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Inner-shell excitations and ionizations of atomic ions by high-energy electron impact
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Cross sections for the inner-shell ionization of argon ions by high-energy electron impact
are estimated. An improved form of the single-particle model with varying degrees of
ionization is used in the calculation of the excitation amplitudes. Partial sums over the
allowed final states are carried out using the semiclassical projection operator. This op-
erator depends on a spectral cutoff parameter eh, and a method for its determination is
examined for the case of hydrogenic transitions. The ionization cross section incorporates
both the direct excitation to the continuum and the Auger emission following the inner-shell
excitations. For electron energies in the KeV range and for atomic targets with the core
charges && less than 20, the direct ionization dominates, with the excitation Auger-emis-
sion mode making a small but appreciable contribution. The ionization cross sections for
the neutral neon, and oxygen targets are also estimated.

I. INTRODUCTION

In a previous study' of the electron-impact ion-
ization of ionic targets, we estimated the relevant
excitation probabilities for the target ions with
the core charges Z~ in the range 10~Z~~80 and
the degree of ionization ZI in the range 0 ~ ZI ~ Z~.
In the case of neutral atoms, with Z~=O, the sys-
tem was represented by the single-particle model
obtained earlier phenomenologically by Green et
al.' On the other hand, for targets which are ini-
tially ionized to the degree ZI, we made an ad hoc
extension of the model by adjusting one of the pa-
rameters which appear in the model. Such a crude
extension was nevertheless sufficient in a pre-
liminary study carried out in Ref. 1.

More recently, however, Szydlik and Green' re-
examined the extended model for Zl&0 and found
that the screening part of the earlier potential did
not decay fast enough and consequently gave ex-
cessive bindings. The variation of the parameter
(d) as a function of ZI for each fixed Zc shows
rather complicated features. We adopt here the
new parametrization and examine its effect on

the ionization cross section.
The inner-shell excitations by high-energy-elec-

tron impact either to higher bound-state configura-
tions or to the continuum requires a restricted
sum over all of the allowed single-electron states.
This partial sum can be conveniently carried out4

in terms of the semiclassical projection operator
A, and construction of such operators is facili-
tated by the use of the simple local single-particle
potential. Thus one of the bound-state electrons
can be ionized by directly promoting it to the con-
tinuum or by fir st exciting it to a higher unoc-
cupied state followed by an Auger-electron ernis-

sion; the vacancy can also be filled by an elec-
tron with the emission of a. photon, and this branch-
ing ratio is available in terms of the fluorescence
yield. '

We consider in this paper specifically reactions
involving the argon target with varying degrees of
ionization ZI. The theoretical method employed
here' is applicable to other atomic targets as well,
once an improved model potential is available. The
semiclassical projection operator is especially
simple to use when the single-particle states are
generated by a local potential, and allows one in a
simple way to approximately sum a part of the
complete spectrum of a one-particle system. To
further clarify the effectiveness and reliability of
the approach adopted here for the estimate of the
electron-impact ionization cross section, we will
also present the result for the neutral neon and

oxygen targets, which can be compared with the
existing theoretical and experimental results.

II. TH EORY

The theory of electron-impact ionization of tar-
get atoms is rather well known, "' and an approxi-
mate procedure to estimate its cross section was
described previously. ' Therefore we review here
briefly only those parts of the forrnalisrn which are
relevant to the present discussion and in defining
notation. The electron-atom inelastic excitation
cross section for the transition cd —P is given at
high energies by

d'rd'R$6 Vs/ r e"
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M&
——— dsz gz r n r~g r (2.3)

with q=—nq. After integration over the scattering
angles, the total cross section is given by

o ~(k„)=(8mZ /0,')M, ln(q /q „),
where obviously

q =ko+ka, q;, =k —k~ .

