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The electron-impact single-ionization cross section of Ar + has been measured from 18 to 1186 eV us-

ing a crossed-beams technique. The present results are higher than previous measurements at the higher
energies and are in good agreement with recent distorted-wave calculations that include contributions
from excitation autoionization. Below the threshold for direct ionization at 144 eV, the cross section
contains contributions due to space-charge modulation and excitation of metastable ions in the target
beam into autoionizing states. These transitions are predominantly spin allowed and dipole forbidden.
Scaling laws for sodiumlike ions are discussed.

PACS number(s): 34.80.Kw, 32.80.Dz

I. INTRODUCTION

Electron-impact ionization of atomic ions is very im-
portant in plasma discharges, and these processes have
been studied using different techniques. Some systematic
cross-section investigations of isonuclear sequences have
been made to test scaling laws [1,2]. The Na-like isoelect-
ronic sequence is of particular interest because of its sim-
ple outer-shell configuration. The ionization of these ions
usually includes excitation-autoionization processes asso-
ciated with inner-shell excitation since these excited
states usually lie above the ionization potential for the
less tightly bound valence electrons. In early measure-
ments of Mg+ [3,4], Al +, and Si + [4], discrepancies
with calculations due to excitation-autoionization contri-
butions to the cross section were found. Experimental
studies using highly charged ions, however, were not
feasible until the development of electron-cyclotron-
resonance (ECR) ion sources. Measurements of
electron-impact ionization of Ar + of Defrance et al. [5]
were compared with distorted-wave calculations [2] and
indicated significant contributions from excitation-
autoionization processes. Recent high energy-resolution
measurements on Mg+ were able to resolve a number of
resonant-excitation-double-autoionization (REDA) fea-
tures [6]. Many of these features were confirmed by an
R-matrix calculation including the ground and autoioniz-
ing states in the close-coupling expansion [7].

Several authors have used ab initio calculations to
evaluate the contributions to the cross sections from
direct and indirect ionization processes [2,8—10]. Early
work of Bely on Mg+ using a Coulomb-Born approxima-
tion overestimated the excitation-autoionization contri-
bution presumably because stabilization by radiative de-
cay from the intermediate excited states was neglected
[8]. Later experimental work by Martin et al. did not
agree with this calculation [3]. Distorted-wave calcula-
tions by Younger give the cross section and the rate
coefficients for direct ionization from ground-state Ar +

[2]. Distorted-wave calculations which include excitation
and autoionization branching ratios have been made for
the sodiumlike isoelectronic iona Mg+, A12+, Si + [9],
and Ti"+, Cr' +, Fe' +, Ni' + [10]. The total ionization
cross section was taken as the sum of the direct and in-
direct contributions using a statistically averaged popula-
tion of upper excited states and using branching ratios
calculated individually for the different excited
configurations. This approach [10]gave better agreement
with experiments [11,12] for several ion species. Close-
coupling calculations on Mg+, Al +, and Si + by Henry
and Msezane [13] which took REDA into account
resolved some of the discrepancies between the experi-
mental results [4] and the distorted-wave calculations [9].

The present work focuses on crossed-beam measure-
ments of electron-impact ionization of Ar + in the energy
range of 18 to 1186 eV. In this energy domain two in-
teresting processes are present: ionization contributions
from metastable excited states which lie above the direct
ionization threshold and excitation autoionization from
the ground state.

