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Low-energy electron interactions with the,Gholecule 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:(L00 eV), there is still a need fofi) improvement
in the uncertainties of all suggested cross secti@insmeasurement 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 ClI
and in mixtures with rare gases. Also provided in this paper is pertinent information on
the primary C} discharge byproducts €| Cl, , CI, CI~, and CI'. © 1999 American
Institute of Physics and American Chemical SocigB0047-26809)00401-8

Key words: chlorine; Gl cross section; electron attachment; electron collisions; electron scattering; electron

transport; ionization.
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1. Introduction

Molecular chlorine (G)) is a plasma processing gésg.,
see Refs. 1-24lt 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 Gl and Cl, dissociation of Glinto neu-
trals, and dissociative attachment to,. &% The basic
species involved in Glplasmas, then, are the three molecular
species: G} Cl, , and C}, and the three atomic species: Cl,
Cl~, 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 ultraviolefUV) laser application&®~3In
this latter application the fundamental process of interest is
dissociative electron attachment producing halogen atomic
negative ions (Cl) which efficiently recombine with the
rare-gas positive i08%>° to form the lasing speciee.qg.,
ArF*, KrF*, and XeCf excimer$ in rare-gas—halide
lasers?’+?8

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

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



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

TaBLE 1. Definition of symbols

Symbol Definition Common scale and units
Opa {N) Total photoabsorption cross section 102° cn?; 10724 m?
opidN) Total photoionization cross section 10 % cn?; 10724 m?
O pi partial \) Partial photoionization cross section 10720 cn?; 10724 m?
T (&) Total electron scattering cross section 10716 cn?; 1002 m?
Trotd(€) Total rotational electron scattering cross section 10716 cn?; 1002 m?
Trotjol€) Cross section for rotational excitation of the 10716 cn?; 1002 m?

j rotational state integrated over angle
Trotsun(€) Rotationally summed electron scattering cross section ~61@n? sr?
020 ot um/ A2 de Rotationally summed differential 168 cn? srilev?
electron scattering cross section
TefE) Total elastic electron scattering cross section 10716 cn?; 10720 m?
om(e) Momentum transfer cross secti¢elastio 107 cn?; 1072 m?
auini(€) Total vibrational excitation cross section 107 % cn?; 10020 m?
T ibindir(€) Total indirect vibrational excitation cross section 1071 cn?; 10720 m?
Teed €) Electronic excitation cross section 10716 cn?; 10720 m?
aie) Total ionization cross section 10716 cn?; 10720 m?
T giss (€) Total dissociation cross section 10716 cn?; 10720 m?
 giss neutke) Total cross section for electron impact 10716 cn?; 10720 m?
dissociation into neutrals
aafe) Total electron attachment cross section 1076 cn?; 10720 m?
Tgafe) Total dissociative electron attachment cross section 10716 cn?; 10720 m?
op(e) Cross section for ion-pair formation 1078 cn?; 10722 m?
Tpdestc (N) Photodestruction cross section for,Cl 10718 cn?; 10722 m?
apici(N) Photoionization cross section of Cl 10718 cn?; 10722 m?
Tecrcle) Total electron scattering cross section for Cl 10716 cn?; 1002 m?
Terc) Total elastic electron scattering cross section for CI 107% cn?; 1072 m?
omcie) Momentum transfer cross section for Cl 10716 cn?; 1002 m?
Texcicl€) Total electron-impact excitation cross section of Cl 107 cn?;, 1072 nv?
aicle) Total electron-impact ionization cross section for Cl 1071 cn?; 1072 m?
gicie) Electron-impact single ionization cross section for CI 107® cn?; 1072 m?
opacr(N) Photodetachment cross section for Cl 1078 cn?; 1072 m?
oeacr(6) Collisional detachment cross section involving Cl 10716 cn?; 10720 m?
oac-(E) Cross section for charge transfer in 1071 cn?; 10720 m?
collisions involving CI'
) Cross section for single ionization of Tl 107% cn?; 10020
alN Density-reduced ionization coefficient 1% m?
(a—7)IN Density-reduced effective ionization coefficient B m?
7IN Density-reduced electron attachment coefficient ~220m?
Kat Total electron attachment rate constant “Hoen? st
(Kadth Thermal electron attachment rate constant “®ocm?® st
w Electron drift velocity 16 cm st
Drlu Transverse electron diffusion coefficient \Y

to electron mobility ratio

Cl+hy(A<500 nm—2Cl. Since the G] molecule is one of the simplest reactive
In this paper a number of collision cross sections, coeffi—gases used in plasma processfagien in mixtures with A,

cients, and rate constants are used to quantify the various consider it desirable from the point of view of this appli-

processes which result from collisions of low-enefgyostly cation to also provide relevant information on the most likely

below about 100 eelectrons with the Glmolecule. These discharge byproducts, namely,GICl; , Cl, CI, and Cr.

are identified in Table 1 along with the corresponding sym-N this way, one may have more complete information about
bols and units. The procedure for assessing and recommentl€ key species and processes. Therefore, while the emphasis
ing data followed in this paper is the same as in the previoud! this paper is on low-energy electron interactions with the
five papers in this seri€é-38 As will be discussed through- Nneutral C, molecule, pertinent information is also provided
out this paper, few of the available data sufficiently meet thdor the Ch and Ch molecular ions, and for the atomic spe-
criteria to be “recommended.” This demonstrates the needies Cl, CI', and CI".

for additional data for this molecule. We have, however, An early attempt to critically evaluate low-energy
“suggested” the best available data for each collisionelectron-impact cross section data for, @las made by
process. Morgan®! In addition, a number of investigators have used

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



ELECTRON INTERACTIONS WITH ClI, 135

Boltzmann codes and electron transport data to calculatealues discussed later in this paper. The estimated electronic-
cross sections and rate coefficients for some electron collistate energie@MRD-CI values are listed in Table 2.

sion processes in £F1%%-41The value of these results is  There have been many photoabsorption and photoioniza-
questionable however, partly because of the limited measurgion studies>*>#7’-%6as well as a number of photoelectron
ments on electron transport parameters upon which they astudie§’~"3 of Cl,. The data on the total photoabsorption
based, and because of the model dependent nature of tkeoss sectiongp, (\), of Cl, have been discussed and sum-
calculated cross sections. The results of two such calculanarized by a number of group&.g., Gallagheret al,%*
tions by Rogoffet al* and Pinfia and ChouK® are com-  Maric et al,* and Hubinger and N&8. In Fig. 2 are plotted

pared with other data in later sections of this paper. the measurements ofoé,a,(h) of a number of
investigatord>4951:57:59.62,63.6586  the wavelength range
2. Electronic and Molecular Structure 15.5-550 nm. Between 250 and500nm 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 electronic structure of the outermégalence shell of  the solid line. Data taken off this line are given in Table 3 as
the ChL molecule in its ground electronic stdte*® is: ~ our recommended values for thg, (A) of Cl; in this wave-
- (o3P)2 (m3p)%, (m3p)*, (0,3p)° and haleg sym- length range. The extensive measurements of Samson and
metry. The first four excited electronic states of @ted by ~ Angef cover the wavelength range 15.5-103.8 nm and are
Huber and Herzbefd are A’ °I1,,, A°®Il,,, B3I}, and recommended for this energy ran@éable 3. The measure-
CMI,. A number of theoretical and experimental studiesments of Samson and Angel of the total photoionization
have located many other excited electronic statee be- Cross sectiomr, (\) show thatoy, ()) is equal to the total
low). photoabsorption cross sectian,, (\) except in the wave-

There are three types of sources of information of interestength range 82.5-77.0 nm where it is up to 10% lower,
to the present study regarding the electronic structure of théepending on the value of the wavelength. The decrease of
chlorine molecule: calculations, photoabsorption and photothe photoionization efficiency to values below 1.0 in this
electron studies, and electron energy-loss investigations. Alwavelength range has been attributed to photoabsorption pro-
though our interest is focused on the third type of informa-cesses leading to the production of neutfals.
tion, basic information provided by the other two types of Measurements have also been made by Samson and
investigations is included in the paper as complementary. Angef® of the partial photoionization cross section,

The most useful theoretical work concerning the electronio”piparial \), for the production of Gl and CI" by photon
states of chlorine are thab initio calculations of Peyerim- impact on C}. These are shown in Fig. 3. In Fig. 3 are also
hoff and Buenkef® These workers calculated potential en- plotted the results of Samson and Angel for the production of
ergy curves for the ground and excited electronic states ofl; ~ by photon impact on Gl The data in Fig. 3 show that
the chlorine molecule and for its positive and negative iongor photon wavelengths down t980.0 nm, the cross section
using the multireference single and double excitation withfor the production of the Gl ion is about equal to the total,
configuration interactiofMRD-CIl) method. They consid- that is, it far exceeds the cross section for the production of
ered all states which correlate with the lowest atomic limitthe CI" ion (dissociative photoionization has a much lower
[CI(IT,)+CI(*P,)] and many others which go into ionic probability than nondissociative photoionizatiorAt pro-
CI™+CI™ or Rydberg CI+Cl asymptotes. All singlet states gressively shorter wavelengths, dissociative photoionization
which correlate with the ground atomic products were foundoecomes more probable. The cross section for double elec-
to be repulsive. Among the triplet states of, @lhich disso- tron ejection is negligible down to about 40 nm. Carlson
ciate into the ground state atoms only tHd, state is not et al’* and Gallagheet al®* have published measurements
repulsive. The potential energy curves calculated by Peyemf the production of CJ in the ionic states (%gl)le'[g,
imhoff and Buenkeé¥ are reproduced in Fig. 1. The (2m,")AZI,, and (5r,")B 234 by photon impact on Gl
potential-energy curves shown in the figure are for the elec- Data on photoionization energetics are given in Table 4
tronic states of Glwhich dissociate into the lowest atomic where they are compared with data obtained using other
limit [CI(?P,)+CI(®P,)]. In Fig. 2 are also shown the methods. For further spectroscopic investigations of the elec-
potential-energy curves for the lowest electronic states ofronic structure of the chlorine molecule see Lee and
Cly with various asymptotic limits and a potential-energy Walsh®* Iczkowski et al,>® Douglaset al,>® Frostet al,®’
curve for the ground state of Clfor the asymptotic limit Bondybey and Fletchéf, Huber and Herzberfy, Douglas®*
CI(®P,) +CI~(*Sy). As will be seen from subsequent discus- Moeller et al.?? Burkholder and Baif? McLoughlin et al,®
sions in this paper, the potential-energy curves fgf Cl, ,  Lonkhuyzen and de Langé,and Frostet al.”’
and Cl in Fig. 1 are most helpful in understanding the low-  There have been three major electron-impact studies of the
energy electron interaction processes with therblecule. electronic structure of Gl the threshold-electron excitation
Peyerimhoff and Buenker calculated for the dissociation enstudy of Juretaet al** which covered the excitation energy
ergy Dy, the vertical ionization energy, and the electron af-range up to 11.5 eV, the electron energy-loss study of
finity of Cl,, respectively, the values 2.455, 11.48, and 2.38Spenceet al** which covered the energy-loss range 5.5—
eV. These values are in good agreement with experimentdl4.5 eV, and the electron energy-loss study of Stugitz 34

2.1. Cl,

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 theol@cule as calculated by Peyerimhoff and Buer{kef. 46.

which covered the electron energy-loss range up to 14.258btained at small scattering ang[€3g. 4(b)] differ from the

eV. Threshold-electron excitation methods are best suited fdhreshold-electron excitation spectra and correspond closely
locating optically forbidden states, while electron energy-to the photoabsorption spectra. The most prominent features
loss spectra using sufficiently energetic electrons give spe®f the energy-loss spectra arise from excitation of optically
tra similar to photoabsorption. Figure(a} shows the allowed Rydberg states. Larger-angle scattering data showed
threshold-electron excitation spectrum of Gbtained by Ju- additional structures due to excitation of optically forbidden
reta et al*® in the region of Rydberg excitation between states. The spectra also showed the presence of hot bands.
about 7.5 and 11.5 eV, and Fig(b} shows an electron Such observation of hot bands in electron scattering spectra
energy-losgin the range 5.5-11.5 e\spectrum of Gl ob-  is unusual, but because the ground-state vibrational spacing
tained by Spencet al** at a scattering angle of 3° using of Cl, is small(0.0694 eVf and the Franck—Condon overlap-
200 eV incident energy electrons. The threshold-electron exings are particularly favorable, such structures become rela-
citation technique of Juretat al. had an energy resolution tively strong for some electronic transitions. Stulgisal®*
[full-width-at-half-maximum (FWHM)] of about 35 meV had a better electron beam energy resolution (FWHM
and the energy-loss experiment of Speetal. had an en- =18 meV) than the other two studies. This allowed them to
ergy resolution of 50—60 meV. As expected, the spectra thegbtain highly resolved electron energy-loss spectra up to
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TaBLE 2. Vertical electronic energie@MRD-CI values from the ground

ELECTRON INTERACTIONS WITH ClI,

ker (Ref. 46
State/Excitation Vertical energigV)
X13g 0.00
1 3l_lu Tg— 0y 3.24
1 1Hu Tg— Oy 4.04
1%y my— oy 6.23
1 ll_[g =0y 6.86
133 og— oy 6.80
1Ag 773—>0'ﬁ 8.25
2300, my—4s 8.34
21, my—4s 8.38
Ny mo— 0} 8.25
2123 WS—»Uﬁ 8.35
2311, mg—4po 8.80
21, mg—4po 9.22
113 mg—4pm 9.32
113, my—4pm 9.58
1A, mg—dpm 9.62
23, mymg— o 9.67
235t ﬂ.uwgﬂgﬁ 9.75
Ay mg—Adm 9.92
Hly mg—4do 10.01
My mg—4ds 10.10
230 o4—0y; mgdpT 10.34
33, m—4s 11.33
31, m—4s 11.51
1, m—4dé 12.74

137

TasLe 3. Recommended total photoabsorption cross sectigp(\), for
state of C} to various excited states as calculated by Peyerimhoff and BuenCl,. Data of Samson and AngéRef. 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 TpafN) Wavelength pafN)
(nm) (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 13.3
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

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 Speneeal

et al®®

and Jureta

For comparison, photoabsorption data from Moeller

14.252 eV, using electrons with incident energy between 1@t al® are also shown along with possible identification of
the states responsible for the observed energy losses. A com-

and 120 eV. These incident energies are lower than(#0

eV) used by Spencet al.

105

104; 1

10%F
10°F
10'F
10°F

G pat (M) (1074 m?)