(2.4)

(2.5)

Depending on the choice of k~, q and q „will
change; from energy conservation, we have

0' =0', —2m(e -e,)/@'.
We now consider several ways by which q and

q „may be approximated. ' For high-energy scat-
tering with E,» ~e, ~, we may set

q „=m(e~ —e )/h'0 =- m& ~/0'0, . (2.7)

where r denotes collectively the internal target-
electron coordinates and R is the scattering elee-
tron with momentum k or kz. The electron being
scattered is described in (2.1) by plane wave with-
out distortions; q denotes the momentum transfer,
q =k —k~. The target states are described by g
and g~ with the energies e, and e~, while the in-
teraction between the target electron and the pro-
jectile is given by V~ =e /~ rz —R~. The number
of electrons in the eth subshell is represented by
Z . In terms of the Bethe integrala in the dipole
approximation, we have, with m=S=e~=1,

f.,(6) = (I, /I .) Z.{4/q') M.. . (2 2)

where

o', (0,) =(4sZ, /0, )M, In(4E, /n ) (2.8)

The sum over the final allowed states P gives,
for P in the bound and continuum configurations
which are not occupied,

4Z 4E
k a, ' (2.9)

M;-=[I/2(2&+ I)][(I+I)M J'+&M",'- ], (2.10)

with nl for the particular initial configuration a,
l, =—l+1 and

(2.11)

o c = (wa,') [4Z„/(k a,)'] ln(4E /n, c)M c, (2.12)

where M~" and M ~ are defined in a manner
similar to (2.10) and (2.11).

Finally, the total cross section is obtained by
summing over all the occupied bound-state con-
figurations,

Mg+ =—Mg =Q MB

(Ms, is the radial part of M~, and the angular
part is included in M z.) The subscript E implies
that the set includes all the allowed excited
states of the target, including the continuum. In
(2.9) we have added the Auger branching ratio W„,
which is estimated from the known fluorescence
yield' 1' by 8" =1- F . Similarly, we have for
the direct ionization

Gn the other hand, the q,„may take different
forms depending on the physical picture one in-
troduces. For example, we may set q =2k,
which is mathematically consistent with (2.5) and

(2.6) with the result

o "(Z„Z„E)=P o:,
oc(Zc, ZI, E) =pa c .

(2.18)

(2.14)

ln(q /q „)=in(4E /6 ~) . (2.7a)

However, this is not quite correct from the physi-
cal point of view; the high-energy scattering from a
weakly bound system w'ill take place mainly within the
first diffraction peak, i.e., for q ~ 3.832' ', where
the numerical factor is the first zero of the Bessel
function 4, and x is roughly the size of the scat-
terer electron, with r, ' ={2~e ~)'~'. In fact the
Bethe approximation and the dipole approximation
qr, « I introduced in the derivation of (2.2) are
consistent with the above picture. Thus with q ~=r '=(2~e ~)'~' we obtain the usual result,

ln(q /q „)=-,'ln(4E /h 8), (2.7b)

which is a. factor of 2 smaller than {2.7a). In the
following, we adopt the form (2.7b), keeping in
mind the above uncertainty. Therefore we have

Incidentally, the excited states of the target may
also decay by the radiation emission rather than
by the Auger-electron emission. Its cross sec-
tion o ~ is then given immediately by

os(Z Z E) =Q os

=(wa,')[4Z /{k a,)']M {1—W) ln(4E /n, g) .
(2.16)

III. SINGLE-PARTICLE MODEL AND INNER-SHELL
EXCITATION PROBABILITIES

For the bare-core nuclear charge Z~ =18 for
Ar and the degree of ionization ZI (with Zz = 0 for
a neutral atom), we have the single-particle-
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model potential" ' given by

V(r}= (e'/r)[(Z, —Z, —1)U(r) —Z,],

U(r) = 1 A(r),

fl(r) = [H(e"~' —1)+1]-' .

(3.1)

(3.2)

the ionization threshold e„, =0. The range of in-
tegrations over the variables t' and r' involved in
A is such that P, of (3.6) remains real and positive,
in accordance with the classical picture adopted in
the construction of A. The projection operators
which are needed in M~ and M~ are then given by

Ac=6(r-r'} —As, As =- AD{e,-—~) (3.6)
In (3.3}, we have two parameters d and H, which

are determined by Green et al.s; the values used
here for Ar are listed in Table I for various
degrees of ionization. The Zl dependence of the
parameter d, which was neglected in the previous
study, ' has a dramatic effect on the binding ener-
gies. The parameter H, or E=H/d, also depends
on Zl with appreciable improvement in the binding
energies.

