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The relaxation of a nonequilibrium distribution of electrons in a mixture of CCl4 with either Ar or
Ne is studied. In this paper, electron-CCl4 and electron-inert gas elastic collisions, vibrationally
inelastic collisions between electrons and CCl4, as well as the electron attachment reaction with
CCl4, are included in the analysis. The time dependent electron energy distribution function is
determined from the Boltzmann equation and the energy relaxation times are determined. The
coupling of the thermalization process and the attachment process are discussed in detail. The
results from the calculations are analyzed analogous to experimental studies, and the methodology
of the experimental reduction of the data is studied. ©1998 American Institute of Physics.
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I. INTRODUCTION

The study of the thermalization of electrons in atom
and molecular moderators is an important field of study a
has a long history. Detailed reviews of the present statu
the field that provide a bibliography of previous works we
presented by Braglia1 and by Shizgalet al.2 The nature of the
time dependent electron distribution function and aver
properties are important aspects of gas discharges,3 plasma
etching,4 radiation chemistry and physics,5 the development
of gaseous insulators and switching devices,6 the interpreta-
tion of electron swarm experiments,7 environmental concern
and kinetic processes.8–10The main objective is to determin
the time dependent electron distribution function and the
ture of the steady distribution at long times, given some
tial distribution.

The thermalization of energetic electrons in atom
and/or molecular moderators proceeds owing to collisi
between the electrons and the constitutents of the mode
assumed to be present in large excess. Electron-electron
lisions are assumed not to occur and are not included in
theoretical analysis. A complete treatment would require
inclusion of elastic and inelastic collisions, and chemica
reactive processes such as ionization and attachment. R
papers reported continuing studies of electron thermaliza
in atomic moderators11–13 in comparison with the earlie
work by Shizgal and co-workers,14,15 Mozumder16 and
Koura.17 There have also been several papers on the ther
ization of electrons in molecular moderators such
CH4,13,18SiH4,19 H2

20 and CH4/Ar mixtures.13 In addition to
these calculations, it is of considerable interest and imp
tance to consider electron thermalization in electronega
gases for which it is important to include the attachment

a!Mailing address: c/o Dr. M. Matsuzawa, Department of Applied Phys
and Chemistry, The University of Electro-Communications, 1-5-1 Cho
ga-oka, Chofu-shi, Tokyo 182, Japan.
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electrons. The attachment of electrons to electronega
gases in swarm type experiments is an important proces
connection with gas discharges, plasma etching, radia
chemistry and physics.

The main objective of this paper is the study of the tim
evolution of the electron nonequilibrium distribution fun
tion from some initial distribution under the influence
elastic, and inelastic collisions of electrons with the ambi
gases, and electron attachment to some electronegative
We consider a mixture of either Ar or Ne and CCl4 so that
the collision processes to be considered are elastic elec
inert gas and electron-CCl4 collisions, and vibrationally in-
elastic electron-CCl4 collisions and electron attachment
CCl4. The rate constant for the attachment of electrons
CCl4 is very large. The inert gas moderators were chosen
as to have an example of a gas~Ar! with a momentum trans-
fer cross section characterized by a Ramsauer–Towns
minimum and a second moderator~Ne! for which the mo-
mentum transfer cross section is nearly constant with ene
It is of considerable interest to contrast the relaxation beh
ior for these different moderators.

We consider a numerical solution of the time depend
Boltzmann equation for the electron energy distributi
function and calculate the time variation of the electron nu
ber density and electron average energy. These quantitie
characterized by time dependent energy relaxation rate c
ficients and the attachment rate coefficients. Relaxation tim
are calculated in terms of the time required for the elect
energy to reach within 10% of the steady average ene
The steady average energy of the electrons can be abov
ambient temperature of the moderators because of the e
of attachment heating. This effect was discussed in the
vious papers by Shizgal21–23 except that in these works in
elastic collisions were neglected.

The previous works by Shizgal showed that there can
a steady state distribution even though electron attachm
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-
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1588 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
involves a loss of electrons and a steady state would no
expected to occur. The basis for this theoretical work was
Fokker–Planck equation for elastic electron inert gas co
sions and a term due to electron attachment. Howeve
there is a separation of relaxation times such that the en
thermalization occurs on a much faster time scale than
tachment, then there can be a pseudo-steady distribution.
energy per particle attains a limiting value with the electr
energy and the electron number density varying slowing w
time on the time scale of the attachment process. In a re
paper, Kowari and Shizgal24 extended this previous work t
include vibrationally inelastic collisions as well. The ma
thrust of this previous paper was with regard to the existe
of a steady distribution in the presence of the attachm
process and a loss of electrons. However, the low ene
portion of the attachment cross section used in this prev
paper, the portion below 0.10 eV, does not coincide with
actual cross section for the system studied. The calculat
are repeated in this paper for the correct cross section an
results are reinterpreted.

Warman and Sauer25 reported an experimental techniqu
to determine the energy relaxation rate coefficients and
relaxation times in pure inert gases and other moderator
following the reaction kinetics of electron attachment
CCl4. In this paper, we study the validity of the analysis us
by Warman and Sauer to extract relaxation times from
electron kinetics associated with attachment. We comp
the relaxation times extracted from the electron kinetics w
those determined directly from the relaxation of the aver
energy. We also compare with the very recent measurem
by Shimamori and Sunagawa.26

The formalism of the present paper follows the earl
papers on electron relaxation with the inclusion of vib
tionally inelastic collisions but without electro
attachment,18–20 and the recent paper24 that also includes
electron attachment. In Section II, the Boltzmann equat
for the electron energy distribution function is considere
and the numerical solution is discussed. The results and
discussion is presented in Section III. A reinterpretation
the work by Kowari and Shizgal24 with regard to the exis-
tence of a steady electron distribution is presented in Sec
V.

