
PHYSICAL REVIE% A VOLUME 26, NUMBER 6 DECEMBER 1982
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Electron-impact ionization cross sections have been calculated in a distorted-wave ex-

change approximation for seven ions in the argon isoelectronic sequence. For neutral ar-

gon, target configuration interaction and term dependence in the ejected-electron continu-

um were found to be significant influences on the cross section. Similarities of electron ion-

ization and photoionization are discussed. An analytic fit is given which accurately repro-

duces the distorted-wave cross sections and rate coefficients of argonlike ions with Z & 20.

I. INTRODUCTION

Electron-impact ionization cross sections are im-
portant components in modeling the structure and
dynamics of high-temperature plasmas occurring
both naturally in stars and artificially in fusion
plasma devices. Although a significant amount of
new information concerning the electron ionization
of highly charged ions has become available in the
past few years, ' most of this data has concerned
relatively light target ions with from one to eleven
electrons. Very recent theoretical and experimen-
tal work on several-times-ionized transition-group
elements has concentrated on mapping out the com-
plex resonance structures embedded in the ejected-
electron continuum, but very little information is
available concerning the direct ionization process
for many-electron ions.

The argon sequence is a practical choice for such
a study for several reasons. First, having a closed-
shell ground state, the atomic structure of argonlike
ions is relatively simple, and dominant correlation
contributions to the wave function can be represent-
ed in a reasonably compact fashion. Second, the
complex resonance structures in the ejected-electron
continuum which dominate the shape of the cross
section for many heavy ions are very weak in argon-
like ions, since the first autoionizing states are of
the type 3s 3p nl, which have relatively small exci-
tation cross sections compared to the direct ioniza-
tion process. Third, there is available an extensive-
series of calculations of the photoionization cross
sections of argonlike ions which can serve as guides
in understanding the behavior of the slow ejected
electron in electron ionization.

Section II briefly describes the distorted-wave
method employed in the present work. Section III

describes the calculations for neutral argon with
special attention given the importance of initial-
and final-state electron correlation in the calcula-
tion of an accurate electron ionization cross section.
Section IV presents results for the argonlike ions
Kn, CaIII, ScIV, VVI, FeIX, and KrXIX. Section
V concludes the paper.

II. COMPUTATIONAL METHOD

The distorted-eave Born-exchange approxima-
tion employed here has been described in detail else-

where. ' Briefly, a triple partial-wave expansion de-
scribes the incident, scattered, and ejected electrons.
The incident and scattered waves are computed in
the potential of the target ground state. The low-

energy final-state (ejected) wave is computed in the
potential of the ion. The potentials consist of the
static electrostatic potentials of the nucleus and
bound target electrons plus a semiclassical exchange
(SCE) potential which has been found to accurately
approximate partial-wave orbitals computed in a
frozen-core configuration-averaged Hartree-Fock
nonlocal exchange potential. For the target orbitals
we used the analytic Hartree-Fock wave functions
of Clementi and Roetti. For ejection of a 3p elec-
tron the maximum incident, scattered, and ejected
partial-wave orbital angular momenta considered
were 14, 14, and 8, respectively. For 3s-electron
ejection the corresponding maximum partial-wave
momenta considered were 10, 10, and 6 for incident
energies less than twice the ionization energy and
14, 14, and 10 for higher incident energies. These
limits were found adequate to ensure convergence of
the partial-wave expansions to within a few percent.
The residual contribution was included by simple
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extrapolation of partial cross sections.
The cross sections were computed in the max-

imum interference approximation of Peterkop,
which maximizes the effect of scattering exchange
in the final two-continuum electron state and hence
minimizes the total ionization cross section. While
there is no a priori justification for this choice over
other possible final-state phase conventions, the
maximum interference approximation has been
found to yield theoretical cross sections in good
agreement with available experimental data for a
variety of atoms and ions. ' Typically, the Born-
exchange cross section exceeds the Born value at
low incident electron energies. At u =1.25 the in-
crease amounts to 10—20%, being smaller for
higher stages of ionization. Here u is the incident
electron s energy in units of the 3p ionization ener-

gy. As the incident electron energy increases, the
exchange cross section decreases relative to the
direct cross section, becoming smaller for u )2. At
u =5 the exchange values are about 10% below the
direct.

