PHYSICAL REVIEW A

VOLUME 31, NUMBER 4

Electron-velocity distribution functions in gases: The influence of anisotropic

scattering and electron nonconservation by attachment and ionization

- H. A. Blevin and J. Fletcher
Institute for Atomic Studies, School of Physical Sciences,
The Flinders University of South Australia, Bedford Park, South Australia 5042, Australia

S. R. Hunter
Atomic, Molecular and High Voltage Physics Group, Health and Safety Research Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831
(Received 4 September 1984)

Electron-velocity distribution functions have been calculated for electrons moving in a gas under
the influence of an electric field. By assuming a differential scattering cross section such that
scattering is entirely at 0° and 180° it is shown analytically that the electron drift velocity w, the
mean electron energy (€), the transverse diffusion coefficient Dy, and the longitudinal diffusion
coefficient D, are not, in general, determined by the momentum-transfer cross section alone. The
magnitude of the errors incurred by neglecting the higher-order terms in the spherical-harmonic ex-
pansion of the velocity distribution function for this collision model are indicated. Velocity distribu-
tion functions have also been calculated for attaching gases. It is found that the velocity distribution
function can be considerably altered by attachment for pure gases and gas mixtures. Consequently,
any attempt to determine collision cross sections from electron-swarm measurements of w, Dy, and
D, in attaching gases should include attachment processes in the solution of the Boltzmann equa-
tion. The magnitude of this dependence has been found to be determined largely by the ratio of the
attachment collision frequency to the energy-transfer collision frequency and the velocity depen-
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dences of the momentum transfer and attaching collision frequencies.

I. INTRODUCTION

Electron transport and rate coefficients measured in
swarm experiments are related to the microscopic col-
lision processes occurring in the gas by the Boltzmann
equation.! The solution of this equation, which involves
determining the velocity distribution function f(r,v,z) has
been the subject of numerous investigations in recent
years.2 Approximations are required in order to simplify
and thus to solve this six-dimensional time-dependent par-
tial differential equation. Most solutions are based on the
assumption that the electron swarm has reached equilibri-
um and that the velocity distribution function can be ex-
panded as an infinite Legendre polynomial series.

It has generally been assumed in the past that since the
ratio of the electron to the molecular mass (m /M) is
small, then elastic electron-molecule scattering in velocity
space is almost isotropic and is, in fact, no more anisotro-
pic than cos6. This approximation implies that f(r,v,?) is
given with sufficient accuracy by only the first two terms
of the Legendre expansion. Further assumptions implied
by this approximation are that the average fractional gain
or loss of energy by the electrons in collisions with the gas
is small and that the electron scattering in inelastic col-
lisions is isotropic. A scalar and vector equation involv-
ing the first two terms of the distribution function can
now be derived and solved by numerical analyses to obtain
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the velocity distribution functions.!”> The relationship be-
tween the transport and rate coefficients measured in
swarm experiments and the microscopic electron collision
cross sections can then be found. As a consequence, the
determination of the distribution function using this ap-
proximation requires only a knowledge of the
momentum-transfer cross section o, (or “effective”
momentum-transfer cross section when inelastic collisions
are included!). Several recent studies have investigated
the validity of this approximation*~’ by devising numeri-
cal techniques which allow solutions of the Boltzmann
equation to be obtained when higher-order terms in the
distribution function are retained. In general, these stud-
ies have concentrated on the situation where the average
electron energy gain or loss at collision may not be small
and have shown that, indeed, large errors can arise in the
calculated transport coefficients if the ratio of the total in-
elastic to elastic scattering cross section is large.*’ Fewer
studies have explicitly looked at the effect of highly aniso-
tropic (i.e., large-momentum-transfer) electron-molecule
collisions,®~1° although all these techniques are capable of
studying these effects in detail. Studies by Haddad
et al.'° using the multiterm moment method solution of
the Boltzmann equation devised by Lin et al.® have
shown that highly anisotropic electron scattering can lead
to significant errors in the derived transport coefficients if
only the first two terms of the Legendre expansion of the
distribution function are retained.

It is instructive to consider an idealized collision model
in which the extreme case of electron scattering occurring
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at 0° and 180° is considered. This approximation enables
us to solve the Boltzmann equation analytically, which is
equivalent to retaining all the terms in the Legendre ex-
pansion of the velocity distribution function. Consequent-
ly, we are able to derive explicit relationships for the
dependence of the electron drift velocity w, transverse and
longitudinal diffusion coefficients Dy and D; , respective-
ly, and the mean electron energy (e) on the functional
speed dependence of the momentum-transfer collision fre-
quency v,,(c) and compare these coefficients with those
derived by the two-term expansion of the velocity distri-
bution function (i.e., in the situation where the electron
scattering is only weakly anisotropic). (The symbol ¢ will
be used to denote speed in three dimensions and the sym-
bol v for speeds in one dimension.) This analysis shows
that both Dy and D; are more sensitive to anisotropies in
the electron scattering than are w or {e) and is described
in Sec. II.

Another assumption that has been made in convention-
al analyses of the Boltzmann equation is that the genera-
tion of new electrons by ionization or the loss of electrons
by attachment can be treated simply as energy-loss pro-
cesses. This assumption fails to account for the effect of
the time and spatial dependences in the number density on
f(x,v,t) (and hence the effect on the derived transport pa-
rameters w, (€), D, and D, and electron ionization and
attachment coefficients a/N and 7/N, respectively). Ex-
periments designed to measure the transport coefficients
analyze an isolated swarm of electrons that possess time-
dependent spatial gradients in the mean electron energy
across the swarm. Consequently, unless the rate of elec-
tron attachment or ionization is independent of (€), elec-
tron gain and loss will be highly nonuniform across the
swarm, leading to a shift in the centroid of the swarm in
addition to that caused by the drift of the original elec-
trons.

