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The relaxation of a nonequilibrium distribution of electrons in a mixture of ,G@th either Ar or

Ne is studied. In this paper, electron-GGInd electron-inert gas elastic collisions, vibrationally
inelastic collisions between electrons and £Gs well as the electron attachment reaction with
CCl,, 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. 1898 American Institute of Physics.
[S0021-960827)02546-4

I. INTRODUCTION electrons. The attachment of electrons to electronegative
gases in swarm type experiments is an important process in

The study of the thermalization of electrons in atomic connection with gas discharges, plasma etching, radiation
and molecular moderators is an important field of study an%hemistry and physics.

has a long history. Detailed reviews of the present status of
the field that provide a bibliography of previous works were
presented by Braglfaand by Shizgaét al2 The nature of the
time dependent electron distribution function and averag
properties are important aspects of gas dischatgeéasma
etching? radiation chemistry and physiéshe development
of gaseous insulators and switching deviteise interpreta-

The main objective of this paper is the study of the time
evolution of the electron nonequilibrium distribution func-
tion from some initial distribution under the influence of
%Iastic, and inelastic collisions of electrons with the ambient
gases, and electron attachment to some electronegative gas.
We consider a mixture of either Ar or Ne and GGb that

. . . the collision processes to be considered are elastic electron-
tion of electron swarm experimentgnvironmental concerns . o L .
. 10 : S . inert gas and electron-Cgtollisions, and vibrationally in-
and kinetic process&s1° The main objective is to determine . T
. e . elastic electron-CGl collisions and electron attachment to
the time dependent electron distribution function and the na:
- CCl,. The rate constant for the attachment of electrons to

ture of the steady distribution at long times, given some ini- . .
tial distribution. CCl, is very large. The inert gas moderators were chosen so

The thermalization of energetic electrons in atomic2S © have an example of a gds) with a momentum trans-

and/or molecular moderators proceeds owing to coIIisionge,r Cross section characterized by a Rams:auer—Townsend
between the electrons and the constitutents of the moderatG#inimum and a second moderat@ye) for which the mo-

assumed to be present in large excess. Electron-electron cg€NtUM transfer cross section is nearly constant with energy.
lisions are assumed not to occur and are not included in thi 'S of considerable interest to contrast the relaxation behav-

theoretical analysis. A complete treatment would require thd°" for these different moderators. _
inclusion of elastic and inelastic collisions, and chemically ~ We consider a numerical solution of the time dependent

reactive processes such as ionization and attachment. Rec&ftlizmann equation for the electron energy distribution

papers reported continuing studies of electron thermalizatioftnction and calculate the time variation of the electron num-
in atomic moderatof$~2 in comparison with the earlier Per density and electron average energy. These quantities are

work by Shizgal and co-workefé;'® Mozumdet® and  characterized by time dependent energy relaxation rate coef-
Koura_]-7 There have also been several papers on the therméli_CientS and the attachment rate coefficients. Relaxation times
ization of electrons in molecular moderators such adire calculated in terms of the time required for the electron
CH,,*38SiH,,'° H,% and CH/Ar mixtures!® In addition to ~ energy to reach within 10% of the steady average energy.
these calculations, it is of considerable interest and imporThe steady average energy of the electrons can be above the
tance to consider electron thermalization in electronegativémbient temperature of the moderators because of the effect

gases for which it is important to include the attachment ofof attachment heating. This effect was discussed in the pre-
vious papers by Shizgd? except that in these works in-

i, ) __elastic collisions were neglected.
3Mailing address: c/o Dr. M. Matsuzawa, Department of Applied Physics . 9 .
and Chemistry, The University of Electro-Communications, 1-5-1 Chofu- The previous works by Sh|ZgaI showed that there can be

ga-oka, Chofu-shi, Tokyo 182, Japan. a steady state distribution even though electron attachment
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involves a loss of electrons and a steady state would not be f
expected to occur. The basis for this theoretical work was the ¢ =J(f)
Fokker—Planck equation for elastic electron inert gas colli-
sions _and a term due to elec_tron_attachment. However, if = Joi(F)+Jin(F)+ 35(F), (1)
there is a separation of relaxation times such that the energy
thermalization occurs on a much faster time scale than atwheref="f(v,t). In Eq. (1), J.(f) andJ;,(f) are the elastic
tachment, then there can be a pseudo-steady distribution. Tlaad inelastic collision operators, respectively, ahdf) is
energy per particle attains a limiting value with the electronthe electron-attachment collision operator. Equatidnhno
energy and the electron number density varying slowing witHonger conserves the number of electrons because of electron
time on the time scale of the attachment process. In a receattachment. We denote the mass of an electromiand that
paper, Kowari and Shizglextended this previous work to of a molecule byM. For the small mass ratio/M, the
include vibrationally inelastic collisions as well. The main elastic collision operator is very well approximated by the
thrust of this previous paper was with regard to the existenclifferential Fokker—Planck operafdr'®
of a steady distribution in the presence of the attachment )
process and a loss of electrons. However, the low energy mN, J
portion of the attachment cross section used in this previous “Yel™ 7241 M 2 9
paper, the portion below 0.10 eV, does not coincide with the Y
actual cross section for the system studied. The calculationghere N, is the number density of moderategs, k is the
are repeated in this paper for the correct cross section and tfBvltzmann constant is the temperature of the moderator,
results are reinterpreted. is the speed of an electron, and,(v) is the momentum
Warman and Sautreported an experimental technique transfer cross section for collisions of electrons with modera-
to determine the energy relaxation rate coefficients and theor . We takey=1 for CCl, andy=2 for either Ar or Ne.
relaxation times in pure inert gases and other moderators by  The inelastic collision operator can be written as the sum
following the reaction kinetics of electron attachment toover all the inelastic processes involved and can be cast in
CCl,. In this paper, we study the validity of the analysis usedthe form of a difference operator. The derivation of the in-
by Warman and Sauer to extract relaxation times from thelastic collision operator is given in the Appendix of Ref. 18.
electron kinetics associated with attachment. We comparg total inelastic cross sectiom;;(v) is given for an inelastic
the relaxation times extracted from the electron kinetics withprocess between molecular stateand j. Then the inelastic
those determined directly from the relaxation of the averageollision operator is given as
energy. We also compare with the very recent measurements
by Shimamori and Sunagav. v'2
The formalism of the present paper follows the earlier  Jin=N1 2, | ni— i )f(v") = Moy (0)f(0) |, ()
papers on electron relaxation with the inclusion of vibra- " v

tionally inelastic collisions but without electron \herey’'= 02— 2€./m 2€;/m, and €;;=¢;— ¢ is the excitation
attachment~** and the recent papérthat also includes energy transfer for internal molecular staiesnd j. The
electron attachment. In Section Il, the Boltzmann equationyg|jision is inelastic ife;; >0 andj>i, and it is super elastic
for the electron energy distribution function is considered, €;<0 andj<i. The population density of the molecular
and the numerical solution is discussed. The results and thedate is denoted by, andS;n;=1.