The radial part of the excitation probabilities
Ms and Mc defined by (2.14) and (2.16) is esti-
mated using the projection operator AE and A~o

to be specified below. If the highest occupied
state of given l, = E + 1 has the energy e„,, and
the lowest unoccupied state has the energy e„...„
then the unoccupied bound-state projection for
all the states above e~ and below the ionization
threshold is given by

with

v= ,'(r+r ')-, —I,=(l, + —,')' .
The spectrum projected by A ' is therefore cut
off from below by the parameter e„which is re-
lated to the energy of the lowest unoccupied ex-
cited state e, by e„, & e~, and from above by

where Ae in (3.6) projects onto all of the bound-
state configurations, both filled and unfilled, while

A~ spans only over the allowed unoccupied con-
figurations. Thus, the relation (3.6) is a direct
consequence of the closure property, while A~
in (3.V) excludes those states which lie below the
cutoff energy 8+. The transition probabilities for
{n, l) - (continuum, I, ) and (n, l}- (all allowed
states} are given respectively by

(3.6)

M =M","=(nIIrA","r'Inf)=M, +M;.
(3.9)

Por test purposes, we may also define the overlap
integral S„„which should be 1 or 0 for n~ n, or
n& n, respectively, as

S„,=&sf IA,'I&I& . (3.10)

As noted earlier, ML) and M~ depend on the cutoff
parameter e~ when any of the low-lying k, shells
are occupied. (Note that M„, Ms, and Mc do not
depend on e~.) To examine this dependence, we

have first estimated MD for the case of hydrogen
(Zc =I, ZI=O) with n =-(n, I) =(1,0), (2, 0), and

(2, 1), for which the exact result is available' for
comparison. The transition probabilities are cal-
culated as functions of

I e~I
=—n~ 'for the transitions

TABLE I. Single-par ticle energy &„~ of the argon ion calculated using the potential (3.1)
and the parameters d and H. The single-particle energies are given in rydbergs. && denotes
the degree of ionization, with &~=0 for the neutral Ar atom. The last column contains the
correct ionization energies. The ionization energies are given in Refs. 21 and 22, while the
values for d and H are from Ref. 3.

1s
Ionization

energy

16
14

8
6
0

0.042
0.090
0.180
0.274
1.045

20.1
9.55
5.62
4.98
3.50

0.843
0.863
1.012
1.37
3.66

302.2
282.4
242.7
236.9
228.0

61.86
35.10 30.66
30.26 25, 87 8.86
21.67 17.35 1.91 1.21

320
63
31
9.4
1.16
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n"

where n" covers all the allowed states above n, .
The calculated result is summarized in Figs. 1-3
which indicate the general trend of the shift in the
corxect e, for different n, . That is, for n, &4 we
have n~= no —&, while for no ~4 we have to choose
n, =n —1. It seems difficult to choose the cor-
rect value for e, very accurately, and this will
be reflected in the error estimate in the final I~
and MD.

The above feature of 8, being dependent on the
value of n, for different Z~ and Zl ha.s been in-
corporated in the actual estimate of MD and M~
for the argon case, and the result is summarized
in Table II. The transition probabilities M ~ in-
crease markedly as we go to outer shells.

In connection with the determination of the cutoff
energy, it is also important to estimate the value
for the e~ in the limit n- ~. The position

e, —= lim e,

D,

1/ l8( 0& I

2 j 4
l

5 rI

FIG. 2. Radial part of the dipole transition probability
MD" for the hydrogenic system, Z& =1 and Zl =0, and

g, l) = (2,0)-g', l') = (n', 1). The dashed curve is ob-
tained with AD (semiclassical) and the solid curve is the
exact result.