Lucas!! has attempted to incorporate the influence of
the spatial gradients in the distribution function on the
calculation of the transport coefficients, but the technique
is based upon an arbitrary expansion of f(x,c) (Ref. 12)
and contains errors in the analysis.!> Thomas,'* along
with several other subsequent studies,” has attempted to
include the influence of the spatial gradients in n (x,t) due
to the growth in the electron swarm by ionization on the
calculation of the transport coefficients. Most of these
studies, though, have not explicitly shown the effect of the
velocity dependence of the electron ionization or attach-
ment cross sections on the derivation of the electron trans-
port parameters. It is necessary to include the ionization
and attachment collisions in the calculation of the distri-
bution function even for a uniform concentration of elec-
trons since the variation of the attachment or ionization
collision frequency with speed, v,(c) and v;(c), respective-
ly, means that different regions of the velocity space will
decrease or increase in population at different rates.
Thus, if v,(c) or v;(c) are comparable to or greater than
the energy-transfer collision frequency [ =~(m /M)v,,(c)]
for elastic collisions], it might be expected that the veloci-
ty distribution function is strongly influenced by attach-
ing and ionizing collisions. This subject is discussed in
Sec. III.
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II. ANISOTROPIC SCATTERING

We adopt the following collision model in order to
show the influence of anisotropic scattering on the deriva-
tion of the transport coefficients.

(1) The gas temperature is assumed to be 0 K (i.e., the
electrons 'do not gain kinetic energy from the gas mole-
cules).

(2) Elastic scattering only and m /M << 1.

(3) Electron scattering is entirely at 180°, and hence the
fractional electron energy loss at collision is ~4m /M.
(Scattering at 0° is a nonevent for elastic collisions since
there is no change in momentum or energy.) Thus, if the
velocity of an electron immediately after a collision is v,
then the velocity before a collision v’ is

V= —v/(1—4m /M)!/?
and since m/M <<,
Vi=—v(l14+2m /M) . (1)

(4) The total collision cross section is assumed to have
the following functional speed dependence o (v)=AV?,
so that the total collision frequency is v(v)=NdAv?t!,
where N is the gas number density and the momentum-
transfer collision frequency is

Vi () =2NAvP+1 (2)

The Boltzmann equation describing the motion of elec-
trons under the influence of a uniform electric field E,
when inelastic collisions are absent, is!
nfeE

m

+5=0. (3)

%(nf)—f—div,(nfv)—{—divv

When E is in the —x direction, at equilibrium, the elec-
trons move only in the *x direction, and consequently
electron diffusion transverse to the field does not occur.
The problem now reduces to a solution of the one-
dimensional Boltzmann equation which can be written in
the following form:

d d Ee 0
at[nf(v)]+vax[nf(u)]+ P, [nf(v)]
+nv()f (v) [dv=nv(v")f(')|dv’'| , &)

where nf (v)dvdx =n(x,t)f (x,v,t)dv dx is the number of
electrons between x and x +dx and with velocities in the
interval v to v +dv.

A. Uniform spatial distribution

We will first restrict ourselves to the situation of a uni-
form electron stream in which spatial gradients in the
electron number density and f are negligible. In these cir-
cumstances, Egs. (1) and (4) give

Ee d - 2m
P dvf('v)__vf(U)Jr !1+ 7 vf(—v)

2m d 2m dv
+ vww— f(—v)+ va(—v)dv .

[ (5)



31 ELECTRON-VELOCITY DISTRIBUTION FUNCTIONS IN . ..

Similarly, for the interval —v to — (v +dv)

Ee df

- dv(—v)=vf(—v)—

M

14 2m ’vf(v)

2m 2m dv
—TW_UV f — MUf(U) A (6)

Define the symmetric and antisymmetric dlStI‘lbuthl’l
functions as

Fow)=[f)+f(—v)]/2
and
Fiv)=[fw)—-f(—-v)]/2,

where f (v)=Fy(v)+F,(v).
Adding Egs. (5) and (6) and using m /M <<1 and
Vi =V (V) =2v gives

Ee dFo _
m dv

F1+12‘

M o —(v,,vF) |, (7)

—Vm

while subtracting Eq. (6) from Eq. (5) and integrating
gives

TEngF‘ M'“’"'F° (8)
Substituting Eq. (8) into Eq. (7) gives
2 2
Ee | |m . dFo
m M"
2
[—vvm+2 %nl— vvf,,

H] 02vmd Vm |Fo . (9)

Using Eq. (2) and where p <<M /m, only the first term on
the right-hand side of Eq. (9) is significant, so that

m v v
—Mfo ; dv
Ee
mv,,

Fo=Cexp

where {v?},,=[(m/MW]* and is defined as the mean-
square speed of the gas molecules. In the present analysis,
at sufficiently large values of E/N, {v?},, <<(Ee /mv )?
over the whole range of v except when mv?/M > {0
in which case Fj is negligibly small. Hence,

. — 1 (10)

Ee
mwv,,

m v
Fy=Cexp _ﬁfo

Equation (10) can also be obtained directly from Egs. (7)
and (8) by neglecting the second term on the right-hand
side of Eq. (7) Using Eq. (2) and the normalizing condi-
tion that Fodv =1,

2217
2p +4
Folv)= ZaF((fI;(—;:)‘}-M) N [?Z_ a > ab
where I' is the gamma function, and
2
a2p+4:% 2an,4 (Zp+4). 12
From Egs. (8) and (11)
172
Fi(v)= ZaT; (2p +4)3‘1"n? J
___’ifi__ L e (13)
I‘(l/(2p +4)) a
Define the electron drift velocity as w= f vF (v)dv.
Thus,
172
w=ua |[(2p +4)—E—
XIT'((p +4)/(2p +4))/T(1/(2p +4)) . (14)

The mean electron energy is
(e)=3m vy
=2ma®T(3/(2p +4))/T(1/(2p +4)) . (15)

The application of Eqgs. (14) and (15) to the calculation of
w and (e) for specific energy dependences of the total
scattering cross section is discussed in Sec. IIC after we
have derived expressions for the electron diffusion for this
anisotropic scattering model.