discussion is presented in Section Ill. A reinterpretation of  The electron attachment collision operator Jg=

flv), @

v40'7(v)

d
1)
v v

the work by Kowari and Shizg& with regard to the exis- _ N ¢, (1)f(v). where the electron attachment cross sec-
tence of a steady electron distribution is presented in Sectiofgn for electron attachment to CLls a,4(v). The Boltz-
V. mann equation for the study of the relaxation of electrons is
then,
Il. THE BOLTZMANN EQUATION 2
of . mNy 4 b 0
The theoretical method employed here follows closely 3 = 21 M o2 0|” o, (v)| 1+ m—vgﬂf(v)
that used previousl$#~2° which is based on the Boltzmann 7 e
equation with collision terms for elastic and vibrationally v'2
inelastic collisions. The changes from this previous work due +Ny Y, {ni — o)) - niUij(U)f(U)]
to the inclusion of the attachment to the molecular gas were b v
discussed by Kowari and Shizg4lBecause there is no elec- —Nyvoa(v)f(v). (4)

tric field applied to the system, it is reasonable to consider
only the isotropic portion of the electron distribution func- In radiation physics and chemistry, it is customary to use an
tion. We also assume that the electron distribution function ienergy-dependent  densityp(e,t)=2m(2/m)%?/ef (v,t),
spatially homogeneous. wheree= mv?/2 and the track-length distributiofr incre-

We write the Boltzmann equation with the collision term mental degradation spectryinz(e,t)=vp(e,t). With the
which explicitly includes electron attachment as well as elasdefinitions ofp(e€,t) andz(e,t) in Eq. (4), we can obtain the
tic and inelastic collisions, as given by expression for the time evolution afe,t), that is,
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iaz(et):2 2N,m ¢ [eay(e)z(et) 1000
z(€,t) 100
+ €2 UV(E)kao" c ]

10

om (B)

+N1Y, [mayj(e)z(€',t)
1)

—njoij(e)z(e,t) ] =Nioa(€)z(e,t), (5 ol

HLLRLLL B ELLLL B R 1L B AL I Rl
vl v v vvd vl il

wheree' =3y’ ?=€+ €j -
We consider the relaxation of electrons in a gas due to 0.01 el vl vl il

elastic and inelastic collisions. The inelastic collisions that 0.001 001 01 1 10

may be important in the low energy regime are rotational and V)

vibrational collisions. The present calculations do not explic-FIG. 1. Energy dependence of momentum transfer cross sectig(E) is

itly involve rotationally inelastic collision processes becausen units of 10 ' cn?. () CCl,, (b) neon and() argon.

rotational excitation of such a highly symmetric molecule is

expected to be small. The cross section for vibrational exci-

tation from a vibrational stat&/ to V' in the vibrational

modev is denoted byrY"" and the energy transfer """ . E(t)= Etotal )
The population density of the vibrational statein the vi- ne)
brational modev is denoted by1\,f. It is necessary to replace
the summatior; ;=%;3; with an explicit reference to the Ill. CROSS SECTION DATA SET
vibrational states, so that2;=%,2\Zy/.

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

respectively. The average electron energy per electron is then

The momentum transfer cross sections for elastic colli-
sions with either Ar, Ne or CGlare shown in Fig. 1. The
momentum transfer cross section for Ar used in the present
calculations is constructed as follows. We obtain the data

1 9z(et) below 1 eV by using the modified effective range theory
I =J(2)+ d(e—€g) O(1) (MERT) procedure given by Haddad and O’MallgyWe
calculate the MERT procedure for the energy range of 0 eV
oNmll s and 0.32 eV with the MERT parametéfor the upper limit
= 2 MV a—eoy( €)z of 0.5 eV and for the energy range of 0.32 eV and 1 eV with
=1 My € that for the upper limit of 1 eV. We use Table | of Ref. 28

between 1 eV and 4 eV and Table Il of Ref. 29 above 4 eV.

Jd
+ —(€%0.(€))kT —
56( y( )) bﬁ
5 TABLE I. Electron relaxation times imus Torr.
te O'y(E)ka?(z) ] Xcal, pris P E()/En
1.0-7) 5091 5416 1.445
Vv vV/ vV/ 3.0—7) 2942 4219 1.741
+Ny 2 ; n,,EI o, (ete,”)z(e 5.0—7) 2171 3141 1.982
v 1.0(—6) 1404 1769 2.344
3.0—6) 683.5 812.7 2.735
vV’ \% \AYA —
+eWV - n oV (e)z(e,t) 5.0(—6) 481.4 572.6 2.903
Y Ep 2 V% v (9 8.0(—6) 343.6 416.7 3.055
1.0(-5) 291.1 354.5 3.127
—Nyoa(€)z(€,t)+ 8(e— €0) (1). (6) 2.0-5) 169.1 220.5 3.357
3.0-5) 120.6 164.6 3.495
In Eq. (6), the delta functions on the right-hand side show 4.0-5 94.37 133.3 3.597
explicitly the initial electron distribution as a delta function ~ >9~9 77.48 112.2 3.683
t energyey. The electron number density and energy are 8.00-5) 66.01 96.29 3.760
al gyeo. Yy ay 7.00-5) 57.44 84.03 3.827
given by 8.0(—5) 50.84 73.49 3.896
1.0(—4) 41.30 59.33 3.982
_ 3.0—4) 14.52 4.830
n(t)_ J’ f(v,t)dV, (7) 5.q_4) 8.90 5.219
1.0-3) 459 5.829
mu?
E I(t):J f(v t) dv (8) aCCl, in Ar without attachment.
tota 2 ’ BCCl, in Ar with attachmentpr, ;=5570 us Torr for pure Ar; Ref. 14,
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TABLE II. Electron relaxation times ius Torr. 1,000 T T —T
Xca, pris prLs’ E(=)/En 100 =
1.0-8) 2944 7
3.0-8) 2842 10 E
5.0-8) 2748 ]
6.0(—8) 2704 1.087 & E
8.0(—8) 2620 2339 1.104 ~ 1 3
1.0-7) 2543 2083 1.134 © =5
2.0-7) 2224 1802 1.200 0.1 3
3.0=7) 1988 1583 1.270 ’ ~
4.0-7) 1804 1311 1.323
6.0(—7) 1537 1035 1411 0.01 -
8.0(—7) 1349 873.6 1.476 %
1.0(-6) 1209 769.2 1.526 . L , ]
3.0-6) 638.1 4482 1.812 0.001 5 4 p s 10
1.0-5) 271.0 248.2 2.187 E (eV)
3.0(-5) 112.8 126.9 2.762
1.0-4) 39.67 52.44 3.475 FIG. 3. The solid line is the energy dependence of the electrop-&@ich-
3.0-4) 14.30 13.12 4.502 ment cross section. The dashed line is the approximate power law cross