Experimental ionization energies were used where
they were available and are listed in Table I.

III. ARGON

section of neutral argon have demonstrated the im-
portance of electron correlation in both the initial
and final states in determining an accurate total
cross section. ' ' We expect a similar situation to
prevail in the case of electron ionization. Since the
distorted-wave theory employed here ignores in-
teractions between the target and the incident and
scattered waves beyond the atomic potential in
which the partial waves are calculated, the electron
ionization process is essentially portrayed by this
theory as a one-electron excitation propagated by a
"transition potential" due to the scattering electron.
We have found in the past that the total electron
ionization cross section is much less sensitive to the
details of the incident-scattered partial-wave poten-
tial than to the choice of the potential for the eject-
ed wave. Thus the most important improvements
in the simple distorted-wave theory outlined above
are expected to occur in the description of the initial
and final target states, the later representing the
ejected continuum electron. Unless otherwise noted,
all of the calculations discussed below were made
with incident and scattered partial waves computed
in a semiclassical exchange potential.

The results of our calculations are shown in Fig.
1. The lowest-order approximation which we ap-

number of measurements of the electron-
impact ionization cross section of neutral argon
have been performed; a critical review of the avail-
able data may be found in a paper by Kieffer and
Dunn. We have chosen the results of Asundi and
Kurepa' for comparison purposes since they are
representative of the majority of the measurements.
As Kieffer and Dunn point out, however, a careful
measurement by Rapp and Englander-Golden"
yielded cross sections about 20—30% lower than
those of Asundi and Kurepa and others near the
cross-section maximum. They suggest that this fig-
ure is an indication of the systematic errors which
could affect the experimental data.

Previous calculations of the photoionization cross
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FIG. 1. Electron-impact ionization cross section of
neutral argon. ——,distorted-wave exchange, SCE orbi-
tals; ———,distorted-wave exchange with TDHF eject-
ed d waves; --, distorted-wave exchange, TDHF d
waves, with approximate ground-state correlation; —.—,
solid curve plus cross section for ionization of 3s subshell;
0, experiment, Ref. 10; X, plane-wave Born, Ref. 17; 6,
plane-wave Born, Ref. 16.
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plied used a single-configuration Hartree-Fock tar-
get wave function and ejected partial waves com-
puted in the configuration-averaged semiclassical
exchange potential described in Sec. II. The total
cross section resulting from this approximation is in
very poor agreement with experiment' and exhibits
a sharp downturn at about u =2.0, where u is the
reduced incident electron energy measured in units
of the 3p ionization energy. Examination of the
distribution of the cross section versus the ejected
partial-wave angular momentum reveals it to be
dominated by the 3p-Ed dipole transition, which
constitutes more than 75% of the total cross section
throughout the incident electron energy range con-
sidered. This is in contrast to the results of many
other calculations of electron ionization cross sec-
tions which we have performed, where the

nl ~K (1+ I )

ejected-electron channel seldom dominates the cross
section at low incident electron energies and is often
less important than nearby nondipole channels.

The 3p Kd configuration has three terms P, D,
and 'P corresponding to different couplings of the
3p and Kd orbitals. In the first Born approxima-
tion, only the 3p'Ed'P term contributes to the
direct matrix element. The triplet terms appear
only in the exchange matrix elements. In order to
improve the description of the Kd ejected wave, we
replaced the semiclassical exchange potential for the
Kd ejected wave by the frozen-core term-dependent
Hartree-Fock (TDHF) potential for the 3p5KD 'P
channel which is given by'4

V&DHFP(Kd;r)= ——+ g J;(r) P(Kd;r) X(r) (—
5 J&~+—i5 K3p 7—0K3p)P(Kd;r),

i=1

where Z is the nuclear charge, N the number of target electrons, and X(r) is the configuration-averaged nonlo-
cal Hartree-Fock exchange potential. ' The direct and exchange potential operators are