II. THE BOLTZMANN EQUATION

The theoretical method employed here follows clos
that used previously,18–20 which is based on the Boltzman
equation with collision terms for elastic and vibrationa
inelastic collisions. The changes from this previous work d
to the inclusion of the attachment to the molecular gas w
discussed by Kowari and Shizgal.24 Because there is no elec
tric field applied to the system, it is reasonable to consi
only the isotropic portion of the electron distribution fun
tion. We also assume that the electron distribution functio
spatially homogeneous.

We write the Boltzmann equation with the collision ter
which explicitly includes electron attachment as well as el
tic and inelastic collisions, as given by
J. Chem. Phys., Vol. 108,
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] f

]t
5J~ f !

5Jel~ f !1Jin~ f !1Ja~ f !, ~1!

wheref 5 f (v,t). In Eq. ~1!, Jel( f ) andJin( f ) are the elastic
and inelastic collision operators, respectively, andJa( f ) is
the electron-attachment collision operator. Equation~1! no
longer conserves the number of electrons because of elec
attachment. We denote the mass of an electron bym and that
of a molecule byM . For the small mass ratiom/M , the
elastic collision operator is very well approximated by t
differential Fokker–Planck operator14,15

Jel5 (
g51

2
mNg

Mgv2

]

]v Fv4sg~v !S 11
kTb

mv
]

]v D G f ~v !, ~2!

where Ng is the number density of moderatorg, k is the
Boltzmann constant,T is the temperature of the moderator,v
is the speed of an electron, andsg(v) is the momentum
transfer cross section for collisions of electrons with mode
tor g. We takeg51 for CCl4 andg52 for either Ar or Ne.

The inelastic collision operator can be written as the s
over all the inelastic processes involved and can be cas
the form of a difference operator. The derivation of the
elastic collision operator is given in the Appendix of Ref. 1
A total inelastic cross sections i j (v) is given for an inelastic
process between molecular statesi and j . Then the inelastic
collision operator is given as

Jin5N1v(
i , j

Fni

v82

v2
s i j ~v8! f ~v8!2nis i j ~v ! f ~v !G , ~3!

where v85Av22 2e i j /m, and e i j 5e j2e i is the excitation
energy transfer for internal molecular statesi and j . The
collision is inelastic ife i j .0 and j . i , and it is super elastic
if e i j ,0 and j , i . The population density of the molecula
state is denoted byni , and( ini51.

The electron attachment collision operator isJa5
2N1vsa(v) f (v). where the electron attachment cross s
tion for electron attachment to CCl4 is sa(v). The Boltz-
mann equation for the study of the relaxation of electrons
then,

] f

]t
5 (

g51

2
mNg

Mgv2

]

]v Fv4sg~v !S 11
kTb

mv
]

]v D G f ~v !

1N1v(
i , j

Fni

v82

v2
s i j ~v8! f ~v8!2nis i j ~v ! f ~v !G

2N1vsa~v ! f ~v !. ~4!

In radiation physics and chemistry, it is customary to use
energy-dependent densityr(e,t)[2p(2/m)3/2Ae f (v,t),
wheree5 mv2/2 and the track-length distribution~or incre-
mental degradation spectrum! z(e,t)[vr(e,t). With the
definitions ofr(e,t) andz(e,t) in Eq. ~4!, we can obtain the
expression for the time evolution ofz(e,t), that is,
No. 4, 22 January 1998
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1589Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
1

v
]z~e,t !

]t
5 (

g51

2
2Ngm

Mg

]

]e H esg~e!z~e,t !

1e2sg~e!kTb

]

]e Fz~e,t !

e G J
1N1(

i , j
@nis i j ~e8!z~e8,t !

2nis i j ~e!z~e,t !#2N1sa~e!z~e,t !, ~5!

wheree8[ 1
2mv825e1e i j .

We consider the relaxation of electrons in a gas due
elastic and inelastic collisions. The inelastic collisions th
may be important in the low energy regime are rotational a
vibrational collisions. The present calculations do not exp
itly involve rotationally inelastic collision processes becau
rotational excitation of such a highly symmetric molecule
expected to be small. The cross section for vibrational e
tation from a vibrational stateV to V8 in the vibrational

moden is denoted bysn
VV8 and the energy transfer byEn

VV8 .
The population density of the vibrational stateV in the vi-
brational moden is denoted bynn

V . It is necessary to replac
the summation( i , j[( i( j with an explicit reference to the
vibrational states, so that( i( j5(n(V(V8.

The Boltzmann equation with the differential operat
for elastic collisions and the difference operator for vib
tionally inelastic collisions is expressed by

1

v
]z~e,t !

]t
5J~z!1d~e2e0!d~ t !

5 (
g51

2
2Ngm

Mg
H F ]

]e
esg~e!z

1
]

]e
~e2sg~e!!kTb

]

]e S z

e D
1e2sg~e!kTb

]2

]e2 S z

e D G J
1N1F(n

(
V

nn
V(

V8
sn

VV8~e1en
VV8!z~e

1en
VV8 ,t !2(

n
(
V

nn
V(

V8
sn

VV8~e!z~e,t !G
2N1sa~e!z~e,t !1d~e2e0!d~ t !. ~6!

In Eq. ~6!, the delta functions on the right-hand side sho
explicitly the initial electron distribution as a delta functio
at energye0. The electron number density and energy a
given by

n~ t !5E f ~v,t !dv, ~7!

Etotal~ t !5E f ~v,t !
mv2

2
dv, ~8!
J. Chem. Phys., Vol. 108,
o
t
d
-
e

i-

r
-

e

respectively. The average electron energy per electron is

E~ t !5
Etotal

n~ t !
. ~9!