II. THE ATOMIC PROCESSES CONSIDERED

Relativistic Hartree-Fock calculations of the energy
levels of Ar + and Ar + are shown in Fig. 1 [14]. The
processes labeled 1, 2, and 3 depict direct knockout of a
3s, a 2p, and a 2s electron, respectively, from the Ar +

ground state (2p 3s). The many excited configurations
of Ar +(2p nl) are not shown individually. They usually
decay through radiative transitions with lifetimes
~(10 s and have therefore decayed by the time the
ions reach the interaction chamber. The lowest inner-
shell excited states (2p53s manifold) lie above the energy
of the ground state of the daughter Ar + ion (2p ). Most
of the inner-shell excited states autoionize rapidly (10
s) although some of the quartet states are metastable [15].
For Ar +, the quartet 2p 3s3p ions are estimated to have
r) 10 s [16]. Metastable ions that spontaneously au-
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FIG. 1. Energy-level diagrams of Ar'+ and Ar'+ and the ion-
ization channels considered. 1, direct knockout of a 3s electron;
2, direct knockout of a 2p electron; 3, direct knockout of a 2s
electron; 4, excitation autoionization of a ground state Ar'+.
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toionize in the interaction chamber would be expected to
make a large contribution to the experimental back-
ground ion signal [17]. Electron collisions with the
remaining metastables can excite quartet metastable ions
to the neighboring autoionizing states. This process
would contribute to the electron-impact ionization signal
and be observed in the energy region below the threshold
for direct ionization. Because the threshold energy for
this excitation is small ( —1 eV), the contribution to the
signal is expected to be in the high-energy asymptotic
limit when the incident energy in the experiment is near
the threshold for direct ionization of the ground state.

In the energy region just above the direct-ionization
threshold (144 eV), direct ionization is expected to be the
major ionization process. Above the threshold for excita-
tion from the ground state to 2p 3snl (about 250 eV), ex-
citation autoionization is expected to make significant
contributions to the ionization cross section.

III. EXPERIMENT

A complete description of the apparatus has been given
previously [18] and only a brief description of the ap-
paratus is given here. The Ar + ions generated in the
electron-cyclotron-resonance ion source [19] are extract-
ed, accelerated to 70 keV, and mass-selected before enter-

ing the interaction region. For this work, the beam
current was about 30 nA. A magnetically confined elec-
tron beam crosses the ion beam at 90' [20,21] with an es-
timated energy spread of about 2 eV or less [18,22].
After passing through the interaction region, the ion
beam is separated magnetically into different charge
states by a magnetic sector. The Ar ions are counted
using a channeltron detector. Movable slits are used to
measure the profiles of the ion and the electron beams to
determine the scattering form factor F [23]. The form
factor is a measure of overlap of the ion and electron
beams. The primary ion and electron currents are col-
lected in Faraday cups and time integrated. The cross
sections are determined using the relationship

R(E) qe V V; F

IV. RESULTS AND DISCUSSIONS

A. Below-threshold behaviors

The raw ionization cross-section data below the
direct-ionization threshold from the ground state of Ar +

(144 eV) are shown in Fig. 2 (crosses). Below threshold,
we measured a signal that increased with decreasing elec-
tron energy. This is presumed to be due to a combination
of electron space charge and excitation autoionization of
some metastable ions.

Electron space-charge effects can cause the back-
ground count rate to change. This effect is proportional
to the charge density of the electron beam which gives
the cross section an energy dependence of

sp ch (2)

where A is a constant dependent on experimental condi-
tions [25].

Another contribution to the cross section below the
ground-state threshold for direct ionization is due to exci-
tation of metastables to autoionizing states. The lowest

where o (E) is the ionization cross section; q is the charge
number of the parent ion; F is the form factor; I, and I;
are the electron and ion currents, respectively; U, and U;

are the velocities of the electrons and ions, respectively;
D is the ion detection efficiency; and R (E) is the ioniza-
tion count rate [23]. Since the background signal is gen-
erally larger than the electron-impact-ionization signal,
the electron beam is modulated and the difference be-
tween the signal with the electron beam on and that with
the electron beam off is used to measure the signal due to
electron collisions. Consistency checks were made during
the experiment by repeating measurements of the ioniza-
tion cross sections at 75, 100, and 600 eV to ensure that
the experimental conditions did not change as a function
of time.