J;=—f, IP;(p) I'dp+ f '
dp

- IP(p)l'
(2)

and

I ~
~ ~

m P;(p)P(Kd;r)
K; P(Kd;r)= -& i f P;(p)p P(Kd;r)dp+r~ f '

&, dp P;(r),
p %+1 (3)

respectively.
P;(r) is the 1th bound radial orbital and P(Kd;r)

is the continuum radial orbital. Hartree-Fock
ground-state orbitals for neutral argon were used to
construct VzDHF. Note that V~DHF is a nonlocal
energy-dependent potential. V&DH„differs signifi-
cantly from the semiclassical exchange potential ap-
proximation in that for neutral argon it is effective-

ly a double-well potential. The strong exchange in-
teraction between the Ed ejected wave and the 3p
core, when combined with the attractive nuclear po-
tential and the repulsive potentials due to the direct
electrostatic electron interaction and the centrifugal
term 1(1+I)/r in the Hamiltonian, yield a deep
inner potential well near the nucleus, a potential
barrier in the vicinity of the 3p subshell, and a very
shallow and extended outer well. Low-energy eject-
ed partial waves will not penetrate the barrier and
will reside in the outer well with small overlap with
the 3p subshell. At higher ejected-electron energies
the partial waves will penetrate the potential barrier

I

and have a larger overlap with the 3p subshell. Fig-
ure 2 compares the phase shifts 5 for Kd partial
waves computed in the semiclassical exchange po-
tential and the term-dependent Hartree-Pock poten-
tial. Whereas 5s~E is large even at low continuum
energies, 5&DHF is very small until approximately
0.3 Ry, where a rapid increase occurs. Presumably,
this is where the Ed wave begins to penetrate the
potential barrier. As a check, we.have used our
ejected d-wave orbitals to compute the 3p photoioni-
zation cross section of Ar I with essentially the same
results as Swanson and Armstrong' who use a
similar method. A detailed discussion of the pho-
toionization cross section's dependence on partial-
wave potentials and target atom correlation is given
in Refs. 12 and 13.

Term dependence is not included in our calcula-
tions of the ejected-electron continuum orbital for
partial waves with I+2, although it is present in the
configuration p kl for all nonzero 1. Term-
dependent effects on the ejected partial waves
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FIG. 2. Ejected d-wave phase shifts for neutral argon.———,SCE approximation;, TDHF approxima-
tion.

should decrease rapidly with increasing partial an-

gular momentum due to the increase of the centri-
fugal term l(l + I )/r in the wave equation. At low
ejected-electron energies, where the energy-
differential cross section peaks, we found only small
phase shifts for I) 3, indicating that further im-

provement of the potential by including nonlocal
term-dependent corrections should be small. Since
we have included term dependence in the Kd chan-
nel, and since it does not exist in the Ks channel, the
only remaining channel where it is important but
not included is the Kp channel, which does not play
a determining role in the composition of the total
cross section. Thus the most significant improve-
ment in the SCE total cross section due to con-
sideration of the term dependence of the ejected
continuum wave is expected to ocur in the 3p Kd
channel.

When TDHF Kd waves are used to represent the
ejected electron, the resulting ionization cross sec-
tions are much smaller than when SCE partial
waves are used, as is illustrated in Fig. 1. At low
incident electron energies the 3p-Kd partial cross
section is reduced by more than a factor of 2 com-

pared to the SCE approximation. At u =5 the ef-
fect of term dependence is smaller, reducing the
SCE result by only about 20%. Also, the sharp
downturn in the cross section is absent when TDHF
Kd waves are used. Again, the curve labeled
"TDHF" in Fig. l differs from the SCE approxi-
mation only in the description of the Kd ejected
wave. Ejected waves with 1+2 were computed in

the SCE potential. Also, the KdTDHF partial cross
section does not include consideration of scattering
exchange. The Born-exchange method demands

that the exchange matrix element be constructed
from scattered partial waves computed in the poten-
tial used for the ejected wave in the direct matrix
element. ' Because of the substantial difference be-

tween the SCE scattered electron potential and the
TDHF ejected-electron potential, it seems that the
Born-exchange approximation would have little

physical meaning in this case. Partial cross sections
for l„.„„,d@2 do include scattering exchange.
Agreement with experiment is improved when