B. Isolated electron swarm

Generalizing the electron motion to include spatial gra-
dients in the electron number density but still considering
electron motion in one dimension (i.e., the transverse dif-
fusion coefficient Dr=0), Eq. (4) and its counterpart for
nf(—v) can be added and subtracted to give

%(nFo)—kv (nF1)+“&i(”F1)
—H?(UvmnFO)“’ , (16)

and

%(nFl)+v£c-(nFo)+%%(nF0)+nva1
+Ea—(vv nF)=0. (17)

The last term in Eq. (17) is negligible as shown above [Eq.
(10)], while the term (3/0t)(nF;) can be neglected provid-
ed spatial gradients in the electron concentration are not
large.! Thus,

Ee 0

nF,=—-;l—~ v—( nFo)+ 22 (nFy) | . (18)

Transforming to coordinates moving with the centroid of
the swarm (i.e., X =x —wt), Egs. (16) and (18) give
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Ee 9 d Ee 3
= (nF,)— - 9 :
nF, vaX(nFo)-i— ” av(nFO)

“—'F
(nFo)— ,,,62 vmmavaX

0 Ee d 1
Fr)— w—— _Ze 9 |
(nFo) wax("F") m Jv {v,,,

a
=M —(vv,,nFy) . (19)

Let F§ be the solution for a homogeneous stream of electrons free of spatial gradients in the number density.! Thus,
rewriting Eq. (10) with F§ =F, gives

2
Be |"dF5 __m o pe
m | dv = M 0
and
Ee |’ 1 1 [Ee|* .8
e e
Tn_ ;;‘E‘(nFo)-{-MUanFO—;;‘{_— FE&(FO/FB).
Substituting this expression into Eq. (19) gives
d 9’ v Ee 9° () Ee 9 v 9
L (nFg)— 2L (nFy)— =2 —w(nFy) =22 | 29
ar o) g M) = L Sy ax o) Wy o= 15 ax (o)
2
_[Ee a1 .08 F0
=1, } |V nFoav FS} (20)

Let nF, be represented by the expansion

nF()——FO kE bk(v)a k
with bo(v)=1, and let n (X,¢) satisfy the equation
dn I 3"n
m=2 " aXm .

b

dt

Then

k+m

~—( Fo)=F% b (v)Dp, n
nky okEOmEZ K\ an+m

Substituting this expression into Eq. (20) and separately equating the coefficients of dn /0X and 3%n /3X? to zero, the fol-
lowing expressions can be obtained:

2
_ v [Ee|dFs . Eed |PFb|_|Ee| d |Fodb o
Ve | m | dv T m odv | v m | dv |v, dv |’
from which b{(v) can be found by integration, and
2 *
Ee Eed | v Ee | d | Fo db;
D,F} ——F*——”———(b Fy)—wb Fy— == | Lp py|= |22 | 2|22 | (22)
zov,,, v, m 0 m dv ,,,10 dv | v, dv
T
Integrating over all velocities in Eq. (22) gives The coefficient D, is the coefficient of diffusion in the
direction of the applied electric field and is designated the
o ftevt to v Ee d longitudinal diffusion coefficient D .
Dy= f o Foa’u+ f m dv (b1F5)dv The transport parameters w*, {(€)*, and D, given by

Egs. (14), (15) (where w*=w and (€)*=(¢)), and (23),
respectively, are now explicitly dependent on the function-
w p? Ee +o d v al speed dependence of the momentum-transfer collision
D2=2f0 —Fodv—— | bleg‘ — ldv . (23) frequency v,,(v). The values of these transport coeffi-
Vm " ” v{Vm cients obtained for various speed dependences of v,,(v)

or
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TABLE 1. Comparison between the transport coefficients obtained from the present analysis and the
“two-term” expansion of the distribution function for v,, =const; p=—1.

Present results

Two-term expansion results

w* = Ee
mvy,
<e>*=m{ul*}av=M Ee =—M—w2*
2 2 | mvy, 2
D, = {Uz}av — M Ee 2
L Vim mv,, | mv,
D=0

w*z_Eﬁﬁ
mvpy,
(ey*— mic™},, M| Ee | _M o
2 2 |mv, 2
p _Llfe 1 M | Ee
L= — —_—
3 v, 3 mv, |mvy,
Dr=Dy

can be directly compared with those obtained by the con-
ventional “two-term” expansion approximation of the dis-
tribution function. '

C. Special cases

1. v, (v)=v,, =const (i.e., p=—1)

The values of w*, (€)*, D;, and D obtained when v,,
is independent of the electron speed are given in Table I
along with the values obtained from the two-term approx-
imation analysis using this speed dependence. These anal-
yses indicate that whereas w* and (e)* are identical in
both of the approximations, D; is three times larger for
the anisotropic electron scattering case than for the weak-
ly anisotropic scattering situation, and although D; =Dy
for the two-term approximation, by definition D=0 for
the present anisotropic scattering model.

