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Measured cross sections for single ionization of Mg+, Al +, and Si'+ by electron im-

pact are reported. Crossed beams of electrons and ions have been employed to study the
absolute cross sections as a function of collision energy in detail. Near threshold the
cross sections for Mg+ and Al + are roughly 70% of the predicted direct-ionization cross
sections, while Si + is in reasonable agreement with the predictions. Contributions to the
total cross section by indirect processes, principally inner-shell-excitation autoionization,
are specifically identified in each case and compared with theoretical results. These com-
parisons demonstrate specific failures of the predictions which rely on addition of excita-
tion cross sections to the direct-ionization cross section.

I. INTRODUCTION

Electron-impact ionization is obviously impor-
tant in many physical phenomena, particularly any
discharge or plasma. The basic ionization process
has been long and actively studied, but a fully
satisfying description of the problem remains
elusive. Two aspects of the problem present par-
ticular difficulties: i 1) proper description requires
representation of three free particles in the final
state; (2) in addition to direct ionization„other
complex mechanisms can contribute to the ioniza-
tion process. Representing these mechanisms re-
quires detailed knowledge of atomic states (reso-
nances) embedded in the continuum, their con-
figuration mixing, coupling to the continuum, etc.

Studies of ionization along isoelectronic se-

quences provide some generalization of aspects as-
sociated with atomic structure. The Na-like ions
are of particular interest because the single electron
in the outer shell makes the problem somewhat
simpler, while the relatively large number of elec-
trons in the next lower shell provides an amplifica-
tion to any contribution by inner-shell processes.
Excitation of an inner-shell electron can populate
levels of the ions which are higher in energy than
the ionization potential. Decay of such resonances
usually proceeds rapidly via autoionization so that
the excitation event contributes to the ionization
cross section. The term "excitation autoioniza-

tion" has been broadly adopted for this process,
and a number of previous investigators' have
recognized that Na-like ions are particularly good
candidates for study of excitation autoionization.

In 1968, Bely used a scaled Coulomb-Born
theory to estimate the detailed effects of excitation
autoionization for Na-like ions, finding an abrupt
increase in the Mg+ ionization cross section of
nearly a factor of 2 at the threshold for the excita-
tion 2p 3s~2p 3s3p. He predicted a monotonic
increase of this effect along the isoelectronic se-

quence, so that Fe' + was predicted to have a ten-
fold increase in the ionization cross section due to
excitation autoionization. The fact that Bely signi-
ficantly overestimated the autoionization contribu-
tions was soon revealed by the experiment of Mar-
tin, Peart, and Dolder on Mg+, which could not
detect an excitation-autoionization increase in the
ionization cross section in spite of sensitivity to an
abrupt increase as small as 7%. In a more detailed
Coulomb-Born calculation, Moores and Nussbau-
mer subsequently predicted only a 20% increase
in the ionization cross section due to autoioniza-
tion resonances for Mg+, but a significant
discrepancy with the experiment remained.

Experimental evidence exists which demonstrates
that excitation autoionization can dominate over
direct ionization ' and that the relative importance
of this process increases along isoelectronic se-
quences. ' However, the Na-like sequence re-
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mains an interesting case for which the effect of
autoionization should be significant and for which
it is possible to study a number of members of the
sequence experimentally. The present research is a
study of the ionization of the first three ions of the
¹likesequence —Mg+, Al +, Si +—in sufficient
detail to provide insight into the discrepancy be-
tween experiment and theory. This paper presents
experimental results. An accompanying paper"
presents a theoretical analysis of the atomic struc-
ture together with distorted-wave calculations of
the collisional excitation of individual autoionizing
levels and branching ratios to the continuum for
direct comparison with the experiment. From the
details found experimentally and theoretically,
specific strengths and weaknesses in our under-

standing of excitation autoionization can be identi-

fied.