TDHF Kd partial waves are employed, but is still

not satisfactory owing to the neglect of scattering
exchange in the Kd ejected partial cross section and

the single-configuration approximation for the ini-

tial target wave function.
To include a multiconfiguration expansion for

the initial target state in a partial-wave ionization

theory would be a considerable task, owing to the
very large number of matrix elements to be comput-
ed in a triple partial wave expansion and the
coherent addition of matrix elements in the scatter-

ing amplitude arising from the component configu-
rations.

In order to estimate the magnitude of initial tar-

get state correlation corrections to the total electron
ionization cross section, we have therefore adopted
a simpler, more approximate approach: We corn-

puted single- and multi-target-configuration ioniza-
tion cross sections in the simple plane-wave Born
approximation, took the ratio of the two, and multi-

plied the TDHF distorted-wave cross section by this
ratio to obtain an approximate correction for
ground-state correlation.

In the multiconfiguration plane-wave approxima-
tion, the initial target ground state was represented

by the four-tenn expansion

%[3@ 'S]=c)4[3p 'S]+c2@[3p ('S)3d 'S]+cp@[3p"(P)3d 'S]+c44&[3p"('D)3d 'S], (4)

where 4' is the correlated wave function, c; are mixing coefficients, and N are component configurations. For
our approximate calculations a 3d correlation orbital was computed in the static (no-exchange) potential of the
3s 3p configuration. Ground-state neutral argon bound orbitals were used throughout the calculations. The
mixing coefficients which were obtained by means of first-order perturbation theory were c~=0.9753,
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c2 ———0.1076, c3 ———0.1547, and c4 ———0.1151. While approximate, these choices should represent the dom-
inant ground-state correlation in neutral argon.

The scattering amplitude in the plane-wave Born approximation is given by

(5)2~ r12

where K; and Kf are the incident and final momen-
turn vectors of the scattered electron and K is the
momentum of the ejected electron. When the Neu-
mann expansion for the exponential is inserted into
Eq. (5), one evaluates matrix elements of the type

(%(3p 'S) tgt(Kr)
~

%(3p'Kl)),

where jI is the lth-order spherical Bessel function.
The first term of the correlation expansion [Eq. (4)]
yields the single-configuration matrix element mul-

tiplied by the mixing coefficient c~. The remaining
contributions are of the form

(4[3p ( L)3d 'S]
i Jt(Kr)

i
%[3p Kl] )

-(3d (K/)(3d
(
j/(Kr)

) 3p), (6)

i.e., an excitation-type scattering matrix element
times an overlap integral involving the 3d correla-
tion orbital and the ejected continuum wave. Since
partial waves with different I are orthogonal,
ground-state correlation affects only the ejected d
waves. Note that the 3d correlation orbital was

purposely chosen to have a large overlap with the
3p subshell for efficient correlation purposes, so the
excitation matrix element will be large. Since the
correlation orbital and the Kd 'P ejected wave are
computed in different potentials, they will not
necessarily be orthogonal. At low ejected-electron

energies (3d
~

Kd) is approximately unity. As the
ejected-electron energy increases, the overlap de-
creases, falling to -0.17 at K =2.2 Ry. In argon-
like ions (3d ~Kd) is much smaller than in neutral
argon, since the potential due to the excess nuclear
charge overwhelms the exchange potential in

VTDHF, resulting in stronger orthogonality between
the 3d correlation orbital and the ejected d waves.