The variation in the mean energy across the electron
swarm in the direction of the applied electric field can
readily be found for the situation where v,, =const. In
this case

m{vz}av m pte , J
(e)=————2—=7f_wv Fodv
m pte , 1 o*n
= VF by ———-dv
2 - 02 *n ax*

For small spatial gradients in #n, only the first two terms
of the summation are important in the region where most
of the electrons are found (i.e., when X ~wt). Thus,

m 2 ok 1 an
=— vF, |1 24
(e)= f o |av (24)
From Eq. (21) b; can be found, i.e.,
by=—L (v}, —v) . (25)
VW

For an isolated swarm, the spatial distribution of the elec-
tron concentration is given by
dn %n
22D =
dr ~Lax?

>

where higher-order spatial derivatives are assumed to be
negligibly small. This equation has the solution

n(X)c<exp | — X =ex —M
P\~ 4D, 1 P 4Dt
Thus, Eq. (24) gives
{UZ* }av X —X mx
— 1 — IR 2%
(e)=—7 Sl s Ui
where ¥=wt and D; ={v**},,/v,. Consequently, the

mean electron energy increases linearly across the swarm
in the direction of the swarm motion when v,, is constant.

2. v,(v)xv (i.e., p =0) (constant elastic collision
cross section)

The transport parameters derived from the present
analysis assuming that v,, is proportional to the electron
speed are given in Table II. These results indicate that, in
this case, both w* and (e)*, calculated using the anisotro-
pic scattering model, are significantly different from those
calculated using the two-term approximation, being ap-
proximately 15% higher and 5% lower, respectively, than
the two-term results. The longitudinal diffusion coeffi-
cient calculated using the anisotropic scattering model is
almost five times as large as that calculated using the
two-term approximation. These results indicate that al-
though the effects of anisotropic scattering on w and (e)
are small, they may still be significant for certain speed
dependences of the total scattering cross section. The
changes in D; and Dy for this scattering model are, on
the other hand, very significant for both of the special
cases considered and indicate that more modest anisotro-
pies in the electron scattering will still have a large effect
on the accuracy of the calculation of the diffusion coeffi-
cients if these anisotropies are not taken into account.

D. Expansion of the distribution function
in spherical harmonics

The velocity distribution function calculated using the
present anisotropic scattering model can be expanded in
spherical harmonics in order to show that the higher-
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TABLE II. Comparison between the transport coefficients obtained from the present analysis and
the two-term expansion of the distribution function for v,, =const X v; p =0.

Present results

Two-term expansion results

1/4 E 172 1/4 E 172
* m e * m e
—0. m =0.8974 | &
w*=0.7801 |7 - ] [ZmNA w agby; ] 2mNA
*_m{vz*}av *_m{cz*}av
(e) =5 (e)*= 5
M| E m || E
e e
=0. ELE =0.427m | &
0.338m ) 2mNA m [ m ] 2mNA
=0.555Mw™ =0.530Mw?*
: M 1/4 1 E 172 M 1/4 1 E 172
D, =0.3457 | 2| ——— |—E&_ D;=0.0716 | &% | —— €
L m ] (NA) | 2mNA L m ] (NA) | 2mNA4
Dy=0 D;=2.041D;,

order terms in the expansion are not insignificant in com-
parison with the first two terms as is usually assumed.

Let the equilibrium distribution function in three-
dimensional velocity space be denoted by

F(e,0)=3 fulc)Py(cosd)
k=0

:(F0+F| )6( +U)+(F0-——F1 )8(—v) N

where Py (cosf) is the kth-order Legendre polynomial.
Multiplying this expression by P,(cosf) and integrating
over a shell in velocity space for speeds lying between ¢
and c¢ +dc yields the following:

0 +1
2mc? Efk(c)f_1 Py (cosB)P,(cosB)d(cosO)
k=0

=(Fo+F)P,(1)+(Fy—F;)P,(—1)
=(Fo+F{)+(—1)"Fy—F,);

alternatively,
fn(C):'(‘zfﬁ;:‘z‘L)_[(Fo—i-F])+(—1)n(F0—F1)] .
Thus,
fole)= 575 Fo(e),
3
f](C)=—2;c—2'F1(C) )
5
fale)= 27,-c2F°(C) ,

etc., where Fy(c) and F(c) are given by Egs. (11) and (13)
with v=c. " ,
When this expression for f,(c) is substituted into Eq.

(2.23) of Huxley and Crompton,' the present values for
fole) and f(c) are recovered from their analysis. In the
usual two-term approximation, f,(c) and higher-order
terms are assumed to be negligible in comparison to f((c)
and f(c). This implies that the drift velocity of the elec-
tron swarm is small in comparison to the average random
velocity of the electrons. The present analysis using the
scattering model described above has shown that, on the
contrary, the term f,(c) and higher-order terms can be
comparable in magnitude to fy(c) when the electron
scattering is highly anisotropic. Consequently, even if the
electron drift velocity is considerably less than the average
random electron velocity, this is not a sufficient condition
for neglecting the higher-order terms in the Legendre ex-
pansion of f(c).

III. ELECTRON ATTACHMENT

Several attempts have been made in recent years to in-
clude the effects of electron attachment and ionization
upon the electron-velocity distribution function of elec-
tron swarms and the derivation of the transport and rate
coefficients for these swarms.? When the rate of ioniza-
tion or attachment is significant in comparison to the
energy-transfer rate, the Boltzmann equation given by Eq.
(3) must be modified to include terms to account for the
electron loss or gain, which can be both spatially and tem-
porally dependent within the swarm.