: . section given byr,(E)=0.517& 188 with E in eV ando, in 10716 cn?.
&CCl, in Ne without attachment.

bCCl, in Ne with attachmentpr; ;=2960 us Torr for pure Ne; Ref. 14.

cend, we take account of the transitions from upMe- 3, 8,
The momentum transfer cross section of Ne is taken fron2, and 5 forvl—v4, respectively; all wittAV=1. In order to
O’'Malley and Cromptori® and the one for CGlis from  take account of these transitions, we need cross sections from
Hayash! The cross section for Ar and CCare character-  vibrationally excited states to the upper states of those states
ized by Ramsauer—Townsend minima whereas the one fan each vibrational mode. However, available cross sections
Ne is not. on vibrationally inelastic collisions for both modes are those
CCl, belongs toTy symmetry and has nine normal for V=0— 1, and the scaling laws Ref. 32 to construct vibra-
modes of which only four, denoted byl—v4, are distin- tionally inelastic cross sections for vibrationally excited
guishable because of degeneracy. The excitation energiggates are not applicable to the present case. Therefore, we
from the vibrational ground state to the first excited vibra-assume the cross sections with the transition fidro V
tional state for each mode are 0.0569 eV, 0.0269 eV, 0.0962 1 whereV=1 for the four normal modes are the same as
eV, and 0.0389 eV, respectivel§.The four vibrationally  those fromVV=0 to 1. The cross sections with the transitions
inelastic cross sections characterized by these threshold efitom V+1 to V for the four normal modes are obtained
ergies are shown in Fig. 2. Because the population densitiagsing the relation for microscopic reversibilityg;; (€)= (e
of some of the highly excited vibrational states in each nor—¢;;) o (e—¢;;).
mal mode are not negligibldor examplen®, is 9.8 percent, We use Hayashi's electron attachment cross setitfon
ny, is 22.8 percentn’s is 2.4 percent and’, is 17.3 per- electron attachment to C£IHayashi's electron attachment
cross section is consistent with that of Chutjian and
Alajajian’® at low energies and we use the analytical expres-
e sion of Chutjian and Alajajian

100 & E
F 1 4 0.117 e \? . p( €
1ok | o(€)=345 — e ~| 5008 | "M " 005
O F ] (10)
a i ]
2 1F E below 0.1 eV2® The thermal attachment rate coefficient at
€ 3 300 K given byK;,=2.94x10 7 cm® s ! is in excellent
- T accord with the value of 2.9610 7 cm® s~ ! at 296 K re-
0.1¢ E ported by Blaustein and Christophofdand in good agree-
- 3 ment with the value of 3.810 ' cm® s ! at (298+3 K) by
0.01 Shimamori and Sinagawd.The attachment cross section is
SN T Y BT shown in Fig. 3. The dashed curve in the figure is the power
0.01 0.1 1 10 law fit to the high energy portion of the attachment cross
E (eV) section. In the previous pape¥s;>*the analytic expression

. . . l
FIG. 2. Energy dependence of the four vibrationally inelastic cross seu:tionlsn EQ. (10) was mcorreCtly reported with power af as 2

1 . . . .
for electron-CGJ collisions. The threshold energies are 0.0269, 0.0389,father than as-3. In the first two papers cited, this was just
0.0569 and 0.0962 eV, respectively. a typographical error and the calculations were reported for
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E(t)/ By,
E(t) / By,

0 1 ] 1 I 1 ] 1 | 1
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t (ns)

Kg® (10" 2ems7])
Kg(®) (10" Zem3s7])

0 1 I 1 ' 1 I 1 I 1 I 1 O 1 l JE— 4L 1 I —_ I PR
0 30 60 90 120 150 180 0 50 100 150 200 250
t (ns) t (ns)

FIG. 4. Electron relaxation in C@IAr and CC},/Ne mixtures without attachmer{f\) Time variation of the average energy in GR@ir for different CCl, mole
fractions equal tqa) 3X 1074, (b) 1074, (c) 5% 1075, (d) 3x 10 ° and(e) 10" °. (B) Time variation of the energy relaxation rate coefficient in Z& for
different CC}, mole fractions equal téa) 10~ 4, (b) 5x 10™° and(c) 3X 10~ 5. (C) Time variation of the average energy in GBle for different CC| mole
fractions equal tga) 1074, (b) 6x 10°°, (c) 3x107° and(d) 10" °. (D) Time variation of the energy relaxation rate coefficient in Zi¢ for different CCJ
mole fractions equal téa) 1074, (b) 6x 1075, (c) 3X107° and(d) 107 5.

the correct c;oss.section- In the most recent work by Kowarturves are for different CgImole fractions. The electron
and Shizgaf? a different attachment cross section was usettnergy decreases with time and attains the average energy

as discussed in detail in Section V. En= kT, which for a moderator temperature at 300 K is
0.0388 eV, so thaE(0)/E;,=25.79. Figure B) and 4D)
IV. CALCULATIONS AND RESULTS show the time variation of the energy relaxation rate coeffi-

cient defined by,
The Boltzmann equation for the specified cross sections

is solved with a finite difference technique for both energy
and time as discussed in previous papgérSThe initial dis- Ke(t)=—
tribution function is a delta function at 1.0 eV. We use a

te_mperature of 300 K for the background Jases4 S The behavior of the electron energy relaxation with Ar or Ne
either Ar or Ne and the total number density is 268" . S .
as moderators is similar. The rapid increase in the rate of

_3 . . . .
cm °. At each time step we solve the finite difference equa- . . ..
. . P . q energy relaxation with the addition of CCis due to the
tion with the successive over-relaxation mettibd.