III. CROSS SECTION DATA SET

The momentum transfer cross sections for elastic co
sions with either Ar, Ne or CCl4 are shown in Fig. 1. The
momentum transfer cross section for Ar used in the pres
calculations is constructed as follows. We obtain the d
below 1 eV by using the modified effective range theo
~MERT! procedure given by Haddad and O’Malley.27 We
calculate the MERT procedure for the energy range of 0
and 0.32 eV with the MERT parameters27 for the upper limit
of 0.5 eV and for the energy range of 0.32 eV and 1 eV w
that for the upper limit of 1 eV. We use Table I of Ref. 2
between 1 eV and 4 eV and Table II of Ref. 29 above 4 e

FIG. 1. Energy dependence of momentum transfer cross sections.sm(E) is
in units of 10216 cm2. ~a! CCl4, ~b! neon and~c! argon.

TABLE I. Electron relaxation times inms Torr.

XCCl4
pt1.1

a pt1.1
b E(`)/Eth

1.0~27! 5091 5416 1.445
3.0~27! 2942 4219 1.741
5.0~27! 2171 3141 1.982
1.0~26! 1404 1769 2.344
3.0~26! 683.5 812.7 2.735
5.0~26! 481.4 572.6 2.903
8.0~26! 343.6 416.7 3.055
1.0~25! 291.1 354.5 3.127
2.0~25! 169.1 220.5 3.357
3.0~25! 120.6 164.6 3.495
4.0~25! 94.37 133.3 3.597
5.0~25! 77.48 112.2 3.683
6.0~25! 66.01 96.29 3.760
7.0~25! 57.44 84.03 3.827
8.0~25! 50.84 73.49 3.896
1.0~24! 41.30 59.33 3.982
3.0~24! 14.52 ••• 4.830
5.0~24! 8.90 ••• 5.219
1.0~23! 4.59 ••• 5.829

aCCl4 in Ar without attachment.
bCCl4 in Ar with attachment.pt1.155570ms Torr for pure Ar; Ref. 14.
No. 4, 22 January 1998
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1590 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
The momentum transfer cross section of Ne is taken fr
O’Malley and Crompton,30 and the one for CCl4 is from
Hayashi.31 The cross section for Ar and CCl4 are character-
ized by Ramsauer–Townsend minima whereas the one
Ne is not.

CCl4 belongs toTd symmetry and has nine norma
modes of which only four, denoted byn1 –n4, are distin-
guishable because of degeneracy. The excitation ene
from the vibrational ground state to the first excited vib
tional state for each mode are 0.0569 eV, 0.0269 eV, 0.0
eV, and 0.0389 eV, respectively.34 The four vibrationally
inelastic cross sections characterized by these threshold
ergies are shown in Fig. 2. Because the population dens
of some of the highly excited vibrational states in each n
mal mode are not negligible~for example,nn1

1 is 9.8 percent,
nn2

1 is 22.8 percent,nn3
1 is 2.4 percent andnn4

1 is 17.3 per-

TABLE II. Electron relaxation times inms Torr.

XCCl4
pt1.1

a pt1.1
b E(`)/Eth

1.0~28! 2944 ••• •••
3.0~28! 2842 ••• •••
5.0~28! 2748 ••• •••
6.0~28! 2704 ••• 1.087
8.0~28! 2620 2339 1.104
1.0~27! 2543 2083 1.134
2.0~27! 2224 1802 1.200
3.0~27! 1988 1583 1.270
4.0~27! 1804 1311 1.323
6.0~27! 1537 1035 1.411
8.0~27! 1349 873.6 1.476
1.0~26! 1209 769.2 1.526
3.0~26! 638.1 448.2 1.812
1.0~25! 271.0 248.2 2.187
3.0~25! 112.8 126.9 2.762
1.0~24! 39.67 52.44 3.475
3.0~24! 14.30 13.12 4.502

aCCl4 in Ne without attachment.
bCCl4 in Ne with attachment.pt1.152960ms Torr for pure Ne; Ref. 14.

FIG. 2. Energy dependence of the four vibrationally inelastic cross sect
for electron-CCl4 collisions. The threshold energies are 0.0269, 0.03
0.0569 and 0.0962 eV, respectively.
J. Chem. Phys., Vol. 108,
or

ies
-
2

n-
es
-

cent!, we take account of the transitions from up toV53, 8,
2, and 5 forn1 –n4, respectively; all withDV51. In order to
take account of these transitions, we need cross sections
vibrationally excited states to the upper states of those st
in each vibrational mode. However, available cross secti
on vibrationally inelastic collisions for both modes are tho
for V50→1, and the scaling laws Ref. 32 to construct vibr
tionally inelastic cross sections for vibrationally excite
states are not applicable to the present case. Therefore
assume the cross sections with the transition fromV to V
11 whereV>1 for the four normal modes are the same
those fromV50 to 1. The cross sections with the transitio
from V11 to V for the four normal modes are obtaine
using the relation for microscopic reversibility,es i j (e)5(e
2e i j )s j i (e2e i j ).

We use Hayashi’s electron attachment cross section31 for
electron attachment to CCl4. Hayashi’s electron attachmen
cross section is consistent with that of Chutjian a
Alajajian33 at low energies and we use the analytical expr
sion of Chutjian and Alajajian

s~e!5545H 0.117

Ae
expF2S e

0.005D
2G1expS 2

e

0.056D J
~10!

below 0.1 eV.33 The thermal attachment rate coefficient
300 K given byKth52.9431027 cm3 s21 is in excellent
accord with the value of 2.9631027 cm3 s21 at 296 K re-
ported by Blaustein and Christophorou35 and in good agree-
ment with the value of 3.531027 cm3 s21 at ~29863 K! by
Shimamori and Sinagawa.26 The attachment cross section
shown in Fig. 3. The dashed curve in the figure is the pow
law fit to the high energy portion of the attachment cro
section. In the previous papers,22–24 the analytic expression
in Eq. ~10! was incorrectly reported with power ofe as 1