I.O

IO

I it

2
I

4
I

n,

FIG. 1. Radial part of the dipole transition probability
Mzf for the hydrogenic system, Z&=1 and ZI =0, and

(n, &) = (1,0) —g', &') = g', 1). MD' depends on the cutoff
parameter e~, or rather on n~ = (e~) ~~2. The dashed
curve is obtained using the semiclassical operator AD,
while the solid curve is the exact result. The arrows
indicate the correct values of n& fox which AD gives the
correctMD. For example, to include all of the states
with n' ~2 requires nI, = 1, to include all of the states
with n' ~ 3 requires n&=2.2, and so on. Note that, ap-
proximately, no= n&+1, where no denotes the principal
quantum. number for the lowest unoccupied state to be
included ln AD

O, l

O.OI
I

1(

4

FIG. 3. Radial part of the dipole transition probability
Mz~ for the hydrogenic system, with g,l) =(2, 1) (n', 0)
or (n', 2). The dashed curves are the semiclassical re-
sult and the solid curves are exact.
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should be important sometimes in the calculation
of M~ and MD. The values for M given in Table
II are obtained with e,=0, except the case for the
last row with ZI=O, and nl=3p-d. We have seen
from Figs. 1-3 that, as n increases, n' lags be-
hind more, and the limit point for n' may not be
at infinity. In fact, we can roughly estimate that
n' may somewhere approach n'&10 as n —~ giving
Ze, —= -Z'/(10)'. This value will be used later to
correct for M~. The last row in Table II is ob-
tained with e, = —0.06 Ry; note the change in Mc.

Incidentally, we note that within the dipole Bethe
approximation of (2.3), these transition probabili-
ties are independent of the scattering energy. The
dependence of the cross sections 0~ and o ~ on the
projectile energy E is entirely contained in the
factor &,' in(& /n, ), so that the values given in
Table II can be used for all energies E, so long
as the underlying Born approximation in (2.1) is
valid; this limits the applicability of the formal-
ism of this section to high-energy-electron impact.

IV. ELECTRON-IMPACT IONIZATION CROSS SECTIONS

The excitation probabilities M for the various
subshells obtained in Sec. III can now be used to

for all ZI and

E„1keV (4.3)

for Z~ & 14 and n ~ 2. The E~ is also limited from
above by

E~ 6100 ke7' (4.4)

as we also neglect the relativistic kinematic ef-
fect. (As in Ref. 1, the relativistic correction can
be incorporated in a trivial wsy if necessary. )

Table III contains the calculated cross sections
o and o ~ at E„=10 keV and for the different
degrees of ionization ZI. The multiplicity param-

evaluate the ionization cross sections, both for
the direct and excitation modes. Since the cross-
section formula derived in Sec. II neglects the
Coulomb distortions in the initial and final states
of the scattering electron when Zl& 0, we expect
(2.3) to be effective for the initial energy E,=E—
in the region where

(4 1)

that is, roughly, for the argon ion with Z~=18,

(4.2)

TABLE II. Radial part of the dipole transition probabilities for (~l) —(+,&~
=—1+1). S in-

volves the overlap between P„~ and A$. iif~ is the total transition probability, and sifs is the
total bound-state transitions, with the &' spanning all of the bound-state configurations; M&
is the total continuum-state transition probability, with the n' spanning all of the continuum
states. Thus Mz ——1VJg+M&. TVID selects only those bound-states which are unoccupied, as
specified by the cutoff parameter &q,. M+=MD+M~. All M's are given in atomic units. The
case &~ =a implies no cutoff, thus MD=My. The entry in the last row for Zl =0 and nl =3P is
obtained with the threshold cutoff &~ = —0.06 By.