II. EXPERIMENTAL TECHNIQUES

A. General

The experiments were performed with crossed
beams of electrons and ions. The Mg+ study used
ions produced in a hot cathode, discharge-type
ion source' and with crossed-beams apparatus
described earlier. ' ' The Al + and Si + measure-
ments used ions from the ORNL-PIG (Ref. 14) ion
source and crossed-beams apparatus also described
earlier. ' The electron gun in both experiments is
as described by Taylor et al. ' '

Cross sections are determined from measured
parameters through the standard' relationship for
crossed beams:

qe u;v,2.
II (v+v )' D

source. ' The heat from the ion source filament
was sufficient to vaporize enough Mg to sustain
the discharge in the source without additional gas
feed. Ion currents of about 0.3 pA were obtained
at the interaction region. The Al + ions were pro-
duced by inserting a rod of Al directly into the
PIG source and operating the source discharge
with CC14. The chlorine in contact with hot Al
makes aluminum chloride which has a high
enough vapor pressure to yield a significant
amount in vapor phase. The technique is similar
to that used previously to produce Be+ ions' '
and will work for a number of metallic ions in gas
discharge. Al + currents of 0.1 to 0.3 pA were ob-
tained at the collision center. The Si + ions were
produced in the ORNL-PIG source by running the
discharge on silane (SiH4) gas. Ion currents of 0.1

pA were typical at the interaction region.
As already noted, the crossed-beams arrange-

ment, charge-state analyzer, and particle detector
for the Mg+ measurements were all identical to
those previously described, ' ' and little further
description will be given. For Al + and Si +, the
apparatus and method are substantially as previ-
ously described, ' but some changes deserve men-
tion. The apparatus used for these measurements
is shown schematically in Fig. 1. The main
changes were the following: (1) another stage was
added at the primary-beam output slit of the
charge analyzer to further remove the primary-
beam Faraday cup from the signal detector, and
thus reduce background; i2) the exit slits for signal
and primary beams were placed in positions for 2+
charged primary beams and 3+ product beams.

E-DIMENSIONAL

where N is the count rate for ions of charge q + 1,
I; and I, are the incident ion and electron currents,
u; and v, are the ion and electron velocities, ~ is
the form factor for the beams' overlap, D is the ef-
ficiency of detection of the ionized ions, q is the
charge of the incident ion in units of e, and e is the
electron unit of charge. Care must be taken to as-
sure that the measured O', I;, I„and ~ reflect
true quantities at the beams' interaction point.
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GUN
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B. Ion beams

The Mg+ ions were produced by insertion of a
solid piece of Mg into a standard discharge

BEAM

FIG. 1. Schematic of the crossed-beam collision
chamber and ion beam analysis system viewed from
above. Cross-hatched elements can provide vertical de-
flection of ions.
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However, the primary-beam exit slit was made into
an elongated hole such that when a 4+ product
beam was focused into the signal slit, a primary 3+
beam would be collected in the Faraday cup.

The additional deflection of the primary beam
together with a gold black deposit on analyzer
surfaces reduced background by an order of magni-
tude. However, background remains a problem
and varies significantly with ion species. Table I
shows background counts per nanoampere of pri-
mary current and signal-to-background ratio for
several ions including those of this experiment
(note again the Mg+ measurements were obtained
with separate apparatus). The Si + backgrounds
are significantly worse than any other case. Tests
indicate that cases of high background result from
production of photons at surfaces impacted by the
high-energy ions.

