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Distorted-wave electron-impact-ionization cross sections for highly ionized neonlike atoms
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{Received 27 August 1980)

Electron-impact-ionization cross sections have been computed for several neonlike ions in a distorted-wave Born
exchange approximation. For lower ionization stages the total cross section was found to be sensitive to the details of
the distorted potential in which the partial waves were calculated. Ionization from the 2s' core subshell increased in
importance for higher charge states. Isoelectronic curves are presented which allow the interpolation of
nonrelativistic electron-impact-ionization cross sections for any ion in the neon sequence in the incident electron
energy range of one to three times threshold. A comparison to available experimental and semiempirical formulas is
made.

I. INTRODUCTION

Electron-impact-ionization cross sections for
positive ions play an important role in under-
standing the evolution and structure of high-tem-
perature plasmas. In astrophysics, such data
are integral components of stellar models, as
well as theories of interstellar media. Terres-

. trial applications include the detailed modeling
and diagnostic programs now a part of the thermo-
nuclear fusion effort.

Until recently, very little information on elec-
tron-impact-ionization of positive ions was avail-
able beyond the first one or two ionization stages.
Although several semiclassical and semiempirical
formulas have been proposed, they are completely
untested in the region of high charge states and near
threshold electron-impact energies. " It is of
some importance, therefore, to investigate the
application of ab initio methods to the ionization
process with the goal of uncovering some system-
atic scaling rules which will allow extrapolation
and interpolation of existing data, as well as a
quantitative evaluation of, the accuracy of the
simple formulas.

Theoretical studies of the isoelectronic scaling
of the electron-impact-ionization cross section
have so far been made only for light sequences
such as H (Refs. 3 and 4), He (Ref. 5), Li (Refs. 4
and 8), and B.T The present work investigates
the Z dependence of the ionization cross section
of neonlike ions, using the same distorted-wave
Born exchange approximation previously applied
to the H (Ref. 4), He (Ref. 5), and Li (Ref. 4)
sequences.

The neon isoelectronic sequence is particularly
well suited for such a study for several reasons.
First, the closed-shell target is a many electron
system which is represented fairly accurately
by independent particle Hartree-Pock wave func-
tions. It is not expected that target configuration-
interaction effects will substantially affect the
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FIG. 1. Excitation energies (in rydbergs) scaled by
the square of the effective noclear charge Z~=&-9. As
&, increases, the threshoM for 2s ionization decreases,
with the 2s and 2p levels becoming degenerate at Z,=~.
Note that the 2s2p63P state is bound for &,& 14 and that
higher-p states fall below the 2p52& limit at higher nuc-
lear charges.

present results. Second, the role of electron-
impact excitiation to autoionizing states which
later emit an electron should be small compared
to other atomic systems. The lowest autoionizing
state in Na' accessible via dipole excitation is
2s2P'Sp, involving a transition between a deeply
buried core orbital and a rydberg-like excited
state. In more highly ionized atoms this-state
is bound and the autoionizing process can occur
only for higher nl states which have small exci-
tation cross sections. Inner-shell ionization is
also limited to high incident energies for low
ionization stages. See Fig. 1 for a comparison
of the inner-shell excitation to the first ionization
threshold. The neon sequence thus provides an
opportunity to study a case of direct ionization
from a many electron ion of relatively simple
internal structure. The third reason for choosing
Ne-ljke ions is that existing experimental cross
section data on NeI (Ref. 8), NaII (Ref. 8 and 10),
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and MgIII (Ref. 11) indicate a departure from
the classical scaling of the cross section by the
square of the ionization energy, behavior which
is followed in almost every other sequence for
which data are available. 4 ' A significant motiva'-'

tion for the present work is to identify and evaluate
such departures from simple scaling laws.

Section II is a brief review of the formal and
numerical methodology employed. Section III
presents the results of the calculations. Section
IV contains a discussion of the calculations and
the scaling laws, and compares the present work
to other theoretical and experimental data. Sec-
tion V is a summary.

