade s
6.3. Density-Reduced Electron Attachment
Coethicient; DINCEIN). v sorvavsions iz
6.4. Density-Reduced Effective Ionization
Coelficient; (a— ) INCEIND. . -vis o i
6.5. Cross Section for Ion-Pair Formation,
) T
6.6. Negative Ions in Cl, Discharges...........
7. - Election Tratisport-for @5 sRieniiol 2 re o
7. Bleewron Bt Velocityrrss T et St BN
7.2. Lateral Electron Diffusion Coefficient to
Electron Mobility Ratio, Dp/g............
8. Optical Emission from Cl, Gas Discharges. ... ..
9. Suggested Cross Sections and Coefficients for

1 Data N eeds for . e s
11. Electron Collision Data for Cl and C1*". . .......
{8 [ D 21 R oo oiom il il | rrpivisbobpneli ol s
. Total Electron Scattering Cross
St (e B s e
. Momentum Transfer Cross
Sechon; @y, o(E). e U
11.1.3. Total Elastic Electron Scattering
Cross Section, o ci(€)..........
11.1.4. Electron-Impact Excitation Cross
Secton; g o) - v
11.1.5. Electron-Impact Single-Ionization
Cross Section, o;c(8)----vvnn-..
11.1.6. Radiative Attachment............
I8 NS o] LIS el e ST et ) S i
12. Electron Detachment, Electron Transfer, and
Recombination and Diffusion Processes.........
12.1. :Electmon Petachment e o doint o L85
12.1.1. Photodestruction (Photodetachment
and Photodissociation) of Cl5. . ...
12.1.2. Electron-Induced and Collisional
Detachment of CL .v. ..o s
12.1.3. Photodetachment of C1™..........
12.1.4. Collisional Detachment of CI.....
Bleciron-Franster. e el il s o
Recombination and Diffusion Processes. . .
12.3.1. Recombination of Cl; and CI™....
1282, Recombination of CL. ... .00 .
12.3.3. Diffusion of Cl and Cl™ in Gases..
13. Summary for Other Species and Processes.......
14, -Acknowledgiments: (007000 U NREIPRGRL s
15t Referenees, i s VeIt ol s

12.2.
12.3.

List of Tables
Peftion ol SYmbaly:. . L o
2. Vertical electronic energies (MRD-CI values)
from the ground state of Cl, to various excited
states as calculated by Peyerimhoff and Buenker.
3. Recommended total photoabsorption cross
Sectiofl, O, (X ), TOr Tl L 0. 1L PO v

—_

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

157
157

158
158
158
158

159

159

159

160

160
161
161

161
161

161

162
162
163
164
165
165
165
166
166
166
167

134

137

137

4.

o

10.

11.

12.

13.

14.

15.

16.

1.

18.

19
20.

21,

22.

23

24,

25,

26.

27,

28.

L. G. CHRISTOPHOROU AND J. K. OLTHOFF

Dissociation energy, vibrational energy,
equilibrium internuclear separation, spin-orbit
splitting, electron affinity, energy position

of negative ion states, ionization threshold energy,
dissociative ionization threshold energy,

energy threshold for double ionization, and

energy threshold for ion-pair formation of Cl,.... 138
Comparison of the energies of the 450, n g

450, T, 2 *11(15), 22725, and

e T T g e e R 140
Transitions observed by Stubbs ef al. in Ref. 84

in a high-resolution energy-loss experiment

below the second ionization Cl; (11.) onset. .. 141
Some physical parameters for Cl;, ............. 142
Some parameters for Cly ..................... 143
Recommended total electron scattering cross

SECHON, O (), TOr Clo oo oo vimsnamimian 143
Differential rotational excitation cross sections

for electron scattering from Cl,................ 144
Suggested total elastic electron scattering cross

secton, o (£, for e S ovsi v 146
Suggested total ionization cross section, o (&),

O s e e e 149
Suggested density-reduced electron-impact

ionization coefficient, a/N(E/N), for Cl,....... 150
Total cross section for electron-impact

dissociation into neutral fragments, o 4 neur(€),
FORIEIER s e e Rl e 150

Suggested total dissociative electron attachment

CI0SS Section, T gy (&), Tor Clyy v s vvinanuviis 153
Suggested total electron attachment rate

constant, k,((¢)) (T=298K), for Cl,.......... 154
Thermal values, (k,,)y,, of the total electron
attachment rate constant for Cl, near room

TEINpErAtne. ... sitouns selisslodM hns, aincaion 154
Variation of (k,,),, of Cl, with temperature. .. ... 155
Suggested values for the density-reduced

electron attachment coefficient, n/N(E/N), for

Cls, o s 5 wssspommmeionld ait aniTen e s 155
Suggested values of the density-reduced

effective ionization coefficient, (a@— n)/N(E/N),

for Closey cpiapis cuvaenlet dnnnisio dupeTook 156
Suggested cross section for negative ion—

positive ion pair production, ojy(€), in Cl,

Between 12 and 1006V v paonws wuieai o 156
Tonization energy of Cl (>P5,) for the production

of CLUA By pa), CLLC B0 )Ye and CFY: (180) o - 158
Photoionization cross section, o-pi_,:,()\), of the

8 BT TR PN IR . OF SN o Oy S 158
Cross section, o;¢(g), for single ionization of

CLby Eleclron IMPATE: . oo mose pas sy 160

Photodestruction cross section, Updes[‘(:lé‘()\), for
P 162
Associative detachment thermal rate constants

ifivolving Cl. . . .. guiol desimed?) sosienh a8 s
Energy threshold for the detachment of CI™ in



10.

118

17

18.

19:

20.
217
22.
23.

24,

ELECTRON INTERACTIONS WITH ClI,

collisions with various target gases.............

List of Figures
Composite potential-energy diagrams for most of
the electronic states of the Cl, molecule as
calculated by Peyerimhoff and Buenker. ........
Total photoabsorption cross section as a function
of photon wavelength, o, (), for Clp.........
Partial photoionization cross sections as a
function of photon wavelength, o yuia(N). for
the production of the positive ions Cl;, CI™,
and Y Ban S N
Threshold-electron excitation spectrum and
electron energy-loss spectrum of Cly. . .........
Potential-energy curves for the lowest negative
ion/states of Cl - Mo Ay Shippaevs bnivareas
Total electron scattering cross section, o (&),

Total cross section for rotational scattering,
(o 3 9 o 0 G e D P ey
Integrated (over angle) excitation cross sections,
Trorgeeol€); TOFERIOL Seo M0t e s o
Total elastic electron scattering cross section,
Gl e ) AoV Gl @ B e e
Calculated momentum transfer cross sections,
Ente)y TOR € il 5 08 s irin sty e
Comparison of experimental and calculated
rotationally summed differential electron
scattering cross sections dgo'l.m__su.,, /dQ de, for Cl,.

. Total vibrational excitation cross section,

O’vib‘L(B}, for C]: .....................

. Comparison of calculated cross sections for

electronic excitation, gg.(g), of Cly...........

. Electron-impact total ionization cross section,

0'1"[( £ ), for Clz ............................