Table II is a comparison of the results of the vari-
ous approximations employed. Ground-state corre-
lation reduces the single-configuration 3p-Ed
TDHF cross section by almost a factor of two at
u =1.SO. At higher incident energies the reduction
is smaller, mainly due to the smaller overlap of the
3d and Ed orbitals for the higher ejected-electron
energies involved. Since the cross section for elec-
tron ionization is heavily weighted toward low
ejected-electron energies, however, correlation ef-
fects are expected to remain significant until fairly
high incident electron energies. The results of the
approximate correlation calculation are seen in Fig.
1 to be in reasonably good agreement with available
experimental data. Note the large difference be-

tween the plane-wave Born cross sections of Refs.
16 and 17. This difference is due mainly to the use
of different ejected partial waves by the two au-

thors: Peach' using Z =1 regular Coulomb waves
and McGuire' using distorted waves generated in

TABLE II. Comparison of different approximations for the 3p-subshell electron ionization cross section of neutral ar-

gon(10 ' cm ).

1.5
2.25
3.5
5.0

~SCE
K Total

3.80
7.72
5.88
5.11

QSCE

2.96
6.13
4.47
3.74

Q
TDHF

1.28
2.47
3.52
3.24

~BTDHF

0.437
1.56
3.06
3.46

~BTDHFCI

0.255
1.09
2.35
2.69

Q
BTDHFCI

Q
BTDHF

0.583
0.696
0.765
0.778

~TDHFCI
Qd

0.746
1.72
2.69
2.52

~TDHFCI
V Total

1.59
3.31
4.10
3.89

Qr, t,~. Distorted-wave Born exchange with SCE scattering waves and SCE ejected waves.

Qq . Ejected d-wave contribution to Qr, t,~.

Qq
"".. Ejected d-wave cross section, SCE scattering waves, TDHF ejected waves.

Qq ". Ejected d-wave cross section, plane-wave scattering waves, TDHF ejected waves.

Qd
"" '. Qq

""with ground-state correlation.
~TDHFCI, ~TDHF

l
~BTDHFCI j~BTDHF y

~ 5dd /e

Qr„,"~" '. Qr„,~
with Qd

"" ' used for the ejected d-wave cross section.
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an approximation to the Hartree-Pock-Slater local
potential. Our plane-wave Born cross sections are
in approximate agreement with those of McGuire, '

although quite different distorted-wave potentials
were employed.

All of the plane-wave Born (PWB) calculations
are in very poor agreement with the full distorted-
wave calculations, indicating that in neutral argon
the approximation for the scattering orbitals is im-
portant in the calculation of an accurate total elec-
tron ionization cross section. This point will be fur-
ther discussed in Sec. V. The large difference be-
tween the plane-wave and distorted-wave results
calls into question the ability of the simple ratio
method employed here to give even an approximate
idea of initial target state electron correlation ef-
fects on the total ionization cross section. Although
the ratio method does predict a decrease in the
single-configuration cross section rather than an in-

crease and does yield reasonable predictions for the
magnitude of the correction, it can only be regarded
as an approximate indication of the general magni-
tude of target electron correlation effects. The utili-

ty of the simple ratio method described above
should thus be viewed in context with the other ap-
proximations inherent in the distorted-wave
method, such as the neglect of target polarization
by the scattering states and the omission of postcol-
lision interaction between the final-state continuum
electrons.

IV. ARGONLIKE IONS

Distorted-wave Born-exchange cross sections for
the electron ionization of the argonlike ions KII,
CaIII, SIV, VVI, FeIX, and KrXIX for incident
electron energies up to five times threshold are
given in Table III. For these cases a single-
configuration, SCE distorted-wave potential ap-
proximation was employed.

Potassium II is the only positive ion in the argon
isoelectronic sequence for which experimental elec-
tron ionization data are currently available. Figure
3 compares the results of our distorted-wave Born-
exchange calculation using partial waves computed
in the SCE approximation to the crossed-beam mea-
surements of Hooper et al. ' and Peart and Dold-
er. ' The agreement with experiment is poor at low
incident electron energies, although there is a con-
siderable improvement over the situation found in
argon. The K+ theoretical cross section demon-
strates the same rapid rise near threshold as was
found in the neutral argon SCE calculation, al-
though the effect is less pronounced in potassium
Figure 4 is a Bethe plot of the scaled cross section
uI Q for several argonlike ions. All of the curves in

Fig. 4 were computed using SCE approximation
partial waves. The sharp bend in the neutral argon
cross section is clearly visible in Fig. 4, as is a simi-
lar but smaller bend in the K+ curve at a somewhat
lower reduced incident electron energy. In Ca +

TABLE III. Scaled electron-impact ionization cross sections uI Q for argonlike ions
(10 cm eV ).