The elongated slit to allow measurement of both
2+~3+ and 3+~ 4+ with the same analyzer
worked only marginally well. Transmissions were
near 100% for the 2+~3+ case, but for Si + (the
3+~ 4+ case} it was found that only 80—90%%uo of
the primary beam was measured. Careful measure-
ments of the transmissions allowed correction of
the data, and later checks with an analyzer con-
structed specifically for 3+~4+, where the
transmission was near 100%, verified the accuracy
of the corrected data. (Surprisingly, we found the
new analyzer did not reduce noise levels for Si +

significantly from those of Table I.)
Tests were made' to verify that quantities in

Eq. (1}were measured correctly and that no ex-

traneous effects gave misleading results. Careful
inventories of ion beam currents along the path
gave accurate transmissions within uncertainties to
be discussed later. Tests for impurities in the ion
beam (same q/m;, but different m; and q) were

frequently performed as described in Ref. 15, and
impurity levels were negligible during data collec-
tion. The test applied to detect space-charge
modulation of backgrounds was measurement of
the apparent cross section below ionization thresh-
old.

C. Electron beam

The electron sources have been thoroughly
described. ' ' The interaction energies are deter-
mined from Eq. (8) in Ref. 17 with additional
terms for Al + and Si + For these two cases the
ion velocity adds 0.4 eV to the collision energy for
Al + at 20 keV and 0.8 eV for Si + at 45 keV
where most data were taken. In addition, for these
two ions the penetration of the vertical electrostatic
deflection fields' shifts the average potential
slightly. The electrostatic deflector plates are
operated symmetrically with positive voltages on
the top plates and negative voltages on the bottom
plates. However, the electron and ion beams inter-
sect slightly below the center line of these plates,
so that a small negative potential shift is intro-
duced. The applied voltages are somewhat higher
for the faster Si + ions in this case. The estimated

TABLE I. Background counts per ion current and signal-to-background ratio (S/8) for
several ions.

Ion

b

B s-'
I; nA

Electron
energy (eV)

S/8

Si'+

Ar'+

Al'+

C2+

Mg+ '

111.0

9.6

16.0

2.0

18.0

95
295
95

295
95

245
95

245
95

245

0.01
0.10
0.50
2.0
0.33
0.69
0.74
2.30
2.47
5.68

'Mg+ data involved separate apparatus.
Currents are in particle nanoamperes.
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shifts of electron energy in the collision region are
roughly equal but opposite to the ion velocity com-
ponents given above. Thus, the actual energies

quoted here for Al + and Si + have not been

corrected from the result given in Ref. 17 because
the two additional terms approximately cancel.
Based on previous calibrations and experience with

the electron source and on the present agreement
of experimental and theoretical ionization thresh-

olds, the quoted electron energies are believed to be
accurate (at good confidence) to within about +0.5
eV for Mg+ data and to within about +0.7 eV for
Al + and Si + data.

The spread in electron energy is important in the
present data, since the excitation contributions are
expected to appear as abrupt step increases in the
ionization cross sections. For Mg+ the energy
spread in the resonance region should be about
0.5-eV full width at half maximum (FWHM) (Ref.
17) due to the combination of thermal energy
spread at the cathode and space-charge effects.
For the Al + and Si + case the penetration of the
potentials from the vertical deflector plates results
in a variation in space potential over the vertical
extent of the beams. Previous measurements on
excitation cross sections ' indicated that the energy
spread at 10 eV was about 3 eV, principally due to
this field penetration. However, the height of the
beams has been decreased by nearly a factor of 2,
so that the variation in space potential should simi-

larly decrease. It is estimated that the energy

spread in the resonance region is just below 2-eV
FWHM for Al + and just above 2 eV for Si +.and

is dominated by the field penetration of the verti-

cal deflectors.

D. Uncertainties

Cross sections are determined from averages of
repeated measurements at a sequence of energies.
A given energy may be repeated in separate cycles
or on separate days (ion source retuned). During
each data run, a specific benchmark energy was in-

cluded in the sequence which was common to all

runs (for Mg+, Al +, and Si + the standard elec-
tron energies were 97.2, 242, and 292 eV, respec-
tively). Careful absolute calibrations were made at
the benchmark energies, and all data were renor-

malized using these points. These renormalization
factors typically varied less than +2%. However,
renormalization factors for the Si + data varied by
as much as +12% due to the problems with in-

complete transmission of the primary ion beam.
After the renormalization, measurements at a given

energy are averaged to obtain the quoted cross sec-
tion. For the present data, cross sections deter-
mined at energies differing by up to +0.5 eV for
Mg+ and Al + and by up to +3 eV for Si + were
averaged together and are quoted at the average
energy. Repeats of six or more trials are averaged
in the present data. The standard deviation of the