. Density-reduced electron-impact ionization

coefficient, a/N(E/N), for Cly.......cooivnivsan,

. Total cross section for electron-impact

dissociation into neutral fragments, o g reu(€),

Total dissociative electron attachment, oy, (€),
1] O L AN LS -y SN N P el i
Total electron attachment rate constant as a
function of E/N, k,(E/N), for Cl, (T

e R o e e
Total electron attachment rate constant as a
function of the mean electron energy,

kit e))s for Cls' Cr=~p99cyist! Aumiyt S5
Variation of k, ({e)) of Cl, with temperature. . ..
Density-reduced electron attachment coefficient,
HINCEINY | for Gla ok (R0 001 By Bl 30080
Density-reduced effective ionization coefficient,
Ca==r) (NUEINYF e Clas vasiiant. sud i =) ¢
Cross section for ion-pair formation, aiy(e), for
Elnol. eulien | whisaliem o, Jnmatie, vies
Electron drift velocity and lateral electron
diffusionicoeflicientifors@lare. o. aoiililis gl

136

137

133

25. Recommended and suggested cross sections for
157
26. Photoionization cross section as a function of
wavelength, oy, ci(N), for atomic chlorine. . ... ..
27. Momentum transfer cross section, o, ¢(&), for
AtOINCICHIDEE: . oo, .00 ™
28. Calculated total elastic electron scattering cross
sections, o, (&), for atomic chlorine..........
29. Calculated cross sections for electron-impact
excitation of the 4s, 55, 65, 4p, 5p, 3d,
4d, and 5d states of the chlorine atom from the
ground state 3 p(zP) ......................
30. Electron-impact single-ionization cross section,
Tl tor e Cl atomiz . sigor wivan vinans v
31. Cross section, o;c+(&), for single ionization of
GF bysclettrolimpact. ', . iske® o oo iis i s 161
32. Cross section for photodestruction of Cl; as a
function of photon wavelength, o pgeq ci-(M). . ... 161

159
159

159

160

160

33. Photodetachment cross section for Cl~,
oaci-(N), as a function of photon wavelength,
163
34. Collisional detachment cross sections, Oac-(E),
as a function of the relative energy of the
reactants, £, involving C1~ and various molecular
165
35. Cross section, o -(€), for charge transfer as a
function of the relative energy of the reactants,
&, in collisions of C1™ with @l .o oon cvvenns
36. The product, D N(E/N), of the longitudinal
diffusion coefficient Dy and the neutral gas
number density N as a function of E/N for Cl™
inaNerATKeiXe, and Nais coiy oo o viin i

166

166
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 Cl,.""'%'37 The basic
species involved in Cl, plasmas, then, are the three molecular
species: Cl,, Cl, , and Cl;, and the three atomic species: Cl,
Cl7, and CI”. 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 a;:vplications.zﬁ‘31 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*, KrF*, and XeCl* excimers) in rare-gas—halide
lasers. 2”2

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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TapLE 1. Definition of symbols

Symbol Definition Common scale and units
T kM) Total photoabsorption cross section 107 cm? 1072 m?
T N) Total photoionization cross section V0P 205 o 7 25
i partiatl V) Partial photoionization cross section 1072 em? 107% m?
Tl ®) Total electron scattering cross section 1054 emd 058 jm?
T E) Total rotational electron scattering cross section 1071¢ em?; 1072 m?
O e gl Cross section for rotational excitation of the 10510 e 1070 me

J rotational state integrated over angle
Teatati{8) Rotationally summed electron scattering cross section s el
AT /A de Rotationally summed differential 10716 ety eV !
electron scattering cross section
a. (&) Total elastic electron scattering cross section 107 1% emd 1072 .m?
o(e) Momentum transfer cross section (elastic) 107" em?; 1072 m?
Tini€) Total vibrational excitation cross section 1071 em® 10 " m’
T b indicl €) Total indirect vibrational excitation cross section 107'% em?; 107 m?
T gecl €) Electronic excitation cross section 10718 cm?; 107% m?
aide) Total ionization cross section 1071 em? 107 m?
Tyiss () Total dissociation cross section 107 em? 107% m?
32

O-dieis.m:u[,[( & )
dissociation into neutrals

Total cross section for electron impact 107" cm? 1002 m

a,de) Total electron attachment cross section 1071¢ em?, 1072 m?

TgailE) Total dissociative electron attachment cross section 1078 enidd 10720

a(e) Cross section for ion-pair formation 10718 em? 1072 m?

Tpaesci; (V) Photodestruction cross section for Cl, 1078 em?; 1073 m?

apicilh) Photoionization cross section of Cl 107" em? 1072 m®

ToolE) Total electron scattering cross section for Cl 10718, cmd: 10-20

oo cil€) Total elastic electron scattering cross section for Cl 107 em® 1072 m?

Tae) Momentum transfer cross section for Cl 107" cm? 1072 m?

Tl &) Total electron-impact excitation cross section of Cl 1071 em? 1072 m?

aile) Total electron-impact ionization cross section for Cl 107% em% 10720 m?

aicle) Electron-impact single ionization cross section for Cl 1071¢ em?; 1072 m?

Tpaci-(N) Photodetachment cross section for C1~ 107 em? 1072 m?

Teacr-(E) Collisional detachment cross section involving CI™ 0= w1047 s

T (€) Cross section for charge transfer in 01 em?s 1002
collisions involving C1™

aiH(e) Cross section for single ionization of C1™ 1076 gmiy 073 m*

alN Density-reduced ionization coefficient 1055 im?

(— )N Density-reduced effective ionization coefficient 1072 m?

N Density-reduced electron attachment coefficient 10, % m*

o Total electron attachment rate constant 107 emy 5!

(ko Thermal electron attachment rate constant it

w Electron drift velocity 10% cm s~!

Dylp Transverse electron diffusion coefficient v

to electron mobility ratio

Cl,+hvr(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; , Cl, , Cl, C1~, 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 Cla 817 sand (ClL7

An early attempt to critically evaluate low-energy
electron-impact cross section data for Cl, was made by
Morgan.31 In addition, a number of investigators have used
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Boltzmann codes and electron transport data to calculate
cross sections and rate coefficients for some electron colli-
sion processes in Cl,."'*3%# The value of these results is
questionable however, partly because of the limited measure-
ments on electron transport parameters upon which they are
based, and because of the model dependent nature of the
calculated cross sections. The results of two such calcula-
tions by Rogoff ef al.' and Pinhao and Chouki® are com-
pared with other data in later sections of this paper.

2. Electronic and Molecular Structure

21.Cl,
The electronic structure of the outermost (valence) shell of
the Cl, molecule in its ground electronic state*** is:

o (03p)?, (m3p)*, (m3p)*, (0,3p)° and has 'S sym-
metry. The first four excited electronic states of Cl, listed by
Huber and Herzberg® are A’ °Il,,, A*Il,,, B°II;,, and
C'II,. A number of theoretical and experimental studies
have located many other excited electronic states (see be-
low).

There are three types of sources of information of interest
to the present study regarding the electronic structure of the
chlorine molecule: calculations, photoabsorption and photo-
electron studies, and electron energy-loss investigations. Al-
though our interest is focused on the third type of informa-
tion, basic information provided by the other two types of
investigations is included in the paper as complementary.