107F
102F

-~ Roxlo (1980)

T3
Hubinger {(1995)
Maric (1993)

Samson (1987)

Ganske (1992)
Burkholder (1983) I
Seery (1964) ]
Fergusson (1936) J
Gibson (1933)
Recommended ]

103"

0 100

200 300 400
Wavelength (nm)

parison of the values of the energies of the various states as

The strongest structures in the energy-loss spectrum afetermined from the energy-loss spectra and from the
chlorine lie between 9 and 10 eV under all scattering condithreshold-electron excitation spectra shows excellent agree-
tions. They primarily consist of two vibrational series com- ment(Table 5. The higher-energy resolution in the study of
prising transitions that are allowed by electric-dipole selec-Stubbset al® allowed detection of more transitions than in
tion rules and have been previously reported in boththe other two studies. These are listed in Table 6.

10%F
' i
=
3 10%F
lo F
S 10%f
& [
T
o
a2 i
o 10'F
100 —

50 75
Wavelength (hm)

100

Fic. 2. Total photoabsorption cross section as a function of photon waveFiG. 3. Partial photoionization cross sections as a function of photon wave-
length, oy parial A), for the production of the positive ions £} CI*, and
Cl; * from Cl, (data of Samson and Angel, Ref.)68—) ClJ ; (- -) CI*;
(==) Cl3*; (-+) total.

length,ap, (N), for Cly: (= -) Ref. 63;(—--—) Ref. 59;(0) Ref. 66;(- - -)
Ref. 33;(V) Ref. 65;(X) Ref. 62;(A) Ref. 57;(0J) Ref. 51;(<¢) 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 formatiopn of CI

Physical quantity

Value/Method/Reference

Dissociation energy GI(X '27) (eV)

Vibrational energy(eV)

Equilibrium internuclear
separation(A)

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

Energy position of negative
ion stategeV)

lonization threshold energieV)
Cly (X Mg 3

Cly (g 119

CI;(ZHuB/?)

Cly (119

Cl3 (11,

ciesy)

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

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

0.0694,(45), (56)

1.987945)
1.9878,(56)

0.080+0.002[for the (1my) ~* statd, (68)
2.452 (74)
See Table 15 in Sect. 6

Adiabatic

11.50(photoelectrojy (45)

11.48+0.01 (photoionization, (53)
11.49 (photoelectron (*1,), (69)
11.48(photoelectropy (72)
11.480+0.005 eV,(75)
11.50(photoelectron (I1), (67)
11.5 (photoelectrop (70)

11.51+0.01 (photoelectroh (68)

Vertical

11.48+0.01 (electron impagt (76)
11.559(photoelectroj (72)
11.59+0.01 (photoelectropn (68)

11.56,(75)

11.63 (vertical, electron momentum spectroscopyyg®,
(77)

~11.6 (electron impadt (76)

~11.8(electron impagt (76)
11.80(electron impadt (78)
11.80+0.1 (electron impagt (79)

~11.9(electron impagt (76)

Adiabatic

13.96+ 0.02 (photoelectropn (68)
14.0 (photoelectrop (70)

14.C (photoelectrop (69)

14.04 (photoelectron?I1, 3, (72)
14.11(photoelectrop (67)

Vertical

14.33(photoelectroj (70)

14.39(photoelectrop (?I1, 319, (72)

14.40+ 0.02 (photoelectrop (68)

14.43' (photoelectropn (69)

14.41 (electron momentum spectroscopyrd, (77)

Adiabatic

15.72+0.02 (photoelectrop (68)
15.70 (photoelectrop (72

15.8 (photoelectrop (70)

15.8 (photoelectrojy (69)

Vertical

14.09+0.03 (electron impagt (76)

15.94 (photoelectrop (67)

16.082(photoelectrop (72)

16.08+ 0.02 (photoelectroh (68)

16 (photoelectrop (70)

16.10¢' (photoelectron (69)

16.18(electron momentum spectroscopyrg, (77)



ELECTRON INTERACTIONS WITH Cl, 139
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—ef CI
Continued
Physical quantity Value/Method/Reference
cb®Eh Vertical
20.61+0.06 (electron impadt (76)
21.8, 24.0(electron momentum spectroscopyrd, (77)
27.3 (electron momentum spectroscopyrg, (77)
Dissociative ionization 15.48adiabatig, (70)
(Cl,+e—CI*+Cl+2e) 15.7+0.3 (electron impadt (79)
threshold energyeV)
Energy threshold for 30.fphotoionization, (63)
double ionization(eV) 31.13[Cl; " (X 3%, »=0), threshold
photoelectron spectroscopy73)
Energy threshold for ion-pair 11290.2, (79), (80)
(Cl,+e—CI*+Cl +e)
formation (eV)
aThirteen values are listed by Christodoulidesal. (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.
P0—0 band.
‘Onset.
9Band maximum.
2.2.Cl;
The Cl negative ion consisting of Cl ('S;) and ClI 100
(2P3/2,1/2) has four electronic states. These states can be
arrange®>~%in order of increasing energy &/ , ?I1,, 52 80 T
’I1,, and®Z . In Fig. 5a) are shown the potential-energy g3 ool i
curves for these states as calculated by Gilbert and fR/nl °s I
; i ; i N
t_he molec_:ular-orb!ta! self-consistent-fie(8CPH approxima- i g 40 4
tion. In Fig. 5b) similar curves are shown for the negative °% -
ion states’> |, Zﬂ%l,z, and’s; as they have been deter- >mogop TEOL 0 W T background __ ]
mined by Leeet al® using their photodissociation cross sec- 0 i , , L
tion measurements for £land adjusted potential-energy 7 8 9 10 11 12
curves for C}] based on those calculated by Gilbert and
Wahl8 The numerical values shown in Fig(th for the
various quantities are those used by legal, and the des- 100
ignationsa, anda, refer, respectively, to the CPP5,) and 50 I ]
Cl (P, asymptotic limits. Data for a number of physical 5,’2‘ I
parameters of the §lion are given in Table 7. 83 60 7
w £ -
©
B 40 8
+ [T X
2.3. Cl; § E L ]
. » O |
Photoelectron studies have shd&that the known states 0 ]
of the CL ion correspond to the ejection of one electron L L ' L

from one of the occupied orbitals of the outer orbital struc-

ture of the C} molecule[(ag)?, (m)*, (mg)*]. The?S
state of CJ lies above the first dissociation limi{Ref. 70;
Table 4. Optical emission from the excitedl °I1,, state of
Cl3 to the ground stat 21 of CI3 is known/® but emis-
sion from the’S. | state to theA °I1, state, although allowed

by the selection rules, has not been observed, possibi

because thé3; state is entirely predissociatéiThe pho-
todissociation spectfaof ClJ obtained in the range 1.80—

12

Electron Energy Loss (eV)

Fic. 4. (a) Threshold-electron excitation spectrum of,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 €molecule. The experiment detects only

e “zero-energy electrons’(data of Jureteet al, Ref. 43. (b) Electron
energy-loss spectrum from Ref. 44 of,Qletween 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

2.55 eV showed vibrational structure indicating that theof a = 3p electron to 4, 4p, and 4 orbitals.
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TasLE 5. Comparison of the energies of thed4,I1,, 4soy M1y, 2°3M1(1u), 21, 213, andIIy(?)
states of Gl. (The electronic configuration and term symbol are as given by Spenakin Ref. 44)

Energy(eV) Energy(eV) Energy(eV)
Energy-loss Threshold-electron Photoabsorption
Name/ Vibrational experiment excitation experiment experimentd
Assignment level (Ref. 49 (Ref. 43 (Ref. 82
4s0g°1l, hot band (7.83°
v=0 7.91
v=1 7.99
y=2 (8.07
v=3 (8.15
4sog'll, hot band (7.87)
v=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=>5 8.354 (8.35
2 3MI(1u) v=0 9.130 9.116
r=1 9.190 9.193
21, v=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
213 F hot band (9.620
v=0 9.682 9.695 9.688
r=1 9.815 9.815 9.807
y=2 9.938 9.930 9.928
v=3 10.046 10.028
v=4 10.141
MIg(?) 9.900
9.966
10.025

&ther photoabsorption data can be found in Refs. 54, 55, and 61.
PNumbers in parentheses represent unresolved components.
‘May be due to the presence of a nearby triplet state.

dissociation of these ions involves a predissociation mechahe shape obre. (&) as determined by the two recent mea-
nism. Data on low-lying ionic states of Llderived from  surements is similar, the magnitude @f; (¢) as measured
optical emission and photoelectron spectroscopy investigayy Cooperet al. is systematically lower than that measured
tions are listed in Table 8. by Gulley etal. at all but the lowest energiegbelow
~0.7 eV). The magnitude of the data of Gulleyal. is con-
3. Electron Scattering for CI sistent with the total rotational excitation cross sectitsee
Sec. 3.2 Cooperet al® pointed out that the lower values of
their o5, {&) measurements may in part result from the fact
that electrons scattered into small angles2C) with little
Up until very recently, the only data on the total electronenergy loss are detected as “unscattered” in their apparatus,
scattering cross sectiotrg. ( €), for Cl, were the 1937 mea- and since the measurements of Gote and Ehrffandtrota-
surements of Fisk which are very larggFig. 6). The ab-  tional scattering from Glshowed(see Sec. 3.5)lthat for-
sence of reliable experimental data@g (<), coupled with  ward scattering is appreciable, this may be a significant cause
the lack of calculations of this quantity, led to two very re- of error in determining the value afg (¢).
cent measuremerits™® of osc{€) for Cl,. The measure- In the energy range covered by the two recent experimen-
ments of Gulleyet al®? covered the energy range 0.02—9.5tal studies, ther.. (&) for Cl, has two distinct features: It
eV and those of Coopaest al®® the energy range 0.3—23 eV. shows a minimum around 0.4 eV and structure that can be
They are plotted in Fig. 6 and are seen to be very muchattributed to resonance-enhanced electron scattering. In con-
smaller than the old measurements of Fisk. The uncertaintiesection with the latter, the peaks at low energies in the Gul-
are estimated to be-20% in the measurements of Cooper ley et al® data and the bumgor unresolved peakin the
et al.and =8% in the measurements of Gulleyal. While  Cooperet al®® data at 2.5 eV correspond to the energy po-

3.1. Total Electron Scattering Cross Section,
Osci(€)
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TaBLE 6. Transitions observed by Stublet al. in Ref. 84 in a high-
resolution energy-loss experiment below the second ionizatigi(ITg)

ELECTRON INTERACTIONS WITH ClI, 141

TaBLE 6. Transitions observed by Stubles al. in Ref. 84 in a high-
resolution energy-loss experiment below the second ionizatigi(IL;)

onset onset—Continued
Name/Assignment Vibrational levéd) Excitation energyeV) Name/Assignment Vibrational levéb) Excitation energyeV)
(5s0g) 1, 0 9.803 M(6s0) S 0 13.632
1 9.886 1 13.674
2 9.962 2 13.715
3 10.037 3 13.757
4 10.121 4 13.803
E _ 9.165 5 13.844
9.60% 6 13.884
B 0.74% 7 13.934
B 10.69% 8 13.977
9 14.023
G(8poy) ', 1 11.272 10 14.066
2 11.356 d 0 11.835
3 11.435 1 11.915
4 11.513 2 11.984
a 0 10.937 e 0 12118
1 11.029 1 12.167
3 11.193 3 12.264
4 11.275 4 12.319
5 11.358
6 11.437 f - 12.353
7 11.500 - 12.402
8 11.581 - 12.459
- 12.488
H 10.162
- 10.230 aSymmetry forbidden.
PAllowed.
b - 10.196 Spin forbidden.
- 10.278
| _ 10,762 sitions of the negative ion states identified in electron attach-
' » ment studies near 0 and 2.5 €see Sec. 6.1 and Refs. 87,
~ ﬂ;gf 95, and 96. Similarly, the strong peak near 7 eig. 6)
' : corresponds to the negative ion stégee Sec. 6.1 and Refs.
¢ B 1071 87, 95, 96 at 5.5 eV overlapping with the lowest electron-
excited Feshbach resonance of & 7.5 eV which has been
I(dsog)'zy 0 12.568 identified by Spencg in an electron transmission experi-
; E-ggg 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 enhancedibrational excitation of
5 12.785 Cl, via the near 0 eV negative ion state of,Gkee discus-
6 12.834 sion in subsequent sectigns
; g-ggg In view of the fact that the data of Gullest 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 dataye performed a least squares
; 12'883 fit to the measurements of Gullet al. which we extended
3 13.112 to 23 eV using the shape of the Coogral. 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
L(5s0p)3 0 13.2968 osc{€) 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, oo ()
5 13.516 )
6 13.559 Recently Gote and Ehrhafdtmeasured 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 st&tg ( I, °I1,, 2X;) of Cl, as calculated by Gilbert and Wahl in Ref. 85 using
the molecular orbital self-consistent-field approximatiéfhe broken and solid curves for Lare two different determinations by Gilbert and Waltb)
Potential-energy curves for the states), 2Hg,l,z, and 22; of Cl; determined by Leeet al. in Ref. 89 using their photodissociation cross section

measurements for €land the potential-energy curves of Gilbert and Wah(an The designational anda2 represent, respectively, the asymptotic limits
Cl (3Pg,)+Cl™ and Cl fP,,)+ClI".

tion of Cl,. The measurements of Gote and Ehrhardt aré>ote and EhrhardfTable 10. Also plotted in Fig. 7 are the
listed in Table 10. These data allowed determination of thdull-potential calculation results of Kutz and Meyésolid
total cross section for rotational scatterifrgtational elastic ~ circles which extend over a much larger energy range. There
plus rotational inelastjcas a function of electron-impact en- is good agreement between theory and experiment in the
ergy, orori(€). In Fig. 7 is plotted(open circlep the cross  overlapping energy range. It is interesting to observe that
sectiono . (€) as determinesummed over alj values and both the experimental measuremerifsable 10 and the

all scattering anglésby Kutz and Meyet from the data of calculatio?®° show a “rotational rainbow,” i.e., a maxi-

TaBLE 7. Some physical parameters for,Cl

Quantity Value Method/Reference

Dissociation energyD . 1.28 eV Calculation(85)
1.24 eV Calculation(86)

Dissociation energyD, 1.26 eV (45)

Equilibrium internuclear distanc®, 2.65 A Calculation(85)
271 A Calculation(86)

Fundamental vibrational frequency 0.0322 eV Calculatigs)
0.0320 eV Calculation(86)

Transition energiés 3.46 eV (3 —%5)) Calculation,(86)

2.89 eV PII,—23)
1.78 eV @Il,—23])

lonization energy of GI° 2.39 eV (45)

Electron affinity of C}° 2.45 eV (74

Negative ion states ~0.0eVv ) From Table 15, Sec. 6
2.5 eV (Il
5.5 eV (II,)