II. METHOD

The application of the distorted. -wave Born-
exchange approximation to electron-impact ion-
ization has been described in detail elsewhere. '
Briefly, one employs partial-wave expansions
for the wave functions representing the incident,
ejected, and scattered electrons, with the partial-
wave radial orbitals computed in some physically
realistic yet computationally tractable potential.
In previous work" on light ions a static potential
was employed, consisting of the direct (local)
terms of the Hartree-Fock Hamiltonian for the
ground state of the target ion

* gY~=-—+ J (r),

where S is the nuclear charge, N is the number
of target electrons, and J,(r) is the electrostatic
potential due to the ith bound orbital

~0
.1J', (r) =- J' I',(p)&,(p)&P +

~ &,(p)I', (p)~P (2)
0

with P,(r) the radial part of the orbital.
Preliminary work on Ne-like ions using the

above potentials indicated very large phase shifts
for p partial waves; phase shifts which were
sensitive to the details of the, distorting potential.
In order to more accurately represent the lower
E partials, we added to V~ a semiclassical ex-
change potential suggested by Riley and Truhlar"

g N-iVg= ——+2Jq, +2J2++ ~2@+Vsci ~ (6)

where V N.E is obtained from Vscm by the omission
of one 2P electron. The final (higher-energy)
partial waves in the direct scattering matrix
element were computed in the potential of the
initial target V~. Such a choice is in the spirit
of the two-time model of inelastic scattering
where the scattered electron is assumed. to transit
the region occupied by the ion in a time short
compared to the rearrangement time of the target.
In the exchange scattering matrix element, the
final-state potentials are reversed —the ejected
electron is computed in V~ and the scattered
electron in V~ Such a nonphysical choice is tol-
erated in order to insure orthogonality of over-
lapping orbitals in the matr'ix element, and has
been found to yield theoretical data in reason-
able agreement (better than 25%) with available
experimental total cross sections of light ions.
Note that for ionization of an inner-shell 2s elec-
tron, the final-state potential V~ considers six
2p electrons and one 2s, in both V~ and Vs(-m.

TABLE I. Comparison of s-, p-, and d-wave phase
shift 6 in Na' associated with f'rozen-core Hartree-Pock
(FCHF) semiclassical exchange (SCE) and static (no-
exchange) potentials (in radians).

tial wave iterated over the exchange integrals
involving bound-continuum function pairs. A
comparison of phase shifts (in radians) is given
in Table I and demonstrates remarkable agree-
ment between the semiclassical exchange (SCE)
potential and Hartree-Fock methods.

For the target orbitals we employed the Hartree-
Fock ground-state wave functions of Clementi
and Roetti." The incident electron partial waves
were computed in the potential of the N =10 elec-
tron ground state:

V~ = ——+ 2Z~, +2', + 6J'mp+ VSNcs . (5)r
In the direct scattering matrix element the ejected
(lower-energy) partial waves were computed in
the potential of the final ion:

y D )+ g&(E y )2+ &2g/2(V
scE

2 2 g t (2)
. Energy (By) E g static

where E is the partial-wave energy in rydbergs
alld

4a' =p P', (r) .

The accuracy of this simple formula was checked
by running parallel calculations using the author' s
frozen-core Hartree-Fock program with the par-

0.048 96

0.217 2

0.385 5

0 0.068 57
1 2,091

0.1726
0 0.05460
1 2.069
2 0.1945
0 0.04099
1 2.048
2 0.2149

0.05292
. 2,092
0.1746
0.03742
2.069
0.1932
0.024 50
2.047
0.2111

0.202 3
1.799
0.06100
0.212 2
1.782
0.070 87
0.221 8
1.766
0.080 52



S. M. YOUNGER

Partial waves were calculated numerically over
a 350 point Mock-linear radial grid. For incident
electron energies u less than or equal to 1.5
threshold units (u =1 threshold unit = ionization
energy of target), the maximum partial-wave
angular momenta included for the incident, ejec-
ted, and scattered waves were 10, 6, and 10,
respectively. For 1.5&u ~ 3 the maximum values
were 13, 6, and 13, which were sufficient to
insure convergence of the partial cross section
series at all energies considered here. Radial
matrix elements were computed by a double appli-
cation of Simpson s rule. Integration over the
ejected electrons' energy distribution was accom-
plished by a three-point Gauss-Legendre formula.
The Z =.~ cross sections are essentially scaled
hydrogenic data, computed in the same approxi-
mation described above except for the use of Z
=1 Coulomb functions for all orbitals.