Krr
3$3p ~3$ 3p +e
Ca III Sc IV Vvr FeIX Kr XIX

1.25
1.50
2.25
3.5
5.0

5.92'
18.5'
35.6'
48.3'

9.18
13.0
17.3
24.3
30.8

4.63
7.76

15.4
24.6
31.8

4.18
7.83
1.68
2.70

34.8

5.16
9.46

19.3
30.0
38.3

6.104
10.8
21.0
31.8
40.0

7.08
12.3
22.8
33.1
40.4

Q3g

1.25
1.50
2.25
3.5
5.0

Ar I
1.04
3.17
5.92
8.53

10.5

K II
1.87
2.74
4.23
6.96
7.85

3s 3p ~3$3p +e
Ca III ScrV

1.31 1.33
2.21 2.49
4.35 5.22
6.81 8.13
8.67 10.3

Vvr
1.61
2.94
5.85
8.86

11.1

FeIX
1.86
3.29
6.23
9.17

11.4

Kr XIX
2.05
3.52
6.37
9.31

11.7

'Computed with term-dependent Hartree-Fock ejected d waves, with approximate ground-
state correlation corrections.



26 DISTORTED -WAVE ELLECTRON-IMPACT IONIZATION CROSS. . . 3183

12.0—

Potassium II11.0—

10.0—

9.0—

8.0—
Ol
E
u 7.0—

6.0—

~ 5.0—

() ()
o

4.0—

3.0—

2.0

1.0
I

5.0
I

3.5
I I

1.25 1.5 25

one notes on y a sma1 11 effect very near threshold.
~ ~

Beginning at cg' '
S Iv the scaled cross section is

1 va in with both incident electron energy

en in the distorted-wave SCE results for Ar, K
d C + is not clear, but is suspected to be an ar-

tifact of the SCE potential approximation fo

2.
U3P

FIG. 3. Electron-impact ionization c
'

n cross section of po-

, distorted-wave exchange, SCE orbi-
tals 0 crossed-beam experiment, Re .
beam experiment, Ref. 19.

'ected orbitals since it is not present
'~ ~

ent in either theejecte or
'

ve Born results ford' t rted-wave or the plane-wave ois 0
ArI when TDHF ejected orbitals are emp oylo ed. In
both Ar I and II e

'
niza-K th total cross section for ioniza-

tion is dominate yd b the 3p-Ed ejection channe,
where the effects of ejected term-dependent poten-

rtant. The Ed ejected wave doestials are most importan .
hi hlthe total cross section for the hig y

charged argonlike ions, contributing a sma er rac-
tion of the tota as e1 th nuclear charge is increased.
Fi ure 5 illustrates the relative contribution o vari-

ci enident electron energy. For VVI t e p-
h 1 contributes a relatively sma pall art of the to-e anne con

ion for u &2, al-1 electron ionization cross section ota eec ron
'

thou h its shape indicates a larger re a ivrelative contribu-
At ver large u the Borntion at higher energies. v y

Edlimit will be approached with on ynl the Es and

We have not attempted to include correlation e-
fects in the calculations for the argon i

for K II, including termliminary calcu ations or
dependence in ethe ejected channel, indicate an in-

ver the SCE cross section, which may orcrease over t e
round-statemay no et be completely canceled by gr

tion. A more sophisticated version of the
evelo ment hichdistorted-wave method is under deve opm

will allow detaie s u
'w' 'l d t dies of target and ejected-

5.0

45.0 4.0

40.0

35.0
Ol

30.0—
E
V

25.0
CI

U 20.0
Ol

15.0

Ca
K

3.0—
E

cl'

b
20

1.0

f

P

P~cl

10.0

5.0 1.25 1.5 2.25
U

g
—s

5.0

3.5 5.0
I I

1.25 1.5 2.25
U3p

FIG. 4. Bethe plot of the scaled electron ionization
cross section uI Q for argonlike ions.

for ionization of 3p elec-FIG. 5. Partial cross sections for
'

ns in KII an VVI rsus incident electron energy.
The letters refer to the angu-.

ve

, KII; ———,VVI. e e e
lar momentum of the ejected partial wave.