TABLE II. Uncertainties,

Source Mg+
Uncertainty in %

Al'+ Si'+

Statistical uncertainty (90% confidence
level): typical value in % of peak

cross section

+3

Additional systematic uncertainty:
Particle-counting efficiency
Transmission to signal ion counter
Background modulation
Incident ion current
Incident electron current
Form-factor evaluation
Uncertainty in velocities
Calibration vibrating reed electrometer

+8
+1
+2
+1
+1
+2
+0.5
+1

+2
+5
+2
+2
+2
+3
+1

+2
+5
+6
+6
+2
+3
+1

Quadrature sum:

Typical total % uncertainty (good confidence) +12
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mean of these averages is generally in good agree-
ment with counting statistics. Variations in the
data due to fluctuation of form factor, detector ef-
ficiency, and transmission factors during data col-
lection apparently become important at about the
+1% level. The standard deviation of the mean of
the repeated trials is taken as representative of rela-
tive uncertainty in the present data.

Total absolute uncertainty described here as
"good confidence" is taken as the quadrature sum
of statistical and systematic uncertainties where
both are at 90% confidence level or the equivalent.
Systematic and typical total uncertainties are listed
in Table II.

For the Mg+ data the signal detector is a large
area, electron multiplier which has less than 100%
detection efficiency for the 1-keV ions. This detec-
tor is calibrated by measuring the absolute signal
ion current with a vibrating reed electrometer us-
ing the multiplier as a Faraday cup, then compar-
ing with counts in the multiplier mode. For Mg+
it is this detector calibration which has the largest
systematic uncertainty, while for Al + and Si + it
is determination of transmission of ions through
the analyzer which has greatest uncertainty.

The modulation of background due to focusing
of the ion beam by the electron beam, which oc-
curred in earlier work, ' has been largely eliminat-
ed in the present data. A systematic uncertainty is
included which is large enough to account for pos-
sible residuals of this effect as determined by mea-
surements below threshold.

Measured cross sections and the relative uncer-
tainties at one standard deviation of the mean are
given in Table III.

III. RESULTS AND DISCUSSION

The measured cross sections presented in Table
III are plotted in Figs. 2 —7. A principal goal of
the present study was determination of the role of
excitation autoionization in total-ionization cross
sections. Thus, a particular effort was made to
measure the cross sections in detail near the ener-
gies where the autoionizing resonances were ex-
pected to occur.

culation by Younger of direct ionization in the
distorted-wave approximation by plotting the
theoretical values normalized to experiment at 30
eV, an energy before the onset of excitation au-
toionization. The resonance region is expanded in
the figure for clarity. The calculations of excita-
tion autoionization by Moores and Nussbaumer
and by Griffin et al. " clearly indicate abrupt rises
in the ionization cross section. Since the energy
spread of the incident electron beam in this Mg+
case should be quite small (-0.5 eV) such abrupt
rises should be apparent in the measurements. A
small increase presumably due to excitation of the
2p 3s level does occur between 50 and 52 eV, but
clearly the increase expected near 55 eV due to the
2p 3s3p level is absent. In spite of the lack of de-
finitive structure, a substantial average increase in
the total-ionization cross section does occur in the
resonance region, assuming the normalized
distorted-wave calculation of Younger reflects the
correct shape of the direct-ionization process in the
resonance region. At 70 eV, before onset of direct
inner-shell ionization, the measured cross section is
18% greater than the estimate of the direct
ionization —an overall increase approximately equal
to the predicted total excitation-autoionization con-
tribution. The discrepancies between theory and
experiment are discussed in more detail by Griffin
et al. ,

" but the result obtained by simply adding
excitation autoionization to the direct ionization is
not in satisfactory agreement with the experiment.
The present results are more precise and provide
more detail, but are in agreement with the earlier
results of Martin, Peart, and Dolder.