Following oux previous convention, "we employ
the "maximum interference" approximation of
Peterkop'4 for the phase of the exchange matrix
element which is designed to maximize the effect
of scattering exchange, and hence minimize the
total cross section within the limits of the Born-
exchange approximation.

Table II lists the ionization energies for 2P and
2s subshells of the neonlike ions studied in the
present work. Vfhere available, experimental
data were used."" For Ar IX no empirical 2s
energy was avialable; as an approximation we
employed the 2s eigenvalue of the Clementi and
Roetti Hartree-Fock calculation. "

Cross sections for excitation of the 2s2p'3p
'P autoionizing state were calculated in the dis-
torted-wave exchange approximation, with initial-
and final-state partial waves computed in the po-
tential of the initial target ground state, including
semiclassical exchange. Experimental excitation
energies and Hartree-Fock initial and final target
states' were employed.

TABLE II. Ionization energies (in eV) used in the
present work.

Ion

Na'
Mg iu

Al iv
Ar ix

47.29
80.15

120.0
422.5

80.09
118.8
164.5
498.0

1.69
1.48
1.37
1.18

~Reference 15.
b Reference 16.
'Reference 17.
~Reference 18.
'Heference 13.

TABLE III. Scaled electron-impact-ionization cross
sections uI2 Q for highly ionized neonlike atoms in units
of ~a02 (By)2.

Narr

Iz@2p6 2pskl

Mg III Al IV Ar tx

1.125
1.25
1.50
1.80
2,25
3.00

0.414
0.947
2.31
4.31
7.50

12.6

0.942
1.99
4.28
7.07

11.0
16.6

1.45
2.88
$.68
8.78

12.9
18.5

2.34
4.36
7.76

11.1
15.1
20.2

2.72
4.94
8.39

11.5
15.0.
19.0

uI Q(2s 2p —2s2P Al)
Na u Mg iii Al rv Ar ix

tered m most plasma devices.
Figure 2 is a Fano plot of the DBE scaled ion-

ization cross section uPQ for Na' compared to
the crossed-beam experimental data of Hooper
et al.' and Peart and Dolder, "as well as the
universal semiempirical formula of Lotz and
the Coulomb-Born no-exchange results of Moores 2'

Two distorted-wave curves are shown, i11ustrating
the effect of the semiclassical exchange partial-
wave potential on the total cross section.

Figures 3-5 are Fano plots of the scaled cross

III. RESULTS

Electron-impact-ionization cross sections for
highly ionized Ne-like atoms computed in the dis-
torted-wave Born exchange (DBE) approximation
are given in Table III. Cross sections for ioniza-
tion of a 2s core electron and a 2p outer-shell
electron are listed separately. Note that the 2s
ionization cross section is much smaller than
the 2P. To suppress the gross Z dependence
of the cross section we tabulate the classically
scaled c[uantity uI~~Q where u is the incident elec-
tron's energy in units of the 2p ionization energy
u =E/I». The energy range u = 1.125-3 encom-
passes the most important energy range encoun-