7.5 eV (X *Ilg)(4s50) Iy 377

@At the ground state equilibrium bond length.

bThese 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 Christodoulidetsal. 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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TasLE 8. Some parameters for Ll TasLE 9. Recommended total electron scattering cross seatiQr(,e), for
cl,
Parameter Value Reference
— - Electron energy Osef€) Electron energy Osc(€)
Equilibrium separatiorfA) 1.890 @Il 4p) 72 V) (lofcz'o m?) V) (lofcz’o m)
Dissociation energyeV) 3.99 (ZHg) 67 0.02 40.0 0.80 6.55
3.966 €115, 72 0.03 352 0.90 7.36
3.876 (11,1, 72 0.04 26.8 1.00 7.97
1.38 (zH“) 67 0.05 17.0 1.20 9.06
1.41 (ZHu,s/z) 72 0.06 10.7 1.50 11.1
1.32 (1) 72 0.07 7.36 2.00 13.9
0.08 8.50 2.50 16.0
D 3.95 45
0 0.09 10.6 3.00 17.9
Energy of fundamental vibratioeV) ~ 0.08004 {11, 3,) 45 0.10 9.68 3.50 19.9
~0.080 @I, 4, 72 0.11 9.26 4.00 21.9
0.07994 €1, 4) 45 0.12 9.06 4.50 24.2
~0.0459 (2]‘[“‘3/2) 72 0.13 9.76 5.00 26.8
~0.0347 €3) 72 0.14 9.89 6.00 345
0.15 8.90 7.00 41.2
Energies to various ionic states See Table 4 0.17 7.19 8.00 42.8
(adiabatic/vertical (eV) 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
mum in the rotational excitation cross section at a relatively ~ 0.40 3.80 18.0 35.1
high Aj. The experimental and calculated valuesrgf; () 8-28 ‘5‘-3(2) 22-8 gig
are compared in Fig. 7 with the suggested valuergf(e) 0.70 583 23.0 31.0

(solid line in Fig. §. From the figure it can be seen that
oot €) 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>-3- 10tal Elastic Electron Scattering Cross Section,
It is interesting to note the deep minimum shown by the Oe(€)

calculated o) that is also present in the measured There are no measurements of the total elastic electron
osc{€). Below this minimum the calculated values for scattering cross sectiow;, (&), for Cl,. There have been,
oor{e) exceed the measuredc(s). however, two calculations of this cross section, the old
In Fig. 8 are shown the various contributionsd@y{e),  phase-shift calculation of Fisk,and the more recent close-
that is, the integratedover anglg excitation cross sections, ¢, njing calculation of Rescign8? These results are shown
orotj—o(e), for j=0, 2, 4, and 6. Clearly the rotationally i, rig 9. The Fisk result is clearly unacceptable. We have
elastic electron scattering channgH0) dominates over all 556 plotted in Fig. 9 the total rotational scattering cross sec-
energies, especially below the minimum. tion o (&) as calculated by Kutz and Mey&t Similarly,
we have plotted ther (&) determined by Kutz and Meyer
from the measurements of Gote and EhrhatdErom an
experimental perspectivep,(e) may be considered

103§ T ] equivalent too, () since o,y (e) contains a large elastic
+  Fisk(1987) _:' "’~....__.3 component and the energy loss of rotational excitations is
_ L oo oo ] small (<10 “eV).% Clearly, theo,, (&) based on the ex-
e 02k Suggested ] perimental data of Gote and Ehrhardt and thg(e) calcu-
8 ; ] lated by Rescigno are similar in shape and comparable in
g magnitude over a large energy range. The solid line in Fig. 9
™ represents a fit to these two data sets, and values obtained
\'é 10'F 9 from this fit are given in Table 11 as our suggested set of
© g ] data foro, (&) for molecular chlorine.
3.4. Momentum Transfer Cross Section, o (&)
0 el el Ll
100,01 0.1 1 10 There are no measurements of the momentum transfer

cross sectiong(¢), for Cl,. The results of two Boltzmann-
code analysé$?are questionable, in part because they were
Fic. 6. Total electron scattering cross sectiog, (&), for Cl,: (@) Ref. 91;  hindered by the lack of accurate electron transport coefficient
(O) Ref. 92;(X) Ref. 93;(—) recommended values. measurements. The two Boltzmann analyses used the early

Electron Energy (eV)
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TasLE 10. Differential rotational excitation cross sections for electron scattering frgrir@@h Ref. 94. The rotationally summed cross sectians,sun{e).
(in units of 10 cn? srl) are also listed. The partial cross sections are listed as the percentage of their relative contribetign{@)

Scattering

angle 10° 20° 30° 40° 50° 60° 70° 80° 90°  100°  110° 120° 130°  140° 150°  160°
2eV

j+=0 53.1 637 970 982 100 100 100 90.7 865 779 496 315 173 186 346 437
=2 40.7 310 <1 <1 <1 <1 <1 41 121 176 504 676 827 708 653 549
=4 6.1 34 <1 <1 <1 <1 <1 1.6 <1 4.2 <1 <1 <1 6.3 <1 <1

j+=6 <1 <1 <1 <1 <1 <1 <1 35 <1 <1 <1 <1 <1 4.2 <1 <1

j=8 <1 <1 <1 1.8 <1 <1 <1 <1 1.4 <1 <1 <1 <1 <1 <1 <1
Orotsunf €) 1.59 113 086 102 132 153 162 158 145 129 103 072 054 051 060 0.74
5eV

j+=0 100 90.1 731 672 796 741 684 331 196 4.2 323 284 424 555 565 525
=2 <1 6.1 246 328 143 144 170 550 685 747 642 703 409 363 244 316
=4 <1 34 23 <1 3.7 9.0 79 114 77 211 <1 <1 13.2 6.7 16.8 158
jt=6 <1 <1 <1 <1 <1 25 48 <1 4.1 <1 11 <1 21 15 24 <1

j=8 <1 <1 <l <1 <1 <1 20 <1 <1 <1 11 <1 14 <1 <1 <1
Orotsund €) 5.82 458 335 298 254 202 172 151 138 118 112 120 115 116 123 1.29
10 eV

j+=0 97.1 100 97.3 763 722 437 318 292 273 183<1 180 164 112 117 13
=2 2.8 <1 <1 106 273 450 453 556 404 577 733 625 447 655 479 555
=4 <1 <1 15 63 <1 <1 121 53 264 185 216 7.6 286 204 392 410
jt=6 <1 <1 <1 61 <1 3.8 9.1 8.4 34 14 <1 7.2 6.7 <1 <1 <1

j+=8 <1 <1 <1 <1 <1 58 <1 12 <1 14 <1 3.2 <1 11 <1 <1
Orotsund €) 2128 1439 749 462 174 141 108 09 084 086 087 098 108 157 206 3.12
20 eV

j+=0 100 949 792 839 581 390 804 626 288 145 240 150 189 110 12%1

j=2 <1 <1 208 55 3.2 359 86 171 451 430 352 196 249 318 128 171
ji=4 <1 14 <1 7.8 37 164 70 134 261 335 385 557 395 572 510 623
jt=6 <1 2.3 <1 2.7 3.0 5.8 4.0 27 <1 5.2 2.2 9.7 136 <1 175 16.3

j+=8 <1 12 <1 <1 <1 31 <1 42 <1 3.8 <1 <1 31 <1 6.1 4.3
Orotsunf €) 3161 1932 941 397 183 132 09 075 08 089 089 083 065 055 057 0.89
30 eV

j+=0 99.8 87.3 681 306 252 <1 <1 <1 <1 <1 <1 <1 21 <1 6.6 2.8

ji=2 <1 122 241 694 515 830 687 543 321 261 171 124 162 111 155 4.5
=4 <1 <1 61 <1 182 106 258 411 525 691 581 582 485 515 517 709
j+=6 <1 <1 1.7 <1 <1 6.4 32 <1 139 3.9 239 283 296 344 226 218
ji=8 <1 <1 <1 <1 <1 <1 <1 <1 14 <1 <1 <1 <1 <1 <1 <1
Orotsund €) 3184 1590 586 226 118 069 041 043 062 071 059 039 022 011 011 0.20
50 eV

j+=0 95.2 846 508 36 167 135 <1 87 <1 3.6 25 58 <1 10.5 8.6 4.9

j=2 3.3 119 314 814 697 693 469 218 158 100 153 133 173 120 101 8.8
=4 1.4 35 144 123 136 <1 355 546 528 617 537 437 486 314 229 284
j+=6 <1 <1 3.3 28 <1 132 47 110 281 213 274 362 322 298 282 353
j+=8 <1 <1 <1 <1 <1 <1 13 <1 3.1 34 <1 <1 <1 154 215 225
Orotsund €) 2872 861 241 101 051 020 016 030 044 049 044 029 018 015 033 0.69
100 eV

j+=0 99.6 763 175 157 205 265 <1 8.1 6.3 70 <1 13.9 60 <1 <1 <1

j=2 <1 235 721 554 504 318 191 238 153 143 7.1 18.4 6.7 5.3<1 <1

=4 <1 <1 70 238 291 227 506 391 452 349 306 159 7.6 17.1 7.0 3.0
j+=6 <1 <1 3.4 51 <1 103 244 240 302 299 377 123 235 313 345 306
j+=8 <1 <1 <1 <1 <1 6.5 5.7 3.2 1.9 115 201 198 302 330 420 419
j+=10 <1 <1 <1 <1 <1 17 <1 <1 <1 <1 4.2 18.1 206 129 162 240
=12 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 17 4.4 <1 <1 <1
Orotsund €) 1570 350 091 042 019 013 015 020 019 015 0.08 004 007 015 059 0091
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TasLE 10. Differential rotational excitation cross sections for electron scattering frgrir@@h Ref. 94. The rotationally summed cross sectians,sun{e).
(in units of 10 cn? srl) are also listed. The partial cross sections are listed as the percentage of their relative contribmion{@) —Continued

Scattering
angle 10°  20° 30° 40° 50° 60° 70°  80°  90°  100° 110° 120° 130° 140° 150°  160°
200 eV
j=0 94 149 243 137 <1 36 <1 63 <1 <1 <1 <1 <1 <1 <1 <1
=2 56 8.1 520 309 190 122 20 67 <1 130 <1 <1 <1 <1 <1 <1
j=4 <1 <1 216 425 393 255 239 285 331 62 <1 11 <1 <1 <1 <1
j=6 <1 <1 1.1 89 342 397 425 343 476 113 325 237 53<1 26 <1
j=8 <1 <1 <1 17 69 176 286 142 133 239 336 311 210 201 175 157
j=10 <1 <1 <1 <1 <1 <1 14 72 36 248 204 309 297 282 251 250
j=12 <1 <1 <1 <1 <1 <1 <1 24 <1 130 132 132 307 401 353 428
j=14 <1 <1 <1 <1 <1 <1 <1 <1 <1 76 <1 <1 7.0 95 154 153
Cosnle) 1292 252 083 036 023 019 013 009 006 004 003 005 011 024 034 058
data of Bailey and Healé{! for the electron drift velocity ~3.5. Inelastic Electron Scattering Cross Section,
and the characteristic energy for a 20%80%He mixture Tinel (€)
by volume, and the ionization and attachment coefficients of _ o _
Bozn and Goodyeat®? In Fig. 10 the Boltzmann-calculation 3.5.1. Rotational Excitation Cross Section, 7 (#)

results are compared with the close-coupling calculation re-

- 100 i . X Rotational excitation of Glby electron impact can be ei-
sult of Rescignd® These cross sections differ substantially,

ther direct or indirect via the formation of short-lived nega-

especially at low energies, stressing the need for a direGlq jon states. The experimental measurements of Gote and
measurement af ,(¢). They also indicate the need for mea- gprharg#4 on the absolute differential cross sections for ro-

surements of electron transport coefficients that would allow,+ional excitation of Gl by electron impact at energies be-

a more reliable Boltzmann-code analysis. The need for suclyeen 2 and 200 eV and in the angular range 10°—160°

measurements Is mlade more apparent because the Cross s§ga |y show(Table 10 that rotational excitation of the ¢l
tions of Rogoffet al.” have been used commonly in various gjecyle in its vibrational and electronic ground states by
discharge models. Of the available valuesdgy(e), theab  gjow electrons is an efficient electron scattering process.
initio calculations of Rescign’ are preferred because they ross sections exceeding T6cn? have been measured. As
are not model dependent and because of the agreement Rgscyssed earlier in this section, Gote and Ehrhardt reported
tween Rescigno's calculations and measured values Ghtationally summed cross sections and partial rotational ex-
e (&) and ogiss neuts) (See Secs. 3.3 and 5, respectiVely  citation cross sectionéi.e., cross sections for excitation to

various rotational levejsas the percentage of their relative

il I il 102E
N ---0---  Gote (1995) - Exp. E
1025 —e— Kutz(1995)-Cale. F
E Gsc.((e) ] i
&« & 10'E
£ £ f
& RN & [
e LN 2 10%
o 1k ‘o‘\\\ - o E
£ 10 DA £ ,
= ‘oo \\ ] o
s Ny Yo107E L
b § ; " —o— 0¢c0
© r 4 ',‘ --@-- 260
v 102F f ' - ac0 o
10° PP, T Ll sl " F i e 660 ]
0.01 0.1 10 100 1000 [ - : o
10_3 sl ol il T R
Electron Energy (eV) 001 01 1 10 100 1000

Fic. 7. Total cross section for rotational scattering, (), for Cl, as
reported by Kutz and MeyeRef. 98: (O) values calculated by Kutz and
Meyer from the measurements of Gote and EhrhdRef. 949; (@) ab initio
calculations(Ref. 98. For comparison the suggested. {¢) from Table 9
(solid line in Fig. 6 is also plotted.

Electron Energy (eV)
Fic. 8. Integratedover anglg excitation cross sections,,j._o(), for Cl,

from Ref. 98 for the rotational excitation channés) 0<0; (@) 2<0;
(M) 4—0; (#) 60 of Cl,. Also shown for comparison ig ().
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Fic. 9. Total elastic electron scattering cross sectinrye), for Cly: (- - -)
calculated total elastic electron scattering cross sectig(e) from Ref.
91; (@) measuredr (¢) [data of Ref. 98 based on measurements by Ref.
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Fic. 10. Calculated momentum transfer cross sectienge), for Cl,:
(- - -) Ref. 1;(—) Ref. 100;(- —) Ref. 40.