Figure 3 shows comparison of the absolute
values of predicted and measured cross sections for
Mg+ over a broad energy range. The Lotz esti-
mate is obtained using only the single Lotz
parameter a =4.5&(10 ' cm . Lotz gives a for-
mula with different fitting parameters for each
subshell '; but for the present cases, the results
differ only slightly from the simpler and more
widely used single-parameter formula. Our results
are compared with measurements of Martin et al.
The two experiments are seen to be in reasonable
absolute agreement and only a little lower than the
distorted-wave and Coulomb-Born calculations.

A. Mg+ case B. A1~+ case

Figure 2 shows the results for Mg+ from thresh-
old through the resonance region. The shape of
the measured cross section is compared to the cal-

For the Al + case shown in Figs. 4 and 5, the
anticipated excitation-autoionization structures are
more apparent in the data and do occur as sharp
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TABLE III. Measured cross sections for single ionization of Mg+, Al +, and Si + by
electron impact. Values in parentheses are one standard deviation on counting statistics and
are taken as representative of relative uncertainties.

(eV)

Mg+

(10 ' cm)
E

(eV)

Al'+
o

(10 "cm)
E

(eV)

Si'+
o'

(10 "cm)

15.2
17.3
19.3
21.3
23.3
25.2
27.2
29.2
31.3
33.2
35.3
37.7
39.7
41.7
43.8
45.8
47.8
49.8
51.8
53 ~ 8

55.8
57.8
59.8
61.8
63.8

65.8
67.8
69.8
71 ~ 8

73.8
75.8
77.8
87.2
97.2

117
138
158
179
200
220
241
262
282
303
323
344
364

6.10(0.33)
19.08(0.30)
26.98(0.61)
32.45(0.08)
36.10(0.47)
38.83(0.28)
39.88(0.24)
41.31(0.20)
42.03(0.46)
42.17(0.32)
42.32(0.31)
41.02(0.15)
41.56(0.11)
40.48(0.11)
40.42(0.14)
39.97(0.12)
39.84(0.13)
40.03(0.16)
40.43(0.14)
40.11(0.17)
39.96(0.16)
39.90(0.10)
39.58(0.08)
39.50(0.07)
39.35(0.08)

39.18(0.06)
39.11(0.10)
39.34(0.24)
39.32(0.23)
39.08(0.23)
39.11(0.26)
38.77(0.17)
38.28(0.28)
38 31'
37.67(0.36)
37.73(0.34)
38.09(0.33)
38.20(0.33)
37.84(0.27)
36.70(0.26)
35.50(0.26)
34.04(0.25)
32.69(0.25)
31.36(0.26)
30.22(0.26)
29.26(0.24)
28.40(0.31)

28.9
31.0
33.0
35.0
36.6
38.6
40.6
42.6
44.5
46.3
48.5
50.7
52.4
54.4
56.4
58.3
60.3
61.6
64.3
66.1

68.1

70.7
72.0
74.0
75.9
77.9
80.3
82.1

83.5
85.5
87.9
90.1

91.6
95.4
97.6
99.6

101
103
105
107
109
111
114
118
121
125
130
135

1.15(0.59)
2.56(0.42)
2.84(0.43)
3.72(0.42)
5.48(0.35)
5.38(0.46)
6.93(0.26)
6.78(0.29)
7.94(0.35)
7.93(0.21)
7.93(0.32)
8.44(0.23)
8.68(0.29)
8.45(0.29)
8.85(0.22)
9.05(0.27)
8.96(0.26)
9.07(0.23)
8.84(0.28)
8.93(0.15)
9.22(0.20)
9.09(0.16)
8.96(0.20)
9.51(0.15)
9.78(0.15)