2

rather than as2 1
2. In the first two papers cited, this was ju

a typographical error and the calculations were reported

ns
,

FIG. 3. The solid line is the energy dependence of the electron-CCl4 attach-
ment cross section. The dashed line is the approximate power law c
section given bysa(E)50.5178E21.88, with E in eV andsa in 10216 cm2.
No. 4, 22 January 1998



1591Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
FIG. 4. Electron relaxation in CCl4/Ar and CCl4/Ne mixtures without attachment.~A! Time variation of the average energy in CCl4/Ar for different CCl4 mole
fractions equal to~a! 331024, ~b! 1024, ~c! 531025, ~d! 331025 and~e! 1025. ~B! Time variation of the energy relaxation rate coefficient in CCl4/Ar for
different CCl4 mole fractions equal to~a! 1024, ~b! 531025 and~c! 331025. ~C! Time variation of the average energy in CCl4/Ne for different CCl4 mole
fractions equal to~a! 1024, ~b! 631025, ~c! 331025 and~d! 1025. ~D! Time variation of the energy relaxation rate coefficient in CCl4/Ne for different CCl4
mole fractions equal to~a! 1024, ~b! 631025, ~c! 331025 and ~d! 1025.
a
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gy
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a
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t is,
the correct cross section. In the most recent work by Kow
and Shizgal,24 a different attachment cross section was us
as discussed in detail in Section V.

IV. CALCULATIONS AND RESULTS

The Boltzmann equation for the specified cross secti
is solved with a finite difference technique for both ener
and time as discussed in previous papers.19,20 The initial dis-
tribution function is a delta function at 1.0 eV. We use
temperature of 300 K for the background gases CCl4 and
either Ar or Ne and the total number density is 2.6931019

cm23. At each time step we solve the finite difference equ
tion with the successive over-relaxation method.36

In theoretical calculations, unlike in the experiments
is possible to study the effect of the omission or inclusion
different cross sections to understand the role of differ
processes. In Fig. 4, we show the relaxation of the elec
energy in CCl4/Ar @Fig. 4~A!# and CCl4/Ne @Fig. 4~C!# in the
absence of the electron attachment process. The diffe
J. Chem. Phys., Vol. 108,
ri
d

s

-

t
f
t
n

nt

curves are for different CCl4 mole fractions. The electron
energy decreases with time and attains the average en
Eth5 3

2kTb which for a moderator temperature at 300 K
0.0388 eV, so thatE(0)/Eth525.79. Figure 4~B! and 4~D!
show the time variation of the energy relaxation rate coe
cient defined by,

KE~ t !52FE~ t !

Eth
21G21 d

dt

E~ t !

Eth
. ~11!

The behavior of the electron energy relaxation with Ar or N
as moderators is similar. The rapid increase in the rate
energy relaxation with the addition of CCl4 is due to the
inclusion of the vibrationally inelastic collisions. IfKE in Eq.
~11! is assumed to be constant, the integration of Eq.~11!
leads to an exponential decay of the average energy, tha

S E~ t !

Eth
2

E~`!

Eth
D5S E~0!

Eth
2

E~`!

Eth
De2KEt, ~12!
No. 4, 22 January 1998



1592 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
FIG. 5. Electron relaxation in CCl4/Ar with attachment.~A! Time variation of the average energy for different CCl4 mole fractions equal to~a! 1.531023,
~b! 1023, ~c! 531024, ~d! 331024 and~e! 1024. ~B! Time variation of the energy relaxation coefficient for different CCl4 mole fractions equal to~a! 1024,
~b! 331025 and~c! 531025. ~C! Time variation of the number density for different CCl4 mole fractions equal to~a! 1.531023, ~b! 1023, ~c! 531024, ~d!
331024 and ~e! 1024. ~D! Time variation of the attachment rate coefficient for different CCl4 mole fractions equal to~a! 1023, ~b! 531024, ~c! 331024,
~d! 1024 and ~e! 531025.
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where E(`)/Eth51 if there is no attachment, an
E(`)/Eth>1 with attachment heating as discussed later. T
time variation of the energy rate coefficients is indicative
the fact that the energy relaxation is not a pure exponen
decay. This is anticipated since for this linear problem,
time dependence can be expressed as a sum of expon
terms with each term characterized by an eigenvalue of
collision operator. This was the approach adopted w
analysis that did not include the vibrationally inelas
collisions.21–23 With the inclusion of inelastic collisions, th
eigenvalue spectrum of the operator should be modified
the occurrence of very large eigenvalues that characterize
time scale for vibrationally inelastic collisions. Semilogarit
mic plots of E(t)/Eth versus time that are not shown he
suggest that the energy relaxation could be fitted to a sum
three exponential terms. It would be of considerable inte
to extract and compare from both the theoretical and exp
mental data, the two or three dominant exponen
terms.20,37 If Eq. ~12! was valid, then there is a simple rela
tionship between KE and pt1.1 given by25
J. Chem. Phys., Vol. 108,
e
f
al
e
tial
e

h

y
he

of
st
ri-
l

pt1.15
2.303

NKE
F11 logS E~0!

E~`!
21D G , ~13!

whereN53.2231016 cm23 is the density at 1 Torr and 30
K.

In Figs. 5 and 6, we show the time variation of the ele
tron energy and density with the inclusion of the attachm
process for CCl4/Ar and CCl4/Ne mixtures, respectively. The
main difference with the behavior without attachment is th
the electron number density decays rapidly and the ave
electron energy attains a steady value above the therma
ergy of the moderators. This is the attachment heating eff
The effect increases with increasing concentration of CCl4 as
shown in Fig. 7 and in Tables I and II.