94]; (- —-) calculated total rotational electron scattering cross section,
orari(e) from Ref. 98;(0) calculated total elastic electron scattering cross tron energy. At low electron energies only a few rotational
quanta are exchanged and the differential cross section de-
creases exponentially withj. At high electron energies the

section,o (&) from Ref. 100;(—) suggested values.

contribution to the rotationally summed cross sections. Th
cross sections in the forward direction belong mostly to ro- =
tationally elastic scattering. Above a scattering angle ofd]-

about 30°, the scattering is dominated by rotationally inelas-

tic processes. Kutz and Meyet®slose-coupling calculation
of the rotational excitation of Gy 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 seetjgfs),

for Cl,

Electron energy oef€) Electron energy oef€)
(eV) (1072 m?) (eV) (10720 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
0.30 211 10.0 31.3
0.35 2.38 12.0 32.7
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 22.0 29.5
0.90 6.89 23.0 28.8
1.00 7.77 25.0 27.3
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 23.2 150.0 6.31
6.00 25.2 200.0 6.16
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&°6, 1 qum/d2 de (10778 cmPsrlev-T)

100

0.01
10
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&xcitation spectrum shows a rotational rainbow, i.e., the dif-
ferential cross section has a maximum at a relatively high
The location of the maximum depends on electron en-

30

60

90

120

Scattering Angle (6)

150

180

Fic. 11. Comparison of experimental and calculated rotationally summed
differential electron scattering cross sectior?sr,gysum/dﬂ 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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T AL B I L) 3.5.2. Total Vibrational Excitation Cross Section, oyint ()
————— Rogoff (1986}
101 E == Pinhdo (1995)
F Derived

There are no experimentally determined total vibrational
excitation cross sectionsgy, (), for Cl,. There are only
: the results of two Boltzmann-code calculatidri$, based
4 upon limited experimental data. These results are compared
] in Fig. 12. Their assumed energy dependence is sirfalar
though there is no experimental evidence to support such a
shape, and their magnitudes differ. Thus, there is a need for
E 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
oibd(€) calculated from Boltzmann codes.
102 Vibrational excitation cross sections are important in ef-
0.01 0.1 1 10 100 forts to model plasma reactors due to their large effect on the
Electron Energy (eV) electron energy distribution functidisee, for example, Refs.
103 and 104 For this reason, we have attempted to deduce
a rough estimate ofr, () from the available cross sec-
tions for other processes. We assumed the suggested values
for os.{€) (Sec. 3.1, Fig. B oe{e) (Sec. 3.3, Fig. 9
oi(€) (to be discussed in Sec. 4.1, Fig.) 14 giss neutke) (t0
be discussed in Sec. 5, Fig.)1&ndog, () (to be discussed

] . ~in Sec. 6.1, Fig. 1)f and took the difference
ergy and scattering angle. For the observation of a rotational

rainbow not only high electron energies, but also high scat@sc &) ~[0e (&) + 0i1(e) + 0giss neute) + Tda (£)]
tering angles are needed. The scattering angle can only be
large when, classically speaking, the impact parameter is . ) o .
small, i.e., when the impacting electron penetrates the eled® be a measure af,;, (¢). Since direct vibrational excita-
tron cloud and comes near the core of the molecule. At lowon fcigsal&omopolar molecule such as,@ expected to be
incident energy, the electron essentially interacts with thémall,”™™ ™ air(e) may be taken, in this case, to be the
long-range parts of the potential of the target. For homo£roSs section for indirectresonance enhancedibrational
nuclear molecules these are the quadrupole and polarizatiGiKCitation, o i indi(#), of the Cb molecule via its temporary

potentials?® In their calculation Kutz and Mey¥ used the ~Negative ion states. Values ofy, iai(¢) derived in this way
polarizabilities ag=24.42 a.u. andr,=16.293 a.u(l au. &€ shown in Fig. 12solid line), where the two Boltzmann
=0.1482< 10 24 cnd). computed values af;, (€) are also shown. Thep ingi €)

In Fig. 11 are compared the close-coupling rotationallydeduced in this study bares no similarity to the computed

summed differential electron scattering cross sections calcZvib.(€)- In spite of the large uncertainty involved in the
lated by Kutz and MeyéF (solid line) with the experimental  derivation of oy ingi(€), this deduced cross section shows
values of Gote and Ehrhafdtfor various incident electron that the indirect vibrational excitation cross section of 6l
energies. The agreement is good adding credence to the c¥€"Y large. In the absence of any direct measurements of
culation and the underlying assumptions. aip,(£), the present derived cross sectiop, ingi( ) is pre-

The full-model potential calculation results of Kutz and '€'Ted to those provided by the Boltzmann codes.
Meyer for the integrated excitation cross section and for the
first four rotational excitation channels are shown in Fig. 8.
The total scattering cross sectiffor all scattering channels There have been no measurements of the cross sections for
has a minimum at about 0.5 eV which was found to be veryelectron-impact excitation of any of the electronic states of
sensitive to small changes of the potential. The integrate€l,. However, there have been three calculations of cross
cross section decreases with the final rotational gtatét  sections for some of the lowest excited electronic states of
low scattering angles and electron energies only a few rotaCl,. Rogoff et al! report cross sections for electron impact
tional quanta are transferrgdnormal” excitation mecha-  excitation of the electronic state¥I,, I, and the sum
nism), whereas at high scattering angles and electron eneRl1,+23} that are derived from a Boltzmann-code analy-
gies many rotational quanta can be exchan@etiational sis. Another Boltzmann-code calculation by Piahand
rainbow mechanisim Choukf™® report cross sections for electronic excitation of

Another calculation of rotational excitation of Ghas per-  °I1,+1,, %%, +3[+'1;, and 21I,+2'S]. Also,
formed by Ernestiet al®® within the two-center Coulomb- Rescignd® performed close-coupling calculations using the
scattering approximation. This study predicted a rainbowcomplex Kohn variational method and reported excitation
scattering pattern which is consistent both with the closeeross sections fofll,, ', °II4, '1,, and®3 | . Rescigno
coupling result and with the experimental data. refers to the cross sections he calculated for these five states

10°F

Oyip,t (8) (102 m?)

-
e
i
T

et

Ll

Fic. 12. Total vibrational excitation cross sectian, (&), for Cl,. Results
of Boltzmann-code analyse¢: - -) Ref. 1; (—--—) Ref. 40. Estimate of
ovini(€) derived from present analysis described in texd).

~0yip (8) = Oyip indir(€) 1)

3.5.3. Electronic Excitation Cross Sections, Oglec(€)
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Fic. 13. Comparison of calculated cross sections for electronic excitatigr(e), of Cl,. (a) Excitation ofIT,+1,: (—-—) Ref. 1;(—) Ref. 40;(— -) Ref.
100. (b) Excitation of 211,+2 13} : (—-) Ref. 1;(—) Ref. 40;(— -) Ref. 100.(c) Excitation of*IT, and*II,: (- - -) Ref. 1;(—) Ref. 100.

indiscriminately as cross sections for excitation or as crosstates®IT, and C 11, are compared. The vertical excitation
sections for dissociation, the implication being that all exci-energies of °I1, and 'II, are, respectively, 3.31 and

tations to these states lead to dissociation. This would be-4.05eV (see Table 2 The agreement between the
consistent with the potential energy curves for the excited3oltzmann-code-deduced electronic excitation cross sections

states calculated by Peyerimhoff and BueiéFig. 1). He  and those of Rescigno is poor. Clearly more work, both ex-
also calculated the total cross sections for electron-impagierimental and computational, is indicated.
excitation of the'Il, and'3,, Rydberg states of Gusing the

Born-dipole approximation and found that the Born-dipole o
cross sections far exceeded those he calculated using the 4. Electron Impact lonization for Cl
close-coupling method.

Since the excitation cross sections of Rogeffal! have
been used in various plasma models, we compared them with In Fig. 14 are compared the available data on the electron-
the results of the other two calculations in the few casesmpact total ionization cross sectiowr;(g), of Cl,. These
where this is possible. Thus, in Fig. (@ the cross sections include the measurements by Center and MaffdKurepa
estimated by the three studies fif,+I1, are compared. In and Beli¢®® Stevie and Vasilé®® and Srivastava and
Fig. 13b) a similar comparison is made forH,+23!. In  Boivin.!® The Center and Mandl cross section measure-
Fig. 13c) the cross sections of Rogofétall and of ments were made using argon as the calibrant gas, and nor-
Rescignd® for electron-impact excitation of the electronic malizing to the ionization cross section for Ar of Rapp and

2
4.1. Total lonization Cross Section, o;(€)

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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Fic. 14. Electron-impact total ionization cross sectiof(e), for Cl,: (A) Ref. 107;(®) Ref. 95;(M) Ref. 108;(<) Ref. 109;(— —) Ref. 110;(- - -) Ref.

111; (—--) Ref. 1;(---) Ref. 40;(—) suggested.

Englander-Goldeft? The stated uncertainty of these mea-near 25 eV which, although not as evident, is nonetheless
surements ist 15%. Kurepa and Belis cross section mea- indicated by some of the other measurements, and might be
surements are absolute. They were made in the energy rangee to autoionization.

of 10—-100 eV and have a reported relative error=#0%.

In Fig. 14 are also shown the results of two recent unpub-

Below ~50eV they are higher than the values obtained bylished calculations, one by Kilt and another by Deutsch
Center and Mandl. The third set of measurements were madi al."** The resuits of both of these calculations are in rea-
by Stevie and Vasif€®in the energy range 12—-100 eV using sonable agreement with the measurements of Kurepa and

a mass spectrometer and a modulated molecular beam. These

determinations otrj(e) were made relative to those of the
three calibrant gases Ar,,0and Kr for which they used the

TaBLE 12. Suggested total ionization cross sectiop(e), for Cl,

respective data of Rapp and Englander-Goftléihe val-
ues plotted in the figure are the averages of the data using

Electron energy

aii(e)

Electron energy

aii(e)

each of the three calibrant gases. The authors indicated an
error bar in their data for 70 eV as shown in Fig. 14. Their
uncertainties are approximatety20%. Their measurements
agree with those of Kurepa and Béfimear the threshold,

but they are considerably higher for energies greater than
~15eV. Clearly these three sets of data differ not only in
magnitude, but also in the measured energy dependence of
oit(e). The more recent unpublished relative measurements
of Srivastavd’® are also shown in Fig. 14. These cover a
broader energy range, from threshold to 700 eV, and were
arbitrarily normalized to the 70 eV point of the “suggested”
curve discussed later and shown by the solid line in Fig. 14.
Interestingly, the cross section of Srivastava shows structure

ev) (1072 m?) ev) (1072 m?)
115 0.03 35 5.26
12 011 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 2.47 80 6.31
22 3.25 85 6.28
24 3.79 90 6.25
26 417 95 6.22
28 451 100 6.19
4.80
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Fic. 15. Density-reduced electron-impact ionization coefficiedi(E/N), Fic. 16. Total cross section for electron-impact dissociation into neutral

for Cl, at various gas pressures. Data from Ref. 102. The solid line is dragments,o g neuntf€), for Cly: (@) measurements by Cosby and Helm

least-squares fit to all the data points and represents the suggested valuesfi@m Ref. 114;(- - -) calculations by Rescigno from Ref. 10fum of the

al/N(E/N). cross sections for electronic excitation of the lowest five electronic states
(11, M1, °y, Mg, 37) of Clyl.

Belic®® and Stevie and Vasi® The calculation of Kim  gissociative ionization (GHe—CI*+Cl+2¢) and for
includes multiple ionization but not autoionization. double ionization.

At the present time we have averaged the measured valuesThere seem to be no cross section data on either the partial
of Kurepa and Beli®’ and Stevie and Vasil® even though  jgnization, or the cross sections for multiple ionization of CI
the differences in their magnitudes exceed their combinegy ejectron impact. Therefore, the relative production of ClI
uncertainties, and take this to be our suggested value for theng CI* by electron impact is not known. Photoabsorption
oiy(e) of Clo. We have not included the values of Center andmeasurements, however, show that the production Hffaf

07 : : : i : o eopiat -
Mandf due to the obviously inconsistent shape of theireyxceeds the production of Cffor dissociative photoioniza-
cross section when compared to the othéf’measured val-  tion (see Fig. 3

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 PinAa and Chouki® deduced from mod-
eling of chlorine discharges are also plotted in Fig. 14. While The only measurement of the density-reduced electron-
the Pinha and Chouki cross section is in general agreemenimpact ionization coefficienta/N(E/N), of Cl, is that of
with the most reliable measurements, that of Rogdfél.is  Bozn and GoodyedP? shown in Fig. 15. These measure-
not. However, such a comparison is biased by the input crossients were made af=293K for Cl, pressures of 0.13,
section assumed by each calculation. 0.33, 0.67, and 1.33 kPa. From a least-square fit to the data

Threshold ionization energies leaving the @on in vari-  in Fig. 15, we obtained the values listed in Table 13 which
ous states of excitation have been given in Table 4. Alsaepresent our suggested values for tH&(E/N) of Cl,.
listed in Table 4 are the values for the threshold energy for

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

TaBLE 14. Total cross section for electron-impact dissociation into neutral

fragments o giss newtt€), for Cl, (data of Cosby and Helm from Ref. 1j14
TaBLE 13. Suggested density-reduced electron-impact ionization coefficient;
a/N(E/N), for Cl, (based on measurements of Boand Goodyear from

Electron energy O diss,neutk€)

Ref. 102 (eV) (1072° m?
E/N @/N(E/N) E/N a/N(E/IN) 8.4 0.48-0.14
(10—17vcm2) (10—22 m2) (10—17V sz) (10—22 m2) 99 1041' 031
12.4 1.36:0.41

213 6.45 340 28.2 14.9 2.07-0.62
220 7.34 360 33.4 17.4 1.510.45
240 9.82 380 39.0 19.9 1.52-0.46
260 12.4 400 447 22.4 1.19-0.36
280 15.5 420 50.4 27.4 0.96-0.29
300 19.2 440 56.2 47.4 0.52:0.16
320 23.4 450 59.1 97.4 0.24-0.07
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TaBLE 15. Negative ion states of £l

Assigned symmetry of
corresponding negative

Energy(eV) ion state Method/Reference
0.03+0.03 2l'Iga Maxima in the dissociative electron attachment
2.5+0.15 a2 cross section measured in an electron-impact
5.5+0.15 229* a mass-spectrometric studg7)
0.0 sy Maxima in the dissociative electron attachment
2.5+0.05 2l'[g cross section measured in an electron-impact
5.75+0.05 11, mass-spectrometric studg0, 99
9.7 23
0 M Dissociative electron attachment using
2.5 2l'Ig a crossed-beam electron impact spectrometer.
5.5 211, Assignments based on angular distribution
analysis of the Cl ions (96)°
0.07 DO Electron swarm(117)
2.4+0.1 Electron-impact mass spectromefi6)
7.46 (v=0) Electron-excited Feshbach Electron transmiss®n
and subsequent peaks resonances formed by
separated by 0.08 eV addition of twso
corresponding to electrons to the’Il,
v=1-5 positive-ion core
~2d 1, Studies of CI ions produced by
~5d 11, dissociative electron attachment from

condensedCl, (118

&These assignments are incorrect, see text.
PAzria et al. (Ref. 96 did not observe the 9.7 eV resonance indicated by the data of Kurepa andRefi95.