Most of these analyses find their origin in the work of
Thomas,'* who indicated that the influence of these elec-
tron nonconservation processes depended upon the type of
experiment that was being performed. When the current
in an external circuit produced by a continuous stream of
electrons [the steady-state Townsend (SST) experiment!]
is analyzed, there exists a region between the electrodes in
which the electron stream is at equilibrium (.e.,
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onf /0t =0), but the growth in the electron number densi-
ty within the stream must be taken into account by in-
cluding the term [dn (v,x)/3x]f =asn(v,x)f in Eq. (3),
where a;=a—1, and a and 7 are the unnormalized ioni-
zation and attachment coefficients, respectively. Alterna-
tively, when the current in the external circuit is analyzed
for a pulse or swarm of electrons which are liberated
within the drift gap and drift to the anode under the ap-
plied field [the pulsed Townsend (PT) experiment!®], the
number density in the swarm changes with time such that
[0n(v,t)/03t]f =vun (v,t)f, where v,=V;—V¥,, and ¥;
={(v;(v)) and ¥, =(v,(v)) are the average ionization and
attachment collision frequencies, respectively. Tagashira
et al.'® have analyzed these experiments in detail and
have defined a further type of experiment where the
development of the electron number density within a
swarm in a drift gap is analyzed as a function of both po-
sition and time [the time-of-flight (TOF) experiment!’].
This experiment is distinct from that where the motion of
the electrons causes a current to flow in an external circuit
as in the pulsed Townsend experiment.

For the present analysis, it is initially assumed that the
electron number density is spatially uniform and that the
velocity distribution function is at equilibrium. We also
assume that the E /N is sufficiently low, such that elec-
tron ionization processes are negligible and only attach-
ment processes need be considered. The influence that the
position and magnitude of the attachment process has on
the shape of the electron-velocity distribution function
and on the derivation of w and (e) will be described for
two different functional dependences of the momentum-
transfer cross section on the electron speed. The changes
in the transport coefficients occur irrespective of the an-
gular scattering model that is assumed. Finally, we will
indicate the changes in the drift velocity that occur due to
the spatial variation in the mean energy across an isolated
electron swarm and how these changes are related to the
functional velocity dependence of the attachment collision
cross section.

A. Anisotropic scattering model

In the present study we first assume that the electrons
are distributed uniformly in space and that elastic electron
scattering again occurs only at 0° or 180°. Inelastic col-
lisions are assumed to be negligible. Thus, the one-
dimensional continuity equation given by Eq. (4) applies,
in which an extra term to account for electron attaching
collisions — nv,(v)f (v) is included on the right-hand side.
In this situation, Egs. (16) and (17) become

3 Ee OF; m 3
at("F°)+ P ——Mnav(vvao)=——nvaFo , (26)
and
3 Ee OFp '
E(nFl)—}——n—l-nWﬁ-nval:—nv,,Fl , (27)

where, as before, v,, is the momentum-transfer collision
frequency for elastic collisions. In many gases, v, <<V,
and the attachment term can be neglected in Eq. (27) (or
included in the total momentum-transfer cross section).

However, in Eq. (26) the attachment collision frequency is
comparable to the energy-transfer collision frequency,
vy =~(m /M)v,, for this scattering model, and it is not pos-
sible to neglect the term. These comments apply because
we are only considering elastic and attaching collisions.
In general, an attaching gas will possess considerable in-
elastic loss processes as well as electron attachment. In
this situation v, can be considerably larger than v, over a
wide range of E /N, allowing the transport coefficients to
be obtained with sufficient accuracy by neglecting the at-
tachment process. However, when v,(v) is large and
peaks at near zero energy, as, for example, in SFg and F,,
these terms must be retained in the analysis if accurate
transport coefficients are to be calculated, as the rate of
energy transfer is comparable to or less than the attach-
ment rate in these circumstances. In experiments where a
strongly attaching gas is diluted (typically 0.1% to 10%)
in a rare gas in order to perform drift velocity and attach-
ment measurements over a wide range of E/N, v, may
again be comparable to or larger than the energy exchange
frequency. Such measurements have been performed in
fluorine containing electronegative gases-rare-gas mix-
tures for use in excimer laser kinetic studies'® and for dif-
fuse discharge opening switch studies.!” Conversely, the
effect of electron attachment on Fy(v) in experiments
where the attaching gas is mixed in minute traces (<1
part in 10° in a high-pressure buffer gas'® is again negli-
gible, even if the buffer gas is a rare gas, as in this situa-
tion, v, <<v,. For completeness, the attachment terms
will be retained in both Egs. (26) and (27).

To solve Egs. (26) and (27), first integrate Eq. (26) over
all speeds, i.e.,

d—n——nT/
dt - a»
thus
n(t)=n(0)exp(—v,t) . (28)

Assuming that the velocity distribution function has at-
tained equilibrium, then 90F,/0¢t=0F,;/dt =0. This as-
sumption may be questionable when the electron attach-
ment rate is large, as has been clearly shown in the work
of Crompton et al.' on resonant three-body electron at-
tachment to O,. This work has shown that when the elec-
tron attachment process is large and strongly energy
dependent, the electron energy distribution function never
relaxes to the thermal Maxwellian distribution, even for
“thermal” electrons. For the present model, we assume
this approximation is valid, and substituting Eq. (28) into
Egs. (26) and (27) gives

EedFy, m d

m do —-ﬁ:i;‘(vvao)=(1_’a——‘va)Fo ,

or
Ee dF d _ '
—'-:*—E)I—=%EJ—(V,,,FO)+ [Va—v,,—l-—r—{-vm ]Fo ,  (29)
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Ee dFo
m dv

=V, —v,—v, )F, . , (30)

When v,(v) is a rapidly varying function of v over the
range of speeds where F, is appreciable, then v, will be
much less than v,(v) for most of this range, and the
preceding comments concerning the importance of the ra-
tio v, /v, remain valid.