In theoretical calculations, unlike in the experiments, it|nclu3|on of the vibrationally inelastic collisions. K¢ in Eq.

. ) L . . (11) is assumed to be constant, the integration of @4)
is possible to study the effect of the omission or inclusion of . .

: . . eads to an exponential decay of the average energy, that is,
different cross sections to understand the role of differen

processes. In Fig. 4, we show the relaxation of the electron
energy in CGJ/Ar [Fig. 4A)] and CC}/Ne [Fig. 4C)] in the (E(t) _ E(W)) _ ( E(0) E(“))em 12
absence of the electron attachment process. The different

“1d E(1)

E(t)
dt Ey -

E (11

Etn Ein Ein Ein
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n(t) / n(0)

E(t) /By,

0.5 T T T T T I T T T

K(t) /Ky

Kg(t) (10 2em3s7])

0 30 60 90 120 150 180
t (ns) t(ns)

FIG. 5. Electron relaxation in C@Ar with attachment(A) Time variation of the average energy for different ¢@&lole fractions equal téa) 1.5x 1073,
(b) 1073, (c) 5% 1074, (d) 3x 10 * and(e) 10~ 4. (B) Time variation of the energy relaxation coefficient for different C@ble fractions equal téa) 10™4,
(b) 3X107% and(c) 5x 10°°. (C) Time variation of the number density for different G®hole fractions equal téa) 1.5x 1073, (b) 1073, (c) 5x 1074, (d)
3%x10 % and(e) 10~*. (D) Time variation of the attachment rate coefficient for different £@ble fractions equal t¢a) 103, (b) 5x 1074, (c) 3x 104,
(d) 107* and(e) 5x 1075,

E(*)/E;,=1 with attachment heating as discussed later. The pT“:N_KE E(=) : (13

time variation of the energy rate coefficients is indicative of

the fact that the energy relaxation is not a pure exponentiavhereN=3.22x 10'® cm™2 is the density at 1 Torr and 300
decay. This is anticipated since for this linear problem, thex,

time dependence can be expressed as a sum of exponential In Figs. 5 and 6, we show the time variation of the elec-
terms with each term characterized by an eigenvalue of thgon energy and density with the inclusion of the attachment
collision operator. This was the approach adopted withprocess for CGVAr and CC)/Ne mixtures, respectively. The
analysis that did not include the vibrationally inelastic main difference with the behavior without attachment is that
collisions?~#3With the inclusion of inelastic collisions, the the electron number density decays rapidly and the average
eigenvalue spectrum of the operator should be modified bglectron energy attains a steady value above the thermal en-
the occurrence of very large eigenvalues that characterize thergy of the moderators. This is the attachment heating effect.
time scale for vibrationally inelastic collisions. Semilogarith- The effect increases with increasing concentration of,G&lI

mic plots of E(t)/E,, versus time that are not shown here shown in Fig. 7 and in Tables | and II.

suggest that the energy relaxation could be fitted to a sum of In Figs. §B) and &B), we also show the energy relax-
three exponential terms. It would be of considerable interesation rate coefficients, and in Figs(( and &D) the time

to extract and compare from both the theoretical and experidependence of the attachment rate coefficient defined by
mental data, the two or three dominant exponential

terms?%37 If Eq. (12) was valid, then there is a simple rela- _1dn

. : ! 5 Kt)y=——= =7 (14
tionship between K and pry ; given by

where E(«)/E;,=1 if there is no attachment, and 2.30 E(0)
1+log -1

n dt’
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E(t)/E

Kg(t) (101 2em3sT)

0 30 60 90 120 150
t (ns)

1.0

0.8

0.6

n(t) / n(0)

0.4

0.2

0.0

120 150

K®)/K g

o 30 60 90 120 150
t (ns)

FIG. 6. Electron relaxation in C@Ne with attachment(A) Time variation of the average energy for different ¢@lole fractions equal t¢a) 1075, (b)
3%x1075, (c) 107* and (d) 3x1074. (B) Time variation of the energy relaxation coefficient for different C@lole fractions equal tda) 10™%, (b) 3
X 1075 and(c) 1075. (C) Time variation of the number density for different G®hole fractions equal téa) 3x 1074, (b) 1074, (c) 3x107° and(d) 10 5.
(D) Time variation of the attachment rate coefficient for different O@ble fractions equal téa) 5x 1074, (b) 104, (c) 5x107° and(d) 107°.

E(w) / By

0.0 0.2 0.4 0.6 0.8 1.0
4
XCC14(10 )

FIG. 7. The attachment heating effect for electrons in /¢l (dashed

curves and CC}/Ne (solid curve$ mixtures.(a) without inelastic collisions,
(b) with inelastic collisions.

The energy relaxation rate coefficients shown in Fig8)5
and GB) vary with time, indicative of a multi-exponential
decay as was the case without attachment. The inclusion of
attachment appears to have reduced #e values by
roughly a factor of 2 in the case of Ar as moderator. The
reduction inKg with Ne as the moderator is somewhat less.
The attachment rate coefficients increase rapidly and attain a
steady value which is significantly less than the thermal val-
ues at 300 K. We calculate the steady electron distribution
functions for different CGJ concentrations for CGIAr and
CCl,/Ne mixtures. The distributions are presumably strongly
perturbed from Maxwellian as seen in tB€«)/E,, values
greater than 1 shown in Fig. 7. This nonequilibrium effect
appears to be somewhat larger for Ar than for Ne, perhaps
due to the Ramsauer—Townsend minimum in the momentum
transfer cross section for Ar.