“According to Azriaet al. (Ref. 96, there may be a small contribution of tﬁE; state of CJ to the CI" formation at the low-energy side of the resonance
at5.5 eV.

9These values are about 0.5 eV lower than the corresponding gaseous data. This may be due to the effect of the polarization energy of sandtresed Cl
negative-ion states of the isolated, @iolecule(Refs. 118 and 119

5. Total Cross Section for Electron-Impact e+ Cly,—e+CI+CI*(HR) @)
Dissociation Into Neutral Fragments,
O giss,neut,t () for Cl,

and
e+ Cl,—2e+CI"+CI*(HR). 3)

There has been one measuremerit* of the total cross  They associated an energy threshold for reacti@nand(3),
section for electron impact dissociation into neutrals,respectively, equal to 14281 eV and 29.2 5 eV.
Udiss,n?%t&fzy for Cl,, and these data of Cosby and  Another process for neutral fragment production is disso-
Helm'*>!*%are shown in Fig. 16. In Fig. 16 is also shown the ciative recombination é+CI} —Cl+Cl). No data exit on

sum of the cross sections calculated by Rescifhior the  this procesgsee Mitchel!® for data on this process for other
lowest five excited electronic state¥X,, '1,, °Ily, Iy,  species

330 of Cl, which are reached by promoting an occupied

valence electron into the antibonding«g orbital. The cal-

culation by Rescigno showed that the total dissociation cross

section is the largest for th@ll, state up to the highest 6. Electron Attachment to Cl

energy(30 eV) he investigated. The agreement between Re-

scigno’s calculations and the experimental data is good, sup- As we have discussed in Sec. 2.2, thg @kegative ion

porting the premise that all electronic excitations result inconsisting of CI (*s,) and ClI (2P3,2,1,?) has four electronic

dissociation. The experimental data of Cosby and HEldt*  states whose order of increasing energy'3s; , I, °I1,,

are listed in Table 14 as the presently suggested values fGEg (Fig. 5. The participation of these states in dissociative

Ogissneutte) for the ChL molecule. electron attachment of &ldepends on the way their
In an earlier study, Wells and Zitf observed dissocia- potential-energy curves cross the ground-state potential en-

tive excitation of C} and identified the fragments as, in part, ergy curveX 1Eg of the neutral Gl molecule. On the basis

atomic chlorine in long-lived high-Rydberg excited statesof the Cl, potential-energy curves in Fig. 5, one would ex-

[CI* (HR)] produced through pect formation of the parent anion Cht zero energy, and
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100 ———T — 3 peak has been attributéd to dissociative electron attach-

i ment via the®S state of CJ. The latter may be due to
+  Kurepa (1978) dissociative electron attachment via one of the excfid
A 1 states of ¢J.*%°

1 The parent negative ion Clis not normally formed in the

gas phase. The transient anion in the lowest negative ion
state, CJ*(°S.), must be collisionally stabilized before it
breaks up by dissociative electron attachment. Since, more-
4 over, dissociative electron attachment occurs at subpicosec-
- o ond times, collisional stabilization of €f 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-
0 5 10 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 reacioh&and
Fic. 17. Total dissociative electron attachment cross sectigp(e), for ~ in the condensed phaS¥ With regard to the latter-type in-
Cl;: (@) measurements of Kurepa and Befrom Ref. 95;( ) relative  vestigation, Azriaet al!® studied the production of Clby

cross section for the production of CTfrom Cl, measured by Tam and ; ot ; ot _
Wong in Ref. 87 normalized to the Kurepa and Belioss section at 2.5 eV; dissociative electron attachment in electron-stimulated de

(—) cross section of Kurepa and Beligef. 95 adjusted upwards by 30%. sorption from C} condensed on a platinum Substratg. _They
The open symbols represent the contribution to the measured cross sectif@und that the energy dependence of the €ignal exhibits

attributed to ion-pair productiofsee Sec. 6.5. two peaks at about 2 and 5 eV which they attributed to the
’[1, and °I1,, Cl, resonant states. Thus, in the condensed
phase(in the chlorine lattice on the surface of the subsirate

the formation of CI at near-zero energy and in three higher-the dissociation dynamics of Clare similar to those in the

energy ranges below 10 eV. For the fragment negative iogas phase except possibly with a 0.5 eV downward shift in

Cl~, the dissociative attachment reactions the resonance energy positiofiSee Christophordt®123for

1<+ - 1 2 a discussion of the effect of the medium and state of matter
Cly(X*2g)+e—ClL*—=CI" (") + Cl(“Pzz19 (4

on the energetics of negative ion stales.

involve the ground statX '3 & of Cl, in the v=0 and per-
hapsy=1 state, and the fodi ; , °I1g, *II,,, °% negative
ion states of Gl which are correlated with the dissociation
limit CI*(180)+CI(2P3,2'1,2). This limit lies 1.10 eV Dissociative electron attachment to,@ rather simple in
[CI (°Py;)] and 1.21 e\[CI (?P5;,) ] below the minimum of its products: only CI is produced directly. Thus, electron
the potential energy curve for the ground state of [Bke  beam experiments with mass analysis and total electron at-
Fig. 5(b)]. tachment experiments without mass analysis should yield the

Three electron-beam experimental stuti€3®® have  same results. In spite of this, it seems that the only absolute
shown that the yield of Clfrom Cl, exhibits three peaks: at measurement of the total dissociative electron attachment
~0eV, at 2.5 eV, and at 5.5 eYTable 15. These were cross sectiongy, (&), of Cl, is that of Kurepa and Beli®®
ascribed>*® to the 23 1, 2I1, and2Il, resonant states of Their data are shown in Fig. 17. They cover the energy range
Cl;, respectively. The ground stafe, |, of Cl, is formed  from 0 to 13.0 eV and have an uncertainty 520%. They
by addition of an extra electron to the lowest unfilled,8p) indicate that dissociative electron attachment tg f@inci-
Cl, orbital of the ground-state electron configuration 0f:Cl pally proceeds via three negative-ion states located at
[(...)(c3P)2(7m3p)*(m43p)*]. The core-excited 2II;  ~0eV, (2.5-0.05) eV, and (5.750.05) eV. A weak pro-
and °I1, states of CJ are formed by exciting one electron cess they observed between 9 and 11.5 eV was not observed
of the 22 shape resonance from the3p and m,3p to by others® (see Table 15
the o, 3p orbital, respectively. An electron-transmission In Fig. 17 is also plotted, for comparison, the relative cross
study by Spenc® located the lowest-lying electron-excited section for the production of Clfrom Cl, as determined in a
Feshbach resonance in ,Cht 7.46 eV. He associated higher-energy resolution study by Tam and W&hgNote
this resonance with Rydberg states having symmetryhat the energy scale for TICI, in Fig. 2 of the paper of
(X 2[Ig)(4s¢r)2[2111,2,3,5. The derivative of the transmitted Tam and Wong is not that indicated on the energy axis of the
current in C} between 7.0 and 9.0 eV showed a progressiorfigure in their papey.Here the data of Tam and Wong have
of six resonances starting at 7.46 eV, with an average spateen normalized to the Kurepa and Belioss section at 2.5
ing between adjacent resonances of 80 meV. A recent higaV. Other than the small differences in the shape and energy
resolution (~60 meV FWHM electron beam stud§® of dis-  position of the resonance at5 eV, the overall shapes of the
sociative electron attachment to,Gletween~0.0 and 0.7 two cross sections are in reasonable agreement. The sharp
eV showed two resonances at 0.03 and 0.250 eV. The formgreak at zero energy is worth noting as it is consistent with

Gt (€) (1020 m?)

Electron Energy (eV)

6.1. Total Dissociative Electron Attachment Cross
Section, o y,(€)
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TaBLE 16. Suggested total dissociative electron attachment cross section, T T
ogaf), for Cl, A
Sze (1982)
Electron energy o4af€) Electron energy Tgaf€) — e oSl
(ev) (1072° m?) eV) (1072° m?) a;"’ Kurepa (1981)
0.05 1.83 5.2 0.053 g
0.10 1.04 5.6 0.062 2
0.20 0.32 6.0 0.062 e
0.30 0.081 6.2 0.060 =
0.40 0.026 6.6 0.052 )
0.50 0.013 7.0 0.039 \a:;.
0.60 0.0088 7.2 0.030 x
0.80 0.0065 7.6 0.018
1.0 0.0055 8.0 0.0091
1.2 0.0062 8.2 0.0066 10° e T
1.6 0.011 8.6 0.0053 0.01 0.1 1 10
2.0 0.024 9.0 0.0051
2.2 0.032 9.2 0.0049 Mean Electron Energy (eV)
2.6 0.036 9.6 0.0051
3.0 0.025 10. 0.0049 Fic. 19. Total electron attachment rate constant as a function of the mean
32 0.018 10.2 0.0048 electron energye), k,((&)), for Cl, (T~=298 K): (@) Ref. 117;(X) (Ka )
36 0.012 10.6 0.0046 determined from the average of the two most recent values of the thermal
4.0 0.017 11.0 0.0045 (Tf-30_0 K) electron attachment rate, see Table (M8} Ref. 124;(V¥) Ref.
4.2 0.022 11.2 0.0042 124 usmg the rate constants measured b)_/ Roekal. (Ref. 88; (—-—) Rgf.
46 0.033 11.6 0.0041 1_27_u5|_ng theaa,}(s) of Kurepa and Bellc(F\’_ef. 95 and a Maxyvelllan
50 0047 118 0.0043 distribution function for the electron energie§;-) Ref. 128 using the

o, (¢) of Kurepa and BelidRef. 99 and a Maxwellian distribution func-
tion for the electron energie; - -) Ref. 117 using ther, (¢) of Kurepa and
Belic (Ref. 99 and the electron energy distribution functions they calculated
for N,.

the electron swarm dat@ec. 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 assignmentand Belicappear to be approximately 30% lower than indi-
are compared with other data in Table 15. Comparison witftated by the electron swarm measurements. We have, thus,
other studies indicates that the assignments of Tam anddjusted their cross section upwards by this percentage for
Wong are apparently incorrect. The sequence of their assigrour suggested values fety, (). This adjusted cross section
ments is in error because their calculations show the potens shown in the figure by the solid line, and values taken
tial energy curve for thés ! anionic state not crossing the from this curve are listed in Table 16 as our suggested data
potential energy curve for thé 12; ground state of the Gl  for the 4, () of the CL molecule.
molecule.

Based on the analysis of the total electron attachment rat§ 5 Tial Electron Attachment Rate Constant as a

constant in Sec. 6.2.2, the valuesogf, {€) given by Kurepa Function of the Density-Reduced Electric

Field E/N, k,(E/N), and the Mean Electron Energy
(), ka((£))

25 . l .
6.2.1. ko (EIN) in N,
or ALY S s T McCorkle et al*” measured the total electron attachment
o . * Rokni(1979) rate constantk, {E/N), of Cl, using mixtures of Gl with
SO 45t . . N,. Their measurements covered tl&N range of 6
> X107 °-4x 10"V em? with a probable uncertainty of
=z ¢ +10%. The measurements were made at room temperature
2 101 ° b (298 K) and also at other temperatures above and below
”»J; ‘. ambient(Sec. 6.2.4 The total gas number density in their
& g5t '-,ozo ] experiments was 6.4810'°molecules/cr and the C} gas
‘ele, \ number density was in the range (0.2—X30Y
0 L T Bk molecules/cr The rate constant was found to be indepen-
0.01 04 ] 10 100 dent of both the total and the attaching gas pressures. The

measurements at room temperature are plotted in Fig. 18.
Another measurement dk,(E/N) was made by Sze
et al1?* using mixtures of Glwith 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

E/N (1077 V cm?)
Fic. 18. Total electron attachment rate constant as a functiof/of,

ka{E/N), for Cl, (T~=298-300K); (@) Ref. 117;(O) Ref. 124;(X)
Ref. 88.
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TasLE 17. Suggested total electron attachment rate constagte)) (T
=298 K), for Cl, (data from Ref. 11y

L. G. CHRISTOPHOROU AND J. K. OLTHOFF

TaBLe 18. Thermal values, k;),, of the total electron attachment rate
constant for Gl near room temperature

(g) Kad()) (Kadth Temperature

(eV) (10720 emPs™Y (10720 emPsY (K) Reference

0.046 19.3(1.202 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(1.2) 18.6-1.2 298 117

0.094 19.8(1.2 20.0+3.0 300 126

0.113 19.3(1.3 37+17 350 132

0.131 18.5(1.3

0.165 17.1(1.5

0.196 15.2(1.4) . .

0.228 14.2(1.5 (2) Values estimated by McCorklet al. using the electron
0.275 11.9(1.5 energy distributions in Nand the total electron attach-
0.322 10.1(1.2 ment cross section of Kurepa and B&ldFig. 17).
g'iif 3?82 While the Kurepa and Belibasedk, ((e)) have a simi-
0.487 6.2(1.1) lar energy dependence to the directly measured rate con-
0.550 5.4(0.9 stants, they are lower in magnitudat a mean electron
0.599 4.6(0.7) energy of 0.08 eV by-30%) indicating that the Kurepa
0.640 3.9(0.9 and Beliccross sections are lower than their true values.
8';2‘51 g'ggg'?) (3) Values ofk, ((&)) determined by Chantty’ and by
0.779 26(0.5 Kurepaet al*?® using the total electron attachment cross

&/alues 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

Szeet al. below ~5x 107"V ecm? these data are not in-
compatible with those of McCorklet al.

Besides their measurements in mixtures with, I6ze
et al***also reported, {E/N) for one mixture of CJ in Ar.

These data are not included in the present paper since t

section of Kurepa and Béfie (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 highN, as is shown
by the large difference between the calculakgq(e))
and the experimental measurementskgf((e)). The
data of McCorkleet al'" are listed in Table 17 as our
suggested values for the ((¢)) of Cl, at 298 K.

Values ofk, ((e)) derived from limited measurements in
mixtures of C} with argo¥®!?* are uncertain and are not

H@cluded in this work.

measurements were made for only one mixture concentration

(260 ppm and the effect of Glon the electron energy dis-

6.2.3. Thermal Value, (k. ., of the Total Electron Attachment
Rate Constant

tribution function in pure Ar could not be assessed. For the

same reason, early measurements by BradBumn the
probability of electron attachment per collision in a, @r
mixture are not included.