The experimental uncertainties are listed in Table I.
Statistical and other rneasurernent errors have been deter-
mined as in previous measurements [18,24]. The estimat-
ed errors for space-charge modulation and excitation au-
toionization of metastable ions are discussed in Sec. IV.
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FIG. 2. Cross sections below the direct-ionization threshold.
Crosses, measured (raw) data; closed circles, data after the
correction for space-charge modulation and excitation autoioni-
zation of metastable ions (subtracting the fitting of trial 5 in
Table II); dashed line, least-squares-ftting result, represented by
Eq. (6) with trial 4 in Table II; solid line, least-squares-fitting re-
sult, represented by Eq. (6) with trial 5 in Table II.

C'
o DF(E) = (4)

and (c) spin-forbidden excitation:

electron energy used in our experiment, 18 eV, is much
larger than the energies for excitation of the metastable
ions to these states (estimated to be 1 to 2 eV); thus, we
have used the asymptotic forms for the excitation cross
sections to approximate these contributions in the present
measurements [26,27]. Three excitation processes are
considered for Ar +: (a) spin-allowed, dipole-allowed ex-
citation:

ln(4E/E;f ) ln(E) ln(E,f /4)
osj,(E)=B =B —BE E
where B is a constant to be determined and E,f is the ex-
citation energy; (b) spin-allowed, dipole-forbidden excita-
tion:

D
o sF(E)= E3 (5)

Combining space-charge modulation with processes (a),
(b), and (c), the excitation cross section has the following
form:

A B ln(E) C D
&E E E (6)

where 3, B, C, and D are parameters to be determined by
fitting the data below threshold. The first term will be
nonzero if space-charge modulation is present. The
second and third terms are tied to process (a) since the
parameter C is equal to C' B ln(—E;f/4). The third term
is connected to process (b). The fourth term will be
nonzero if process (c) contributes to the cross section.

The data below threshold were fit with Eq. (6) using a
least-squares criterion [28] with the following restric-
tions: coefficients B and D were required to be positive
because processes (a) and (c) can only add to the mea-
sured cross section. The coefficients for some possible fits
are given in Table II. The first three fits have negative
values of B and are discarded. The last five trials give
large g 's and are discarded. Fitting trial 6 gives a nega-
tive B and hence is also discarded. Fitting trials 4 and 5

give the best physically plausible fits, and yield the same
results within the uncertainties of the coefficients. The
fact that coefficient A is negative indicates that the elec-
tron space charge results in a loss of signal. The curves
resulting from trials 4 and 5 have been plotted in Fig. 2
(dashed line and solid line, respectively). The presence of
the (1/E) term (CAO) indicates that excitation of meta-
stable ions is primarily due to spin-allowed, optically for-
bidden transitions. Since the error for D is more than
three times the value of D in trial 4, we cannot say wheth-
er or not spin-forbidden excitation is present.

The measured and corrected cross sections are tabulat-
ed in Table III together with their estimated uncertain-
ties. The cross sections have been corrected for space
charge and excitation autoionizations from metastable
ions by subtracting Eq. (6) with coefficients determined in
trial 5 in Table II. The uncertainties have been estimated

TABLE II. Least-squares fitting of the coefficients (blanks indicate that the coefficient is not included
in the fitting).

Trial
number A

1

2

3
4
5
6
7
8

9
10
11

3.7+2.0[2]'

—0.7+8.0[1]
—4.0+1.9[1]—3.5+1.0[1]

3.3+0.3[1]

3.9+0.3 [1]

—1.9+0.9[3]
—2.0+0.9[2]
—1.0%3.0[2]

—1.3+0.3[2]

5.3+2.2[3]
1.2+0.4[3]
8.6+5.7[2]
7.3+1.9[1]
6.7+0.9[2]
9.2+ 1.6[2]

3.4+0.3[2]

3.7+0.2[2]

—3.1+1.5[4]—5.6+6.1[4]

1.7+4.9[4]

1.5+0.2[5]
7.0+2.7[4]

2.5+0.2[5]

3.6
7.0
7.8
7.8
7.9
7.8

23.3
12.3
61.0
19.0

174.5

Numbers enclosed in square brackets indicate multiplicative powers of ten.
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B. Above-threshold behaviors

TABLE III. Ionization cross sections.

