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coefhcients for a large class of states. have recently been
derived. '

RESULTS AND DISCUSSION

Some of the important results are presented in
Tables I—VIII. Since the basis sets were chosen so as to
identically satisfy the cusp conditions, we did not in-
clude the cusp values in the tables.

We believe that the total energies computed represent
the Hartree-Fock values to about 6ve significant figures,
and that the radial functions P;q(r) represent the
Hartree-Fock functions to 2—3 decimal places. Better
accuracy could be obtained by extensive exponent
optimizations, which would require a large amount of
computer time.

A numerical SCF calculation mitholt exchange on
Mo+ was published by Ridley. M The numerical orbitals

9 G. L Malli and C. C. J. Roothaan, Phys. Rev. (to be pub-
lished).

'0 E. C. Ridley, Proc. Cambridge Phil, Soc. 51, 702 (1955).

for Mo+ of this work disagree with those by Ridley
(after normalization) mostly in the second decimal
place; in the critical area of the outer loop of the 4d
orbital they disagree even in the first decimal place. A
similar disagreement exists for Cu+, where calculations
with' "and without" exchange are available.

Since total experimental energies are not available,
we can only meaningfully compare the difference of the
computed energies of Mo+ and Mo with the experi-
mental ionization potential" of Mo. This is shown in
Table IV.
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Electron-energy distribution functions and electron average energies are calculated for low-energy elec-
trons in Ar-CO2 and in Ar-H» mixtures in the presence of a static electric Geld. It is shown that one part
of carbon dioxide or of molecular hydrogen in 10 000 parts of argon is sufhcient to alter appreciably the
electron-energy distribution function and the electron average energy from the values they would have in
pure argon.

I. INTRODUCTION

HAT small amounts of molecular gases, when
added to argon, alter appreciably the value that

the electron drift velocity exhibits in pure argon has
been verihed both experimentally' and theoretically. ' '
There is, however, very little mention in the literature
of the change in the electron distribution function and
the electron average energy induced by the addition of
molecular impurities to argon. A technique for solving
the Boltzmann equation for the phase-space distribu-
tion function for electrons immersed in certain binary

*This research has been supported by National Science Founda-
tion Grant GP-800.

'For example: J. Allen and B. Rossi, U. S. AEC Report
MDDC 448, 1944 (unpublished); L. Colli and U. Facchini, Rev.
Sci. Instr. 23, 39 (1952); W. H. English and G. C. Hanna, Can.
J. Phys. 31, 768 (1953); D. Errett, Doctoral thesis, Purdue
University, 1951 (unpublished); J. M. Kirshner and D. S.
Toft'olo, J. Appl. Phys. 23, 594 (1952); N. E. Levine, Masters
thesis, The University of Arizona, 1963 (unpublished).' M. A. Uman and G. WarGeld, Phys. Rev. 120, 1542 (1960).' M. A. Uman, Phys. Rev. 123, 399 (1961).

gas mixtures in the presence of a static electric field
has been presented in a previous article. ' In the present
study, use is made of this theory to calculate the
electron-energy distribution function and electron
average energy as a function of the molecular-impurity
concentration in argon. Carbon dioxide and molecular
hydrogen have been chosen as the molecular impurities.
The Ar-CO2 mixture has been chosen because of the
good agreement between experimental and theoretical
electron drift velocity data for this mixture. ' The agree-
ment between theory and experiment lends validity
to the experimental cross-section and molecular energy-
absorption data used in the theoretical analysis. The
Ar-H2 mixture has been chosen for study because
electron drift velocity measurements in this mixture
have been used to determine the momentum transfer
and inelastic cross sections for hydrogen and argon. 4

4 A. G. Engelhardt and A. V. Phelps, ScientiGc Paper 63—928—
113—P4, Westinghouse Research Laboratories, Pittsburgh, Penn-
sylvania, 1963 (unpublished).



ELECTTRON-EN ERt V 0 I ST R I 8 UTION FUN CTI ON A1267

F& )
I I ~ I

Neer

I
j

I
I I

.60
IO

N

.55

.50

.45

,40

.35

.30

.25

.20

.IS

F(4)
.55 .
.50—
AS

AO

.35

,30

.25

.20

.I5

.IO
,05

I
I

I j'j. '
I

I

F 10 4

J
'

J I

.IO

.05
0

0 .5
I

2.0 2.S 3.0 M 4,0 4.5 5.0 S.S 6.0
4 In ELECTRON VOLTS

I I

6.5 7,0. . . . 95 IO7.5 8.0 8.5 8.0 S.S IO

I i I i I

0 .5 I.O I.s. . . . 40 452.0 2.5 3,0 3.5 4.0 4.5
I I I

4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

Fn. 1. ~' gy istribution function versus
es of carbon diox'd d

'
o

axima of curves.
g a C. Vertical ar-

FzG. 3. Electron-ener di
' '

nc ion vegy
era values of molecul h d

ratio with F- P=O.S V/cm/m -H
r maxima of curves.

m- g at O'C. Vertical

II. THEORY

In an ear'iarlier paper a method fo
mann equation f h., t ..l.,t... h.m p ase-space distrib t

as been p esented' The al u
ion unction is of th fe orm

p ase-

f(u) -fp(»)+2~./NjA(»),

F(») = »'"f »"'fpd»

Th e electron avera e erage energy is given b

The normalized eelectron-ener dis
io, F(), i I d o h

(4)

with

p
——G expr —(6m/M) (X/E)'(A»'+8 '» B»4+C»'+D»') j,

» ~ fptE» » fpl».

fg= (6m/M) (1V/E) (II»' L»' p.» L»'+ J»)fp.