14

18
28
2p
2p
38
3p
3P

p
p
S
d

p

0.900

0.900
0.939

0.900
0.946
0.959
0.959

0.898
0.937
0.952
0.952
0.963

0.893
0.908
0.923
0.923
0.897
0.903
0.903

0.010

0.010
0.156

0.010
0.201
0.169
0.169

0.010
0.205
0.172
0.172
1.66

0.010
0.210
0.176
0.176
2.74
3.28
3.28

0.007

0.007
0 ~ 152

0.006
0,191
0.169
0.129

0.006
0.191
0.172
0.118
1.64

0.006
0.179
0.174
0.042
2.40
3.26
1.86

1.62

0.003

0.003
0.005

0.004
0.010
0.000
0.039

0.004
0.014
0.000
0.054
0.024

0.004
0.030
0.002
0.134
0.338
0.026
1.42

1.66

20.0
20.0
30.0

20.0
20.0
6.0

20.0

1.0
1.0
1.3
a
1 ' 0
1.3

0.007

0.007
0.152

0.001
0.081
0.084
0.129

0.001
0.123
0.002
0.118
1.64

0.000
0.004
0.002
0.042
1.37
1.92
1.86

1.62

0.010

0.010
0.156

0.005
0.091
0.084
0.168

0.004
0.137
0.002
0.172
1.67

0.004
0.035
0.004
0.176
1.71
1.94
3.28
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TABLE III. Calculation of the direct ionization cross
sections 0 for the argon ions by the electron impact
at ~& =10 keV. The various parts in the formula (2.15)
are shown explicitly. The numbers in parentheses
denote the powers of 10 by which the terms preceding
them are multiplied.

2 0.0008 338

2 0.0009 307
2 0.0015 87

2.0 (-5) 2.0 (-5)

2 ~ 3 {-5) 2.3 (-5)
5.8 (-5) S.l (-5)

8 ls p 2 0 0013
2s p 2 0.0034
2P s, d 6 0.0085

2 0.0013
2 0.0045
6 0.012
2 0.008

3.4 (—5)
1.6 (—4)
1.2 (—4)

3.6 (—5)
2.2 (—4)
1.8 (—3)
4.7 (—4)

3.4 (-5)
1.9 (-4)
3.1 (-4)

3.6 (-5)
2.6 (-4)
2.1 (—3)
2.6 (—4)

0 ls p
2s p
2p s, d
3s p
3p s, d

2 0.0014
2 0.010
6 0.030
2 0.112
6 0.320

229
22
18
2.6
1.9

4.a (-5)
5.4 (—4)
5.o (—3)
8.6 (—3)
7.7 (—2)

4.1 (—5)
5.8 (—4)
5.6 (-3)
1.4 (—2)
9.1 (-2)

0 3p s d 6 0320 1.9 8.9 (-2) 1.0 (—1)

eter Z for the subshell a is taken to be

Z =2(2l+l), a=-(n, f),
and the average excitation energy h~ is chosen to
be approximately

~c=-,'/e„ f-e. , (4.6)

where e is the energy for the lowest unoccupied
state for given Zz. The drastic increase in the ex-
citation cross sections to the continuum as we go
to the higher shells comes mainly from the in-
crease in M ~, but the A~-dependent factor also
contributes significantly to this increase.

The excitation-ionization cross sections o" and
o" are given in 'Table IV; we have chosen here

cP. =--,'-/e /-e. and ~'. =fe. /, (4.7)

rather than the choice (4.6). The additional factor
W„ in a for the Auger branching ratio is taken
from Ref. 5. However, for the highest occupied
shell for given ZI, we have set W =0. This is
entirely consistent with the physical picture of the
Auger emission, as, by definition, there are no
higher-shell electrons available to fill such states
with enough energy released to eject electrons.
(To be more precise, W is not strictly zero since
we have at least two electrons in the higher shells,
one electron promoted in the process of excitation
and the other incoming electron when a large loss
of energy is involved. ) Thus, although the excita-
tion probability is high for the outer electrons,
such vacancies are filled by a radiative emission.

In Table V, we collect for the argon case the
contr1butlons fr om 0' and 0' to the total loMza-
tion cross section o ~; the effect of 0" is not neg-
ligible, and, as we have seen in the earlier study, '
0' ln fact dominates for Zg &40.