The most useful theoretical work concerning the electronic
states of chlorine are the ab initio calculations of Peyerim-
hoff and Buenker.*® These workers calculated potential en-
ergy curves for the ground and excited electronic states of
the chlorine molecule and for its positive and negative ions
using the multireference single and double excitation with
configuration interaction (MRD-CI) method. They consid-
ered all states which correlate with the lowest atomic limit
[CII1,)+C1(?P,)] and many others which go into ionic
CI"+CI™ or Rydberg CI*+Cl asymptotes. All singlet states
which correlate with the ground atomic products were found
to be repulsive. Among the triplet states of Cl, which disso-
ciate into the ground state atoms only the °II, state is not
repulsive. The potential energy curves calculated by Peyer-
imhoff and Buenker’® are reproduced in Fig. 1. The
potential-energy curves shown in the figure are for the elec-
tronic states of Cl, which dissociate into the lowest atomic
limit [CI(*P,)+CI(*P,)]. In Fig. 2 are also shown the
potential-energy curves for the lowest electronic states of
Cl; with various asymptotic limits and a potential-energy
curve for the ground state of Cl, for the asymptotic limit
Cl(zPu) +Cl ( ng)_ As will be seen from subsequent discus-
sions in this paper, the potential-energy curves for Cl,, Cl, ,
and Cl; in Fig. 1 are most helpful in understanding the low-
energy electron interaction processes with the Cl, molecule.
Peyerimhoff and Buenker calculated for the dissociation en-
ergy Dy, the vertical ionization energy, and the electron af-
finity of Cl,, respectively, the values 2.455, 11.48, and 2.38
eV. These values are in good agreement with experimental

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,33“15‘47"5’6 as well as a number of photoelectron
studies®” " of Cl,. The data on the total photoabsorption
cross section, o7, (A ), of Cl, have been discussed and sum-
marized by a number of groups (e.g., Gallagher et al.,**
Maric et al.,** and Hubinger and Nee®). In Fig. 2 are plotted
the measurements of o,(A) of a number of
investigators®>4%- 1575962636586 i 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 o,,(\) of Cl, in this wave-
length range. The extensive measurements of 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, ((A) show that o, () is equal to the total
photoabsorption cross section o, () 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,
O pipariial( A), for the production of Cly 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, ion is about equal to the total,
that is, it far exceeds the cross section for the production of
the C1” 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 er al.** have published measurements
of the production of Cl; in the ionic states (Ew;')X 2l'Ig,
(2w, A, and (50, ')B ?%, 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 structure of the chlorine molecule see Lee and
Walsh,** Iczkowski et al..>” Douglas et al.,‘% Frost et al.,m
Bondybey and Fletcher,®' Huber and Herzberg,” Douglas,®!
Moeller et al.,** Burkholder and Bair,” McLoughlin erf al. li
Lonkhuyzen and de Lange,?2 and Frost e al.”’

There have been three major electron-impact studies of the
electronic structure of Cl,: the threshold-electron excitation
study of Jureta er 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 et al.*

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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Fic. 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 forbidden 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 ef 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 ef al¥
had a better electron beam energy resolution (FWHM
=18 meV) 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

TasLE 3. Recommended total photoabsorption cross section, Tpa(N), for
Cl;. 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

Wavelength Tpag(N) Wavelength Tpai(N)
(nm) (10" %m*) (nm) (107 #*m?)
16.0 255 320 5 T
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
92.4 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 11.9 490 0.071
310 18.4 500 0.046

State/Excitation Vertical energy (eV)
X'z 0.00
130, Ty 0 3.24
11, mo—ao, 4.04
1°11, m,—o, 6.23
1 1l_[g Ty— Oy 6.86
13%) g,—0, 6.80
'A, m— o} 8.25
2°M, w—4s 8.34
2, w—4s 8.38
'A, Mmoo} 8.25
23] m—ol 8.35
2710, m,—4dpo 8.80
2, m—dpo 9.22
1'S) my—dpm 9.32
1'E] m,—dpm 9.58
1A m—dpT 9.62
2% mm—on 9.67
25 mm—ol 9.75
'A, my—ddm 9.92
"M, m,—4da 10.01
'Tl, m,—4dé 10.10
2'3) o0y my—dpw 10.34
3%, w,—4s 1133
31, w,—ds 11.51
I, m,—4dé 12.74

14.252 eV, using electrons with incident energy between 10
and 120 eV. These incident energies are lower than that (200
eV) used by Spence et al.

The strongest structures in the energy-loss spectrum of
chlorine lie between 9 and 10 eV under all scattering condi-
tions. They primarily consist of two vibrational series com-
prising transitions that are allowed by electric-dipole selec-
tion rules and have been previously reported in both

105_'""|"‘|""|"'| T L A
E o Hubinger (1985)
- em——- Maric (1993) 3
4 - -
107 E P ——=— BSamson (1987) 3
F .f/ —ome Roxlo (1880) b
T 3 v Ganske (1992)
NE 107 rf % Burkholder (1083) J
L~ A Seery (1964) |
= 2
o 10°F o Fargussan (1936) 5
o F ©  Gibson(1933) ]
At 1 L Recommenced ]
= A E
d B ]
g 10 E
=1 8 i ]
-1 - : -
© 10 E ‘oo, 2, E
af L i ]
qodl——— R
0 100 200 300 400 500 600

Wavelength (nm)

Fic. 2. Total photoabsorption cross section as a function of photon wave-
length, o, (N), for Cly: (- —) Ref. 63; (— ') Ref. 59; (O) Ref. 66; (- - -)
Ref. 33; (V) Ref. 65; (%) Ref. 62; (/) Ref. 57; (00) Ref. 51; (&) Ref. 49:
(—) recommended.

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 et al.** and Jureta
et 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 er al.** allowed detection of more transitions than in
the other two studies. These are listed in Table 6.

10°F E
< i ]
§ 105 E
o F 1
2 o

. ]
3 3
“Q'-: 4
o 10'F 3
100- n | n L .!l L 1 s " 1 L L s s |

25 50 75
Wavelength (nm)

100

FiG. 3. Partial photoionization cross sections as a function of photon wave-
length, o punig( V), for the production of the positive ions Cl; , CI¥, and
Cl;" from Cl, (data of Samson and Angel, Ref. 63): (—) CI; ; (- —) CI;
(==) Cl3 "5 () total.
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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 CI,

Physical quantity

Value/Method/Reference

Dissociation energy Cl, (X ') (eV)

Vibrational energy (eV)

Equilibrium internuclear
separation (A)

Spin-orbit splitting (eV)
Electron affinity (eV)

Energy position of negative
ion states (eV)

lonization threshold energy (eV)
Cly (X*My30)

Cl; (2 Hg,]!?)

Cl;— {zﬂu.,'&l"l}

CL (I1, 52)
Cl3 (1)

Ay

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

Dy=2.4793, (45)
Dy=2.4794, (56)
D.=2.5139, (56)

0.0694, (45), (56)

1.9879, (45)
1.9878, (56)

0.080=0.002 [for the (lws)_’ state], (68)
245 (74)
See Table 15 in Sect. 6

Adiabatic

11.50 (photoelectron), (45)
11.48+0.01 (photoionization), (53)
11.49° (photoelectron) (*I1,), (69)
11.48 (photoelectron), (72)
11.480+0.005 eV, (75)

11.50 (photoelectron) (*I1,), (67)
11.5 (photoelectron), (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)

11.56, (75)

11.63 (vertical, electron momentum spectroscopy, 2,),
(77)

~11.6 (electron impact), (76)

~11.8 (electron impact), (76)
11.80 (electron impact), (78)
11.80=0.1 (electron impact), (79)

~11.9 (electron impact), (76)

Adiabatic

13.960.02 (photoelectron), (68)
14.0 (photoelectron), (70)

14.0° (photoelectron), (69)

14.04 (photoelectron, 21, 5), (72)
14.11 (photoelectron), (67)

Vertical

14.33 (photoelectron), (70)

14.39 (photoelectron) (*T1, 5). (72)

14.40+0.02 (photoelectron), (68)

14.43% (photoelectron), (69)

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

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)

16.10¢ (photoelectron), (69)

16.18 (electron momentum spectroscopy, 5o), (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

CIEEEE)

Vertical

20.61=£0.06 (electron impact), (76)
21.8, 24.0 (electron momentum spectroscopy, 4a,), (77)
27.3 (electron momentum spectroscopy, 4a,), (77)

Dissociative ionization
(Cl+e—CIT+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 [CL7 T (X2, , v=0), threshold

photoelectron spectroscopy], (73)

Energy threshold for ion-pair
(CL+e—Cl"+Cl +e)
formation (eV)

11.9%0.2, (79), (80)

“Thirteen values are listed by Christodoulides et al. (Ref. 74). If we exclude the lowest three as too 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.