Electron energy
E (eV)

Ionization cross sections 0 (10 " cm')
Measured data Corrected data'

18.1
28.8
48.0
73.8
97.2

122.3
170.2
195.0
243.0
267.1

291.8
364.3
390.0
413.0
440.0
489.0
538.0
561.0
586.9
593.6
643.5
692.7
742.3
792.1

840.0
890.0
988.0

1087.0
1186.0

26.63+4.34
18.15+2.41
11.24+1.41
4.23+0.67
0.8190.44
2.91+0.40
3.11+0.69
1.83+0.14
1.56+0.21
1.76+0.26
1.83+0.29
3.19+0.23
3.28+0.29
3.45+0.20
2.99+0.26
3.21+0.24
3.09+0.36
3.51+0.22
3.04+0.08
2.91+0.13
2.77+0.23
2.88+0.18
2.76+0.17
2.94+0.16
3.07+0.27
2.85+0.23
2.56+0.23
2.31+0.22
2.20+0.22

—2.29+8.21
1.30+4.73
2.25+2.87

—0.83+1.88
—0.58+ 1.49

0.56+1.27
1.82+1.18
0.87+0.89
1.02+0.80
1.37+0.77
1.56+0.75
3.16+0.64
3.31+0.65
3.53+0.59
3.12+0.60
3.40+0.56
3.33+0.60
3.78+0.52
3.32+0.46
3.20+0.47
3.10+0.49
3.22+0.45
3.13+0.43
3.32+0.42
3.46+0.46
3.25+0.43
2.99+0.41
2.75+0.39
2.64+0.38

'The data have been corrected for space charge and excitation
autoionization from metastable ions, by subtracting Eq. (6) with
coefficients determined in trial 5 in Table II.

The corrected data are plotted in Fig. 3 and compared
with the previous results of Defrance et al. [5] and calcu-
lated predictions [2,29,30]. For energies below about 300
eV, the agreement between the present and the previous
results is good. However, at energies above 350 eV, the
present results are larger than the results of Defrance
et al. [5]. The solid line in Fig. 3 is the distorted-wave
calculation of Griffin et al. for the direct ionization of 3s
electron knockout plus the excitation autoionization with
an assumed branching ratio of 1 [29]. The short dashed
line only includes the direct knockout of a 3s electron
[29]. The data show evidence of indirect processes in the
energy range from 150 to 500 eV and are in good agree-
ment with the calculations of GriSn et al. [29]. At
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FIG. 3. Cross sections near and above the direct-ionization
threshold. Closed circles, present measurement with correc-
tions for space-charge modulation and metastable ions; crosses,
measurements of Defrance et al. , Ref. [5]. Solid line,
distorted-wave calculations by Griffin et al. , Ref. [29] including
excitation autoionization from the ground state, short dashed
line, distorted-wave calculation with only direct ionization of a
3s electron, Ref. [29]; very short dashed line, prediction by the
Lotz formula, Ref. [30]; long dashed line, fitted formula for the
Na-isoelectronic sequence by Younger, Ref. [2].

C. Comparisons with other Na-like ions

The Na-like isoelectronic sequence has been studied ex-
tensively. In this section we will compare the relative
contributions to the cross section from indirect and direct
ionization for the present Ar + data and previous mea-
surements for Mg+, Al +, Si + [4], Ti '+, Cr + [12],
and Fe' + [ll]. Calculations [8] showed that the contri-
bution of excitation autoionization increases with increas-

ing charge number. Similar behavior was found for the
siliconlike ions in the scaling of ionization cross sections
of Cr' + and Ni' + [31]. However, for sodiumlike ions
with charge state 11 &q & 17, the autoionization branch-