In Figs. 5~B! and 6~B!, we also show the energy relax
ation rate coefficients, and in Figs. 5~D! and 6~D! the time
dependence of the attachment rate coefficient defined by

K~ t !52
1

n

dn

dt
. ~14!
No. 4, 22 January 1998



1593Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
FIG. 6. Electron relaxation in CCl4/Ne with attachment.~A! Time variation of the average energy for different CCl4 mole fractions equal to~a! 1025, ~b!
331025, ~c! 1024 and ~d! 331024. ~B! Time variation of the energy relaxation coefficient for different CCl4 mole fractions equal to~a! 1024, ~b! 3
31025 and~c! 1025. ~C! Time variation of the number density for different CCl4 mole fractions equal to~a! 331024, ~b! 1024, ~c! 331025 and~d! 1025.
~D! Time variation of the attachment rate coefficient for different CCl4 mole fractions equal to~a! 531024, ~b! 1024, ~c! 531025 and ~d! 1025.
l
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o

FIG. 7. The attachment heating effect for electrons in CCl4/Ar ~dashed
curves! and CCl4/Ne ~solid curves! mixtures.~a! without inelastic collisions,
~b! with inelastic collisions.
J. Chem. Phys., Vol. 108,
The energy relaxation rate coefficients shown in Figs. 5~B!
and 6~B! vary with time, indicative of a multi-exponentia
decay as was the case without attachment. The inclusio
attachment appears to have reduced theKE values by
roughly a factor of 2 in the case of Ar as moderator. T
reduction inKE with Ne as the moderator is somewhat les
The attachment rate coefficients increase rapidly and atta
steady value which is significantly less than the thermal v
ues at 300 K. We calculate the steady electron distribut
functions for different CCl4 concentrations for CCl4/Ar and
CCl4/Ne mixtures. The distributions are presumably stron
perturbed from Maxwellian as seen in theE(`)/Eth values
greater than 1 shown in Fig. 7. This nonequilibrium effe
appears to be somewhat larger for Ar than for Ne, perh
due to the Ramsauer–Townsend minimum in the momen
transfer cross section for Ar.

The main quantity of interest, in particular with the com
parison with experiment, is the relaxation time for the ene
relaxation. Since the relaxation of the average energy~and
the number density! is not a pure exponential, there is n
No. 4, 22 January 1998
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1594 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
unique definition of a relaxation time. It has become custo
ary to define a relaxation time,t1.1, as the time required to
approach within 10% of the steady energy per partic
E(`). The variation of this thermalization time, with an
without attachment, versus CCl4 mole fraction is shown in
Tables I and II. Also shown in the tables is the steady el
tron energy relative to the thermal energy. This illustrates
attachment heating effect with increasing CCl4 concentra-
tion. The results in Table I show that the thermalization tim
decreases rapidly with an increase in the CCl4 concentration.
This is due primarily to the increased energy loss from
brationally inelastic collisions. The electron attachment p
cess increases the relaxation time at all concentrations sh
in Table I. This is consistent with the decrease in theKE

values shown previously in Figs. 4~B! and 5~B!. With in-
creasing CCl4 concentration, the nonequilibrium attachme
heating effect increases strongly as seen from the rapid
crease inE(`)/Eth . The asterisks in the table indicate tha
relaxation time could not be defined owing to a minimum
the time variation ofE(t)/Eth .

The results for Ar as moderator in Table II are similar
some respects and different in others. The relaxation tim
decrease with increasing CCl4 concentration but the inclu
sion of the attachment process decreases the relaxation
for small concentrations and increases the relaxation time
the larger concentrations. It is important to note that the
sults for very small concentrations that are shown in Tabl
were not included in Table I. The determination of the fin
steady electron energy for the smallest concentrations
quires considerable computation and their determinatio
difficult. We did not obtain reliable results for Ar at th
smallest concentrations (XCCl4

'1028), and for Ne only the

relaxation times without attachment could be obtained.
this case, the final energy is the thermal ener
E(`)/Eth51, and the time integrations do not have to
carried out to a steady state. The asterisks in Table II a
indicate that reliable results could not be obtained for
entries at the lowest concentrations. In Fig. 7, the so
curves are for CCl4/Ne and the dashed curves are f
CCl4/Ar. The curves labelled~a! correspond to the heating i
the absence of inelastic collisions whereas the curves
belled ~b! are for the situation with inelastic collisions. Th
effect of the inelastic collisions to cool the gas is clear. T
variation of E(`)/Eth with XCCl4

is not linear except for

perhaps the smallest concentrations.
In Fig. 8, we show the results of calculations oft1.1 for

CCl4/Ne mixtures for very small CCl4 concentrations with-
out the attachment process. Thesept1.1 values are also in-
cluded in Table II. The dots show the results of the calcu
tions at five CCl4 concentrations. The solid line through th
points is a linear fit, the slope of which givest1.1 for CCl4
without attachment. We find from the slope thatpt1.1

51.6831023 ms Torr without attachment. The intercept in
the figure provides the relaxation time for pure Ne and
2994ms Torr, in agreement with the previous result of 29
ms Torr.14 We could not carry out similar calculations wit
attachment for these small concentrations as the determ
J. Chem. Phys., Vol. 108,
-

,

-
e

e

-
-
wn

t
n-

es

es
or
-

II
l
e-
is

n
,

o
e
d

a-

e

-

s

a-

tion of E(`)/Eth>1 is inaccurate and requires very lon
time integrations.

The concentration dependence of the relaxation times
both CCl4/Ar and CCl4/Ne for much larger concentrations
shown in Fig. 9. The curve labelled~a! is with inelastics and
without attachment. The curves labelled~b! include both in-
elastics and attachment. The lower solid curve labelled~c!
does not include inelastic collisions but does include atta
ment. This illustrates the lengthening of the relaxation tim
due to the attachment process at relatively large CCl4 con-
centrations. Notice that for Ar as moderator the curve
belled ~b! lies above the curve labelled~a! at the lowest
concentrations. This shows the decrease in the relaxa
time due to attachment as previously discussed in connec
with the results in Table II.

