PHYSICAL REVIEW A

VOLUME 50, NUMBER 2

AUGUST 1994

Absolute cross-section measurements for electron-impact single ionization of Si** and Si**
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Experimental measurements of absolute cross sections are presented for electron-impact single ioniza-
tion of Si** and Si**. The incident electron energies range from below threshold to 1500 eV. The mea-
surements were performed using the crossed ion-electron beams apparatus at the Oak Ridge National
Laboratory Electron-Cyclotron Resonance Ion-Source Facility. The data are in reasonable agreement
with cross sections calculated using the Lotz semiempirical formula. Reduced cross sections for the
isoelectronic targets, Si** and Ar®*, are compared in order to test classical scaling for direct electron-

impact single ionization.

PACS number(s): 34.80. Kw

I. INTRODUCTION

Much of the research into the properties of multiply
charged ions has been driven by interest in fusion, astro-
physical plasmas, and other high-temperature plasmas
which are strongly influenced by the collisional properties
and structure of high-charge-state ions. Electron-impact
ionization cross sections are important ingredients for the
development of models and improved diagnostic tech-
niques for the analysis of high-temperature plasmas. The
diversity of the ion species and charge states contained in
a hot plasma makes it difficult theoretically and nearly
impossible experimentally to produce all the cross sec-
tions and rate coefficients necessary to model a plasma.
A number of semiempirical formulas and classical scaling
rules have been widely used to generate the data needed
for the plasma models and to generalize the measured
data to other ionized species. This paper reports the
measurement of absolute cross sections for electron-
impact single ionization of Si*" and Si’" from below
threshold to 1500 eV. The experimental data are com-
pared to a widely used semiempirical method for deter-
mining direct-ionization cross sections.

Lotz [1] has proposed a semiempirical method for cal-
culating direct electron-impact single-ionization cross
sections. For ions with charge states of 4+ and higher
the formula for the cross section can be written as
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where E is the energy of the incident electron in eV, P, is
the binding energy of electrons in the ith subshell in eV,
g; is the number of equivalent electrons in the ith subshell
(where i ranges from 1 to N) and a is an empirically
determined constant equal to 4.5X 10~ ¥ cm? (eV)%. Typ-
ically, the 2s and 2p subshells are considered for boron-
like through neonlike ions. The predictions of the Lotz
formula are often within 20% of more accurate quantal
calculations for direct ionization [2].

II. EXPERIMENTAL ARRANGEMENT

The measurements reported in this paper were per-
formed at the Oak Ridge National Laboratory Electron-
Cyclotron Resonance (ORNL-ECR) Ion-Source Facility,
using a crossed electron-ion beams apparatus. This ap-
paratus has been described in detail in previous papers
[3,4], therefore only a brief discussion will be given here.

Multiply charged ions of silicon are created by intro-
ducing silane (SiH,) into the ECR region of the ion
source. The ion beam is transported to the high-vacuum
chamber shown in Fig. 1 through a beam line containing
ion optics and differential pumping. The pressure in the
chamber was typically 5X 1077 Pa under experimental
conditions. After entering the chamber, the ion beam
can be steered and focused using one-dimensional Einzel
lenses. A parallel plate electrostatic analyzer (labeled
charge purifier in the figure) is used to remove from the
beam ions that have changed charge due to collisions
with background gas or grazing collisions with slits or
apertures. The ions then pass through the collision re-
gion, where they intersect an electron beam at 90°. After
passing through the collision region, the charge states of
the beam are separated by a double-focusing magnetic