The main quantity of interest, in particular with the com-
parison with experiment, is the relaxation time for the energy
relaxation. Since the relaxation of the average endemg
the number densilyis not a pure exponential, there is no
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unique definition of a relaxation time. It has become custom- 04— 1 T
ary to define a relaxation timey ;, as the time required to

approach within 10% of the steady energy per particle,

E(«). The variation of this thermalization time, with and 0.38

without attachment, versus GCmole fraction is shown in ”,E
Tables | and II. Also shown in the tables is the steady elec- g
tron energy relative to the thermal energy. This illustrates the 2 036
attachment heating effect with increasing ¢@bncentra- e
tion. The results in Table | show that the thermalization time §~

decreases rapidly with an increase in the QS&incentration. 0.34
This is due primarily to the increased energy loss from vi-
brationally inelastic collisions. The electron attachment pro-

cess increases the relaxation time at all concentrations shown 0.32 S R R I N
in Table I. This is consistent with the decrease in ke 0.0 0.2 04 06 0.8 1.0
values shown previously in Figs(B) and §B). With in- XCCI4(10‘7)

creasing CCl concentration, the nonequilibrium attachment
heating effect increases Strong|y as seen from the rapid ”'F_lG 8. The variation of yTl.l Versus mo'Ie fraction C(;Iin' Ne:. The solid
crease IE(=)/Eyy The astrisk i the table ndicate hat a J7°0% & ' et of e selclon nd e sl e o v
relaxation time could not be defined owing to a miNiMum iNjnejastic collisions. Note that the mole fraction of G@& extremely small.
the time variation ofE(t)/Ey, .

The results for Ar as moderator in Table Il are similar in
some respects and different in others. The relaxation times o )
decrease with increasing GCtoncentration but the inclu- 10N Of E(*)/E,=1 is inaccurate and requires very long
sion of the attachment process decreases the relaxation imi&€ Integrations. o
for small concentrations and increases the relaxation time for 1€ concentration dependence of the relaxation times for
the larger concentrations. It is important to note that the rePth CCh/Ar and CCl/Ne for much larger concentrations is

sults for very small concentrations that are shown in Table ”shcr)lwn n FlghQ. The_ﬁ:"rve Iabe”f(%) IIT W'Fh 'Inzlastt)'csha_md
were not included in Table I. The determination of the final'V/th0ut attachment. The curves labe &) include both in-

steady electron energy for the smallest concentrations ree_lastlcs and attachment. The lower solid curve labefigd

quires considerable computation and their determination igioes not include inelastic collisions but does include attach-
difficult. We did not obtain reliable results for Ar at the ment. This illustrates the lengthening of the relaxation time

. .8 due to the attachment process at relatively large,Q@0h-
smalle§t co'ncentra.tlonsxec,“ 1077), and for Ne °”'¥ the centrations. Notice that for Ar as moderator the curve la-
relaxation times without attachment could be obtained.

k ) ) INelled (b) lies above the curve labelle@) at the lowest
this case, the final energy is the thermal energyqqncentrations. This shows the decrease in the relaxation

E(=)/Ew=1, and the time integrations do not have 10 be(ime gye to attachment as previously discussed in connection
carried out to a steady state. The asterisks in Table Il alsgiiy the results in Table 1.

indicate that reliable results could not be obtained for the |, Fig. 10, we carry out a calculation of the energy re-

entries at the lowest concentrations. In Fig. 7, the solidayation rate coefficient assumed independent of time from
curves are for CGINe and the dashed curves are forihe time variation of the electron density as previously done
CCly/Ar. The curves labelledg) correspond to the heating in py Warman and Sau®rin the interpretation of their experi-

the absence of inelastic collisions whereas the curves lanental results. Their work is based on the power law ap-

belled (b) are for the situation with inelastic collisions. The proximation of the attachment cross section versus energy,
effect of the inelastic collisions to cool the gas is clear. Thethat js,

variation of E(«)/E,, with Xy, is not linear except for

perhaps the smallest concentrations. o9

In Fig. 8, we show the results of calculationsaf; for o(E)= = (15)
CCl,/Ne mixtures for very small C¢lconcentrations with-
out the attachment process. Thesa ; values are also in-  for which the equilibrium attachment rate coefficient varies
cluded in Table II. The dots show the results of the calculawith temperature as given by
tions at five CC) concentrations. The solid line through the
points is a linear fit, the slope of which gives 4 for CCl, [ 2 Cer1p2
without attachment. We find from the slope thpt; K(T(t)= ﬁ"o[kT(t)] I'(2-s), (16)
=1.68<10 2 us Torr without attachmentThe intercept in
the figure provides the relaxation time for pure Ne and iswhere I'(x) is the gamma function. If one set&(t)
2994 us Torr, in agreement with the previous result of 2960= 3k T(t) and E,,= 3k T,,(0), then this gives the relation be-
us Torrl* We could not carry out similar calculations with tween the time dependent attachment rate coefficient and the
attachment for these small concentrations as the determinéime dependent average electron energy, that is,
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FIG. 9. The variation of r, ; versus mole fraction CGl(a) with inelastic
collisions and without attachmentb) with inelastic collisions and with
attachment, (c) without inelastic collisions and with attachment?)
CCl,/Ar mixtures, (B) CCl,/Ne mixtures.

K®) _
Kin

(t)r’

Ex (17

dashed lines in Figs. 18) and 1@C) are the linear fits to the
calculatedK (t) curves and the slopes are related to lhe
coefficients as given by Eq18). It is important to empha-
size that Eq(17) is valid for a power law attachment cross
section, an electron distribution that remains Maxwellian and
time independerk ¢ coefficients. From the results presented
here these assumptions are not rigorously valid.

The variation of theKg coefficients with CCJ concen-
tration determined from the slopes of the fits in Figs(A)0
and 1QC) is shown in Figs. 1) and 1@D) for CCl,/Ar
and CCJ}/Ne mixtures, respectively. The symbols are the ac-
tual results and the lines are the linear fits to the “data
points.” Our analysis is not rigorous and the data points in
these figures show some scatter analogous to experimental
data. The variation of the energy exchange rate coefficient
with CCl, concentration is clear. The results indicated by
triangles are for the choige=0.726, which is the value used
by Warman and Saué?.The results for the circles are the
present choicgy=1.38, which corresponds to the power law
fit of the attachment cross section used here. The intercepts
of the straight lines in Figs. 18) and 1@D) coincide rea-
sonably well with theKg values of pure Ar and pure Ne,
respectively. The energy relaxation rate coefficient for elec-
trons in a pure inert gas can be obtained from the Fokker—
Planck operator and is given by

167TN2

Kg= \/2KTb/mf exp(—x?)x3op(X)dx.
(19

We find thatKg is 0.87x10 2 cm® s ! and 0.80x 10 12
cm® s™! for Ar and Ne, respectively. Warman and Sé&ter
reported the values of 0.X10 2 cm*s ! and
0.25x 10 *2 cm® s~ ! whereas Shimamori and Sinaga&Wa
give the value of10- *~10 %) cm® s ! for Ar. The experi-
mental results are somewhat below the theoretical estimates.
The intercepts in Fig. 18) give K¢ values somewhat
smaller than that given by EL9), whereas the intercepts in
Fig. 10D) for Ne are in reasonable agreement with Edg).