In Fig. 10, we carry out a calculation of the energy r
laxation rate coefficient assumed independent of time fr
the time variation of the electron density as previously do
by Warman and Sauer25 in the interpretation of their experi
mental results. Their work is based on the power law
proximation of the attachment cross section versus ene
that is,

s~E!5
s0

Es
~15!

for which the equilibrium attachment rate coefficient vari
with temperature as given by

K~T~ t !!5A 2

pm
s0@kT~ t !#2s11/2G~22s!, ~16!

where G(x) is the gamma function. If one sets,E(t)
5 3

2kT(t) andEth5 3
2kTb(0), then this gives the relation be

tween the time dependent attachment rate coefficient and
time dependent average electron energy, that is,

FIG. 8. The variation of 1/pt1.1 versus mole fraction CCl4 in Ne. The solid
symbols are the results of the calculation and the solid line through
points is a linear fit. The line below without symbols is the result witho
inelastic collisions. Note that the mole fraction of CCl4 is extremely small.
No. 4, 22 January 1998
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1595Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
K~ t !

Kth
5FE~ t !

Eth
G2p

, ~17!

wherep5s2 1
2. Equation~16! assumes that the electron v

locity distribution function remains a Maxwellian with
time dependent temperature. This concept was used p
ously by Mozumder16 in his study of electron thermalizatio
and a similar approach was also considered in the treatm
of hot atom reactions.38–41 If Eq. ~17! is combined with Eq.
~12!, we get that

lnF S K~ t !

Kth
D 21/p

21G52KEt. ~18!

Warman and Sauer determined values ofKE from the kinet-
ics of the attachment process and Eq.~18!. We have used the
calculatedn(t) and K(t) data, and extractedKE values by
fitting the results to Eq.~18!. This is shown in Fig. 10~A! and
10~C! for CCl4/Ar and CCl4/Ne mixtures, respectively. We
have chosen to fit the curves between~approximately! the
times for whichn(t)/n(0)50.8 andn(t)/n(0)50.05. The

FIG. 9. The variation of 1/pt1.1 versus mole fraction CCl4. ~a! with inelastic
collisions and without attachment,~b! with inelastic collisions and with
attachment, ~c! without inelastic collisions and with attachment.~A!
CCl4/Ar mixtures,~B! CCl4/Ne mixtures.
J. Chem. Phys., Vol. 108,
vi-

nt

dashed lines in Figs. 10~A! and 10~C! are the linear fits to the
calculatedK(t) curves and the slopes are related to theKE

coefficients as given by Eq.~18!. It is important to empha-
size that Eq.~17! is valid for a power law attachment cros
section, an electron distribution that remains Maxwellian a
time independentKE coefficients. From the results present
here these assumptions are not rigorously valid.

The variation of theKE coefficients with CCl4 concen-
tration determined from the slopes of the fits in Figs. 10~A!
and 10~C! is shown in Figs. 10~B! and 10~D! for CCl4/Ar
and CCl4/Ne mixtures, respectively. The symbols are the
tual results and the lines are the linear fits to the ‘‘da
points.’’ Our analysis is not rigorous and the data points
these figures show some scatter analogous to experim
data. The variation of the energy exchange rate coeffic
with CCl4 concentration is clear. The results indicated
triangles are for the choicep50.726, which is the value use
by Warman and Sauer.25 The results for the circles are th
present choice,p51.38, which corresponds to the power la
fit of the attachment cross section used here. The interc
of the straight lines in Figs. 10~A! and 10~D! coincide rea-
sonably well with theKE values of pure Ar and pure Ne
respectively. The energy relaxation rate coefficient for el
trons in a pure inert gas can be obtained from the Fokk
Planck operator and is given by

KE5
16pN2m

3M2
A2KTb /mE

0

`

exp~2x2!x5sm~x!dx.

~19!

We find thatKE is 0.87310212 cm3 s21 and 0.80310212

cm3 s21 for Ar and Ne, respectively. Warman and Saue25

reported the values of 0.13310212 cm3 s21 and
0.25310212 cm3 s21 whereas Shimamori and Sinagawa26

give the value of~10213– 10214) cm3 s21 for Ar. The experi-
mental results are somewhat below the theoretical estima
The intercepts in Fig. 10~B! give KE values somewha
smaller than that given by Eq.~19!, whereas the intercepts i
Fig. 10~D! for Ne are in reasonable agreement with Eq.~19!.

The slopes of the straight lines giveKE values for CCl4
and these depend on the assumed power law for the att
ment cross section, Eq.~14!. The slopes of the lines for both
Ar and Ne give for pure CCl4 the KE values of 531028

cm3 s21 and 3.831028 cm3 s21 for p50.726 and 1.38, re-
spectively. Shimamori and Sinagawa recently reported
experimental estimate of 1027 cm3 s21 for KE for pure
CCl4, which is about a factor of 2 larger than the estima
from Fig. 10. The exponential decay of the average ene
given by Eq.~12! is not valid if the distribution function is
not Maxwellian. Since the initial distribution is a delta fun
tion and the distribution is far from equilibrium, Eq.~13!
used by Warman and Sauer is not a rigorous relations
betweenpt1.1 andKE .