ing ratio decreases with increasing charge state and the
resulting ratio of excitation autoionization to direct ion-
ization is almost constant [10]. We have tabulated the ra-

tio of the total ionization cross section to the direct ion-
ization predicted by the calculations of Younger [2] in

higher energies (E ) 500 eV), the cross sections are
higher than the calculations, possibly due to direct ion-
ization from the 2p and 3s states. The very short dashed
line on the figure is given by the semiernpirical formula of
Lotz [30] for direct ionization from the ground state
(direct knockout of one 3s, 2p, or 2s electron; processes 1,
2, and 3 in Fig. 1). The long dashed line is from a fit of
the direct-ionization cross section for the Na-like
isoelectronic sequence based on distorted-wave calcula-
tions [2]. The present data give a cross section that is

larger than either of these predictions for E &350 eV,
probability due to excitation autoionization from the
ground state.
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TABLE IV. Ratios of total-ionization cross sections (cr T ) to the direct-ionization cross sections (AD )

of Na-like ions. The direct-ionization cross sections (AD ) are the results of the scaling of the distorted-
wave calculations by Younger (Ref. [2]). The theoretical ratios are listed at energies where the
distorted-wave calculations predict the maximum contributions of the indirect ionization. The experi-
mental measurements are listed at energies closest to the energies provided by the theoretical predic-
tion.

Ion

Mg+
Al +

Si'+
Ar'+
Ti11+
Cr'+
F 15+

E (eV)

64'
95'

139'
364'
688'
885'
988~

0 T /o'g) (theor)

2.0
2.1

5.4'
5.4'
4.9'
5.0'

0 T(expt) /cr D(theor)

0.90+0.08'
0.87+0.07'

1.6+0.2'
5.3+0.4'
4.6+0.2'
5.0+0.5'
5.8+0.9~

'Crandall et al. , Ref. [4].
Griffin et al., Ref. [9].

'This work.
dGriffin et al., Ref. [29].
'Gregory et al., Ref. [12].
'Griffin et al. , Ref. [10].
sGregory et al., Ref. [11]. The ratio was taken at the maximum energy of the experimental measure-
ments of 988 eV, while the theory' predicts the maximum contribution of indirect ionization is given at
E =1100eV.

Table IV. The ratios are given at electron energies where
the calculations by GriSn et al. [9,10,29] predict the
maximum contribution from indirect ionization. In the
case of Fe' +, we used 988 eV, which is the largest energy
at which experimental data are available [11]. For the
lighter ions, the distorted-wave calculations of Younger
[2] seem to overestimate the direct-ionization contribu-
tion. This is evidenced by the ratios cr&.(expt)/o D(theor)
being less than 1 for Mg+ and A1~+. Our Ar7+ result is
in agreement with the calculation [29] which assumed a
branching ratio of 1 for autoionization. The resulting ra-
tio (o T/aD =5) is close to that given for ions with higher
charge numbers. It would be interesting to measure o.T
for other ions in the Na-like electronic sequence (especial-
ly for P+, S+, Cl+ K+, Ca+, and Sc'+) and com-
pare these ratios with the results accumulated thus far.

V. CONCLUSIONS

In this investigation, the electron-impact single-
ionization cross section of Ar + has been measured from
about 18 to 1186 eV. For energies below the direct-
single-ionization threshold, the data show space-charge

modulation and excitation autoionization from metasta-
ble ions, dominated by spin-allowed, dipole-forbidden
transitions. At energies above the direct-ionization
threshold, the present results indicate a larger contribu-
tion from excitation autoionization than the previous re-
sults of Defrance et al. [5] and are in good agreement
with the distorted-wave calculations of Griffin et al. over
the entire energy range [29]. The present measurements
give a ratio of indirect-to-direct-ionization cross-section
contributions in good agreement with the previous Ti"+,
Cr' +, and Fe' + measurements and calculations
[11,12,10].
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