10.28(0.19)
10.00(0.25)
10.16(0.25)
9.80(0.23)

10.87(0.23)
11.19(0.31)
10.78(0.25)
10.61(0.37)
11.32(0.14)
11.02(0.22)
10.99(0.21)
11.06(0.21)
11.72(0.20)
11.43(0.17)
11.41(0.20)
11.44(0.18)
11.93(0.17)
11.88(0.14)
12.47(0.20)
12.70(0.20)
12.37(0.11)
12.65(0.18)
12.58(0.14)

54
71
81
87
95

102
107
111
115
121
127
133
139
144
150
158
173
192
213
242
292
341
391
488
636
786
989

1492

g 1.01(0.70)
3.76(0.60)
4.83(0.56)
5.37(0.43)
5.34(0.33)
7.29(0.29)
6.96(0.29)
5.57(0.28)
6.55(0.28)
7.00(0.27)
6.91(0.26)
7.64(0.37)
8.73(0.42)
8.74(0.27)
8.31(0.42)
9.54(0.32)
9.19(0.50)

10.19(0.36)
9.97(0.40)

10.67(0.40)
10.98(0.18)
10.45(0.99)
10.73(0.35)
11.03(0.19)
8.55(0.21)
8.80(0.24)
7.28(0.14)
6.37(0.35)
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TABLE III. (Continued. )

E
(eV)

Mg+

(10 ' cm)
E

(eV)

Al'+

(10 "cm) (eV)

Si'+

(10 "cm)

385
406

27.78(0.20)
27.25(0.19)

145
154
175
194
242
341
492
744
994

12.68(0.17)
12.82(0.21)
13.93(0.13)
13.66(0.17)
14.07(0.08)
13.41(0.15)
12.42(0.17)
11.29(0.15)
9.23(0.26)

'Absolute —at 97.2 38.31(1.76) ~

steps within the estimated 2-eV experimental ener-

gy spread. In Fig. 4 the normalized distorted-wave
calculations of direct ionization by Younger (or
normalized scaled Coulomb-Born results of Golden
et al. ) again fit the near-threshold results well
and serve as a guide for the expected direct ioniza-
tion in the resonance region. The data are suffi-

ciently detailed to provide accurate comparison
with excitation theory for the excitation-
autoionization contribution, and detailed compar-
ison is presented in the accompanying paper. "
However, the comparison is qualitatively similar to

I I
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E

I

~QO,

~I' +Ol / +04
/

/

e+ Mg

/

I
I

I
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b
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Ro ~

38

CV

E

O

0 I II!

20

36
40 45 50 55 60 65

I

40 60 80 100
ELECTRON ENERGY (eV)

120

FIG. 2. Electron-impact ionization of Mg+ near
threshold. Data points are present experimental values

with relative uncertainties shown at one standard devia-

tion and with bars smaller than the points where not
shown. The outer bar at 97.2 eV points is absolute un-

certainty at good confidence (90% confidence-level

equivalent). The solid line is distorted-wave theory for
direct ionization by Younger (Ref. 22) normalized to the
experiment at 30 eV by multiplying Younger's results by
0.78. The inset shows the resonance region in detail
with the experimental results at 1-eV intervals as origi-
nally obtained and shows the excitation-autoionization
results of Moores and Nussbaumer (Ref. 4) (dashed line)

and of Griffin et al. (Ref. 11) (solid line) added to the
normalized distorted-wave result.