Equations (29) and (30) can be solved numerically for
Fo(E/N,v) and F{(E/N,v) when v,, and v, are known.
For illustrative purposes, calculations have been carried
out for the following parameters:

M/m=1600,
v,,(v)=v,, =const ,
0 for |v| <vy

Va/sz

A(BV —1)exp— for |v | >vy

B
=V
2

where A is a constant, B=({v}},)""*/vsm, V=1|v |/
({vd}an)'”?, vy is the threshold velocity for the attach-
ment process, and ({v3},,)'/? is the root-mean-square
velocity calculated from Eq. (15) using the velocity distri-
bution function given earlier when attachment is neglect-
ed. In this example, ({v§},,)!/? and hence B are propor-
tional to E/N. The small M /m ratio was chosen in this
example to enhance the influence (if any) of electron at-
tachment on the electron drift velocity obtained when us-
ing a constant collision frequency model.

Figures 1 and 2 show the calculated distribution func-
tion Fy(v) obtained for two values of B and several values
of A. Values of relative mean energy, (€) /{ 6><va _oy and

050 r T T T T T T
04s | M/m = 1600 —— Vo(v)/Vpm |
040 B=5 —— A=0000 |
035 A = 0001 ]
=
= om0 A =0005 |
(2]
A = 0010 J
E 025
=
?6 020 .
P
015 i
010 . :
005 AN 1
~~~~~~ \\‘\
0.00 . : -

00 05 10 15 20 25 30 35 40
V (RELATIVE UNITS)

FIG. 1. Model calculations of the velocity distribution func-
tion Fy(v), assuming only elastic and attaching collisions for an-
isotropic electron scattering. For these calculations, v,, was as-
sumed to be constant and M /m, A, and B were given the values
shown on the graph. The curve for v,(v)/v,, is shown on an ar-
bitrary scale.

0.50 T T T T T T T
045 I M/m = 1600 —— UV (v)/Vpy .
0.40 B =10 —— A = 0.000 .

0.35 A = 0001 ]
030 ——— A = 00025 |
0.25 ~._— —-—— A = 0.005 4

0.010

0.20

Fo(¥) [(cm 1))

015

0.10

0.05

0.00

00 05 10 15 =20 25 30 35 40
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FIG. 2. Model calculations of the velocity distribution func-
tion Fo(v) for the same parameters given in Fig. 1, except for
the different values of 4 and B shown in the figure.

relative drift velocity, w/w —o)» Were calculated from

these distribution functions and are listed in Table III to-
gether with values of the relative attachment frequency
V,/V,,. The mean energy and drift velocity are given in
relation to the values obtained when attachment is
neglected in Egs. (29) and (30), and the relative changes in
these parameters are independent of E /N for this col-
lision model.

As expected, the drift velocity is not appreciably altered
for this collision model, as can be seen from multiplying
both sides of Eq. (30) by v and integrating over all veloci-
ties. For v, /v, <<1, then w=Ee/mv,, to a very good
approximation, and the small differences from unity
shown for w/w(va —o) in Table III may be partly due to

errors in the numerical integrations. The marked changes
in the distribution function, which produce the very large
changes in the calculated values of (e) shown in Table
III, indicate that, apart from the particular case when
v,,, =const, significant changes in the drift velocity would
also be produced in general. Rather than pursue this fur-
ther with the anisotropic scattering model, calculations
have also been performed using the two-term spherical
harmonic expansion of the distribution function since this
should give a more realistic assessment of the influence of
attachment in practical cases.

B. Two-term spherical harmonic expansion

We will again limit the discussion to a model gas where
only elastic scattering and attachment occur. Following
the same procedure outlined above, then for a uniform
concentration gradient, Egs. (5.40) and (5.41) of Huxley
and Crompton! become
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TABLE III. The influence of electron attachment on the mean energy and drift velocity of the
electrons—anisotropic scattering model, with v,, =const and M /m =1600.

Vo /Vm (€>/<6>wa=o) w/w(va=0)
B =5
A=0.001 2.37x107* 1.062 0.9999
A =0.005 1.042x 1073 1.598 0.9999
A=0.01 1.526 1073 3.045 1.001
B =10
A =0.001 1.59x 10~* 1.107 1.000
A =0.0025 3.62x107* 1.293 1.001
A =0.005 6.04 1074 1.639 1.003
A=0.01 8.38x107* 2.23 1.008
1 |Eel|d, , nitude of the attachment cross section. This phenomenon
- | :1—-(0 f1) may be termed ‘“attachment heating” and occurs when
3m ¢ vq(c) peaks at energies well below the mean energy of the
m 4 d o Im ) electrons. Conversely, when the peak in v,(c¢) occurs at
=ﬁc d—c(vmf o)+ Va—Va—i-”Al—Vm c“fo, 31 higher electron energies than (€), high-energy electrons
will be lost from electron-velocity distribution, and the
and resultant {e) values will be lower (i.e., “attachment cool-
3 ing” will occur). An analogous situation occurs when ion-
(Vg —Vg—Vm ) f1= %ne— 3 fo - (32) ization processes are significant. In this case the sharing

Model calculations have been performed using fo(E /N,c)
and f,(E/N,c) obtained from Egs. (31) and (32) for the
following parameters:

M/m=5x10%,
Vm(c) e

(i.e., constant collision cross section),

0 for |v| <vy

o/ Vm Q)=
Vo /i (at —EV

1
AIV—E exp 5 for |v]| >vy ,

where v, () is the momentum-transfer collision frequen-
cy for the speed a, which is defined by Eq. (12) with
p=0, and in this case, ¥=c/a and B=a/vy,. Equation
(12) shows that in this situation, B is proportional to
(E/N)'2. A more realistic M /m ratio was chosen in this
- example to indicate that, in general, appreciable modifica-
tions to w and (e) can occur, even for very small ¥, /v,,
ratios.

Equations (31) and (32) have been used to calculate
Solc) and f(c) for two values of B and several values of