The slopes of the straight lines gi¥a: values for CC)
and these depend on the assumed power law for the attach-
ment cross section, E¢l4). The slopes of the lines for both

wherep=s— 1. Equation(16) assumes that the electron ve- Ar and Ne give for pure CGlthe K¢ values of 5<10°8
locity distribution function remains a Maxwellian with a cm® s~ ! and 3.8<10 8 cn® ™1 for p=0.726 and 1.38, re-
time dependent temperature. This concept was used prewpectively. Shimamori and Sinagawa recently reported the
ously by Mozumdéf in his study of electron thermalization experimental estimate of 16 cm® s for K¢ for pure
and a similar approach was also considered in the treatme®@Cl,, which is about a factor of 2 larger than the estimates

of hot atom reaction¥€~*! If Eq. (17) is combined with Eq.
(12), we get that

—1/p
K(t)) —1}=—KEL (18)

In
Kin

Warman and Sauer determined valueKaffrom the kinet-
ics of the attachment process and E). We have used the
calculatedn(t) and K(t) data, and extractel g values by
fitting the results to Eq18). This is shown in Fig. 13\) and
10(C) for CCl,/Ar and CCJ/Ne mixtures, respectively. We
have chosen to fit the curves betwe@pproximately the
times for whichn(t)/n(0)=0.8 andn(t)/n(0)=0.05. The

from Fig. 10. The exponential decay of the average energy
given by Eq.(12) is not valid if the distribution function is
not Maxwellian. Since the initial distribution is a delta func-
tion and the distribution is far from equilibrium, E@13)
used by Warman and Sauer is not a rigorous relationship
betweenpr; ; andKg.

The electron distribution functions for C{ZAr and
XCC,4=10‘4 are shown for different times in Figs. (&)—
11(C). Figure 11D) is the steady distribution without attach-
ment. The effect of the vibrationally inelastic collisions is
clearly evident in these graphs especially at short times. The
momentum transfer collisions serve at later times to broaden
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FIG. 10. The variation of the attachment rate coefficient versus time and the extraction of energy relaxation rate coeffigievidsiation of
In[(k(t)/ky)~P— 1] versus time for CGIAr mixtures. The dashed lines are linear fits to the calculations. The slopes yield approximate energy relaxation rate
coefficients analogous to those determined experimentally. The mole fraction pfa@Qk) 104, (b) 5x107° and(c) 3X107°. (B) The concentration
dependence of the energy relaxation rate coefficients ftdm The triangles are fop=0.726 and the solid dots are f@r=1.38. (C) Variation of
In[(k(t)/ky)~P— 1] versus time for CGINe mixtures. The dashed lines are linear fits to the calculations. The slopes yield approximate energy relaxation rate
coefficients analogous to those determined experimentally. The mole fraction gfa@Qh) 10 4, (b) 4X 10 ° and(c) 2x 10 °. (D) The concentration
dependence of the energy relaxation rate coefficients f@mThe triangles are fop=0.726 and the solid dots are fpre=1.38.

out the distribution function. At intermediate times<8 ns, reconsider the calculations in the recent paper by Kowari and
the distribution function is peaked at about 0.7 eV and showshizgaf* regarding the establishment of a steady electron
some oscillations caused by the inelastic cross sections. Thiistribution. The conclusions stated in this previous paper
peak is bigger with attachmenfig. 11(C)] than without were based on calculations with an incorrect cross section. In
attachmenfFig. 11D)]. The effect of the attachment process Fig. 12, thee-CCl, attachment cross section in the low en-
is to remove low energy electrons and create a distributior@;rgy region is shown. The curve labell¢b) is the cross
function with a pronounced peak at high energies is als@ection used in this paper as discussed in Section Ill. The
clearly seen in these graphs for the longer time of about 4Qe |abelled(a) is the cross section which results from a
ns. linear extrapolation of the actual cross section below 0.10
ev.
V. THE STEADY ELECTRON DISTRIBUTION AT LONG Figure 13 shows the time dependence of the average
TIMES electron energy in an C@Armixture with Xge;, =5x107°

The main interest in this paper is the time scale for thefor both attachment cross sections shown in Fig. 12. Cross-
approach of the electron distribution to a steady state as gowection(b) gives a steady distribution whereas cross-section
erned by elastic, the vibrationally inelastic and electron at{a) appears not to yield a steady state. We here elaborate on
tachment collisions. The results are summarized in Tablesthe interpretation of the different behavior obtained with
and Il in terms of ther, ; relaxation times. In this section, we these two attachment cross sections. In fact, both cross sec-
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FIG. 11. Time dependence of the electron distribution function for electons in dAZ@hixture. XCC|4=1O’4. (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 (G) The time is from 8 ns to 40 ns in intervals of 8 11B) Same agC) but
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FIG. 12. Electron attachment cross sectierCCl,: (a) cross section used
by Kowari and Shizgal(b) cross section used in the present work.
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FIG. 13. Time variation of the average energy, €@ Argon with all
collision processes incIudeHCC|4: 5% 1078, (a) Results for the attachment
cross section used by Kowari and Shizgal, Fig(al2(b) Results for the
attachment cross section used in the present work, Figp).12
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tions give a steady electron distribution; o), leads to a
high steady state temperature Willgieaqy> Ty, that is, at-
tachment heating occurs, whereas the other cross se@jon,
leads to a low steady state temperature Withe,qy<Tp,
that is electron cooling occurs.

Since the electron density decays to zero, there is no
rigorous steady state. However, previous stuéfe® which
neglected vibrationally inelastic collisions, demonstrated that
a quasi-steady state can occur associated with the phenom-
enon of attachment heating. The phenomena of attachment
heating as well as cooling have been discussed at length by
Ness and Robsofif, Robsori® and by Shizgaf'=23 This is
very similar to the discussions of high and low temperature
steady states in hot atom chemist?y'! Although the attach- o
ment process removes electrons from the system, the elec- t (us)
tron distribution can attain a steady value with a steady av-
erage energy per electron. The analysis of these papers is L R L
based on the solution of the linear Fokker—Planck equation 16 B
for the problem.