1.125
1.25
1.50
1.80
2.25
3.00

1.125
1,25
1.50
1,80
2.25
3.00

0.0372
0.258
0.767

Na ii

0.414
0.947
2.31
4.34
7,76

13.3

0.130
0.303
0.806
1.94

0.194
0.654
1.32
2.26

0.942
1.99
4.41
7.37

11.8
18.6

1.45
2.88
5.87
9 44

14.2
20.8

Total cross sections
Mg I Alrv

0.236
0.959
1.68
2.56
3.73

Ar rx

2.34
4.60
8.72

12.8
17.7
23.9

0.707
1.30
2.26
3.14
4.13
5.31

3,43
6.24

10.7
14.7
19,1
24.3
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FIG. 2. Fano plot of the scaled electron-impact-ioniz-
ation cross section uPQ for Na'. distorted-wave
Born exchange including semiclassical exchange in the
distorted potentials; ———distorted-wave Born ex-
change without semiclassical exchange in the distorted
potentials; q same as solid line but omitting inner-shell
ionization from 2s; + Coulomb-Born no exchange, Ref.
21; ~ crossed-beam experiment, Ref. 9; & crossed-
beam experiment, Bef. 10; - - - Lots semiempirical
formula, Ref. 20.

0 I I I

1.0 1.125 1.25 1.50 1.80 2.25

u=E;/I2p

3.00

FIG. 3, Fano plot of the scaled electron-impact-ioniz-
ation cross section NI Q for Mgrm; -- distorted-wave
Born exchange with semiclassical exchange in the dis-
torted potentials; ~ same as solid line but omitting in-
nermhe11 ionisation from 2s; + Coulomb Born no ex-
change, Bef. 21; o crossed-beam experiment, Bef. 11;
——- Lots semiempirical formula, Bef. 20.

section for electron impact ionization of Mg HI,
Al IV, and Ar IX. Note that no comparison ma-
terial, theoretical or experimental, is available
for the highest two ions except for the semi-
empirical formula of Lotz."

Figure 6 is an isoelectronic plot of the electron-
impact-ionization cross section for Ne-like iona
in the incident energy range u =1—3. This type
of plot is particularly useful in that it allows the
ready interpolation of the nonrelativistic cross
section for any ion in the neon sequence in the
energy range considered. Each curve corresponds
to a given energy in threshold units.

IV. DISCUSSION

A. Distortion effect

Comparison of the solid and dashed curves for
the scaled electron-impact-ionization cross sec-
tion of Na+ in Fig. 2 demonstrates a significant

dependence of the total cross section on the de-
tails of the distorted potential in which the par-
tial waves are calculated. For Na' at u =1.125
the addition of the semiclassical-classical ex-
change term to the static potential reduces the
cross section by more than a factor of 3. The
largest changes are found in the near-threshold
region; at u =3 the reduction is less than 15%.
The effect for Mg IG is much smaller; less than
10%, reflecting the increased rigidity of the wave
function in the stronger Coulomb field. Table I
demonstrates the effect of exchange on the phase
shifts of l =0, 1, and 2 ejected partial waves in
Na .

In order to examine this sensitivity of the total
cross section to the distorted potential more
closely, a large number of parallel calculations
mere performed for Na', u =1.25, using a wide
variety of different potentials ranging from plane-
wave Born to Coulomb Born to distorted wave.
The result was that while the cross section mas
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FIG. 4. Fano plot of the scaled electron-impact-ioniz-
ation cross section uP Q for Al ~. distorted-
wave Born exchange with semiclassical exchange in the
distorted potentials; same as solid line but omitting
inner-shell ionization from 2s2; - - - Lotz semiempir-
ical formula, Ref. 20.

FIG 5 Fano plot of the scaled electron-impact-ioniz-
ation cross section uI Q for Ar &x. distorted-wave
Born exchange with semiclassical exchange in the dis-
torted potentials; o same as solid line but omitting in-
ner-shell ionization from 2s; - - - Lotz semiempirical
formu]. a, Hef. 20.

very sensitive to th|. ejected partial wave, it was
quite insensitive to the- scattered and incident
waves. Thus for the same ejected wave, the use
of Coulomb waves or static distorted waves in
the scattering states changed the cross section
by less than 25% in the energy range 1-3 times
threshold.