6.2.2. kay(())

McCorkle et al*” used their measurements kf{(E/N),
and the electron energy distribution functions fos tiey
calculated at eack/N for which they measurel, ; using a
Boltzmann code, and determined thg((¢)) for Cl,. These
derived data are shown in Fig. 19 for=298 K. In this fig-
ure is plotted also the thermal valud, @, of k,((e)) as
given by the average of the two most
measurement$”12%of this quantity(Sec. 6.2.3 In addition,
values ofk, ((&)) reported by the following four groups of
investigators are plotted in the figure:

(1) Values reported by Szet al'?* determined from their

recent

In Table 18 are listed the values of the electron attachment
rate constant at thermal energiek, §, (T=300K). These
are independent measurements by various
groupg’126129-135n they vary significantly. The two most
recent measurementé'?®are consistent with each other and
we take their average, 1930 °cm®s™!, as the best
present estimate ofk( ) for T=300K (plotted on Fig. 19
as ax symbo).

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

There have been two measurem&His?® of the depen-
dence of the total electron attachment rate condtgyuf Cl,
on gas temperature. The measurements of McCeartkég 1’
were made at various mean electron energies from thermal to
0.78 eV, and the measurements of Sneittal 12° were made
at only thermal energies. The former results are reproduced

ka{E/N) measurements and also from the measurein Fig. 20@), and the latter are compared with the former

ments of Rokniet al® These are in fair agreement with

the McCorkleet al!'’ data.

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

in Fig. 20b). All of the data for k.9 are tabulated in
Table 19.
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5 - ; ﬁ - . - 0 3 1
L NN 0 100 200 300 400 500 600
(a) AT E/N (1077 V cm?)
ol 1 —L 1 . Fic. 21. Density-reduced electron attachment coefficieft\(E/N), for
0.0 0.2 0.4 0.6 0.8 Cl,: (@), (A), (H), (¢) Ref. 102;(- - -) Ref. 101;(—) suggested values.
Mean Electron Energy (eV)
~ 507 '. " C' ':l '1'98'4 o o | +10%, but the average uncertainty of their data is more
2 4f o S,fmﬁr(13é4) ) - likely twice this value. They also indicated that their mea-
5 ) ] surements for 1.33 kPa may be more uncertain than those at
e 8071 ] the other three pressurésee Fig. 21 Therefore, the solid
2 20f L9 . line in Fig. 21 is a least-squares fit to the data of iBand
£ o . b 1 Goodyear at pressures of 0.13, 0.33, and 0.67 kPa, and data
& or (b) ] taken off this curve are listed in Table 20. In the absence of
= ot other measurements, these values are presently suggested for
200 300 400 500 600 the »/N(E/N) of Cl,, but clearly there is a need for further

Temperature (K) measurements.

Fic. 20. (a) Variation ofk, {(&)) of Cl, with temperature from McCorkle
et al. (Ref. 117. (b) Variation of (k, 9 of Cl, with temperature(®) Ref.

117;(O) Ref. 126. 6.4. Density-Reduced Effective lonization
Coefficient, (a—5)/N(E/N)

6.3. Density-Reduced Electron Attachment Bozin and Goodyeaf? reported measurements of the
Coefficient, n»/N(EI/N) density-reduced effective ionization coefficient a (

. —7)/N(E/N) for pure Cb. Their measurements were made

The early measurements of/N(E/N) by Bailey and 4 yoom temperatureT(=293 K) for gas pressures of 0.13,

Healey®!in CI, at 288 K are not in agreemegt with the more o 33 ( 67, and 1.33 kPa. Figure 22 shows their data which
recent measurements of Bozand Goodyeaf” made at 293 pae 4 stated uncertainty of 10%. The solid curve is a

K (Fig. 21). Bozin and Goodyear indicated an uncertainty of |ga5¢ squares fit to the data at all pressures, and values taken
off this curve are listed in Table 21 as the presently sug-

TasLE 19. Variation of kg )y, of Cl, with temperature gested estimates of thex(- )/N(E/N) for pure chlorine.

Temperature (Kaph
(K) (107 cmPs™} Reference
TasLE 20. Suggested values for the density-reduced electron attachment
213 12.2 117 coefficient,»/N(E/N), for Cl, (data of Bom and Goodyear from Ref. 102
233 13.5
253 15.1 E/N n/N(E/N) E/N nIN(E/N)
273 16.7 (1077 Vem?d) (1002 m?) (107 vem?) (1002 m?)
298 18.6
323 21.4 215 25.3 350 13.7
225 24.4 375 11.9
203 <10 126 250 22.3 400 10.0
300 20 275 20.0 425 8.14
455 33 300 17.6 450 6.26
590 48 325 15.6
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2007
150

100}

(a=m)/N (E/N) (1022 m?)

0.13kPa 1
0.33kPa -

o), (€) (1020 m?)

107

501 ‘
[ ] 0.67 kPa
* 1.33 kPa
Suggested . Kurepa (1978)
O oo g . Suggested
]
50b AP . ] ] [ I 1 10_37.”| 1 [ L)
200 300 400 500 600 700 800 10 20 30 40 50 60 70 80 90 100

E/N (1077 V cm?) Electron Energy (eV)
Fic. 22. Density-reduced effective ionization coefficient, 7)/N(E/N),
for Cl, from Bozn and GoodyeatRef. 103. The solid line represents the
suggested values.

Fic. 23. Cross section for ion-pair formatiom,(¢), for Cl, of Kurepa and
Belic from Ref. 95. The solid curve is the same data adjusted upward by
30% as discussed in Secs. 6.1 and 6.2.

6.5. Cross Section for lon-Pair Formation, — o,(¢)

_ _ o _ this section to two such studié® 34 dealing with laser-
Besides the formation of negative ions via the resonanf,,ced photodetachment of negative ions and its use to infer

electron attachment processes discussed in the preceding SQfs density of negative ions in the plasma. Hetral % de-

.tIOI’]S, negative lons ha\{e been observed to form by ?le,CtrOchibed a technique for sampling negative ions in the hollow

|mp§ct on C via the. direct process of polar dissociation, cathode and hollow anode of ZN, discharges. The photo-

that is, via the ion-pair process 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
ab-ls-gﬁjfengg)s/sogiti;?: E:g;gfe'; elnltsg gfv &L?ggeairlag%e"Cnegative—ion transient signal allowed a study of the kinetics
o . . . f the th tive i ICl;, and Cf) th b d
for negative-ion formation above 11.9 €see Fig. 1Yis due of the three negative ions (GICl, , and Ct) they observe

largely to the ion-pair process, Ep), although in some in the discharge. Interestingly, the authors concluded from

) L . their measurements that the;dbn is likely to be due to the
energy regions contributions from indirect electron attach- & y

ment processes are possible. The Kurepa and’ recombination of Cl and Cl, and the CJ ion is likely to be

; : 0 N the result of three-body electron attachment to,. Cl
ot e e 200 51 e 1 19, 2% ner aiso emplyed lasr phtodetaciment specros
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 thge) of Cl,.

Cl,+e—CI*+Cl +e. (5)

TaBLE 22. Suggested cross section for negative ion—positive ion pair pro-
duction,aiy(&), in Cl, between 12 and 100 efadjusted data of Kureba and
Belic from Ref. 95

6.6. Negative lons in Cl , Discharges

. . . . Electron energy aip(&) Electron energy oip(e)

There have been a number of studies dealing with negative  (ev) (10°2°m?) (eV) (107202
ions in Cb gas discharges. By way of example we refer in

12 0.0016 52 0.0114

13 0.0060 56 0.0166

TasLE 21. Suggested values of the density-reduced effective ionization co- 14 0.0117 60 0.0229

efficient, (@— 7)/N(E/N), for Cl, (data of Boin and Goodyear from Ref. 16 0.0234 62 0.0255

102 18 0.0312 66 0.0304

20 0.0335 70 0.0354

E/N (a— n)IN(E/N) E/N (a— n)IN(E/N) 22 0.0312 2 0.0413

(10—17 chz) (10—22 m2) (10—17 chz) (10—22 mZ) 26 0.0216 76 0.0528

30 0.0140 80 0.0553

215 —18.5 500 69.1 32 0.0116 82 0.0546

250 -10.7 550 86.8 36 0.0085 86 0.0525

300 2.13 600 103.7 40 0.0078 90 0.0497

350 18.0 650 120.3 42 0.0078 92 0.0481

400 33.7 700 136.9 46 0.0083 96 0.0442

450 50.9 750 153.4 50 0.0099 100 0.0399
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Fic. 24. (a) Electron drift velocity,w, for Cl, (T=288K), from data of
Bailey and Healey(Ref. 101. (b) Ratio of the lateral electron diffusion
coefficient to electron mobilityP/u, for Cl, (T=288 K) derived from
data given by Bailey and HealdiRef. 10]. Both data sets are uncertain.

copy to infer the density of chlorine negative ions in low

pressure, inductively coupled chlorine plasmas.

7. Electron Transport for Cl ,

7.1. Electron Drift Velocity, w

157

using the volume mixtures 20%£80%He,
20%C}:80%CQ, and 40%CJ:60%CQ. Bailey and Healey
also showed a curve faw vs E/N which they identified as
thew for Cl,. This curve is reproduced in Fig. @4, but it is
considered uncertain because of its indirect determination
from the drift velocities they measured in the mixtures just
mentioned. Clearly, measurements wfE/N) for Cl, are
needed, and efforts are underway to measure this quantity in
our laboratory for GJ and its dilute mixtures in argofi>

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

There are no measurements of this quantity for Bhiley
and Heale}"* reported measurements of the quantiy
(mean energy of agitation of electrons in terms of the mean
energy of agitation of the gas molecules at 288aich we
used to determine the ratio of the lateral electron diffusion
coefficient Dt to electron mobility u, via the relationship
D1/u=ku(kT/e). The values oD ;/u determined this way
are shown in Fig. 2d). They should be considered uncer-
tain. Measurements dd;/u over a wide range oE/N are
needed.

8. Optical Emission from CI
Gas Discharges

There have been a number of studies of light emission
from chlorine excited in an electrical dischar@ee, for in-

The only known measurements of electron drift velocity, stance, Refs. 136—142t is clear from these investigations
w, for Cl, are those made in 1935 by Bailey and Hedéy that the emission spectrum from a chlorine vapor discharge
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Fic. 25. Recommended and suggested cross sections for Cl
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TasLE 23. lonization energy of Cl%P,,) for the production of Ci TaBLE 24. Photoionization cross sectiom, ci(\), of the Cl atom(mea-

(®P210, CI' (*Dy), and CI' (*Sp) surements of Samsaet al. from Ref. 151
lonic state lonization energieV) References Wavelength api ci(N) Wavelength api, ci(N)
(nm) (10722 m?) (nm) (10722 m?)
p, 12.97 147
12.97+0.02 146 15.8 1.29 47.5 20.2
12.967-0.001 148, 149 17.5 1.32 50.0 25.8
3 20.0 1.30 52.5 32.2
Py 13.06 147 22.5 1.19 55.0 35.7
13.06+0.02 146 25.0 1.02 57.5 38.0
13.053 148, 149 27.5 0.90 60.0 39.4
3 30.0 0.94 62.5 40.6
Po ig:égo 11‘;; 149 32.5 1.40 65.0 416
' 35.0 2.50 67.5 42.4
D, 14.42 147 375 4.60 70.0 43.0
14.41+0.02 146 40.0 7.50 72.5 43.4
14.412 148, 149 42.5 11.0 75.5 43.6
45.0 15.3
s, 16.42 147
16.42+0.02 146
16.423 148
3He) (584 A) photoelectron spectra data. Also suggested are the

bSpectroscopic data. . )
(i) rate constant for electron attachmekyj((¢)) in

Table 17(Fig. 19;
consists, in addition to the atomic line spectrum, of a largelil)  density-normalized ionization coefficient/N(E/N)
number of red-degraded bands extending from about 640 to  in Table 13(Fig. 15;
340 nm which were generally assigned tg Cl (i) density-reduced electron attachment coefficient
7/N(E/N) in Table 20(Fig. 21); and

. (iv) the effective ionization coefficienta(— 7)/N(E/N)
9. Suggested Cross Sections in Table 21(Fig. 22.

and Coefficients for Cl

Due to the paucity of confirmed data, only the cross sec- 10. Data Needs for Cl ,
tion for total scatteringg (&), (Table 9, Fig. 6 is consid-
ered “recommended” at this time. However, a significant  Although cross sections have been suggested for total
amount of data exist which are “suggested” as the best datalastic, vibrational excitation, ionization, dissociation into

presently available. These include: neutrals, dissociative electron attachment, and ion-pair for-
(i) . () in Table 11(Fig. 9); mation, there is a need to .improve the accuracy and reliabil-
i) o ;(8) in Table 12(Fig. 14: ity of all these cross sections. There is a need as well for
(iil) U'c’jiss L ue) in Table 14(Fig. 16 rr}easu_re_mer)ts .of the cross §ect|ons for .momentum transfer,
(iv) Udat(S) in Table 16(Fig. 17); and dlsgoc!at|ve |on|z§1t|0n, V|brat|0n.al excngtpn, and electronic
W) Uip('s) in Table 22(Fig. 23. excitation, for which no data exist at this time.

With the possible exception of the rate constant for disso-
The cross sections that have been designated as “recorgiative electron attachment, and the ionization and effective
mended” or “suggested” in this paper are plotted in Fig. 25. jonization coefficients, there is a need for measurement of all
Also shown in Fig. 25 is the derived, ingi(¢) (from Fig.  other coefficientgelectron drift velocity in pure Gland in
12) for which we do not provide tabulated data due to themixtures with rare gases, electron attachment, and electron
potential for large uncertainties inherent in the derivationdiffusion).
method used. It should be observed that the suggested values
of o, (&) exceed those ofrg. (&) near 2 eV. While this is o
physically impossible, the amount that.(s) exceeds 11. Electron Collision Data for Cland CI  *
osc{€) is less than the quoted uncertainties of the two mea- 11.1. CI
surements.