IIg

~l

—
I/

~ I I

20

e+ Mg

I I I I II
50 100 200 500 3000

ENERGY (eV)

FIG. 3. Electron-impact ionization of Mg+ over a
broad energy range. Solid points are present experiment
with relative uncertainties smaller than the points and

typical good-confidence total uncertainty shown at 97.2
eV. Open points are experiments of Martin et al. (Ref.
3); solid curve is direct-ionization calculation by

Younger (Ref. 22); dashed curve is Coulomb-Born calcu-

lation of Moores and Nussbaumer (Ref. 4) including ex-

citation autoionization; and dot-dashed curve is the Lotz
prediction (Ref. 23).
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FIG. 4. Electron-impact ionization of Al + near
threshold. The solid curve is distorted-wave calculation
of direct ionization by Younger (Ref. 22), normalized to
the experiment at 70 eV by multiplying Younger's re-
sults by 0.65. The distorted-wave excitation of Griffin
et al. (Ref. 11) is added to the Younger direct-ionization
results with arrows indicating center-of-gravity energies
for excitation of a 2p electron to final orbital nl.

that for Mg+ in that the largest predicted
excitation-autoionization step (2p 3s 3p) is effec-
tively absent, and the overall increase in the ioniza-
tion cross section is smaller than predicted by exci-
tation theory. The increase in measured ionization
cross section over the normalized distorted-wave
calculation is about 40% at 104 eV.

The absolute comparison of experiment and

theory (direct process only) over a broad energy
range is shown for Al + in Fig. 5. The single-

parameter Lotz formula again severely overesti-
mates the cross section. Near 60 to 70 eV, just be-

fore the onset of excitation autoionization, the
distorted-wave and scaled Coulomb-Born calcula-
tions are also in poor agreement with the experi-
mental results, but at higher energy the excitation
contribution fortuitously results in better agree-
ment with these theories which —it is emphasized

again —do not include excitation autoionization.

24
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Eo 12
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O
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b

2

~, t' ~ i

I I

)

I I I 1

/

g/
/

I i i ii I I I I I I I I

/
LOTZ

OUNGER DWEX

C. Si + case

For the Si + case shown in Figs. 6 and 7, the ex-

perimental data are clearly of lesser precision. The
fairly good agreement of experiment and
distorted-wave theory near threshold in Fig. 6 did
not require any normalization of the theory in this
case. The excitation-autoionization resonances are
apparent in the data at the predicted" energies.
The total excitation contribution, estimated from
the difference between measured ionization cross
section and the distorted-wave direct-ionization
prediction, is 65% at 145 eV.

Figure 7 shows comparison of experiment and
theory (direct process only) over the broad energy
range. Interestingly, the excitation contribution
steps the experimental data from good agreement
with the distorted-wave and Coulomb-Born direct-
ionization calculations up to good agreement with
the Lotz formula. Of course, this high-energy
agreement with the Lotz formula is accidental and
should not prevail generally for more highly ion-
ized species in the sequence.

20 50 100 200
ENERGY (eV)

500 1000

FIG. 5. Electron-impact ionization of Al + over a
broad energy range. Points are present experimental re-
sults with typical relative uncertainty at one standard
deviation except at 242 eV where outer bar is good-
confidence absolute uncertainty. Solid curve is
distorted-wave theory (Ref. 22); dashed curve is scaled
Coulomb-Born theory (Ref. 25); and dot-dashed curve is
Lotz-formula prediction (Ref. 23).

D. General trends

Some indication of improving agreement for
direct ionization between theory and experiment as
charge state increases has been noted previously, '
though other work' ' makes this conclusion less

firm. In the present case, DW theory is 27%
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FIG. 6. Electron-impact ionization of Si + near
threshold. Points are present experiment with relative
uncertainty at one standard deviation. Solid curve is
distorted-wave theory for direct ionization by Younger
(Ref. 22) without any normalization in this case. The
curve added to the distorted-wave result is the excitation
autoionization by Griffin et al. (Ref. 11).

higher for Mg+, 48%%uo higher for Al +, and is in

agreement with experiment for Si + in the region

just before excitation autoionization sets in. Thus,
there is a suggestion of improving agreement with

higher charge state, but again the trend is erratic
and no firm conclusion can be drawn.