1377 ©1994 The American Physical Society



1378 J. S. THOMPSON AND D. C. GREGORY 50

ANALYZING

MAGNET EINZEL

/

MAGNET CUP
‘EC—

H-
—H

=

PRIMARY ION
BEAM CUPS

> IONIZED ION
DETECTOR

U IONS

sector analyzer. The signal ions, with the same velocity
as the incident beam, but a higher charge state, are fo-
cused onto the channel-electron-multiplier labeled “ion-
ized ion detector” in the figure. The signal ions are
deflected through 90°, out of the scattering plane, by an
electrostatic cylindrical-sector analyzer before detection
in order to reduce the background counts caused by stray
particles and photons. The detection efficiency for the
signal ions is near 100% [5], and the sensitivity of the
electronics is monitored by periodic pulse-height distribu-
tion measurements. Ions that traverse the collision re-
gion without being ionized are collected in one of two
movable Faraday cups, depending on the incident-to-
signal ion charge ratio. Additional lenses and Faraday
cups shown in the ion-beam path are used for beam tun-
ing and diagnostic tests to ensure complete collection of
the signal ions. The absolute ion-beam current and ac-
celerating voltage are carefully monitored.

The electron gun used in the experiments is a modified
version of the one described by Taylor et al. [6]. The
electron beam is confined by a 250-G axial magnetic field
which enhances the uniformity of the beam density and
reduces the physical size of the electron beam in the col-
lision volume over a wide range of electron velocities.
The electron and ion beams cross at 90° The electron
beam is collected and monitored on an edge-on array of
tantalum ‘‘razor blades” designed to minimize back-
scattering and secondary electron emission. The electron
velocity in the collision region is derived from the ac-
celerating voltage, including corrections for contact po-
tentials and the beam space charge based on previous
calibrations [3,5]. Uncertainties in the quoted collision
energy range from +0.2 eV at the lower energies to 1
eV at 1500 eV. The energy spread in the electron beam is
estimated to be between 1 and 2.5 eV over this energy
range [3].

The absolute cross section o for electron-impact ion-
ization at the collision energy E, where the electron and
ion beams cross at 90°, is given by the expression
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FIG. 1. Schematic  of
crossed-beams collision chamber
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analyzer. See text for details.
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Here R is the signal count rate, e is the electron charge,
ge is the charge of the incident ions, v; and v, are ion and
electron velocities, I; and I, are the ion- and electron-
beam currents, D is the detection efficiency of a signal
event, and F is the form factor. The form factor, a mea-
sure of the spatial overlap of the two beams, is deter-
mined by sweeping a probe with a narrow slit through
each beam. The transmitted current is detected as a
function of slit position and the form factor is calculated
from the overlap of the beam profiles.

The uncertainties listed in the data tables and plotted
on the graphs are reported at the equivalent of two stan-
dard deviations for statistical uncertainties, relative only,
and at the 90% confidence level for absolute uncertain-
ties. Relative uncertainties were dominated by counting
statistics, but also include other factors, such as form-
factor values, which differ slightly between measurements
due to changes in the ion beam. The relative contribu-
tions dominate the absolute uncertainties, but other con-
tributing factors include the transmission and detection
efficiency of the signal ions, current measurements, and
particle velocities. Details of the error analysis have been
reported in previous publications [7,8]. Absolute uncer-
tainties at the 90% confidence level were obtained from
the quadrature sum of twice the quoted relative uncer-
tainties and 7% from the other measured quantities in
Eq. (2). The absolute uncertainties for these measure-
ments range from 7 to 10 % for typical points near the
peak of the cross-section curve at a 90% confidence level
(equivalent to two standard deviations for statistical un-
certainties).

III. RESULTS

The electron-impact single-ionization cross-section
measurements are listed in Tables I and II and plotted in
Figs. 2 and 3 for Si*" and Si**, respectively. Cross sec-
tions measured at the same incident electron energy were
combined using a variance-weighted unbiased mean for
cross sections that had overlapping error bars.