“Onset.

9Band maximum.

8% Ol

The Cl, negative ion consisting of CI~ (!S,) and Cl
(sz‘m} has four electronic states. These states can be
arranged®**~ in order of increasing energy as: X, 2l'lg,
M., ad 7% g . In Fig. 5(a) are shown the potential-energy
curves for these states as calculated by Gilbert and Wah!®® in
the molecular-orbital self-consistent-field (SCF) approxima-
tion. In Fig. 5(b) similar curves are shown for the negative
ion states 3, 21, ,,, and ’3; as they have been deter-
mined by Lee ez al.® using their photodissociation cross sec-
tion measurements for Cl, and adjusted potential-energy
curves for Cl, based on those calculated by Gilbert and
Wahl.® The numerical values shown in Fig. 5(b) for the
various quantities are those used by Lee et al., and the des-
ignations a, and a, refer, respectively, to the Cl (P5,) and
Cl (*P ;) asymptotic limits. Data for a number of physical
parameters of the Cl, ion are given in Table 7.

2.3.Cl}

Photoelectron studies have shown that the known states
of the ClJ ion correspond to the ejection of one electron
from one of the occupied orbitals of the outer orbital struc-
ture of the Cl, molecule [(0,)% (m,)*, (wy*]. The 22;
state of C1 lies above the first dissociation limit (Ref. 70;
Table 4). Optical emission from the excited A 2I1, state of
Cl; to the ground state X *IT, of Cl; is known,” but emis-
sion from the ZEQ state to the A *T1, state, although allowed
by the selection rules, has not been observed, possibly
because the 22; state is entirely predissociated.”® The pho-
todissociation spectra® of Cl; obtained in the range 1.80—

2.55 eV showed vibrational structure indicating that the

1 00 4 T ¥ T 8 T ¥, T X'?n

Yield of Zero-energy
Electrons (arb. units)

7 8 9 10 11 12

100

80
60
40

20

Scattered Electron
Current (arb. units)

Electron Energy Loss (eV)

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 11'33_0 electron to 4s, 4p, and 44 orbitals.
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TaBLE 5. Comparison of the energies of the 450, SIIg, dsa, lllg. 234 0) 0 2 w2 1S cand ll'[g(‘?)
states of Cl,. (The electronic configuration and term symbol are as given by Spence er al. in Ref. 44.)

Energy (eV)
Energy-loss

Energy (eV)
Threshold-electron

Energy (eV)
Photoabsorption

Name/ Vibrational experiment excitation experiment experiments®
Assignment level (Ref. 44) (Ref. 43) (Ref, 82)
4s0g°ll, hot band (7.83)°
v=0 7.91
v=1 7.99
v=2 (8.07)
v=3 (8.15)
4sog 'L, hot band (7.87)
»=0 7.939 (7.95)
r=1 8.019 8.03
v=2 8.101 8.11
v=3 8.186 8.19
v=4 8.270 8.27
v=35 8.354 (8.35)
2TI(1u) v=0 9.130 9.116
r=1 9.190 9.193
2 i v=0 9.225 9.250 9.230
v= 9.305 9.320 9.307
v=2 9.381 9.395 9.384
=3 9.455 9.465 9.459
v=4 9.530 9.534
i hot band (9.620)
v=0 9.682 9.695° 9.688
v=1 9.815 9.815° 9.807
v=2 9.938 9.930¢ 9.928
v=3 10.046 10.028
v=4 10.141
Mg 9.900
9.966
10.025

#Other photoabsorption data can be found in Refs. 54, 55, and 61.
®Numbers 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;_r 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,
ﬂ'sc,t(s)

Up until very recently, the only data on the total electron
scattering cross section, o (&), 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 o (g) for Cl. The measure-
ments of Gulley et 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
smaller than the old measurements of Fisk. The uncertainties
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 oy (&) as measured
by Cooper er al. is systematically lower than that measured
by Gulley etal at all but the lowest energies (below
~(.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 (&) measurements may in part result from the fact
that electrons scattered into small angles (=2°) 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 (&).

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 energies 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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TABLE 6. Transitions observed by Stubbs er al. in Ref. 84 in a high-
resolution energy-loss experiment below the second ionization Cl, (I1,)
onset

TABLE 6. Transitions observed by Stubbs er al. in Ref. 84 in a high-
resolution energy-loss experiment below the second ionization Cl; (IL,)
onset—Continued

Name/Assignment Vibrational level (v) Excitation energy (eV) Name/Assignment Vibrational level () Excitation energy (eV)
(5s0)'1, 0 9.803° M(6s0,)'S 0 13.631°
1 9.886 1 13.674
2 9.962 2 13.715
5 10.037 3 13.757
4 10.121 4 13.803
E s 9162 5 13.844
& 9.602° 6 13.884
- 9.743" 7 13.934
1 10.603° 8 13.977
9 14.023
G(8pa,)'II, 1 11.272 10 14.066
B 11.356 . 0 11.835°
3 11.435 1 11.915
4 11.513 5 11.984
5 11.593 3 12,055
6 11.670 4 12.127
a 0 10.937¢ 2 0 12.113¢
1 11.029 1 12.167
2 11.105 2 12.215
3 11.193 3 12.264
5 1358 : 238
6 11437 . = 12.353¢
7 11.500 5 12.402
8 11.581 = b
H % 10.162° » st
i 10.230 :SAylfgﬁséry forbidden.
. g igggt *Spin forbidden.
I & 10.764> sitions of the negative ion states identified in electron attach-
it ment studies near 0 and 2.5 eV (see Sec. 6.1 and Refs. 87,
= o 95, and 96). Similarly, the strong peak near 7 eV (Fig. 6)
corresponds to the negative ion state (see Sec. 6.1 and Refs.
5 B b 87, 95, 96) at 5.5 eV overlapping with the lowest electron-
excited Feshbach resonance of Cl, at 7.5 eV which has been
Hdsop)'Zy 0 12.565° identified by Spence’’ in an electron transmission experi-
; };22: ment. The spacing of the peaks and inflections in the data of
3 12:69§ Gulley et al. at 0.09, 0.14, and 0.2 eV may be associated
7 12742 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 subsequent sections).
; }iggg In view of the fact that the data of Gulley et al.® exhibit
9 12.971 lower uncertainty, superior electron energy resolution, a
more extensive energy range, and consistency with rotational
K 0 12.953" excitation cross section data,”* we performed a least squares
; };gg; fit to the measurements of Gulley et al. which we extended
3 13.112 to 23 eV using the shape of the Cooper et 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, & 13.290" oy (&) for Cl,. Values taken from this curve are listed in
1 13.335 Table 9.
2 13.380 ¢ &
3 13.429 3.2. Total Rotational Electron Scattering Cross
4 13.466 Section, G'rot,t(s)
5 13.516
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 (22:{ fn T 2Il‘, i 22;) 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 2%, Eng,m‘ and 22; of Cl; determined by Lee er 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 al and a2 represent, respectively, the asymptotic limits
Cl 3P3p)+C1™ 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, op(€). In Fig. 7 is plotted (open circles) the cross
section o (&) as determined (summed over all j values and