This sensitivity of the ionization cross section
to the ejected partial wave mirrors the sensitivity
of electron-impact-excitation cross sections to
the accuracy of the initial and final target state."
In excitation, it has been found that for optically
allowed excitations the most important factor
influencing the accuracy of a distorted. -wave cross
section is the representation of the target states.
In ionization, the ejected electron comprises the
final "target" excited orbital and an analogous
sensitivity is observed; Physically, the insensi-
tivity of Q, to the scattering states reflects a
weak coupling between the scattering electron
and the target, and is supportive of the two-time

Ar IX Al lV Mg ill

I l I

Neon lsoelectronic Sequence
Seal«Total Cross Sections for

Electron Impact Ionization

Na II

8.0

0
0 D.l 0.2

I/(Z-9)
0.3

I
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FIG. 6. Lsoelectronic plot of the scaled electron-im-
pact-ionization cross sections uI Q for neonlike ions
computed in the distorted-wave Born-exchange approxi-
mation with semiclassical exchange in the distorted po-
tentials. Each curve corresponds. to a Qxed incident
electron energy measured in ionization threshold units
u= E;/I. total ionization cross section; --
cross section for ionization from the 2P6 subshell only.
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model2' of inelastic scattering where the scat-
tering event is assumed to occur in a short time
compared th the rearrangement time of the target.
Such weak coupling supports the basic premise
of the distorted-wave approach, that the target and
scattered electron are meakly interacting even in
the two continuum electron final state, and that
in many applications where very near threshold
(u& 1.1) accuracy is not required, a simple in-
dependent particle representation can produce
reasonable results. The problem of correlating
many pairs of final-state partial waves is one
of immense computational difficulty when ap-
proached within the conventional framework of
many-body perturbation theory or continuum con-
figuration interaction.

B. Isoelectronic behavior of the cross section

The significant departure of the total ionization
cross section from classical sealing by the square
of the ionization energy (Thomson scaling)'» evi-
dent from Fig. 6 is in contrast to previous studies
of the light isoelectronic sequence H (Ref. 4),
He (Ref. 5), and Li. ' At three times threshold
the scaled ten-electron cross section varies by
more than 50%%uo between the first ion (Na') and
the high-2 asymptotic limit. Note that there
is an energy dependence to the scaling behavior,
the lower isoelectronic curves being concave
with respect to the abscissa while the higher-
energy curves are convex.

Part of the increase in the scaled ionization
cross section at high Z is due to the increased
importance of 'inner-shell ionization for more
highly ionized species. As the ionic charge in-
creases, the threshold energy for 2s ionization
decreases with respect to the primary 2p thresh-
old energy, as is illustrated in Fig. 1. Since
the 2s ionization cross section is zero at its omn
threshold and rises thereafter, the lomer its
ionization energy is with respect to the 2p thr'esh-
old the larger the 2s contribution mill be relative
to the 2p at a given absolute incident energy. For
Na' the 2s threshold is 1.69I» whereas for Ar
IX, I2, ——1.18I». For a given sealed incident elec-
tron energy of 3I», the equivalent energies in
2s threshold units are 1.78 for Na' and 2.54 for
Ar IX. Since the scaled 2s ionization cross sec-
tion curves for both iona follom the same general
dependence on u„, one expects a larger contri-
bution to the total ionization cross section for
Ar 1X than for Na'. (The scaled cross section
uPQ increases with u. ) A plot of the ratio of the
contribution of 2s and 2p ionization to the total
cross section is given in Fig. V.