The electron velocity distribution function can be written i
as a sum of the eigenfunctions of the Fokker—Planck 12 ]

E(t)/ By

operato!=23L, and is given by = -
= c -
_ s 8 4
fx =2 foe lin(x), (20 a
n L .
where L, =\,¢,, Xx=+E/KT, is the reduced speed, and a4l b ]
the f,, coefficients are determined from the intial distribution ]
function. The electron number density and the energy are i a .
written in the form, 0 — L. L
0 1 2 3 4
o t(us)
(=2 ae ™, (29
n=0 FIG. 14. Time variation of the average energy, without vibrationally inelas-
E (t) * tic collisions.(A) CCl, in neon,X¢c;, = 4% 1077. (a) Results for the attach-
“total?/ _ E b.e Mnt, (22) ment cross section used by Kowari and Shizgal, Figa)l2Zb) Results for
Ein —0 n the attachment cross section used in the present work, Fidp).1@B)
. ch|4=2><10‘5; (a) CCl, in Neon; results for the attachment cross section
The average energy per electron is then used by Kowari and Shizgal, Fig. . (b) CCl, in neon; results for the
E(t E t attachment cross section used in the present work, Fidn).1&) CCl, in
M _ totai(t) argon with both cross sections in Fig. 12.
Eww  N(Ew

boe Mo'+be M+ .

(23)  centration the attachment cooling effect. Curi@ in the
figure is for the cross sectiotb) and attachment heating

With the assumption that the electron density decays to zeroccurs, with the asymptotic steady electron energy given by,

faster than the energy attains some steady state the long tinkg«)/E,,=1.69. Curve(a) is for cross sectiofa) and there

age M+ .

dependence of the average energy per electron is is a low temperature steady stgtgtachment coolingsuch
E() by, b thatE(«)/E,=0.34. In Fig. 14B) curve(c) is for a CCJ/Ar
ANl it PR YL (24)  mixture (Xgc,=2x107° and yields a high temperature

U steady state foboth attachment cross sections. At first sight,

provided that the higher order exponential termg-{\,) one would be inclined to interpret the results as there being a
are all much larger than the lowest one shown in €§). steady electron distribution for CZAr for both attachment

In Fig. 14, we show the time dependence of the averageross sections and for CfZINe only for cross sectiortb).
electron energy angithout vibrationally inelastic collisions  However, this interpretation is not correct as there are steady
Curves(a) and(b) are for a CC)/Ne mixture for the attach- distributions for all three cases in Fig. 14. The steady values
ment cross section@) and (b), respectively. Cross section for the average energ¥;(«)/E;, are 5.184 and 0.00359 for
(b) gives a steady state characterized by attachment heatimmirves(b) and (a), respectively.
whereas cross sectiof@ gives a low temperature steady Figure 15 shows the change in the average electron en-
state. Figure 1@0) illustrates for a relatively small C¢kon-  ergy for CClL/Ne mixtures versus the mole fraction GGbr
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FIG. 15. The attachment heating and cooling effects for electrons in
CCl,/Ne mixtures without vibrationally inelastic collision&) Results for

the attachment cross section used by Kowari and Shizgal, Fig).1®)
Results for the attachment cross section used in the present work, Fig. 12

both cross sections. For cross sectian there is clearly a
cooling of the electrons whereas for cross sectlrthere is

a heating. Cross sectigh) leads to a hot steady state situa-
tion or attachment heating, whereas cross sedtpyields a
cold steady state or electron cooling.

The steady distribution is given by the eigenfunction of
the Fokker—Planck operator with the lowest eigenvalue.
These eigenfunctions can be interpreted as eigenfunctions of
a Schralinger equation with a potential function determined
from the Fokker—Planck operator. This potential which de-
termines the nature of the spectrum of the operator depends
on the energy dependence of the momentum transfer and o ] ) )
attachment cross sections as well as the mass of the inert glé}lés. 16. Steady electron dlstrlputlon functlons as the Io_vvest e[genfur?ctlon

. . of the Fokker—Planck operator; GQh neon without vibrationally inelastic
moderator. For CGIAr, there is only electron heating for cojisions.(A) Resuits for the attachment cross section used by Kowari and
both cross sections and we get the same results with eithshizgal, Fig. 12a). Xccy, €qual to(@ 0, (b) 1077, (c) 2x10°7 and(d) 4
one. The low energy portion of the attachment cross sectior 10~’. (B) Results for the attachment cross section used in the present
is not sampled. For C@Ne, it appears that the cross sectionWork Fig. 12b). Xcg, equal to(@ 0, (b) 5x10°7, (c) 10°° and (d) 5
(a) gives a low temperature steady state. x10°°.

The time dependence of the average electron energy for
cross sectiorfa) shown in Fig. 14 depends on the eigenval-most 1.5us is essentially unity so th&(t)/E,=5.18, cor-
ues and the density and energy coefficiersts, and b, responding to the plateau value in Fig. 14. However, for
which are determined by the eigenfunctions. If there is a highimes greater than about 15 the exponential decays rap-
temperature steady statattachment heatingthe lowest idly and E(t)/E.,=by/a;=0.00359. In terms of the time
eigenfunctionyy(x), (the steady distributioris displaced to  dependent distribution function, one can say that it gets
higher energies with increasing GGloncentrations. This is trapped briefly in an unstable high temperature state and then
shown in Fig. 16B) for cross sectiorib). On the other hand, decays into the actual low temperature stable state at very
if there is a low temperature steady stédtachment cool- long times.
ing) the lowest eigenfunctiofthe steady distributionis dis- The preceding discussion is based on the Fokker—Planck
placed towards lower energies with increasing £€&incen-  equation without vibrationally inelastic collision terms. The
trations as shown in Fig. 18). The accompanying density Boltzmann equation with inelastic collisions is also linear
and energy coefficients can be small. Several of the highesnd a discussion in terms of the eigenvalues and eigenfunc-
eigenfunctions can also be concentrated at lower energiegons is possible analogous to the one just presented. The
The time variation of the average energy for FigdB¥ curve  results shown in Fig. 13 for the systems with inelastic colli-
(@), can be interpreted as follows. With increasing &@he  sions could presumably be interpreted similarly. The absence
eigenvalue\ approaches ;, so that after an initial transient of a plateau for curvéa) is presumably due to the influence
the average electron energy attains a nearly time independeot the inelastic terms in shortening the relaxation time and
value given by the ratioly,+b4)/a, in Eq. (24). The expo- hence the difference in the two lowest eigenvalues is much
nential term over this time period from about Qu to al- larger in this case than for the model problem considered.

v, (%)

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998



1600 Kowari, Leung, and Shizgal: Electron thermalization and electron attachment

ACKNOWLEDGMENTS Chem. Phys89, 3275(1988; B. Shizgal and T. Nishigori, Chem. Phys.
) ) Lett. 171, 493(1990.