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 experiment in the
overlapping energy range. It is interesting to observe that
both the experimental measurements (Table 10) and the

all scattering angles) by Kutz and Meyer’® from the data of calculation®™® show a ‘‘rotational rainbow,” i.e., a maxi-

TaBLE 7. Some physical parameters for Cly

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, 2.65 A Calculation, (83)
271 A Calculation, (86)
Fundamental vibrational frequency 0.0322 eV Calculation, (85)
0.0320 eV Calculation, (86)
Transition energies® 3.46 eV (°% gJ' =23 Calculation, (86)

2.89 eV (*I1,—%%)
178 eV (*I,—2%])

Tonization energy of Cl;" 2.39 eV (45)

Electron affinity of CI," 2.45 ev© (74)

Negative ion states ~0.0 eV (32 From Table 15, Sec. 6
25%V (El'lg)
5.5 eV (’II,)

7.5 eV (Xzi-[g)(‘lsa)zfzn 12.3)

*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 Cl3

Parameter Value Reference
Equilibrium separation (A) 1.890 (*I1, 37) 7
Dissociation energy (eV) 3.99 (Zﬂg) 67

3.966 (*TI, ) 72
3.876 (211&1;‘3) 72
1.38 (*I1,) 67
141 Cllgas) 72
1.32 (*I1, i) 72
D, 3.95 45

Energy of fundamental vibration (eV)  0.08004 (*11 g2} 45
~0.080 (*T1,35) 1)

0.07994 (*T1, ) 45
~0.0459 (%1, 3,) )

~0.0347 (°E]) 72

Energies to various ionic states See Table 4

(adiabatic/vertical) (eV)

mum in the rotational excitation cross section at a relatively
high Aj. The experimental and calculated values of &y (&)
are compared in Fig. 7 with the suggested value of oy (&)
(solid line in Fig. 6). From the figure it can be seen that
0...(&) exceeds the total scattering cross section near 2 eV.
This is physically impossible, but the discrepancy is well
within the combined uncertainties of the two measurements.
It is interesting to note the deep minimum shown by the
calculated o, (€) that is also present in the measured
O (&). Below this minimum the calculated values for
O €) exceed the measured o ().

In Fig. 8 are shown the various contributions to o (&),
that is, the integrated (over angle) excitation cross sections,
Trorjo(€), for j=0, 2, 4, and 6. Clearly the rotationally
elastic electron scattering channel (j=0) dominates over all
energies, especially below the minimum.

L ) o =TTt TR T
F . 3
«  Fisk(1937) L
= Guiley (1998) [ o
T *  Cooper (1999)
o —— Suggested
£ 21 =
o 10%¢
8 E
=] L
=
3 10'F E
e F 1
100 . el rg e il . el
0.01 01 1 10

Electron Energy (eV)

Fic. 6. Total electron scattering cross section, o, (&), for Cl;: (@) Ref. 91;
(D) Ref. 92; () Ref. 93; (—) recommended values.

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

Electron energy Oy lE) Electron energy Tl )
(eV) (1072 m? (eV) (1072 m?
0.02 40.0 0.80 6.55
0.03 35.2 0.90 7.36
0.04 26.8 1.00 7.97
0.05 17.0 1.20 9.06
0.06 10.7 1.50 11:4
0.07 F.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 21.9
0.12 9.06 4.50 24.2
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
0.30 375 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 5.00 220 31.5
0.70 5.83 23.0 31.0

3.3. Total Elastic Electron Scattering Cross Section,
Ue,t(s)

There are no measurements of the total elastic electron
scattering cross section, o, (&), 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 Meycr.% Similarly,
we have plotted the o, (&) determined by Kutz and Meyer
from the measurements of Gote and Ehrhardt.”* From an
experimental perspective, oy,(g) may be considered
equivalent to o, (&) since o (&) contains a large elastic
component and the energy loss of rotational excitations is
small (< 10"*eV).”® Clearly, the 0o &) based on the ex-
perimental data of Gote and Ehrhardt and the o (&) calcu-
lated by Rescigno are similar in 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 are given in Table 11 as our suggested set of
data for . (e) for molecular chlorine.

3.4. Momentum Transfer Cross Section, o ()

There are no measurements of the momentum transfer
cross section, a (&), for Cl,. The results of two Boltzmann-
code ana]ysesl"t‘0 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, O rorsum( B}
(in units of 107 ' cm®sr™') are also listed. The partial cross sections are listed as the percentage of their relative contribution to &y (&)

Scattering

angle 10° 20° 30° 40° 50° 60° 70° 80° 90° TP RIDR: Q28R GA30% AT 502 6he
2eV

I=0 531 637  9T0CRORT IO 100 100 907+ 865 LUFRLC) G496 2 315 17.3 18.6  34.6 437
JiE2 40.7 31.0 <1 =1 <1 <1 <] 4.1 12.1 17.6 50.4 67.6 82.7 70.8 65.3 549
Ji=4 6.1 34 <1 =1 <1 =i <1 1.6 <l 42 <1 <1 <1 6.3 =l =i
=6 <1 <1 <1 <1 <1 =) <1 35 <1 <1 =l =<1 <1 42 <1 <1
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Trosum(€) 159ap 2 113 0865002 132 153 062 158, LAS: 199 003 D72 054 051 . L0060 074

5eV

i=0 100 90.1 T3l 672 796 741 684 331 196 42 323 284 424 555 56.5 52.5
J=2 <1 6.1 246%5328 143 1449 170 55057 685 (74T 64.2 70.3 40.9 36.3 24.4 31.6
j=4 <1 34 2.3 <1 3.7 9.0 7% [ S 21.1 <1 <1 1322 6.7 16.8 15.8
Ji=6 i) <1 <l =] <1 23 4.8 <1 4.1 <1 1 <1 2l 1.0 24 <1
Ji=8 <1 = <1 ] <1 <1 2.0 <1 <1 <1 1| <1 1.4 <] <1 =il

oullE)  SB2 OCHSE 33500898 254 2o 172 151 1B O O1IR 112 1206 1415 116 123 129

10 eV

Ji=0 97.1 100 97.3 76.3 722 437 318 29.2 273 18.3 <1 18.0 16.4 11.2 11.7 153
=2 2.8 <1 <1 10.6 253 45.0 45.3 55.6 40.4 5T7 73.3 62.5 447 65.5 479 55.5
ji=4 <1 <1 1.5 6.3 =<1 =1 12.1 53 264 18.5 21.6 7.6 28.6 20.4 39.2 41.0
J=6 < f <1 <1 6.1 <1 38 9.1 8.4 34 1.4 <1 75) 6.7 <1, <1 <1
=8 <1 =1 <1 <1 <1 5.8 <1 1.2 =<1 1.4 <1 3.2 <1 1.1 <1 <1

Opeark®) 2128 1439 740 462 174 141 108 Gito# ©D.840an086- 08T 10098 p0smi 15T 206 2t 3D