3184 S. M. YOUNGER 26

Argon Isoelectronic Sequence
Z=~ Kr XIX Fe IX V VI Sc IV Ca III

50.0

K II

electron correlation effects for ions. Since both the
ejected-electron continuum term dependence and
the overlap integral governing the influence of
ground-state correlation on the scattering matrix
element both decrease rapidly with increasing Z, we

expect the present results to remain relatively un-

changed by these effects for Z & 20.
In order to illustrate the smooth scaling of the 3p

ionization cross section as a function of the nuclear
charge, we give in Fig. 6 an isoelectronic plot of the
scaled ionization cross section uI Q vs I/(Z —17),
the effective ionic charge. Each curve in Fig. 6 cor-
responds to a fixed reduced incident electron energy
u. For the Z =00 asymptotic limit, we have em-

ployed the scaled Coulomb-Born results of Moores
et al. The apparent minimum in the isoelectronic
curves at low Z is a result of the poor performance
of the SCE potential for low charge states. For
Sc Iv and higher Z the scaled cross section is mono-
tonically increasing with Z.

Although the above discussion has concentrated
on electron ionization from the 3p subshell, we have
also calculated distorted-wave Born-exchange cross
sections for ionization from the 3s subshell and ta-
bulate them in Table III. All of the 3s-subshell
cross sections, including those for neutral argon,
were computed in a single-configuration distorted-
wave Born-exchange approximation with SCE
partial-wave potentials. For neutral argon the 3s
cross section is an order of magnitude lower than
the one for 3p ionization. As the nuclear charge in-
creases, the M shell becomes more compact, so that

at Krxtx the 3s cross section is 20—25% of the 3p
value.

For practical application of the results we have
fit the 3p and 3s cross sections for argonlike ions
with Z )20 by the formula

uI Q=A 1 ——+8 1——1 1

u u

+Clnu+ —lnu .D
u

The parameter C is a Bethe coefficient describing
the slope of the cross section at high incident elec-
tron energies and was calculated from the extensive
photoionization tabulations of Manson. ' Parame-
ters A, 8, and D were obtained by means of a least-
squares fit to the present theoretical data. All of
the parameters were then fit by simple expansions
in the ionic charge

3 Q.

o (Z —17)'

3
B=

o (Z —17)'

etc. The coefficients a;, b;, c;, and d; are given in
Table IV. Electron ionization cross sections may be
computed from these formulas for any ion in the
argon isoelectronic sequence with Z & 20 to within a
few percent of the results of an actual distorted-
wave calculation. Using formulas given in Ref. 22,
one may compute the associated electron ionization
rate coefficient assuming a Maxwellian electron
velocity distribution. Note that the fitting pro-
cedures were applied only for Z & 20, where the ef-

40.0
CV

CV

E
~ 30.0

i=0
3s 3p —+3$ 3p +e

1 2

TABLE IV. Isoelectronic parameters describing the
electron ionization of highly ionized argonlike ions with
Z & 20 (10 ' cm eV ).
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FIG. 6. Isoelectronic plot of the scaled electron ioniza-
tion cross section uI Q for ejection of a 3p electron in ar-
gonlike ions versus 1/(Z —17). Each curve corresponds
to a fixed incident electron energy u.
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fects of term dependence in the 3p ejected continu-
um are relatively small and the isoelectronic scaling
of the cross section is smooth.

V. DISCUSSION

We have reported the results of distorted-wave
Born-exchange calculations of the electron ioniza-
tion cross sections of seven argonlike ions. For the
positive ions and for the 3s subshell of neutral ar-
gon we employed a single-configuration target state
wave function and a local semiclassical exchange
potential for the calculation of the partial waves.
For ionization from the 3p subshell of neutral argon
we calculated Ed ejected partial waves in a nonlocal
term-dependent Hartree-Fock potential and approx-
imated the effect of ground-state electron correla-
tion on the cross section.