TABLE IV. Calculation of the excitation ionization. cross section & for the argon ions by

electron impact at && =10 keV. The various parts in the formula (2.12) are shown explicitly.
The Auger-emission branching ratio &„ is obtained from the fluorescence yield Y~ by
&~=1 —&~. The numbers in the bracket denote the powers of 10 by which the terms preced-
ing them are multiplied. The values for the fluorescence yield are from Ref. 5. The under-
lined values for 0 are used in the estimate of the total ionization cross section 0 ~.

p
p
s, d

p
s~d

0.0032

0.0033
0.053

0.0015
0.030
0.047

Q.0014
0.044
0.038
0.008

0.0014
0„012
0.040
0.57
0.94

302

282
62

228
22
17
1.9
1.2

0.84
l.00

0.84
1.00
1.00

0.84
a.oo
1.00
1.00

0.84
1.00
1.00
1.00
1.0Q

7.o (-5)
2.2 (-3)

3.5 (-5)
1.5 (—3)
7.0 (-3)

3.3 (-5)
2.2 (—3)
6.1 (-3)

7( 4)

3.4 (-5)
6.2 (—4)
6.s (—3}
4.6 (-2)
2.4 (-1)

a (~tg2O)

6.7 (—5)

7.0 (-5)
2.2 (-3}
3.5 {-5)
1.5 {—3)
8.5 (-3)
3.3 (—5)
2.2 (—3)
8.3 (-3)
8.8 (—3)

3.4 (—5)
6.5 (—4)
7.5 (-3)
5.4 (—2)
2.9 (-1)
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TABLE V. Total ionization cross section ~=0~+~
for the argon ions of ionization degree &I and the elec-
tron-impact energy E& =10 keV. &+ is the radiation
emission cross section for the Ar ion after it is excited.
All cross sections are given in the &&0 unit. The values
for 0' and (T are given in Tables III and IV.

TABLE VI. The energy dependence of 0, 0, and (7,
at &'z =1, 5, and 10 keV. The cross sections are given
in the &0 unit. The experimental values are given by
~ xp for the neutral argon target. MG is from Ref. 11,
OKS is from Ref. 12. The experimental values are from
Refs. 13—15. 0'~ is obtained with &g —0.06 Ry.

16
14

8
6
0
Or

2.0 (-5)
8.1 (-5)
3.1 (—4)
2.6 (-3)
9.1 (-2)
1.0 (-1)

0
7.0 (-5)
3.5 (—5)
8.3 (-3)
7.5 (-3)
7.5 (-3)

2.0 (-5)
1.5 (-4)
3.5 (-4)
1.1 (—2)
9.9 (-2)
1.1 (—1)

1.3 (-5)
1.9 (-5)
2.4 (—5)
3.4 (—5)
1.1 (—4)
1.1 (—4)

~C
~A
~I
~tl
(r' (MG)
~' {oxs)

(expt)

0.62
0.04
0.66
0.74
O.97
1.4

0.8-1.2

0.17
0.013
0.18
0.20
0.24
0.40
0.22

0.091
0.008
0.10
O.ll
0.13
0.23
0.12

Also included in Table V is the radiation emis-
sion cross section o at 10 keV energy. The esti-
mate of o is uncertain mainly because of the
poor accuracy in the fluorescence yield Y for
higher shells. To be specific, we have used in
our estimates Y~=—0.16, Y~=0.002, and Y„
=—0.0003 for the E-, I--, and I-shell vacancies,
respectively. (Y„ is less reliable snd may be
overestimated. )

Finally, the calculated total ionization cross
section o' is compared with the experimental
data' in Table VI for E~ in the range 1 +8~ & 10
keV. In view of the approximations involved, the
agreement is reasonable, although the present
calculation gives consistently lower cross sections
than some of the earlier estimates. The previous
theoretical results obtained by McGuire" and
Omidvar" are also included for comparison. In
o, the adjustment of the threshold cutoff e, for
M~ substantially improves the result.