20 eV

i=0 100 94.9 792 839 581  39.0 _BO4 6265288 14.5 24.0 15.0 18.9 11.0 12.6 <3
=2 = <1 20.8 39 352 39 8.6 17.1 451 43.0 452 19.6 24.9 31.8 12.8 17.1
ji=4 <1 1.4 <1 7.8 iy 164 7.0 134 |  PEL - 338 38.5 55.7 39.5 512 310, 623
=6 <1 23 <1 2.7 3.0 5.8 4.0 2.7 =1 5.2 22 9.7 13.6 <1 17.5 16.3
=8 <1 12 ol | <1 <1 A <1 42 <1 3.8 <1 =] 42y <1 6.1 4.3

Ot s £ 31.61 19,32 B0 4= poFa g it Ao litg0s 075 080 089 089 043 0.65 0.55 0.57 0.89
30 eV

Ji=0 99.8 87.3 6d.L - 306, "253 <1 | <1 <1 <1 <% <1 21 <1 6.6 2.8
=2 <1 12,27 2400 " 00 AN TUEa T o8 543 320 6 17.1 12.4 16.2 11:1 I5:5 4.5
ji=4 <1 <1 6.1 <l IBZPSe R - 413 | 525 69 58.1 Abde. BN SLS - ISR - g0
7=6 <1 <1 1.7 < <1 6.4 32 <l 13.9 39 239 . 283 2006 @ 344 6 718
i=8 A <1 <1 <1 <1 il <1 =1 1.4 <1 =<1 <1 <1 | <1 <1

h g - 31.84 15.90 5.86 2.26 1.18 0.69 0.41 0.43 0.62 0.71 0.59 0.39 0.22 0.11 0.11 0.20
50 eV

J=0 95.2 84.6 50.8 3.6 [oer S . o | 8.7 <1 3.6 2.5 5.8 <1 10.5 8.6 49
Ji=2 ) 11.9 L4 814 e9.7T 93T 460 218 158 10.0 15.3 13.3 1723 12.0 10.1 8.8
J=4 1.4 o] IRi e (25 SUEMeRart<y 3585 Sde 528 617 53.7 437 48.6 34 229 28.4
Ji=6 <1 <1 33 2.8 4 I3 2 et 110 284 £1.3 27.4 36.2 322 29.8 28.2 33.3
Fi=8 <l <1 <zl <1 <1 <1 1.3 <1 Bl 34 <1 <1 <1 154 21.5 22,5

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

;=0 99.6 76.3 b 15,7  20:5 265 | 8.1 6.3 7.0 <1 13.9 6.0 <l <1 <1
Ji=2 =<7 235 72.1 5.4 LISV B 10,1 - 238 b 14.3 7.1 18.4 6.7 5.3 <1 <1
j=4 <1 <1 7.0 238 251 227 506 A% T--—dyge==ug 30.6 o 52 7.6 17.1 7.0 3.0
J=6 <1 <1 34 5.1 <l HE3=E 244 240 302 29.9 317 1:2:3 235 313 345 30.6
5=8 <1 <1 <1 =] <1 6.5 5.7 3.2 159 13 B 20.1 19.8 30.2 33.0 42.0 41.9
J=10 <1 <1 <1 <1 <1 L7 <l =21 <1 =1 4.2 18.1 20.6 12.9 16.2 24.0
=12 <1 <1 <1 =] <1 <1 <l = <1 <1 <1 1 37 4.4 <1 =] <1

ot suiiie) 15.70 3.50 0215 (042 s D 0dBratils 020 019 015 0.08 0.04 0.07 0.15 0.59 0.91
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TagLE 10. Ditferential rotational excitation cross sections for electron scattering from Cl, from Ref. 94. The rotationally summed cross sections, o .m(€),
(in units of 10” " cm? sr™") are also listed. The partial cross sections are listed as the percentage of their relative contribution to @, (&) —Continued

Scattering

angle 10° 205 30° 40° 50° 60° 70° 80° 90° 100° 110° 120° 130° 140° 150° 160°
200 eV
;=0 9.4 149 243 137 =] 3.6 <1 6.3 <1 <A <l <1 <1 <1 <1 <1
=2 5.6 851 szn 309 100 3D, 2.0 6.7 =1 13.0 =1 <1 <1 <1 <1 <1
ji=4 <1 <1 21.6 42.5 39.3 259 239 28.5 33.1 6.2 <1 1:1 <1 <1 <1 <1
Ji=6 <1 <1 | 8.9 34.2 39.7 42.5 343 47.6 1.3 32.5 23.7 53 <1 2.6 <1
J=8 <1 =1 <1 | & 6.9 17.6 28.6 14.2 13.3 239 336 311 21.0 20.1 17.5 15:7
Ji=10 = | <1 = =i =) 1.4 7.2 3.6 24.8 20.4 30.9 29.7 28.2 25.1 25.0
H=12 =1 =1 <1 <1 =1 <1 <=1 2.4 =1 13.0 132 13.2 30.7 40.1 353 42.8
j=14 <1 <1 <1 <] <1 <1 <1 =g <1 7.6 =1 <1 7.0 95 154 15.3
Tt el 1292 5253 - 083 046y H2% W9 0030 K00 006 004 003 G005 041 02 034 058

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.'?” 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,(g). 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 Rcscignolm are preferred because they
are not model dependent and because of the agreement be-
tween Rescigno’s calculations and measured values of
T (&) and O gig peurs() (see Secs. 3.3 and 5, respectively).

T T T =TT T—TTTTTTT
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FiG. 7. Total cross section for rotational scattering, o (&), 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,
Tinel( €)

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 10”1 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

T T T
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Fic. 8. Integrated (over angle) excitation cross sections, & ;._o(#), for Cl,

from Ref. 98 for the rotational excitation channels (O) 0—0; (@) 2—0;
(M) 4—0: (#) 6—0 of Cl,. Also shown for comparison is o,(€).
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FiG. 9. Total elastic electron scattering cross section, o, (&), for Cly: (- - -)
calculated total elastic electron scattering cross section, o, (&) from Ref.
91; (@) measured o, (=) [data of Ref. 98 based on measurements by Ref.
94], (- ~) calculated total rotational electron scattering cross section,
Tl €) from Ref. 98; () calculated total elastic electron scattering cross
section, o,,(&) 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 Mayer’sq8 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-

TasLE 11. Suggested total elastic electron scattering cross section, o, (&),
for Cl,

Electron energy T .lE) Electron energy a.(e)
(eV) (1072 m?) (eV) (107 m?
0.20 1.50 7.00 271
0.22 1.64 8.00 28.8
0.25 1.82 9.00 30.2
0.30 2.11 10.0 33
0.35 2.38 12.0 a7
0.40 2.66 14.0 33.1
0.50 3.30 16.0 329
0.60 4.10 18.0 321
0.70 4.98 20.0 30.9
0.80 5.99 22.0 295
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 11.4 40.0 19.4
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
4.50 201 100.0 7.99
5.00 L) 150.0 6.31
6.00 252 200.0 6.16
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Fig. 10. Calculated momentum transfer cross sections, (&), 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 r T T T T

&0, qun/d€2 de (107 cm?sr V)

0.01
10

0.1
0.01
0

30 60 90 120 150 180
Scattering Angle (6)

Fig. 11. Comparison of experimental and calculated rotationally summed
differential electron scattering cross sections d’cy ., /dQ2 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, oy, (&), for Cl,. Results
of Boltzmann-code analyses: (- - -) Ref. 1; (—--—) Refl. 40. Estimate of
il e) derived from present analysis described in text (—).