Concurrent with the increasing importance of
inner-shell ionization at higher charge states is

0.3

Z-
oi

0 O.t 0.2
I/(z-91

0.3 0.5

FIG. 7. Isoelectronic plot of the ratio of the electron-
impact-ionization cross sections from inner-shell (28 }
ionization to outer-shell (2p } ionization.

the possibility of discrete excitation to autoionizing
states of the kind 2s2penp which later autoionize and
thus indirectly contribute to the total ionization
cross section; for Na, &E(2s'2p' —2s2p' Sp)
=1.71I». Since the excitation cross section is
small over the incident energy range considered
here, the net influence of excitation+ autoioniza-
tion is less than 1/0 for this ion at three times
the 2p ionization threshold. For Al IV the exci-
tation energy is only 1.08I» so that, as in the
case of 2s ionization, larger excitation cross
sections occur at lower absolute incident ener-
gies. At Si v the 2s2p'Sp level is bound, i.e.,
E(2s2p' Sp)(E(2s'2p'), so that the first autoion-
izing state is 2s2p'4p. Assuming smooth iso-
electronic behavior of the 2s-Sp and 2s-4p scaled
excitation cross sections and scaling along the
rydberg series np as (n*) ' where n* is the effec-
tive quantum number, one may expect excitation--
autoionization processes to be less of a problem
for Si V than for Al IV. For Fe XVII, the 2s2p~3p,
4p, 5p, and 6p levels are bound, so that 2s2p Vp

is the first autoionizing state.
In addition to scaling considerations for the

autoionizing contribution, there must also be
consideration of stabilization of the autoionizing
configuration via radiative decay, such as 2s2p'
Sp-2s'2p'Sp or 2s2p'Sp —2s'2p'. Such radiative
stabilization wouM decrease the influence of the
excitation-autoionization process on the total
ionization cross section.

Owing to the lack of quantitative information
on the branching ratios for radiative stabilization
and autoionization, me have not included the exci-
tation-autoionization process in the total cross
sections listed in Table IG. Calculations for Al
IV, where the effect should be large compared
to other ions in the sequence, indicate less than
a 2% increase in total cross sections assuming
100 autonization. This estimate includes a sum
over excitation tO higher 2s2p'np levels using
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an (n*)~ extrapolation rule based on distorted-
wave exchange cy.lculations of the 2s'2p'- 2s2P'3p
excitation.

C. Comparison to experimental and other
.theoretica1 results

8.0
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(g 4.0—

Lotz/0 DBE
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/Oexp
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FIG. 8. Ratio of the present distorted-wave Born-ex-
change total ionization cross sections to the experiment-
al results of Refs. 9, 10, and 11.

Experimental cross section data for neon-like
ions are currently available only for Na'(Refs.
9 and 10) and Mg"'P' Figure 8 shows the ratio
of the present distorted-wave Born-exchange
results to a fit made to the experimental points.
Although there is a significant discrepancy be-
tween theory and experiment at low impact ener-
gies, for u&1.8I» both ratios appear to be ap-
proaching asymptotic values of -1.4 for Na+ and
-1.3 for Mg III. Convergence with increasing
Z might be anticipated assuming the theory is
correct in the high-Z limit.

Moores" has performed Coulomb-Born no-
exchange calculations for Na' and Mg+' using
distorted-wave ejected partial waves. His data
are in good agreement with present distorted-
wave no-exchange results, but are about 10%%uq

higher than the distorted-wave Born-exchange
points.

The scaled hydrogenic (Z =~) approximation"
for electron-impact ionization has been applied
to a number of orbitals, including the 2P and 2s
of interest here. Figure 9 is a comparison of
the results obtained via this simple method to
the present distorted-wave Born-exchange results.
As expected, agreement is poor for low charge
states but improves rapidly with increasing Z.
For Z & 17, Q(Z = ~) /Q(DB) & 1.25. Note that the
Z =~ cross sections shown were computed by
the author in the maximum exchange scattering

2.0—

Ar IX
I

0.1
I

0'2

Al IV Mg III
I

0.3
I/(Z-9)

0.4

Na II

0.5

FIG, 9. Ratio of the semiempirical ionization cross
sections of Lotz (Ref. 20) (solid curves) and scaled hy-
drogenic cross sections. to the present distorted-wave
Born-exchange results for the neon isoelectronic se-
quence. For Z=~ the present results will agree exactly
with the scaled hydrogenic approximation.