As the method used above for the argon ion can
also be applied to other atomic systems with very
little modification, we have studied the neutral
Ne and 0 atoms interacting with the high-energy
electrons. The transition probabilities for these

cases are given in Table VII; they are then used
to estimate o ~. For both Ne and 0, the M~ for
the 2p-d transition is not affected by the adjust-
ment of the cutoff e„mainly because of the al-
ready small values for M~; this was not the case
with the neutral argon atom where M~ for the 3P
-d transition was comparable to M~. The result-
ing cr and cr" are summarized in Table VIII, and

compared with the available experimental' "and
theoretical"'"' results. First of all, we note
that o " is much smaller than o ~, and the main
contribution again comes from the 2p- d transi-
tion. (The o" contribution to the impact ionization
becomes more important as Zc increases. ) Sec-
ondly, the multiplicity factor Z in the cross-sec-
tion formula has to be chosen differently for Ne
and for 0; as the 2p subshell is filled in Ne, we
chose Z»-6, whale for 0 we have Z»-4. Thxs
difference in Z» is important, and the agreement
with other results is quite satisfactory.

V. DISCUSSION

In this paper we have made two improvements
in the calculation of the ionization cross section.

TABLE VII. Radial part of the dipole transition probabilities for the neutral Ne (Z&=10,
Z&= 0) and the neutral 0 (&~= 8, &I= 0). The details of the quantities listed here are the same
as in Table II. The parameter values for the potential used are d=0.558, &=1.512 for Ne and
d = 0.735, 8 = 1.771 for the 0 target, as given in Ref. 3.

10 1s p 61 47 0 879
2s p 3 17 0 876
2p s 1.62 0.880
2p d 1.62 0.880

0.034
1.03
1.23
1.23

0.016
O.76
1.21
0.04

0.018
0.27
0.02
1.19

1.2
1.2
2.0

0.001
0.52
0.81
0.04

0.019
0.79
0.82
1.23

1s P 38 31
2s p 2.16
2p s 1 16
2p d 1.16

0.878
0.890
0.906
0.906

0.054
1.66
2.02
2.02

0.025
1 ~ 31
2.01
0.22

0.029
0.35
0.01
1.80

0.9
0.9
1.5

0.002
0.88
1.38
0.22

0.031
1.23
1.39
2.02
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Bef.

MG
OKS
P
expt

0.47
0.001
0.47

0.40
0.45
0.50

0.35—0.45

0.12
0.0004
0.12

0.ll
0.13
0, 15
0.10«

0.070
0.0002
0.070

0.065
0.075
0.087
0.06&

MG
OKS
expt

0.52
0.002
0.52

0.45
0.63

0.6—0.9

0.14
0.0007
0.14

0.12
0.16

0.15-0.25

0.075
0.0004
0.075

0.07
0.09

0.08-0.14

Firstly, the single-particle model for the many-
electron target system has been improved, ' with-
in the context of the original program. ' This re-
finement does not seem to change the over-all
qualitative conclusion obtained earlier' that 0 ~

dominates for low Z~ and o ~ at high Z~, but the
improvement is significant in terms of the re-
liability and accuracy. Secondly, the cross sec-
tion c"depends rather sensitively on the cutoff

TABLE UIII. Total ionization, cross sections for the
neutral Ne and O targets by electron impact at the inci-
dent energy ~& =1, 5, and 10 keU. MG is from Bef. 11,
OKS from Bef. 12, P from Bef. 20, and 0 denotes the
result of the present cal.culation. The experimental
values are those of Befs. 13-19. There exists a consid-
erable spread in the experimental as vrell as the theoret-
ical values.

parameter e~ which appears in Az, and Az, while
o ~ can sometimes be quite sensitive to the cut-
off limit e, (as in the neutral Ar case). Thus an
accurate determination of e, is important for
cases with Z~&30 where 0~ dominates, and e~
for Z~ & 30 where o" becomes larger. Our study
of the hydrogenic system clarifies this problem
of e, and e„but fails to provide a more reliable
p roc edur e.

There are several additional points in our theo-
retical procedure which should be impx'oved upon:

(i) The distortion of the wave function for the
continuum electron in the initial and final states
has been completely neglected here. This is justi-
fied for the incident energies higher than 1 keV
and with ZI small. '"" This effect seems to x e-
duce the cross section somewhat.

(ii) The contribution from the higher multipole
transitions in (2.1) has been neglected; this should
raise the cross section significantly.

(iii) Although the average excitation energy b,

appears in the cross section only logarithmically,
a more systematic evaluation of 4 would be de-
sirable, perhaps along the line suggested in Ref.
1.
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