In these experiments, a double-focusing magnetic sec-
tor analyzer dispersed the ions extracted from the ion



source and was used to select the ion beam for transmis-
sion to the experimental chamber. A magnetic analyzer
disperses the ions according to their mass-to-charge ratio
(m /q). In the case of the Si*" experiment, the ion beam
could contain a component consisting of the impurity ion
1¥N2*. Cross sections were measured for the isotopes
288i** and ¥’Si** at incident electron energies of either
385 or 483 eV for every data set. The purity of the beam
could then be determined since the mass-to-charge ratio
for 2°Si** is unique. The 28Si** ion beam was found to be
at least 99% pure for each data set. The natural occur-
ring abundance of ¥’Si** is only 4.67% [9], which made
measuring the 2°Si*" cross-section data impractical over
the entire range of incident electron energies.

The cross-section data for the electron-impact single
ionization of Si** are shown plotted in Fig. 2 along with
absolute uncertainties at the 90% confidence level, where

TABLE 1. Experimental electron-impact single-ionization
cross sections for Si**. Relative uncertainties listed are two
standard deviations. The absolute uncertainties at a 90%
confidence level are listed in parentheses.

Electron energy (eV) Cross section (107'* cm?)

334 —0.00210.044 (0.044)
46.5 0.043+0.028 (0.028)
48.4 0.034+0.040 (0.040)
60.8 0.043+0.036 (0.036)
72.4 0.15140.030 (0.032)
84.6 0.240+0.026 (0.031)
96.0 0.276+0.026 (0.032)
97.4 0.282+0.028 (0.034)
121 0.47410.028 (0.044)
146 0.6811+0.032 (0.057)
169 0.847+0.030 (0.067)
181 1.344+0.022 (0.098)
194 1.892+0.022 (0.136)
206 2.289+0.024 (0.163)
218 2.634+0.034 (0.190)
242 3.242+0.028 (0.231)
266 3.718+0.028 (0.264)
290 4.043+0.024 (0.287)
337 4.491+0.026 (0.319)
385 4.62+0.16 (0.36)
434 4.929+0.042 (0.351)
483 5.08110.034 (0.361)
532 5.270+0.050 (0.376)
581 5.349+0.102 (0.392)
639 5.316+0.016 (0.376)
688 5.07+0.30 (0.47)
738 5.014+0.04 (0.36)
788 4.8210.06 (0.35)
836 4.78+0.04 (0.34)
886 4.77+0.02 (0.34)
936 4.681+0.04 (0.33)
986 4.85+0.16 (0.38)
1085 4.62+0.04 (0.33)
1181 4.52+0.10 (0.33)
1330 4.62+0.20 (0.38)

1487 4.141+0.14 (0.32)
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FIG. 2. Absolute cross sections for electron-impact single
ionization of Si** as a function of incident electron energy. The
solid circles represent the measured cross sections. The error
bars represent absolute uncertainties at the 90% confidence lev-
el. The solid line represents the Lotz cross section with 5% of
the ion beam in the (1s%2522p°3s) metastable state. The dot-
dashed line is the Lotz cross-section times 1.17.

TABLE II. Experimental electron-impact single-ionization
cross sections for Si’". Relative uncertainties listed are two
standard deviations. The absolute uncertainties (listed in
parentheses) are reported at a 90% confidence level.

Electron energy (eV) Cross section (1078 cm?)
196 0.010+0.060 (0.060)
208 0.093+0.044 (0.044)
220 0.510+0.052 (0.063)
231 0.841+0.036 (0.070)
243 1.108+0.040 (0.088)
268 1.483+0.038 (0.112)
293 1.816+0.028 (0.131)
317 2.042+0.034 (0.148)
341 2.288+0.032 (0.165)
365 2.421+0.038 (0.175)
390 2.566+0.030 (0.184)
415 2.687+0.036 (0.193)
440 2.804+0.042 (0.202)
463 2.861+0.024 (0.204)
487 2.95+0.16 (0.26)
537 3.136+0.040 (0.225)
588 3.03+0.22 (0.31)
635 3.136+0.030 (0.224)
683 3.121+0.034 (0.223)
733 3.069+0.020 (0.218)
783 3.036+0.016 (0.215)
831 3.068+0.026 (0.218)
887 2.879+0.036 (0.207)
936 2.870+0.028 (0.205)
987 2.804+0.036 (0.202)
1085 2.726+0.036 (0.196)
1185 2.69+0.22 (0.291)
1284 2.515+0.030 (0.180)
1382 2.56+0.13 (0.22)
1481 2.52+0.10 (0.20)
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FIG. 3. Absolute cross sections for electron-impact single
ionization of Si** as a function of incident electron energy. The
solid circles represent the measured cross sections. The error
bars represent absolute uncertainties at the 90% confidence lev-
el. The solid line represents the Lotz cross section. The dot-
dashed line is the Lotz cross-section times 1.25.