This res_earch is supporte_d by_a grant to B.D.S. from_ thesa Mozumder, J. Chem. Phy32, 1657, 6289(1980: 74, 6911 (1981);
Natural Sciences and Engineering Research Council of 76 3277(1982; B. L. Tembe and A. Mozumder, J. Chem. Phy8, 2030
Canada. We are grateful to the Riken computer center for usl§(1983: 81, 2492(1984; Phys Rev27, 3274(1983.
of the its computer facilities. K. Koura, J. Chem. Phys87, 6481 (1987; 84, 6227 (1986; 82, 2566

P (1989; 81, 4180(1984).
18K, Kowari, L. Demeio, and B. D. Shizgal, J. Chem. Phgg, 2061

1G. L. Braglia, Riv. Nuovo Cimentd8, 1 (1995. (1992.

2B. Shizgal, D. A. R. McMahon, and L. A. Viehland, Radiat. Phys. Chem. 19k Kowari and B. Shizgal, Chem. Phy%85, 1 (1994.

34, 35(1989. 20K, Kowari, Phys. Rev. A53, 853(1996.

3J. R. Roth,Industrial Plasma EngineeringOP, London, 1995 21B. Shizgal, Chem. Phys. Lett38 65 (1987.

4R. A. Morgan,Plasma Etching in Semiconductor Fabricati¢Blsevier, 228 Shizgal, J. Phys. B1, 1699(1988.

SAmsterdam, 1986 . _ 23B. Shizgal, J. Phys. B4, 2909(1991).

A. Pagamenta, M. Kimura, M. Inokuti, and K. Kowari, J. Chem. PI88. 24y owari and B. Shizgal, Chem. Phys. Le®60, 365 (1996.
6220(1988. 253, M. Warman and M. C. Sauer, Jr., J. Chem. PlBgs1971(1975.

°L. G. Christophorou, Nucl. Instrum. Methods Phys. Res2@8 424 2,
(1988; L. G. Christophorou and R. J. Van Brunt, IEEE Trans. Dielectr.
Electr. Insul.2, 952 (1995.

"H. Itoh, Y. Miura, N. Ikuta, Y. Nakao, and H. Tagashira, J. Phy2D
922 (1988; K. Satoh, H. Itoh, Y. Nakao, and H. Tagashiiaid. 21, 931
(1988.

8L. G. Christophorou and S. Hunter, ilectron-Molecule Interactions and
Their Applications edited by L. G. Christophoro(Academic, New York,

. Shimamori and T. Sunagawa, Chem. Phys. |28, 334 (1997).

27G. N. Haddad and T. F. O'Malley, Aust. J. Phyas, 35 (1982.

284, B. Milloy, R. W. Crompton, J. A. Rees, and A. G. Robertson, Aust. J.
Phys.30, 61 (1977.

29|, shimamura, Sci. Papers Inst. Phys. Chem. B&s1 (1989.

30T, F. O'Malley and R. W. Crompton, J. Phys. B, 3451(1980.

3IM. Hayashi, Swarm Studies and Inelastic Electron Molecule Collisions

1984, Vol. 2, p. 317 (Springer, New York, 1987 p. 167;(private communication

, Vol. 2, p. . 32 ;

9L. G. Christophorou and S. R. Hunter, in Ref. 8. 33|' Shimamura, Phys. Rev. A6, 1394(1992.

01, G. Christophorou and M. O. PacBaseous Dielectrics IVPergamon, 34A' Chutjian and S. H. Alajajian, Phys. Rev. 34, 2885(1985. ]
New York, 1984. T. ShimanouchiTables of Molecular Vibrational Frequencies, Consoli-

1), Krajcar-Bronic, M. Kimura, and M. Inokuti, J. Chem. Phyi2, 6552 ?fg;%]Volume [Natl. Stand. Ref. Data SefU.S., Natl. Bur. Stand.39,
(1996. -

12\, Dillon and M. Kimura, Phys. Rev. &2, 1178(1995. %R. P. Blaustein and L. G. Christophorou, J. Chem. PA9s1526(1968.

13, Krajcar-Bronic and M. Kimura, J. Chem. Phyk)3 7104(1995. We - 'W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
would like to point out that our approach in this paper and in Refs. 18 and Numerical Recipes2nd ed. (Cambridge University Press, Cambridge,
19 treats inelastic and elastic collisions on an equal footing in contradic- 1992.

tion to the statement by Krajcar-Broniv and Kimura in their paper. %'M. Garcia-Gracia, J. Letosa, M. Artacho, and J. M. Fornies-Marquina,
4B, Shizgal and D. R. A. McMahon, J. Phys. Che88, 4854(1984; D. R. IEEE Trans. Magn33, 1464(1997; M. R. Smith and S. T. Nichols, Nucl.

A. McMahon and B. Shizgal, Phys. Rev. 34, 1894(1985; B. Shizgal Instrum. Methods Phys. Re205 479 (1983; M. R. Smith, S. Cohn-

and D. R. A. McMahonijbid. 32, 3669(1985. Sfetcu, and H. A. Buckmaster,Technometrid; 467 (1976.

158, Shizgal, Chem. Phyd47, 271(1990; K. Leung, J. C. Barrett and B.  *®K. F. Ness and R. E. Robson, Phys. Rev34 2185(1986.
Shizgal, ibid. 147, 257 (1990; L. A. Viehland, S. Ranganathan and B. %°R. E. Robson, J. Chem. Phy&S5, 4486(1986.
Shizgal, J. Chem. Phy88, 362(1988; D. R. A. McMahon, K. Ness, and  “°J. Keizer, J. Chem. Phy§8, 4524(1973.
B. Shizgal, J. Phys. B9, 2759(1986; T. Nishigori and B. Shizgal, J.  *!B. Shizgal, J. Chem. Phy89, 5355(1978.

J. Chem. Phys., Vol. 108, No. 4, 22 January 1998