The cross section set shown in Fig. 25 is obviously not Atomic chlorine is an open-shell atom with a ground-state
complete, and should not be used as such. Obvious deficienenfiguration 522s22p®3s?3p°(2Py,). Its electron affinity
cies in the set are the lack of a momentum transfer cross well established. Of the 38 values listed by Christodoul-
section, and the limited energy range of the suggested valueisles et al,’”* those obtained using the photodetachment
The suggested data in the figure should serve as a basis forethod are the most accurate. These are: 31303
the formulation of any complete, self-consistent cross sectioeV,**3.610+0.002 eV***and 3.616-0.003 eV1*° A value
set for use by modelers. of 3.613 eV is recommended. Studies of IHghotoelectron
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1R T T 7T 11.1.1. Total Electron Scattering Cross Section, o (€)

There are no measurements or calculations of the total
electron scattering cross sectian,.; (&), of atomic chlo-
10'F . rine. However, since we are dealing with an atomic species,

i ] below the threshold for electronic excitation of the chlorine
atom at 8.90 eV, the total scattering cross sectigg ()

is equal to the total elastic electron scattering cross section

10°F E oetrcfe). Above the ionization onset of the Cl atom at 12.97

s ] ev, Gsc,t,C(S):O'e,t,Cl(s)+0—exc,t,0(8)+0'i,t,C|(8)a where
c ] Oexctcl€) andoj,ci(e) are, respectively, the total cross sec-
tions for electronic excitation and electron-impact ionization
ot of the Cl atom. Between 8.90 and 12.97 eV c(¢)

8 70 60 50 40 30 20 =0ercf€)+ Texcrcle)- Thus, in principle, the cross section

Wavelength (nm) osctcle) for the chlorine atom for the three energy regions

mentioned above can be constructed using the expressions
Fic. 26. Photoionization cross section as a function of wavelengthindicated for each ener

region and data ® g),
apici(N), for atomic chlorine from the measurements of Samstoal. (Ref. gyf 9 v thi E}t,cl(. )
151). The vertical lines show th&P® and *P? limits. Oexcicl€), andajic(e). 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 ionizatigr,(e) is
known with reasonable accuracy.
spectra®®147of CI(2P3,) gave the ionization threshold ener- _
gies listed in Table 23 for the production of ‘Cin the ionic 11.1.2. Momentum Transfer Cross Section,  o7yci(#)
1 1
states’P, 1.0, Dzl,s(?nd So- : There have been two calculations of the momentum trans-
De Langeet al.>" used _ele_ctrc_m modulation _spectroscopyfer cross sectiong, &), of the Cl atom, theR matrix
and measured the photoionization cross section of Cl at thgalculation of Griﬁ?i]h et al’® and the multiconfiguration
;'tetLY;av\\llzlveenlg:]“?: 4{?‘3;2:(22";5&?;?? i]:;)r:i?agiloingf ?hBer CIHartree-Fock calculation of Saf2 Figure 27 compares the
! ngth. 3 41 results of these two calculations. Both calculations show the
altom into the ionic states CI(°P5, 9, Cl (,?82)’ and Cr presence of a Ramsauer—Townsend minimumjn:(e) (at
(*Sp) were measured to be (1%:2.5)x10 "enf, (11.4 0.95 eV152 at ~0.7 eV*%3). This minimum is similar to the
+1.5)x 10 8cn?, and (2.16-0.28)x 10" 8cn?, respec- ’

. e . well-known Ramsauer—Townsend minimum in the scattering
tively. The absolute photoionization cross section as a func-

. cross section of the neighboring rare-gas Ar atom.
tion of photon wavelengthg; o(\), of the Cl atom was g 9 9

measured by Samsaet al!®! from 755 to 158 A(16.4-75 1113, Total Elastic Election Seatering Cross Sed ©
eV) with an overall estimated uncertainty af8%. Their S Total Elastic Election Scaffering Loss Section,  0erail

data are listed in Table 24 and are plotted in Fig. 26.

3po 1Po

6 ot (M) (1022 m?)

There are four calculations of the total elastic electron
scattering cross sectiom c(¢), of the Cl atom’>2~**°put

30 T T T T T LI R A B X T T T T
[ 30 r ,/\\ ]
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Fic. 27. Momentum transfer cross sectian, c(e), for atomic chlorine:  Fic. 28. Calculated total elastic electron scattering cross sectiQng(z),
(—) R matrix calculation from Ref. 153: - -) multiconfiguration Hartree—  for atomic chlorine(®) Ref. 154;(— —) Ref. 155;(—-—) Ref. 152;(— — —)
Fock calculation from Ref. 153. Ref. 153.
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TaBLE 25. Cross sectiong; ¢ (&), for single ionization of Cl by electron
IO'IG | impact(selected data of Haye=t al. from Ref. 157
- Electron energy o ci(e) Electron energy o cl€)
- (eV) (1072° m?) (eVv) (1072° m?)
B 11 0.00 65 3.49
IO-I? - 12 0.01 70 3.47
—~ = 13 0.02 75 3.44
e - 14 0.24 80 3.43
o o 15 0.52 85 3.43
m = 16 0.74 90 3.37
~ .18 17 1.01 95 3.34
O 10"
3 3 18 1.27 100 3.31
o = 19 1.50 105 3.23
B 20 1.65 110 3.20
L 22 1.99 115 3.21
24 2.34 120 3.15
1079~ 26 259 125 3.13
E 28 2.80 130 3.07
Lt i Ll lllllll L1 llllll L] 30 296 135 305
100 10! 102 103 32 3.16 140 3.01
34 3.20 145 2.97
Electon Energy (eV) 36 3.27 150 2.96
38 3.35 155 291
Fic. 29. Calculated cross sections for electron-impact excitation of she 4 40 3.35 160 2.85
5s, 6s, 4p, 5p, 3d, 4d, and A states of the chlorine atom from the ground 45 3.43 170 281
state $(P) from Ref. 156. 50 3.44 180 2.72
55 3.47 190 2.68
60 3.49 200 2.63
no measurements. These calculations are compared in Fig.
28. They all show the existence of a Ramsauer—Townsend
minimum at~0.7 eV,154 at~0.4 eV,155 at0.75 eV1,52 and at 11.1.4. Electron-Impact Excitation Cross Section, Ooxccl(€)

0.95 eV!*® Robinson and Geltmarf performed a plane-
wave calculation, Fabrikaﬁr’F used the method of eXtrapOla- Gana%se calculated cross Sectionsexc C(8)1 for electron-

tion of potential parameters along the isoelectronic sequenggpact excitation of the &, 5s, 6s, 4p, 5p, 3d, 4d, and &

of positive ions to obtain scattering lengths ®Cl scatter-  states of the chlorine atom from its ground stage(%).

ing, Griffin et al.">* used theR matrix method, and Saf¥  These are shown in Fig. 29. Similarly, Griffet al52 calcu-
performed a multiconfiguration Hartree—Fock calculation.jated electron-impact excitation cross sections of Cl to the
The agreement between these calculated cross sections:;"g,44s4|:>5/2 level using theR matrix method, but the result of

reasonable. their calculation was found to depend on the number of
states they considered. For this reason it is not considered
here.
L 1
47 cl i . - i
11.1.5. Electron-Impact Single-lonization Cross Section, oic(e)
€ 3] i Hayes et al’®’ measured the electron-impact single-
S 1 ionization cross sectiong;c(e), of the Cl atom from the
= ionization threshold to 200 eV with an absolute uncertainty
= 2 : of £14%. Their data are plotted in Fig. 30 and are listed in
5 ] I Table 25 as our suggested data since these are the only ex-
6 1 e o Hayes (1987) SN i perimental measurements with a specified absolute uncer-
1 /i. e \\ - taint%/éSAIso shown in Fig. 31(%9are the; ¢ (&) calculated by
P Lotz~"and by Gopaljeet al.~* Lotz calculatedr; (&) us-
¥ ing an empirical formula and estimated an errorto40%/
010 T e 000 —30%. Gopaljeet al**°used the binary encounter approxi-

mation. Not included in Fig. 30 are the distorted-wave cal-
culation results of Griffinet al1®2 because they were found
to vary considerably with the details of the calculation. Len-
non et all®® also reviewed and recommended data for
oici(e) and other positive ions of the Cl atom to-£6

Electron Energy (eV)
Fic. 30. Electron-impact single-ionization cross sectiopy (<), for the Cl

atom. (@) measurements from Ref. 15%— — —) calculations from Ref.
158; (—-—) calculations from Ref. 159.
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Fic. 32. Cross section for photodestruction of, Gls a function of photon
Wavelength,trpdestq()\); (®) measurements of Leet al. (Ref. 89; (—)
calculation by Leeet al. (Ref. 89; (M) measurements of Rackwii al.
(Ref. 169; (A) relative measurements of Asubicgo al. (Ref. 170 normal-
ized to the data of Leet al. at 354 nm;(V) relative measurements of
Sullivanet al. (Ref. 172 normalized to the data of Lest al. at 354 nm.

Fic. 31. Cross sectiong;c+(¢), for single ionization of C! by electron
impact (CI'+e—CI™*+2e): (®) measurements from Ref. 166h) mea-
surements from Ref. 166M) measurements from Ref. 16% - -) semi-
empirical results using the Lotz formula from Refs. 158 and 165.

11.1.6. Radiative Attachment

et al. are consistently~25% higher than the other two sets

3 1 of measurements, possibly because of detector efficiency
ClCPa1d +e—ClN(Sp) +hv ®)  problemst®®167 Consistent with the measurements of Djuric

and the resulting radiative attachment continubm (also et al. and Shiet al. is the prediction of the semiempirical

known as the affinity spectrunhas long been investigated formula of LotZ%® (see Fig. 31

(e.g., see Refs. 144, 145, 161-168he cross section for For electron-impact ionization cross section data oh*Cl

procesg6) is expected to be very smafi*1®In reaction(6)  see Muelleret al1®® See also, the review by Lenne al**°

the photon energy consists of the electron affinity of the Clfor ionization cross sections and ionization rate coefficients

atom and the kinetic energy of the attached electron. Becauder multiply charged positive ions of CI.

the kinetic energy of a free electron in, say, a plasma has a

continuous range of values, the emission spectrum resulting 12. Electron Detachment. Electron

from process(6) is continuous. From its long-wavelength Transfer. and Recombination and Diffusion
limit (i.e., for the case where the kinetic energy of the cap- ’ Processes

tured electron is zepothe electron affinity(EA) of the ClI
atom has been accurately determined. Thus, Pietsch and
Rehdet** obtained (P3,) = (343.4-0.2) nm, correspond-

ing to an EA for Cl Ps,) of (3.610+0.002) eV, and The large cross section for dissociative electron attach-
A(P1,)=(333.1:0.4) nm, corresponding to an EA for CI ment to the Gl molecule makes the dissociative electron
(P4, of (3.722£0.005) eV. Similarly, the radiative attach- attachment process for chlorine an efficient mechanism to
ment continuum was found by \k and Pop}*°to begin at  remove slow electrons in chlorine-containing plasma gases.
342.8 nm vyielding an EA for Cl of 3.616 eV. Due to the depletion of free electrons, a higher electric field
strength is required to increase the source of ionizatiand
sustain the ionization balance. In the active discharge, al-
though electron detachment processes involve bojhantl

In Fig. 31 are shown the electron-impact ionization cros<! + those involving CI are by far more significant in view
sections as a function of electron energy fof G, ¢+ (s), ~ ©f the larger abundance of Clsee Sec. 5
as measured in three crossed-beam experinteht®’ The
results of Yamadat al1°° extend from threshold to 1000 eV
and have estimated total systematic errors -08% to
+10%. The measurements of Shit all®® cover the The interaction of light with G may result in either pho-
electron-impact energy range from 30 to 500 eV and have &édetachment
reported uncertainty of- 13%. Similarly, the data of Djuric
et alX®" stretch from threshold to 200 eV and have a system-
atic uncertainty of=10%. The measurements of Yamadaor photodissociation

Radiative attachment to the Cl atom, viz.,

12.1. Electron Detachment

11.2. CI*

12.1.1. Photodestruction (Photodetachment and
Photodissociation ) of Cl5

Cl, +hv—Cl,+e, (7)

J. Phys. Chem. Ref. Data, Vol. 28, No. 1, 1999
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TasLE 26. Photodestruction cross sectiamges;, cj(A), for Cl; (data of 32 are the absolute photodestruction cross section measure-
Leeet al. from Ref. 89 ments of Rackwitzt al!®® made in the photon energy range
from 0.5 to 3.0 eV, and the relative photodestruction cross

W?xi:f ngth ((Ti‘éef‘z'zqr:;)) section of Asubiojoet al}’® made between about 400 and
1800 nm and normalized to the data of Leal®® at 354
350.7, 356.9 35.1+3.0 nm. The results of Rackwitet al. suggest that the €lion
406.7 14.9+1.1 formed by electron impact is vibrationally excited and this
413.1 10.8=x0.4 has a rather significant influence on the photodestruction
457.9 3.55-0.42 cross section in the threshold region. This is supported by the
468.0 2.41-0.28 work of Sullivanet al}* who examined photoinduced reac-
476.2 1.64-0.19 tions of Cl, in the gas phase using ion cyclotron resonance
476.5 1.85-0.20 techniques. They found that the,Gbn undergoes photodis-
482.5 1.46-0.18 sociation in preference to photodetachment and that the pho-
488.0 1.1¢0.13 todissociation spectrum of L£lexhibits one broad peak in
496.5 0.9%0.12 the wavelength region from 220 to 700 nm with a maximum
514.5 0.43:0.06 at (350+10) nm which they attributed to th&,; —23, tran-
520.8 0.39-0.05 sition. This cross section has also been plotted in Fig. 32
530.9 0.28:0.03 after it has been normalized to the Letal. data at 354 nm.
568.2 0.110.05 It can thus be conclud&¥from the results of these four
647.1 0.25:0.03 investigations that the €lion photodissociates rather than
676.4 0.3%0.04 photodetaches, that the cross section for photodestruction de-
752.5 0.510.06 pends on the electronic excitation of,Clipon photon im-

pact, that the cross section threshold shifts to energies lower

than the dissociation energy linfit.26 eV, Table Y of Cl;

) into CI” +Cl when the anion is vibrationally excited, and that
the differences in the band widths between the four studies

of the CI, ion. These processes can be discussed and undgsrobably reflect differences in the vibrational temperature in

stood with reference to the potential energy curves shown itthe four experimental methods employed. The measurements

Fig. 5 for the ground state of £{*S) and C} (°Y) and  of Lee et al®® with their quoted uncertainty are listed in

the excited states of §3I(229+ and 2Hg). Photodetachment Table 26 as our recommended valuesdggestq()\).

from Cl, (®%., »=0) should be observed at a minimum

energy corresponding to the EA of QTable 4. The cross 12.1.2. Electron-Induced and Collisional Detachment of Cl 5

section for photodetachment depends on the threshold law

for photodetachment and the Franck—Condon factors which Apparently there are no data on electron-induced detach-

describe the overlap of the=0 level of C, (°3.}) with the ~ ment, or collisional detachment involving the,Cibn.