A, and the distribution functions fy(c) are shown in Figs.
3 and 4. Values for v,/v,(a), (6)/<e>wa —oy and

“’/w(va=0) calculated using these distribution functions

are listed in Table IV. The results given in Tables III and
IV indicate that (€) increases with increases in the mag-

of the initial electron energy between the two electrons
after an ionizing collision results in a lowering of (e)
(“ionization cooling”) for the electron distribution as a
whole.!>1

The calculations given in Tables III and IV also indi-
cate that, in general, attaching collisions will modify the
drift velocity of the electron swarm. Although Naidu and
Prasad®® have found that w(E/N) is independent of the
gas pressure Py within the experimental error in the per-
fluoroalkanes, recent accurate measurements by Hunter
et al.?! have found that w(E/N) is dependent on Py for
both C;Fg and n-C4F)o but independent of P for CF,
and C,Fs. Both the molecules C;F; and n-C,F;o possess
strongly pressure-dependent three-body electron attach-
ment processes at gas pressures Py <400 kPa, in contrast
to CF, and C,Fg, in which the electron attachment rate is
independent of gas pressure over this pressure range.!®
Aschwanden®® has also observed that w(E/N) is depen-
dent on Pr in 1-C;Fg, which is also known to. possess
strongly pressure-dependent apparent three-body attach-
ment processes.?> In both of these studies the drift veloci-
ty measurements were performed at sufficiently low gas
pressures (Pr < 10 kPa) such that multiple scattering ef-
fects are negligible. Naidu and Prasad® observed that
Dy /u values (which, as a rule, are more sensitive to
changes in the velocity distribution function') in C;Fg and
n-C4Fyo were pressure dependent, while those in CF, and
C,F¢ were independent of gas pressure. Similarly, As-
chwanden?? has found that D, /p in 1-C;Fg is also depen-
dent on Py. We propose that the pressure dependence in
w, Dr/p, and Dy /u observed for these molecules may be
related to the changes in the velocity distribution function
that we have observed in the present model calculations.
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FIG. 3. Model calculations of the velocity distribution func-
tion 4mv2fo(v) using the two-term spherical harmonic expansion
of f(v) for the values of M /m, A, and B shown in the figure.
In this calculation the momentum collision frequency has the
velocity dependence v,, =constXv, and the curve v,(v)/v,, is
shown on an arbitrary scale.

C. Spatial dependences in ¥,

Monte Carlo studies of the electron motion in H,, in
addition to the analysis given above, have shown that con-
siderable spatial dependences in {€) can occur, even when

20 T T T T T T T T T
18 } M/m. = 50000 — Va(v)/Vm|
= 0.000 |
= 0.005 |
= 0010 |

A =0.020

4mv2fy(v)[(em s71)1]

0.0

05 10 15 20
V (RELATIVE UNITS)

FIG. 4. Model calculations of the velocity distribution func-
tion 47v2fo(v) for the same parameters given in Fig. 3, except
for the different values of 4 and B shown in the figure.
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the swarm has achieved equilibrium.'>?> When ionization
processes are significant, ¥; is also highly spatially depen-
dent within the swarm. By analogy, when spatial depen-
dences in {€) occur for an attaching gas, the suggestion
has been made that ¥, and hence the transport parameters
will also be spatially dependent.”’> Consequently, the cen-
troid of an isolated swarm, and hence w, will be displaced
due to the spatial dependence in ¥,(x), while the swarm
averaged value v}, retains the value calculated above.

Following a similar procedure to that given above for a
one-dimensional isolated swarm with constant v,,, it is
found that the drift velocity is changed by attachment to
the value

+ o0
wlzw*+f_wvaf6b1(v)dv N (33)

where f§ is the spatially uniform velocity distribution
function, and w*=Ee/mv,, as before. For v, <<v,,, the
value of b;(v) given in Eq. (25) can be used in Eq. (33) to
give

w=w* 1+

v 110*2 f_+:va({vz"}av*vz)fsdv . (34)

The influence of the spatial gradients in (€) on the value
of w’ can be shown from the following special cases.

(1) When v,(v) is approximately constant over the velo-
city interval O<v2<2{uz*}av, then w’'=~w* (i.e., the spa-
tial gradient in {(€) has a negligible effect on the drift
velocity and the other transport coefficients).

(2) When v,(v) is only appreciable for v?<<{v*},,,
then

= 2%
, * Va{v }av
waw* 1+ ——5— |,
; Vi W
or

_ v,
w ~w* |1+ =~w* |14+ —
m m Va

Thus, for low energy or thermal electron attachment, the
electron drift velocity will be larger than the spatially uni-
form value w*. .

(3) When v,(v) is only appreciable for v?>>{v?**},,,
then

*

1—

w' ~w

1 +o

D f_m vavszdv] .

Consequently, when electron attachment is significant
only at higher electron energies, then the electron drift
velocity will be smaller than the spatially uniform value
w*.

The presence of significant ionization processes has pre-
viously been shown to increase the electron-swarm drift
velocity.>!3 Thus, for gases which possess large thermal
and near-thermal electron attachment cross sections, such
as SF¢ and F,, for example, at E/N values near break-
down (i.e., when ¥, ~¥;) electrons will be lost at the rear
of the swarm by attachment and gained at the front by

‘ionization. Both processes reinforce one another to con-

siderably enhance the electron drift velocity. For gases
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. TABLE IV. The influence of electron attachment on the mean energy and drift velocity of the