The role of excitation autoionization and its rela-

tive change in importance with increasing ionic

charge along an isoelectronic sequence are also not

so well established. Experimental ' and theoreti-

cal ' excitation contributions diverge somewhat

for the Li-like sequence. For the present Na-like

ions a comparison of theory and experiment for
the excitation-autoionization contribution is given

in Table IV. The experimental excitation part is

obtained from Figs. 2, 4, and 6 by subtracting the
normalized distorted-wave theory from the total

measured ionization cross section. The percentage
increase given in the tables is the excitation contri-

bution divided by the normalized distorted-wave

theory to represent the direct-ionization com-
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FIG. 7. Electron-impact ionization of Si'+ over a
broad energy range. Points are present experimental
data with relative uncertainty at one standard deviation;
except at 292 eV the outer error bar is good-confidence
absolute uncertainty. Solid curve is distorted-wave
theory by Younger (Ref. 22); dashed curve is scaled
Coulomb-Born theory (Ref. 25); and dot-dashed curve
is Lotz-formula prediction (Ref. 23).

ponent. The trend of increasing relative impor-
tance of excitation autoionization along this se-

quence is qualitatively as predicted by theory, but

should be followed to higher ion stages by detailed

comparisons of theory and experiment. However,

the present comparisons suggest either that excita-
tion theory is inadequate or that the contribution
of indirect processes to total ionization is not ade-

quately described by simple addition of excitation
and ionization cross sections. Simple power-law

extrapolation of the experimental data in Table IV
would indicate that by Fe' +, the excitation au-

toionization is about four times the direct cross
section. Such distant extrapolation is, of course,
very uncertain.

Figure 8 shows the rate coefficients obtained in
each case for Maxwellian electron energy distribu-
tion. As in Figs. 3, 5, and 7 the theoretical

TABLE IV. The excitation-autoionization component of the ionization cross sections at
energies just below onset of direct inner-shell ionization. Theoretical results are from the ac-
companying paper of Griffin et at. (Ref. 11).

Ion Energy (eV)

Experimental excitation
o.(10 ' cm ) % &nc.

Theoretical excitation
cr(10 " cm ) % inc.

Mg+
Al'+
Si+

70
104
145

6.0
3.3
3.5

18
40
65

8.9
7.1

5.8

26
88

109
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FIG. 8. Rate coefficients for ionization of Mg+,
Al +, Si +, and Fe' +. Solid curves are derived from

present experimental results. Theoretical results, includ-

ing direct ionization only: dashed curves from the
distorted-wave ionization results of Younger (Ref. 22)

and dot-dashed curves are Lotz result (Ref. 23). The
short-dashed curve for Fe' + is obtained from the
cross-section prediction of LaGattuta and Hahn (Ref.
29).

values plotted for Mg+, Al +, and Si + in Fig. 8

are for the direct process only. The trends estab-

lished by the cross-section comparisons of Figs.
2 —7 are somewhat smoothed out in the rate coef-
ficient, but it remains apparent that indirect contri-
butions have the greatest relative effect on the Si +

rate coefficient. For comparison and to emphasize
the nature of the continuing trend, the rate coeffi-
cient for Fe' + from the Lotz formula and from
recent calculations of LaGattuta and Hahn are

also shown. These recent calculations for Fe' +

include not only excitation autoionization but also
contributions for dielectronic recombination—
double autoionization. Just below each of the ex-

cited states relevant in excitation autoionization
there is a series of dielectronic recombination lev-

els, many of which can decay by Auger emission
of two free electrons. When this occurs the ioniza-

tion cross section is enhanced by dielectronic
recombination —double autoionization as well as by
excitation autoionization. Thus Fig. 8 illustrates
that indirect processes are expected to significantly
enhance ionization rates for members of the Na-
like isoelectronic sequence between Si + (for which

the rate deduced from the experimental cross sec-

tion shows such enhancement) and Fe' +, where
the predicted enhancement is greater than a factor
of 2.
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