they are larger than the plotted points. The incident elec-
tron energy ranges from below threshold to 1500 eV.
The ground-state (1s22522p®) ionization threshold was
determined to be 166.4 eV using the relativistic Hartree-
Fock (HFR) code developed by Cowan [10]. The cross
section is nonzero below the ground-state ionization
threshold indicating that the ion beam contains a meta-
stable component. The Si** ion has a long-lived metasta-
ble configuration (1s22s22p°3s) with a threshold energy
of 52.6 eV for electron-impact single ionization of the 3s
electron [10]. This metastable state is assumed to be re-
sponsible for the nonzero cross-section measurements
below the ionization threshold energy of the Si*" ground
state due to the observed onset near 50 eV.

The metastable fraction of the Si** beam is determined
by comparing the Lotz prediction for the direct ioniza-
tion of the 3s electron from the metastable state with the
measured cross section near the 52.6 eV threshold. As-
suming a metastable beam component of 5%,
Si**(1s225%2p33s) gives a very good agreement with the
measured cross-section data between 50 and 100 eV. The
solid line in the figure is the cross section predicted by the
Lotz formula assuming that the ion beam consists of 95%
of the ions in the (1522522p®) ground state and 5% of the
ions in the (1s22522p°3s) metastable state. The Lotz
cross section underestimates the magnitude of the mea-
sured cross section by about 17%, but is in general agree-
ment with the qualitative characteristics of the data. A
closer examination, however, shows that there are
significant discrepancies in the threshold and high-energy
regions, which warrant further discussion. More ela-
borate calculations for comparison with the data have
not been published.

The discrepancy between the Lotz cross section and
the measured data below the ground-state threshold for
Si** (between 100 and 150 eV) can be attributed to con-
tributions to the cross section from inner-shell excitation
followed by autoionization. Pindzola, Griffin, and
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Bottcher [11] have performed calculations that show
excitation-autoionization processes can greatly enhance
the electron-impact ionization cross section for neonlike
ions in the metastable 2p°3s configuration. The indirect
cross section is dominated by 2p°3s—2p*3s3l excita-
tions. Recent electron-impact ionization cross-section
measurements [12] for Ar®" have shown that the
excitation-autoionization contribution to the 2p°3s meta-
stable state cross section, below the ground-state thresh-
old, is approximately five times the direct cross section.
The excitation energies for the 2p — 3/ transitions in Si**
were calculated using Cowan’s HFR code [10]. The exci-
tation energies are 121.9, 130.6, and 144.9 eV for the
2p —3s, 3p, and 3d transitions, respectively. The excita-
tion energies agree with the onset of the observed rise in
the data above the Lotz cross section for the metastable
component of the Si** beam at electron-impact energies
above 121 eV. The observed enhancement of the
electron-impact ionization cross section for the 2p°3s
configuration of Si** between 100 and 150 eV is approxi-
mately three times the cross section for direct ionization
processes as predicted by Lotz’s method in this energy
range.