In neutral argon the complex interrelation of
correlation in the initial target state and term
dependence in the ejected wave was found to radi-
cally change the theoretical cross sections from
those obtained from a simple static potential
distorted-wave approximation. The strong
potential-exchange interaction between the 3p sub-
shell and the Ed 'P ejected partial wave not only re-
duced the ionization cross section, but also allowed
the ground-state pair correlation 3p -3p 3d to af-
fect the scattering amplitude by means of the large
overlap between the 3d correlation orbital and the
Ed ejected orbital. Without the large term depen-
dence of the ejected continuum the influence of
ground-state correlation would have been much
weaker, as we found in an earlier calculation for the
beryllium isoelectronic sequence. '

Ejected waves in argonlike ions more than once
or twice ionized will be much less influenced by the
3p-Ed 'P exchange interactions. Thus one would
not expect significant changes in the total electron
ionization cross section due to the combination of
Ed term dependence plus ground-state correlation
for highly charged argonlike ions. The only influ-
ence of the 3p -3p 3d correlation would be in the
different matrix elements associated with the 3p and
3d orbitals, a difference which is expected to be
small, as it was in calculations for the analogous
2s -2p substitution in berylliumlike ions. Similar
conclusions for the photoionization of noble gas
isoelectronic sequences have been presented by
Msezane et al. For the argon sequence, they
found that cross sections for Z&21 computed in
the term-dependent Hartree-Fock approximation
with target correlation were in almost exact agree-
ment with results generated in a simple static cen-

tral potential.
Calculations performed on neutral argon in the

distorted-wave and plane-wave Born approxima-
tions, using the same approximation for the target
and ejected electron wave functions, demonstrate
that the cross section is very sensitive to the
description of the scattered states, especially at low
incident electron energies. This is in contrast to the
results of distorted-wave calculations for light neu-
tral atoms such as H and He, where plane-wave
Born and distorted-wave results are quite similar.
In light atoms, however, there are substantial
partial-wave phase shifts only for s and p waves.
For heavier atoms such as argon one finds nontrivi-
al phase shifts for much higher partial waves, re-
flecting increased interaction of the scattering elec-
tron with the target. Thus for heavier atoms a
larger proportion of the cross section is influenced
by the deviation of the scattering approximation
from the plane-wave case. For positive ions where
the Coulomb potential dominates the partial waves,
the total cross section is expected to be much less
sensitive to the details of the scattered waves. This
last point has been recently discussed by Bottcher.

The sensitivity of the neutral argon cross section
to the scattering approximation suggests that one
should also consider postcollision interaction of the
two final-state continuum waves —omitted in the
Born-exchange scattering approximation —if an ac-
curate ab initio description of argon ionization is
desired. Interactions of three bodies propagated by
a Coulomb interaction are beyond the scope of any
simple distorted-wave theory, however, being an in-
herently many-body effect. The present approxima-
tion for the scattering orbitals, i.e., a static
Hartree-Fock potential plus a semiclassical ex-
change potential, also does not account for the re-
laxation of the target wave function under the influ-
ence of the scattering waves and as such represents
an approximate zeroth-order representation of the
electron-target interaction. Since the Born-
exchange approximation requires that the incident
and scattered orbitals be computed in the same po-
tential, however, such initial-state relaxation effects
occupy an analogous position in the theory to
postcollision interaction effects in the final state.
The frozen-core potential employed in the present
work might then be viewed as a somewhat arbitrary
compromise between accurate potentials for the ini-
tial and the final scattering states. Rather than a
rigorous calculation, which is not possible in a
strictly distorted-wave approximation, the present
results for neutral argon should be regarded as a
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demonstration of the kinds of interactions which
must be included in a more elaborate study of elec-
tron ionization from heavy neutral atoms. This
consideration will also apply to a lesser degree to
the first few ionization stages of heavy iona. For
more highly charged positive ions the present ap-
proximation should become more accurate, al-

though more experimental comparisons are required
before this is certain.
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