electrons—two-term spherical harmonic expansion model, with v,, =const Xc and M /m =5 X 10*.

Va/Vm(Q) ‘ <5)/(e>wa=m W/ Wi gy

B=10
A =0.001 1.415x107° 1.077 0.952
A =0.005 5.06x 1073 1.324 0.808

B =20
A =0.005 6.28x 10~ 1.058 0.956
A=0.010 1.068 <103 1.104 0.920
A=0.020 1.653 103 1.168 0.870

such as the perfluoroalkanes, which, on the other hand,
only attach electrons at high energies, over a limited E/N
range the drift velocity will be reduced by the presence of
electron attachment and then increased by ionization at
higher E/N values. This effect may possibly partly ac-
count for the negative differential conductivity region in
the drift velocities as a function of E /N which has been
observed for all of these gases at E /N values where elec-
tron attachment starts to become a significant electron-
loss process.!”-21:26 .

The increase in electron number density at the front of
the electron swarm due to spatial gradients in {€) when
ionization is significant has also been shown to lead to
marked increases in the longitudinal diffusion coefficient
ND;.>"3 In contrast, the transverse diffusion coefficient
NDy is relatively unaffected by these processes as trans-
verse gradients in (€) have been shown to be negligible
when the swarm has achieved equilibrium.!*»?* By analo-
gy, then, although ND; will be considerably modified by
attachment, ND; will remain relatively unaffected by
spatial gradients in (€) in the field direction.

The work described in this paper has concentrated on
the analysis of the electron motion in the presence of at-
tachment, where the velocity distribution function has at-
tained local equilibrium (i.e., where 0f,/9t=3f; /3t =0,
but where spatial gradients in {(€) have been included).
Several other recent studies have considered the situation
where temporal variations in fo(v) and f(v) are signifi-
cant.!>2?"2% These studies have shown that for both elec-
tron attachment and ionization the changes in the trans-
port and rate coefficients due to temporal changes in the
distribution function are, in general, less than those due to
attachment and ionization modified electron diffusion and
spatial gradients in (e).%15%7

IV. CONCLUSIONS

This work has shown that anisotropic electron scatter-
ing and attachment can significantly modify the velocity
distribution function for electrons in gases. Although the
derivations and the numerical examples are related to
specific and, in some cases, unrealistic models, the follow-
ing general conclusions can be drawn from this work.

(1) Anisotropic electron scattering will, in general,

modify the transport coefficients as derived from a two-
term spherical harmonic expansion of the Boltzmann
equation. The diffusion coefficients ND; and NDr ap-
pear to be more sensitive to the scattering anisotropy than
w or {€), and this sensitivity is dependent upon the func-
tional velocity dependence of the momentum-transfer
cross section o, (c) or collision frequency v, (c).

(2) In principle, higher-order terms in the spherical har-
monic expansion of f(c¢) are required when the scattering
anisotropy is large. The present analysis indicates that the
condition that w <<({c?},,)!/? is not a sufficient condi-
tion to neglect the terms f3(c), f3(c), etc. in this expan-
sion. A similar conclusion has been reached in the work
of Reid® and Haddad er al.!° Other studies have shown
that although anisotropy in the electron scattering can
lead to significant errors in the derivation of the electron
transport parameters if this anisotropy is neglected, the
most significant errors occur when the average energy ex-
change collision frequency is large, as occurs, for example,
when the ratio of the elastic to inelastic scattering cross
sections approaches unity.*®

(3) The velocity distribution function is modified by the
presence of electron attachment and ionization, and conse-
quently, all the transport and rate coefficients will be a
function of the magnitude and speed dependence of v,(c).

(4) For an isolated electron swarm, an additional modi-
fication to w (and ND;) is introduced by spatial varia-
tions in the attachment rate. The magnitude of w has
been shown to increase or decrease depending on whether
electron attachment occurs at thermal or higher electron
energies.

(5) When three-body attachment processes occur, the
transport parameters may depend on N as well as E/N.

The modifications to the distribution function, and
hence the electron transport coefficients, described in this
paper, which occur due to electron attachment and ioniza-
tion, must not be confused with the changes in the defini-
tion of the transport coefficients which occur due to the
different experimental methods used to perform these
measurements,'® with the possible exception of the spatial
gradients in (&) which occur in PT and TOF experiments
but not in SST experiments, although f(v) in the SST ex-
periments will be different if these gradients are neglected
in the analysis of the electron motion.
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It must be stressed that the present results are only indi-
cative of the possible modifications to the theoretically de-
rived transport parameters. The magnitude of the
changes produced for particular gases can only be assessed
by carrying out detailed calculations for realistic differen-
tial scattering and attachment cross sections. In particu-
lar, it is expected that the results will be strongly influ-
enced by the inclusion of inelastic collision processes.
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