The electron distribution functions for CCl4/Ar and
XCCl4

51024 are shown for different times in Figs. 11~A!–
11~C!. Figure 11~D! is the steady distribution without attach
ment. The effect of the vibrationally inelastic collisions
clearly evident in these graphs especially at short times.
momentum transfer collisions serve at later times to broa
No. 4, 22 January 1998
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1596 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
FIG. 10. The variation of the attachment rate coefficient versus time and the extraction of energy relaxation rate coefficients.~A! Variation of
ln@(k(t)/kth)

21/p21# versus time for CCl4/Ar mixtures. The dashed lines are linear fits to the calculations. The slopes yield approximate energy relaxat
coefficients analogous to those determined experimentally. The mole fraction of CCl4 are ~a! 1024, ~b! 531025 and ~c! 331025. ~B! The concentration
dependence of the energy relaxation rate coefficients from~A!. The triangles are forp50.726 and the solid dots are forp51.38. ~C! Variation of
ln@(k(t)/kth)

21/p21# versus time for CCl4/Ne mixtures. The dashed lines are linear fits to the calculations. The slopes yield approximate energy relaxa
coefficients analogous to those determined experimentally. The mole fraction of CCl4 are ~a! 1024, ~b! 431025 and ~c! 231025. ~D! The concentration
dependence of the energy relaxation rate coefficients from~C!. The triangles are forp50.726 and the solid dots are forp51.38.
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out the distribution function. At intermediate times (t58 ns!,
the distribution function is peaked at about 0.7 eV and sho
some oscillations caused by the inelastic cross sections.
peak is bigger with attachment@Fig. 11~C!# than without
attachment@Fig. 11~D!#. The effect of the attachment proce
is to remove low energy electrons and create a distribu
function with a pronounced peak at high energies is a
clearly seen in these graphs for the longer time of abou
ns.

V. THE STEADY ELECTRON DISTRIBUTION AT LONG
TIMES

The main interest in this paper is the time scale for
approach of the electron distribution to a steady state as
erned by elastic, the vibrationally inelastic and electron
tachment collisions. The results are summarized in Tabl
and II in terms of thet1.1 relaxation times. In this section, w
J. Chem. Phys., Vol. 108,
s
he

n
o
0

e
v-
t-

I

reconsider the calculations in the recent paper by Kowari
Shizgal24 regarding the establishment of a steady elect
distribution. The conclusions stated in this previous pa
were based on calculations with an incorrect cross section
Fig. 12, thee-CCl4 attachment cross section in the low e
ergy region is shown. The curve labelled~b! is the cross
section used in this paper as discussed in Section III.
curve labelled~a! is the cross section which results from
linear extrapolation of the actual cross section below 0
eV.

Figure 13 shows the time dependence of the aver
electron energy in an CCl4/Armixture with XCCl4

5531026

for both attachment cross sections shown in Fig. 12. Cro
section~b! gives a steady distribution whereas cross-sect
~a! appears not to yield a steady state. We here elaborat
the interpretation of the different behavior obtained w
these two attachment cross sections. In fact, both cross
No. 4, 22 January 1998



1597Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
FIG. 11. Time dependence of the electron distribution function for electons in a CCl4/Ar mixture. XCCl4
51024. ~A! The time is from 0.32 ns to 1.28 ns in

intervals of 0.32 ns.~B! The time is from 1.6 ns to 6.4 ns in intervals of 1.6 ns.~C! The time is from 8 ns to 40 ns in intervals of 8 ns.~D! Same as~C! but
without attachment.
t

FIG. 12. Electron attachment cross section,e-CCl4: ~a! cross section used
by Kowari and Shizgal,~b! cross section used in the present work.
J. Chem. Phys., Vol. 108,
FIG. 13. Time variation of the average energy, CCl4 in Argon with all
collision processes included,XCCl4

5531026. ~a! Results for the attachmen
cross section used by Kowari and Shizgal, Fig. 12~a!. ~b! Results for the
attachment cross section used in the present work, Fig. 12~b!.
No. 4, 22 January 1998
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1598 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
tions give a steady electron distribution; one,~b!, leads to a
high steady state temperature withTsteady.Tb , that is, at-
tachment heating occurs, whereas the other cross section~a!,
leads to a low steady state temperature withTsteady,Tb ,
that is electron cooling occurs.

Since the electron density decays to zero, there is
rigorous steady state. However, previous studies,21–23 which
neglected vibrationally inelastic collisions, demonstrated t
a quasi-steady state can occur associated with the phe
enon of attachment heating. The phenomena of attachm
heating as well as cooling have been discussed at lengt
Ness and Robson,38 Robson39 and by Shizgal.21–23 This is
very similar to the discussions of high and low temperat
steady states in hot atom chemistry.40,41Although the attach-
ment process removes electrons from the system, the e
tron distribution can attain a steady value with a steady
erage energy per electron. The analysis of these pape
based on the solution of the linear Fokker–Planck equa
for the problem.

The electron velocity distribution function can be writte
as a sum of the eigenfunctions of the Fokker–Plan
operator,21–23 L, and is given by

f ~x,t !5(
n

f ne2lntcn~x!, ~20!

where Lcn5lncn , x5AE/kTb is the reduced speed, an
the f n coefficients are determined from the intial distributio
function. The electron number density and the energy
written in the form,

n~ t !5 (
n50

`

ane2lnt, ~21!

Etotal~ t !

Eth
5 (

n50

`

bne2lnt. ~22!

The average energy per electron is then

E~ t !

Eth
5

Etotal~ t !

n~ t !Eth

5
b0e2l0t1b1e2l1t1 . . .

a0e2l0t1 . . .
. ~23!

With the assumption that the electron density decays to z
faster than the energy attains some steady state the long
dependence of the average energy per electron is

E~ t !

Eth
'

b0

a0
1

b1

a0
e2~l12l0!t ~24!

provided that the higher order exponential terms (l02ln)
are all much larger than the lowest one shown in Eq.~23!.