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 &y=24.42 a.u. and a,=16.293 a.u. (1 a.u.
=0.1482% 1072 cm?).

In Fig. 11 are compared the close-coupling rotationally
summed differential electron scattering cross sections calcu-
lated by Kutz and Meyerg8 (solid line) with the experimental
values of Gote and Ehrhardt®® for various 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 few 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, @ ,(€), for Cl,. There are only
the results of two Boltzmann-code cala.:ulaticu'ls,"-40 based
upon limited experimental data. These results are compared
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
Oyine) calculated from Boltzmann codes.

Vibrational excitation cross sections are important in ef-
forts to model plasma reactors due to their large effect on the
electron energy distribution function (see, for example, Refs.
103 and 104). For this reason, we have attempted to deduce
a rough estimate of o, () from the available cross sec-
tions for other processes. We assumed the suggested values
for o, (&) (Sec. 3.1, Fig. 6), o.(&) (Sec. 3.3, Fig. 9),
o;(&) (to be discussed in Sec. 4.1, Fig. 14), 0 i neur () (t0
be discussed in Sec. 5, Fig. 16), and 4, (&) (to be discussed
in Sec. 6.1, Fig. 17), and took the difference

O'Sl:__[(g) _[UC,I(E}+ Ui,:(g) i Udiss.nem,t(s) g U—da,t(s)]

=0ib. ()= O ingir () (1)

to be a measure of o, (). Since direct vibrational excita-
tion for a homopolar molecule such as Cl, is expected to be
small,'%>1% & . (&) may be taken, in this case, to be the
cross section for indirect (resonance enhanced) vibrational
excitation, o inai(£), of the Cl, molecule via its temporary
negative ion states. Values of o i5ai:(€) derived in this way
are shown in Fig. 12 (solid line), where the two Boltzmann
computed values of o, (&) are also shown. The @, n4i(€)
deduced in this study bares no similarity to the computed
Oy €). In spite of the large uncertainty involved in the
derivation of o, ina(€), 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
O yin.( &), the present derived cross section oy ingir( £) 18 pre-
ferred to those provided by the Boltzmann codes.

3.5.3. Electronic Excitation Cross Sections, og.(£)

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 sections for electron impact
excitation of the electronic states *I,, 'II, and the sum
2M1,+2 '3 that are derived from a Boltzmann-code analy-
sis. Another Boltzmann-code calculation by Pinhao and
Chouki® report cross sections for electronic excitation of
A P BT I i and! 200042 1200 <Also,
Rescigno'm performed close-coupling calculations using the
complex Kohn variational method and reported excitation
cross sections for *IT,, 'IT,, *II,, 'II,, and *¥ . 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, og..(), of Cl,. (a) Excitation of *IT,+'TI,: (=-—) Ref. 1; (—) Ref. 40; (- -) Ref.

100. (b) Excitation of 2 'TT,+2 'L‘U_: (=-—) Ref. I; (—) Ref. 40; (— —) Ref. 100. (¢) Excitation of *IT, 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 'I1, and '3, 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 calculations in the few cases
where this is possible. Thus, in Fig. 13(a) the cross sections
estimated by the three studies for *IT,+ I, are compared. In
Fig. 13(b) a similar comparison is made for 2 'I1,+2 'S . In
Fig. 13(c) the cross sections of Rogoff et al.' and of
Rescigno'® for electron-impact excitation of the electronic

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

states 1, and C 'T1, are compared. The vertical excitation
energies of °II, and 'Il, 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, o (&), of Cl,. These
include the measurements by Center and Mand],lm 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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FiG. 14. Electron-impact total ionization cross section, o;,(£), for Cly: (A) Ref. 107; (@) Ref. 95; (M) Ref. 108; () Ref. 109; (— —) Ref. 110; (- - -) Ref.

1115 (==} Ref. 1; (---) Ref. 40; (—) suggested.

Englander-Golden.'!? The stated uncertainty of these mea-
surements is = 15%. Kurepa and Beli¢’s cross section mea-
surements are absolute. They were made in the energy range
of 10—100 eV and have a reported relative error of = 20%.
Below ~50eV they are higher than the values obtained by
Center and Mandl. The third set of measurements were made
by Stevie and Vasile'™ in the energy range 12-100 eV using
a mass spectrometer and a modulated molecular beam. These
determinations of o;,(£) were made relative to those of the
three calibrant gases Ar, O,, and Kr for which they used the
respective data of Rapp and Englander-Golden.''? The val-

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, &;,(¢), for Cl,

Electron energy g, (&) Electron energy o (&)
ues plotted in the figure are the averages of the data using (eV) (107 m?) (V) (107 m?)
each of the three calibrant gases. The authors indicated an 115 0.03 35 526
error bar in their data for 70 eV as shown in Fig. 14. Their 12 0.11 40 5.49
uncertainties are approximately *20%. Their measurements 13 025 45 5.68
agree with those of Kurepa and Beli¢” near the threshold, i: ggg 2{5) :S;
but they are considerably higher for energies greater than 16 0.99 60 6.15
~15eV. Clearly these three sets of data differ not only in 17 1.32 65 6.25
magnitude, but also in the measured energy dependence of 18 1.67 70 6.32
o &). The more recent unpublished relative measurements ;3 ;Sg ;(5} Zi?
of Srivastava'” are also shown in Fig. 14. These cover a 2 3.05 85 6.28
broader energy range, from threshold to 700 eV, and were 24 3.79 90 6.25
arbitrarily normalized to the 70 eV point of the ‘‘suggested’’ 26 4.17 95 6.22
curve discussed later and shown by the solid line in Fig. 14. ig j‘gé 00 s

Interestingly, the cross section of Srivastava shows structure
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FiG. 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(EIN).

Beli¢® 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 Beli¢” 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
o; (&) of Cl,. We have not included the values of Center and
Mand!'”” 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 Cl; 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,
al/N(E/N), for Cl, (based on measurements of Bozin and Goodyear from
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Fic. 16. Total cross section for electron-impact dissociation into neutral
fragments, g qeuu(8), 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
(I, I, AN 25 of Cl.

dissociative ionization (Cl,+e—ClT+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 Cly
and CI" by electron impact is not known. Photoabsorption
measurements, however, show that the production of Cl;.r far
exceeds the production of Cl* for dissociative photoioniza-
tion (see Fig. 3).