uI'Q = (2 77 inu)(vo. ' Ry')

per subshell electron should be restricted to
effective ionic charges greater than three. For
the first three ions Lotz gives more detailed
parametrizations derived from experimental
cross-section data. It is not surprising that the
Lotz semiempirical parametrizations so ac"
curately reproduce experimental data for low
ionization stages, since they are merely fits
to the available data. [Equation (7) differs from
other simple formulas for the electron-impact-
ionization cross section in that it is deduced from
actual measurements, and not classical extra-
polations. As such it constitutes a useful com-
parison for ab initio calculations. Its obvious
drawback, however, is that it is limited to gross
predictions of the cross section, and is incapable
of yielding detailed information on complex ions
for which no experimental data are yet available.
Also, the Z-scaling law upon which Eq. (7) is
based, i.e., classical sealing by the square of
the ionization energy, has been verified only

approximations and thus differ by a few percent
from the data of Ref. 25, which were computed
using the phase convention of Rudge and Schwartz'
for the exchange matrix element. As a check,
cross sections were generated in the later approxi-
mation; in all cases agreement with the results
of Ref. 25 was obtained to within the number of
significant figures quoted.

Also in Fig. 9 is a comparison of the Lotz semi-
empirical formula2 used often in plasma modeling
studies to the DBE data. The disagreement at low
charge states is somewhat misleading since the
"universal" cross-section formula given by Lotz:
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for a very limited number of simple isoelectronic
sequences.

D. Other effects

The significant discrepancy between the DBE and
experimental cross sections for Na' led to the
investigation of a number of possible improve-
ments in the basic DBE approximation for the
calculation of total ionization cross sections.
Some of these are described below.

(1) Term dependence in the potential used to
generate the ejected partial wave. The well-
known 'P exchange interaction in the 2P'K/ con-
figuration was approximated within the semi-
classical exchange approximation. At u =1.25,
the ratio Q'" '/Q'~' for Na' decreased to 1.45
from 1.8; but at u = 3, the effect was only a few
percent.

(2) Angular coupling in the final state. As-.

suming term independence of the radial orbitals
and ionization energies, the sum rules of Racah
result in DBE cross sections independent of the
coupling scheme chosen for individual final-state
terms.

(3) Knockout: Exchange between the incident
e1ectron and the target shouM be dominated by
the incident p-wave cross section, which in it-
self is insufficient to account for the observed
discrepancy:.

(4) Final-state continuum-continuum interaction.
Interaction between the two final-state electrons,
both of relatively low energy, could pose a serious
problem for the calculation of electron-impact-
ionization cross sections by simple methods
based on first-order perturbation theory, such
as the present DBE method. Evidence that such
interactions may not be critical for incident ener-
gies away from threshold is found in earlier cal-
culations made for the lighter isoelectronic se-
quences H, He, and Li. Better agreement be-

tween theory and experiment was obtained in
all of these simple isoelectronic sequences than
in the Ne sequence, despite the presence of the
same qualitative continuum-continuum final- state
interaction.

(5) Scattering representation. The insensitivity
of the total cross section to the incident and finaI
scattered waves, and the sensitivity to the ejected
waves, points to a fundamental separation of: the
scattering matrix into target and scattering parts.
If such a separation was applied, it would allow
techniques developed for photoionization calcula-
tions to be carried over to the more complex
electron- impact problem.

V. CONCLUSION

Electron-impact-ionization cross sections for
four ions in the neon isoelectronic sequence have
been computed in the distorted-wave Born-ex-
change approximation. Significant departures
from classical scaling by the square of the ion-
ization energy were noted for low ionization
stages. Total cross sections were found to be
sensitive to the description of the ejected partial
waves, but were quite insensitive to details of
the scattered waves. Comparison of the present
results for Na' and Mg" to experimental data
indicated discrepancies much larger (& 30/q) than
were observed in parallel calculations for light
isoelectronic sequences, and indicate a need
both for improved representation of the ejected
partial waves as well as a more rigorous for-
mulation of the theory of electron-impact ion-
ization itself. Investigations concerning both
of these areas are currently under way.
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