In Fig. 14, we show the time dependence of the aver
electron energy andwithout vibrationally inelastic collisions.
Curves~a! and~b! are for a CCl4/Ne mixture for the attach-
ment cross sections~a! and ~b!, respectively. Cross sectio
~b! gives a steady state characterized by attachment he
whereas cross section~a! gives a low temperature stead
state. Figure 14~A! illustrates for a relatively small CCl4 con-
J. Chem. Phys., Vol. 108,
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centration the attachment cooling effect. Curve~b! in the
figure is for the cross section~b! and attachment heatin
occurs, with the asymptotic steady electron energy given
E(`)/Eth51.69. Curve~a! is for cross section~a! and there
is a low temperature steady state~attachment cooling! such
thatE(`)/Eth50.34. In Fig. 14~B! curve~c! is for a CCl4/Ar
mixture (XCCl4

5231025 and yields a high temperatur
steady state forbothattachment cross sections. At first sigh
one would be inclined to interpret the results as there bein
steady electron distribution for CCl4/Ar for both attachment
cross sections and for CCl4/Ne only for cross section~b!.
However, this interpretation is not correct as there are ste
distributions for all three cases in Fig. 14. The steady val
for the average energy,E(`)/Eth are 5.184 and 0.00359 fo
curves~b! and ~a!, respectively.

Figure 15 shows the change in the average electron
ergy for CCl4/Ne mixtures versus the mole fraction CCl4 for

FIG. 14. Time variation of the average energy, without vibrationally inel
tic collisions.~A! CCl4 in neon,XCCl4

5431027. ~a! Results for the attach-
ment cross section used by Kowari and Shizgal, Fig. 12~a!. ~b! Results for
the attachment cross section used in the present work, Fig. 12~b!. ~B!
XCCl4

5231025; ~a! CCl4 in Neon; results for the attachment cross secti
used by Kowari and Shizgal, Fig. 12~a!. ~b! CCl4 in neon; results for the
attachment cross section used in the present work, Fig. 12~b!. ~c! CCl4 in
argon with both cross sections in Fig. 12.
No. 4, 22 January 1998
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1599Kowari, Leung, and Shizgal: Electron thermalization and electron attachment
both cross sections. For cross section~a! there is clearly a
cooling of the electrons whereas for cross section~b! there is
a heating. Cross section~b! leads to a hot steady state situ
tion or attachment heating, whereas cross section~a! yields a
cold steady state or electron cooling.

The steady distribution is given by the eigenfunction
the Fokker–Planck operator with the lowest eigenval
These eigenfunctions can be interpreted as eigenfunction
a Schro¨dinger equation with a potential function determin
from the Fokker–Planck operator. This potential which d
termines the nature of the spectrum of the operator depe
on the energy dependence of the momentum transfer
attachment cross sections as well as the mass of the iner
moderator. For CCl4/Ar, there is only electron heating fo
both cross sections and we get the same results with e
one. The low energy portion of the attachment cross sec
is not sampled. For CCl4/Ne, it appears that the cross secti
~a! gives a low temperature steady state.

The time dependence of the average electron energy
cross section~a! shown in Fig. 14 depends on the eigenv
ues and the density and energy coefficients,an and bn ,
which are determined by the eigenfunctions. If there is a h
temperature steady state~attachment heating! the lowest
eigenfunction,c0(x), ~the steady distribution! is displaced to
higher energies with increasing CCl4 concentrations. This is
shown in Fig. 16~B! for cross section~b!. On the other hand
if there is a low temperature steady state~attachment cool-
ing! the lowest eigenfunction~the steady distribution! is dis-
placed towards lower energies with increasing CCl4 concen-
trations as shown in Fig. 16~A!. The accompanying densit
and energy coefficients can be small. Several of the hig
eigenfunctions can also be concentrated at lower energ
The time variation of the average energy for Fig 14~B!, curve
~a!, can be interpreted as follows. With increasing CCl4, the
eigenvaluel0 approachesl1, so that after an initial transien
the average electron energy attains a nearly time indepen
value given by the ratio (b01b1)/a0 in Eq. ~24!. The expo-
nential term over this time period from about 0.4ms to al-

FIG. 15. The attachment heating and cooling effects for electrons
CCl4/Ne mixtures without vibrationally inelastic collisions.~a! Results for
the attachment cross section used by Kowari and Shizgal, Fig. 12~a!. ~b!
Results for the attachment cross section used in the present work, Fig. 1~b!.
J. Chem. Phys., Vol. 108,
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most 1.5ms is essentially unity so thatE(t)/Eth55.18, cor-
responding to the plateau value in Fig. 14. However,
times greater than about 1.5ms the exponential decays rap
idly and E(t)/Eth5b0 /a050.00359. In terms of the time
dependent distribution function, one can say that it g
trapped briefly in an unstable high temperature state and
decays into the actual low temperature stable state at
long times.

The preceding discussion is based on the Fokker–Pla
equation without vibrationally inelastic collision terms. Th
Boltzmann equation with inelastic collisions is also line
and a discussion in terms of the eigenvalues and eigenf
tions is possible analogous to the one just presented.
results shown in Fig. 13 for the systems with inelastic co
sions could presumably be interpreted similarly. The abse
of a plateau for curve~a! is presumably due to the influenc
of the inelastic terms in shortening the relaxation time a
hence the difference in the two lowest eigenvalues is m
larger in this case than for the model problem consider

in

FIG. 16. Steady electron distribution functions as the lowest eigenfunc
of the Fokker–Planck operator; CCl4 in neon without vibrationally inelastic
collisions.~A! Results for the attachment cross section used by Kowari
Shizgal, Fig. 12~a!. XCCl4

equal to~a! 0, ~b! 1027, ~c! 231027 and ~d! 4
31027. ~B! Results for the attachment cross section used in the pre
work, Fig. 12~b!. XCCl4

equal to ~a! 0, ~b! 531027, ~c! 1026 and ~d! 5
31026.
No. 4, 22 January 1998
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