(2)

In the above equat'

(3)

equations, m is the

e intensity; u is the e'
nsity; E is the electric

e gas

a i ation constant The ua . equa titles', B C D
c assume the same n ues

1!- ine sections in g p

The straight-line a r- ine approximations to the
rgon, molecular h d

e cross sections

to t
y rogen, and car' ----.b-. '

h droy gen and carbon dioxide
rp ion coeKcients

ously. ' '
n ioxi e have been iviven previ-

III. RESULTS

IfFi.| AND CONCLUSION

'g. the electron-ener is

S

gy
ec rons in several Ar-Cec r- Op mixtures with

gdtb 'o f
1Ar- mixtures with E = m-i P =1.0 V/cm/mm-Hm- g

F(c)
.55

I
' j J

I
I

I
J

I I j ' j ' j J

I j I
J

I
J

II j I
I

I
I

I
I

'
I

'
I

.45 "

.40

AS-

AO—

.30

.25

.20

.IS

.IO

0
0 .5 I.O LS 2.0 2,5 M)~ ~ . & 3.5 4.0 4.5 SO

I

S.S 60 8.5 70
» In ELECTRON VOLTS

PURE ARGON

I I

7.5 8.0 8.5 9D 9.5 IO

.30

.25

.20

~ IS

.IO

.05

0
0 .5 I.O I.S 2.0. . . . 4 5

I

2.5 3.0 3.5 4.0 4.5 7.0 7.5 8.04.5 5.0 5.5 6.0 6.5
~ In ELECTRON VOLTS

a IO-n

8.5 9.0 9.5 10

FJG. 2 . Electron-ener " ' '
u trgy Ltistnbution fu

ues of carbon d
'

sisevera valu
unction ve

io with F./
ioxi e densit./P= 1.0 V/cm/m -H

maxima of curves.
m- g at O'C. Vertical

FIG. 4.. Electron-ener d' ' '
unction versus

energy for several values fof molecular hydrogen dens'

maxima of curves



A1268 MARTI N A. U MAN

4.0—
3.5-

th
I 3.0—
o~ 2'5
ta
b 2.O—

I.S-
I.O—

.5-
0 I

lo~ Io~
I I

IO

&co4/r Na

I

io-4

FIG. S. Electron average
energy versus ratio of car-
bon dioxide density to
argon density for E/p=0.5 V/cm/mm-Hg and
E/p =1.0 V/cm/mm-Hg at
O'C.

' D. Barbiere, Phys. Rev. 84, 653 (1951).

at O'C. The electron-energy distribution functions for
Ar-Hs mixtures with E/p =0.5 and E/p= 1.0 at O'C are
plotted in Figs. 3 and 4, respectively. The electron
average energy as a function of the carbon dioxide
density to argon density ratio for E/p=0. 5 and E/p
=1.0 is plotted in Fig. 5. The electron average energy
as a function of the molecular hydrogen density to
argon density ratio for E/p=0. 5 and E/p=1. 0 is
plotted in Fig. 6.

The energy distribution function for electrons in pure
argon at E/p=1. 0 given in Figs. 2 and 4 is almost
identical with that published by Barbiere. ' The effect
of the addition of small amounts of carbon dioxide
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FIG. 6. Electron average
energy versus ratio of mo-
lecular hydrogen density
to argon density for E/p
=0.5 V/cm/mm-Hg and
E/p=1. 0 V/cm/mm-Hg at
O'C.

or molecular hydrogen to the argon is to lower the
electron energies. From a physical point of view, the
electron energies are lowered due to the relatively large
fractional energy loss per collision that an electron
su8ers in an inelastic collision with carbon dioxide or
with hydrogen. This lowering of the electron energies
is more pronounced in the Ar-C02 mixtures than in the
Ar-H2 mixtures because carbon dioxide can absorb a
greater fraction of an electron's energy in a collision
than can molecular hydrogen. It can be seen from the

figures that one part of carbon dioxide or of molecular
hydrogen in 10000 parts of argon is sufhcient to
alter appreciably the electron-energy distribution func-
tion and the electron average energy from the values
they would have in pure argon.
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Classical Impulse Approximation for Inelastic Electron-Atom Collisions
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Analytic expressions for the ionization and excitation cross sections of atoms by electrons are derived
using the classical impulse approximation, i.e., by considering only the Coulomb interaction between the
incident electron and one bound electron. The results obtained are slightly simpler and more self-consistent
than those obtained in an earlier calculation by Gryzinski. The cross sections are found to be roughly as
good as those obtained by the Born approximation except in the high-energy limit. The apparent superiority
of Gryzinski's theory to quantum approximations arises from a subsidiary approximation made in averaging
the cross section over the initial angular distribution rather than from the kinematic description of the
bound electrons or the nature of the impulse approximation itself. The Coulomb cross section for transfer
of energy AE between two particles of equal mass m, charge e, initial kinetic energies E& and E2, relative
velocity V, with an isotropic initial angular distribution is found to be

Vda/d(aE) =2'"~e'[HEI '(mE&E2) '"(s'"+eg'"/[aE))
where 8 is the smallest of the four initial and final kinetic energies. For single ionization this cross section
is found to increase as the 3/2 power of the excess energy above threshold, reach a maximum at about 2$
times the threshold energy, and decrease as E at high energies. For hydrogenic atoms in any state the
cross section goes to 5/3 the classical Thomson ionization cross section in the high-energy limit.

INTRODUCTION

INTIL recently there has been no acceptable
treatment of inelastic electron-atom collisions by

the classical impulse approximation —that is, by cal-
culating the cross sections for energy transfer in binary

electron-electron collisions, neglecting the 6eld of 'the
nucleus and other bound electrons. Some time ago
J. J. Thomson' treated inelastic electron-atom col-
lisions by considering the Coulomb scattering of the

' J. J. Thomson, Phil. Mag. 23, 419 (1912).