4.2. Density-Reduced Electron-Impact lonization
Coefficient, a/ 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-
ments were made at 7=293K for Cl, pressures of (.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, iy newi( &), for Cly (data of Cosby and Helm from Ref. 114)

Electron energy O gissneutt €}

Ref. 102) (eV) (1072 m?)
EIN alN(EIN) EIN a/N(EIN) i G
(10717 V em?) (10-2 m?) 1077V cm?) (1072 md) 29 1.04=0.31
124 1.36%0.41

213 6.45 340 28.2 14.9 207%0.62
220 7.34 360 334 174 1.51£0.45

240 9.82 380 39.0 19.9 1.520.46

260 12.4 400 4.7 224 1.19+0.36
280 15.5 420 50.4 274 0.96+0.29
300 19.2 440 56.2 474 0.52:0.16
320 234 450 59.1 97.4 0.24+0.07
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TaBLE 15. Negative ion states of Cl,

Assigned symmetry of
corresponding negative

Energy (eV) ion state Method/Reference
0.03+0.03 2l'[ 2 Maxima in the dissociative electron attachment
252015 ZpI% g cross section measured in an electron-impact
5.5*0.15 E; A mass-spectrometric study (87)
0.0 b Maxima in the dissociative electron attachment
Z53+005 2l'[S cross section measured in an electron-impact
5.75£0.05 | mass-spectrometric study (80, 95)
b oay
9.7 z,
0 EE: Dissociative electron attachment using
25 e § s a crossed-beam electron impact spectrometer.
5.5 i Assignments based on angular distribution
analysis of the C1™ ions (96)¢
0.07 230 Electron swarm (117)
24=x0.1 Electron-impact mass spectrometry (76)
746 (v=0) Electron-excited Feshbach Electron transmission (97)

and subsequent peaks
separated by 0.08 eV
corresponding to

addition of two nso

p=1-5 positive-ion core
sl ' :

3 I1,
~5d G2 6 0

resonances formed by

electrons to the X 2llg

Studies of C1™ ions produced by
dissociative electron attachment from
condensed Cl, (118)

“These assignments are incorrect, see text.

"Azria et al. (Ref. 96) did not observe the 9.7 eV resonance indicated by the data of Kurepa and Belic¢ (Ref. 95).

“According to Azria et al. (Ref. 96), there may be a small contribution of the 22

at 5.5 eV.

state of Cl, to the CI™ formation at the low-energy side of the resonance

“These 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

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

5. Total Cross Section for Electron-Impact
Dissociation Into Neutral Fragments,
O diss neurt( £) for Cl,

There has been one measurement''>''"* of the total cross
section for electron impact dissociation into neutrals,
O gissnentt(€), for Cly,, and these data of Cosby and
Helm''*!"* are shown in Fig. 16. In Fig. 16 is also shown the
sum of the cross sections calculated by Rescigno'® for the
lowest five excited electronic states (°II,,, 'IT,,, *II,, 'Il,,
32 ) of Cl, which are reached by promoting an occupled
valcncc electron into the antibonding (50 ,) orbital. The cal-
culation by Rescigno showed that the total dissociation cross
section is the largest for the °II, state up to the highest
energy (30 eV) he investigated. The agreement between Re-
scigno’s calculations and the experimental data is good, sup-
porting the premise that all electronic excitations result in
dissociation. The experimental data of Cosby and Helm''*!!4
are listed in Table 14 as the presently suggested values for
T gissneute €) for the Cl, molecule.

In an earlier study, Wells and Zipf''~ observed dissocia-
tive excitation of Cl, and identified the fragments as, in part,
atomic chlorine in long-lived high-Rydberg excited states
[CI* (HR)] produced through

fllS

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

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

Another process for neutral fragment production is disso-
ciative recombination (e+ Cl; —CI+Cl). 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~ ('Sg) and Cl (*Py), 15,) has four electronic
states whose order of increasing energy is: *% , 2l'I 1
22 (Fig. 5). The participation of these states in dlb‘sOC]&tl\«e
electron attachment of Cl, depends on the way their
potential-energy curves cross the ground-state potential en-
ergy curve X '3 ¢ 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
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Fig. 17. Total dissociative electron attachment cross section, oy, (&), for
Cly: (@) measurements of Kurepa and Belic from Ref. 95; (---) relative
cross section for the production of Cl™ 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 Cl™ at near-zero energy and in three higher-
energy ranges below 10 eV. For the fragment negative ion
C1™, the dissociative attachment reactions

Cly(X '3 ) +e—Cly *=Cl(*Sg) + Cl(*P3p10) (4)

involve the ground state X 'S, ; of Cl, in the »=0 and per-
haps v=1 state, and the four 23 , *II,, *II,, 22; negative
ion states of Cl, which are correlated with the dissociation
limit CI7('Sg)+Cl(*P3;,). This limit lies 1.10 eV
[Cl (3P,5)] and 1.21 eV [CI (*P4p,)] 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
~QeV, at 2.5 ¢V, and at 5.5 eV (Table 15). These were
ascribed®*® to the 23}, *I1 > and 21, resonant states of
Cl; , respectively. The ground state, 2% , of Cl, is formed
by addition of an extra electron to the lowest unfilled (07,3 p)
Cl, orbital of the ground-state electron configuration of Cls:
[(..)(o3p) (m3p) (m3p)*]. The core-excited *II,
and 211, states of Cl; are formed by exciting one electron
of the 22: shape resonance from the 7, 3p and 7 3p to
the o,3p orbital, respectively. An electron-transmission
study by Spence”’ located the lowest-lying electron-excited
Feshbach resonance in Cl, at 7.46 eV. He associated
this resonance with Rydberg states having symmetry
(X *I1,)(450)*[*1;553]. 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 study'*” 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 >I1
states of Cl;.'%

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 electron attachment occurs at subpicosec-
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.''® studied the production of C1~ by
dissociative electron attachment in electron-stimulated de-
sorption from Cl, condensed on a platinum substrate. They
found that the energy dependence of the Cl™ signal exhibits
two peaks at about 2 and 5 eV which they attributed to the
21'[g and 2l'lLl 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 Christophorou’ 125 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, oy,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
cross section, oy, (&), of Cl, is that of Kurepa and Beli¢.”
Their data are shown in Fig. 17. They cover the energy range
from O 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 Cl /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
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TABLE 16. Suggested total dissociative electron attachment cross section,
oy,,(€), for Cl,

Electron energy og.(€) Electron energy TyailE)
(eV) (1072 m?) (eV) (107 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 7.2 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
2.0 0.024 9.0 0.0051
2.2 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
36 0.012 10.6 0.0046
4.0 0.017 11.0 0.0045
4.2 0.022 112 0.0042
4.6 0.033 11.6 0.0041
5.0 0.047 11.8 0.0043

the electron swarm data (Sec. 6.2). The energy positions of
the negative ion resonances as determined in the study of
Tam and Wong along with the Tam and Wong assignments
are compared with other data in Table 15. Comparison with
other studies indicates that the assignments of Tam and
Wong are apparently incorrect. The sequence of their assign-
ments is in error because their calculations show the poten-
tial energy curve for the 22: anionic state not crossing the
potential energy curve for the X IEQ ground state of the Cl,
molecule.

Based on the analysis of the total electron attachment rate
constant in Sec. 6.2.2, the values of og,,(¢) given by Kurepa
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Fig. 18. Total electron attachment rate constant as a function of E/N,
k,(EIN), for Cl; (T=298-300K); (@) Ref. 117; (O) Ref. 124; (X)
Ref. 88.
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FiG. 19. Total electron attachment rate constant as a function of the mean
electron energy (£), k,((£)), for Cl, (T=298 K): (@) Ref. 117; (X) (k, )
determined from the average of the two most recent values of the thermal
(T=300 K) electron attachment rate, see Table 18; (&) Ref. 124; (V) Ref.
124 using the rate constants measured by Rockni et al. (Ref. 88); (- —) Ref.
127 using the o,,(g) of Kurepa and Belic (Ref. 95) and a Maxwellian
distribution function for the electron energies; (---) Ref. 128 using the
o, &) of Kurepa and Beli¢ (Ref. 95) and a Maxwellian distribution func-
tion for the electron energies; (- - -) Ref. 117 using the o, (&) of Kurepa and
Belic (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 a4, (&). 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 o4, (&) 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

(€), kap((€))

6.2.1. k,4(E/N) in N,

McCorkle er 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
X 107-4x 107" Vcem?®, 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
me