vibrational levels of the GI(*2) ground state. Vibrational

excitation in the molecular ion will also have an effect on the 12.1.3. Photodetachment of CI ~

probability of photodetachment. Because of the large differ-

ence in the bond length of Cland C}, (Fig. 5, Tables 4 and

7), photodetachment will occur to high-lying vibrational lev-

els of Cl, with low probability. Photodissociation is expected stance, Refs. 172 and 173n this section we discuss briefly

to result from excitation of Gl (°X) into the repulsive 515 on photodetachment of the"dbn and in Sec. 12.1.4
excited states of Gl. The total photodestruction cross sec- 44 on collisional detachment of thedbn.

tion is & combination of the two processes. _ The CI" has a complete | subshell. Thus, the photode-
About 20 years ago %r?ﬁ%e§%§'3 and(8) were the subject (»hment process involves the removal of an electron from
of a few investigation&®1%9-11|n Fig. 32 are shown the the p orbital and can be represented by

absolute measurements of Leeal®® of the cross section,

Updest,cg()\)a for the photodestruction of the Ciion. These CI™(1Sy) +hv—CI(?Pgjy 119 + €. )
were made over the wavelength range 350—760 nm using a ’

drift-tube mass spectrometer—laser apparatus. The solid An early review of the experimental and theoretical data
circles are their experimental measuremefitéed in Table  on the cross sectionrpy ci-(\), for reaction(9) was given

26) and the solid curve is their calculated fit to their data.by Popp'®® In Fig. 33 are compared the
The strong peak in the photodestruction cross section wasxperimentdf*>161:162.174-172nd the calculatéd™*"®'8Mata
attributed® to the electronic transitiof, —>22g .Inthe ex-  on opgcr(N) for process(9). Most of these results were
periments of Leeet al, the CL ion was probably produced obtained over 20 years ago. The uncertainties in the experi-
via a three-body electron attachment process t0a@tl was mental measurements are as follows: the single measurement
converted to G in collisions with Ch. Also plotted in Fig.  of Berry et al}’* at 336 nm (1% 10 *¥cn?) has a quoted

Cl; +hy—CI+CI™

For CI” the most significant reactions and parameters are
those involving the removal of the attached electron. These
processes have been discussed by many auteeesfor in-
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Fic. 33. Photodetachment cross section for,Gt,q c-(N), as a function of photon wavelength, Measurement$®) Ref. 162;(M) Ref. 175;(#) Ref. 161;

(®) Ref. 174;(+) Ref. 176;(A) Ref. 145. Calculationd: --) Ref. 154;(— —) Ref. 180;(— --—) Ref. 178;(—-—) Ref. 179. Typical error bars are shown in the
figure for only the measurements of Refs. 161 and 162. See the text for the reported uncertainties of the other measurements. The energy pdgijions of the
and P, photodetachment thresholds are also shown.

uncertainty of+12x 10718 and —5x 10" 8cn? Miick and measurements of Mandf? and Mick and Popp;” but all
Popp’'s*® and Mandl'd’® uncertainties were quoted as three measurements are low@ften by a factor of 2 or
+25%; Roth'd®! and Pietsch®2 uncertainties are as shown More_than the data of Rothé) Pietsch'®® and Berry
by the typical error bars in Fig. 33; Wang and L&&77 et all’ On the theoretical side, the calculated values of
reported a photodetachment cross section value foeGual ~ 9pacr-(A) by Moskvin'™ differ substantially from the results
to 2.5x 10" and 1.0<10"7cn? at 193 and 248 nm, re- Of the other three calculatioris?"®1%

spectively, but gave no uncertainty. On the calculation side,

Robinson and Geltmarf* quoted an uncertainty of 20%. It 12.1.4. Collisional Detachment of I -

should be noted that the relativistic random-phase approxi-

mation result of Radojeviet al®° extends to 100 eV and Collisional detachment reactions fall into three
that Radojevicet al. shifted their calculated curve from the groups!’>'73direct detachment, detachment with excitation
theoretical threshold to the experimental value. It is seerjof autodetaching levels, or of a neutral product, or via
from Fig. 33 that the spread in the experimental data is outeharge transfer to a negative ion state of the targmtd
side of the quoted uncertainties. The limited recent measuraletachment with bondindreactive collision with detach-
ments of Wang and Lé& are consistent with the earlier ment, or associative detachmenThe magnitude and the

TABLE 27. Associative detachment thermal rate constants involving Cl

Temperature Associative detachment thermal
Reactants (K) rate constant (cfimolecule*s™) Reference
ClI"+H—HCl+e 296 9.6x10°1° 181
296 10.0<10°1° 182
296 9.0x10°1° 183
CI"+0—ClO+e 300 <1ix10 1 184
CI"+N—CIN+e 300 <1x10™1 184
CI™+Cly(+He)—Cl3 ambient 0.%10° % 185

(cm® molecule?s™)
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TaBLE 28. Energy threshold for the detachment of @h collisions with Doverspikeet al1®® measured absolute total electron de-
various target gases as reported by Doverspikal. in Ref. 186 tachment cross sections for collisions of Glith a number
Reactants Threshold ener¢gV) of molecular.tgrgets X ()éHz, D,, O, N,, CO, CQ, and
CH,) for collision energies below the threshold for detach-
CI"+H, 55+0.1 ment to several hundred eV. The reaction studied is
CI +D, 5.5+0.1
CIT+N, 7.6+0.1 Cl"+X—Cl+X+e. (11)
clm+02 4.4+0.2
CI"+Co 7.102 In all such collisions the detachment thresholds were found
CI"+CG, 7.3+0.2 to exceed the electron affinity of the Cl atom. Table 28 lists
CI"+CH, 6.2+0.2 the threshold values for collisional detachment as reported

4In addition to direct detachment there are several other processes whidly Doverspikeet al'®® The results of Doverspiket al. are
may contribute to the products of this reaction at energies below 4.4 eVshown in Fig. 34a) for energies near threshold and in Fig.
such as the charge-transfer reaction €0,—ClI+0O, which is endother-  34() for higher energies.
mic by ~3.1eV and the associative detachment reaction+@,—ClO, Huq et al®® measured absolute total cross sections for
+e which is endothermic by 3.4 e\6ee Ref. 186

charge transfer and electron detachment of Gh Cb. In

Fig. 35 are shown their measurements of the total cross sec-

tions for electron detachment and for “slow” ion production
dependence of the collisional detachment cross sectiortyia charge transfgr The quoted uncertainty is about
o(€), on the energy¢, of the reactants varies with the type +10%. In Fig. 35 are also shown the earlier measurements
of the detachment proces#\ote that€ refers to the energy by Hasted and Smitfi® who reported cross sections for elec-
of reactants, i.e., the projectile ion and the neutral target.tron detachment in collisions of Clwith Cl, in the energy
Thus, the rising parts of () as the kinetic energy of the range from 10 to 2500 eV. According to Huet al, 88 it
reactants increases are principally due to direct collisionadppears that, at the lowest energies, the Hasted and Smith
detachment, while the rising parts oty (&) as the kinetic study did not fully resolve ions from electrons.
energy of the reactants decreases toward thermal energy areMeasurements of the translational energy thresholds for
due to associative detachment. Generally, there is a threshoddectron transfer reactions for various atomic negative ions to
for the direct collisional detachment process which occur<l, at room temperatuté-‘??allowed determination of the
(when the reactants are in their ground statghen their  electron affinity of the Gl molecule. Thus, from measure-
kinetic energy is equal to the EA of the species carrying thaments of the energy thresholds for the endothermic electron
extra electron, although in certain cases such as for the reatransfer reactions +Cl, and CI" +Cl,, Hugheset al'?? ob-
tions CI'+M (where M is a molecule the o(( &) increases tained a value of (2.620.2) eV for the EA of CJ. Simi-
rapidly from the threshold which itself is considerably larly, from the room temperature relative cross sections for
greater than the EA of the Cl atom. The associative detachthe reactions of 1, Br~, and CI" with Cl,, Chupkaet al!?!
ment process besides being responsible for the large crosbtained for the EA of Glthe value of 2.38 0.10 eV.
sections at thermal and near-thermal energies also accounts
for maxima often seen in the (&) functions at higher en-
ergies due to negative ion resonances. In Table 27 are listed

values of the thermalT=300K) rate constants for the as- 12.2. Electron Transfer

sociative detachment reactions While the reaction
CI"+X—CIX+e, (10 Cl; +Cl,—Cl; +Cl 12
where X=H, O, N, or Cb. is endoergic when the reactants are thermalfZddughes

The threshold for collisional detachment can be low, ancet al*?*found that it becomes exoergic at energies in excess
the cross section for collisional detachment can be verpf 0.3 eV with a rate constant at this energy equal to
large-’>173indeed, in many cases, much larger than the0.0084x 10~ *°cm® molecule *s™*. Similarly, the reaction
cross section for photodetachment. When the associative de-
tachment reaction$10) are exothermic, that is, when the Cl,+CI"—Cl3 (13
so-called energy defedthe energy difference between the
dissociation energy of CIX and the EA of 3§ positive, and  was found by Babcock and Stréitto have a three-body rate
the reactions are not hindered by geometric or other factorgonstant(with He as the third bodyof 0.9x10 2° cmP
the thermal values of the rate constants are largenolecule®s 2.

(~10%cm®s ™) and close to the values of the orbiting Measurements of the translational energy thresholds for
Langevin collision rate constants. Collisional detachmentglectron-transfer reactions for various atomic negative ions
then, especially when it is field assisted, can be a dominar(e.g., I' and CI') to Cl, allowed determination of the elec-
electron release mechanism in electrically stressed gases. tron affinity of the chlorine molecule. Thus, Hughessal 122
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Fic. 34. Collisional detachment cross sectiomg, oi-(€), as a function of the relative energy of the reactafitévolving CI™ and various molecular targets
(a) near threshold energigb) over a wider energy range. All data are from Dovespkel. (Ref. 186 except for the three data point®) for the CI" +H,

reaction which are those of Bydin and Dukel'skitef. 187.

and Chupkaet al!?! determined via such reactions the elec-
tron affinity of the C} 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 Cl 3 and CI~

12.3.2. Recombination of ClI

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

Cl+CI+M—Cl,+M. (14

Boyd and Burns observed that the three-body recombination
rate constant for reactiorl4) decreases with increasing tem-

Positive ion—negative ion recombination measurements iperature and that the £molecules are not efficient third

flowing afterglow plasmas by Church and Smithgave the
value of 5.0< 10" 8 cm® molecule s for the rate constant
of the reaction GJ+Cl~— products.

bodies at any temperature. Measurements of atomic chlorine
concentration in Glplasmas using infrared absorption spec-

troscopy by Richards and Sawishowed that gas-phase re-

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



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

301 LI L B B AL B B 1020: ]
P ?‘... Cr +Ci,
oE L ‘, Oet, o 1 =
o200 g .
— . —
P ' T
S " . . ? 4019k =
o ! LY . . * hd ¢ A3
[0 + . ° E
(73] ) o ° o ° [}
0 101 . o %2° ° 7 o
8 o 00
S 8 —
o + o Ocg,cr P
<
o’ w
0 ,....Oo I L 1 1 1 1 1 1 - 1 01 8 - 3
0 20 40 60 80 100 120 140 160 % N
Relative Energy, &€ (eV)
Fic. 35. Cross sectiony c-(£), for charge transfer as a function of the |
relative energy of the reactant,in collisions of CI" with Cl,: (@) data of
Huget al.from Ref. 188. For comparison the cross sectipc-(£) is also 17 L L L
shown:(O) data of Huget al. from Ref. 188;(X) data of Hasted and Smith 10
from Ref. 19. 1 10 100 1000

E/N (10717 V cm?)
combination is an insignificant Cl loss mechanism. For the
temperature of their experimefit70 K), the rate constant for E‘G- 32- t;he P“t’dL:CtDLN(E/bN)' gf ”;syg’”gitf“di”?' diﬁquS/iﬁ“f Cogflfjciem
. _ . N — 32 6 L an € neutral gas number aen S a function o or n
reaction 5 (}f)lgl (M _CIZ) IS ,NZ'SX 10 cm Ne, Ar, Kr, and Xe(data from Ref. 194 Also shown are measurements
molecule “s™~. """ Richards and Sawin thus concluded thatmage in 1y from Ref. 198. The points are experimental data and the curves
the major mechanism for CI loss is likely to be a recombi-are calculated results using the generalized Einstein relation befyeand

nation on the electrode surfaces. K (see Refs. 194-197Note that the Ar data have been multiplied by 0.1
for convenience of display.

12.3.3. Diffusion of Cl and Cl ~ in Gases
102 - N Finally, Thackstoret al'*® reported measurements of the
Chang et al.™* measured the diffusion coefficient of |ongitudinal diffusion coefficients for Clin N,. These are

atomic chlorine in molecular chlorine. They reported a value|so shown in Fig. 36 with an uncertainty af7% at all
for the diffusion coefficient of chlorine atoms in chlorine g/N.

molecules of (0.1480.025) cnrds ! at 298 K and 1 atm.

Similarly, Hwang et a!.193.measured the diffusion coeffi- 13. Summary for Other Species

cients of atomic chlorine in rare gases via radiative recom-

bination reactions. At 296 K and 101.33 kPlaatm) of rare- and Processes

gas pressure, the values of the diffusion constant for Cl in ) o

He, Ne, Ar, Kr, and Xe were measured to be, respectively, With t_he exc_ep'qon_ of the limited measurements on

(0.75+0.12 cmPs™%, (0.32+0.05 cmPsl, (0.19+0.03 electron-impact ionization of Cl and €| no measuremeqts

cn?sL, (0.14+0.02 cnPs~L, and(0.12+0.02 cns L. are known to have be_en made for other elec_tron collision
Eiseleet al 1% measured the longitudinal diffusion coeffi- Processes for the species Cl ¢cel’, and C} . With regard

cients for CI" ions in Ne, Ar, Kr, and Xe as a function of [© data on other important processes i flasmas, data

E/N. Measurements were made at about 300 K and at ga{gave been summarized in this paper on the photodetachment

pressures below 0.067 kPa. They are shown in Fig. 36, A8f CI", charge transfer reactions involving Cand various

E/N—0, the ions are in thermal equilibrium with the gas molecular partners, and Q|ffu5|on coefficients for G.}h.rare

molecules and the diffusion coefficient is isotropic, related tg9@5€s and N Much work is needed on electron collision and

the ionic mobilityK by the relationk =eD/kT, wheree is ~ Other processes involving the main species ip glasmas.

the ionic chargek is Boltzmann'’s constant, antlis the gas

temperature. For larger values BfN, this relation is not 14. Acknowledgments
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