Above 1000 eV the measured cross-section data do not
follow the shape of the Lotz prediction. Contributions
from inner-shell excitation followed by autoionization for
electron-impact ionization of the ground state of Si** are
considered to be negligible [11] in this energy range. A
systematic error in the cross-section measurements at
high energies may be the cause of the deviation of the
data. The heating of the electron-beam collector caused
by the higher energy electron beams can lead to a local
increase in the pressure near the collector. The increase
in pressure results in electron scattering from residual gas
atoms and molecules and decreases the electron current
monitored at the collector. The scattering of the electron
beam occurs near the interaction region and can
effectively increase the apparent cross section. This effect
was not observed in the Si°" measurements, indicating
that the electron-beam collector was sufficiently out-
gassed for those measurements.

Data for the electron-impact single-ionization cross
sections for Si** are shown graphically in Fig. 3. Abso-
lute uncertainties are shown at the 90% confidence level
except where smaller than the data points. In the ion-
source plasma, the mass-to-charge ratio for 2%Si’* was
unique, so the ion beam was pure. Cross-section data are
shown for incident electron energies ranging from below
the (1s22522p°) ground-state threshold [10] at 207.7 eV to
1500 eV. No evidence for contributions to the cross sec-
tion from metastable components in the beam was ob-
served in the cross-section data. The solid line in the
figure is the cross section predicted by the Lotz formula.
Comparison of the Lotz cross section with the measure-
ments indicates that direct ionization dominates the total
ionization cross section over the range of reported elec-
tron energies. Detailed calculations for comparison with
the Si°" cross-section data do not presently exist.

Cross sections of isoelectronic ions for direct electron-
impact ionization can be compared using a scaling rela-
tionship taken from a classical theory for Coulomb
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FIG. 4. Reduced cross sections I2Q vs incident electron ener-
gy in 2p threshold energy units E /I. The solid circles represent
the Si** data. The open circles are the reduced data for Ar®*
(from Ref. [12]). The error bars represent absolute uncertainties
at the 90% confidence level for the cross-section measurements.
The solid line represents the reduced Lotz cross section (multi-
plied by 1.17) with 5% of the ion beam in the (1522s%2p°3s)
metastable state.

scattering of two electrons as derived by Thomson [13].
The cross section for direct ionization Q may be
represented in terms of the ionization potential I as a
function of the incident electron energy in threshold units
E /I by the equation

I’Q=f(E/I . (3)

The complete formula should contain a dependence on
the atomic number Z, based on quantum-mechanical
considerations [14—17]. However, the above formula is
useful for comparing and estimating ionization cross sec-
tions for isoelectronic systems.

The reduced cross sections 12Q for Si** are plotted in
Fig. 4 as a function of electron energy in 2p ionization

threshold units. They are compared to the reduced data
for the isoelectronic Ar®* ion, which was measured by
Zhang et al. [12]. The reduced data are in good agree-
ment in the energy region from threshold to twice the
ionization energy. Both sets of reduced data also exhibit
the characteristic nonzero cross section below the
ground-state ionization energy, which indicates the pres-
ence of metastable ions in the beams.

IV. CONCLUSIONS

Absolute cross sections for electron-impact single ion-
ization of Si*" and Si’* are reported. The incident elec-
tron energy ranges from below threshold to 1500 eV.
The shape of the measured cross-section curves agree
with the semiempirical Lotz cross section for direct ion-
ization, but the magnitudes of the measured cross sec-
tions are approximately 20% greater than the predictions
of the Lotz formula. The Si** cross-section data exhibit
evidence for a metastable component in the ion beam, but
no evidence for significant distinct indirect-ionization
features were observed in the cross-section data for
electron-impact ionization of the ground state for either
charge state of the silicon ion. The cross-section data for
the metastable component of the Si** beam exhibits evi-
dence of contributions to the total cross section from in-
direct processes. The reduced cross sections for Si** and
isoelectronic Ar®" targets were shown to be in good
agreement from below the ground-state threshold to
twice the 2p ionization limit.
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