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We present experimental measurements and theoretical calculations for the electron-impact single ionization
cross section of Sc+ ions covering an energy range from threshold to 1000 eV. An electron-ion crossed-beams
setup was employed for the measurements of absolute cross sections as well as for a high-resolution energy
scan to uncover fine details in the energy dependence of the cross section. Direct ionization is described by
configuration-averaged distorted-wave theory and indirect ionization byR-matrix theory. Indirect processes
contribute to the total ionization cross section by up to,40%. This finding is related to the existence of strong
3p→3d excitation channels in Sc+s3p63d4sd. The shape of the related cross-section feature is reminiscent of
the very strong 4d→4f excitation, found in the ionization of xenon and its neighboring elements.
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I. INTRODUCTION

Electron-impact ionization of ions is a fundamental
atomic-collision process. For applications in astrophysics
and applied plasma research, ionization cross sections and
rate coefficients are needed. For the understanding of ioniza-
tion processes, a detailed investigation of contributing
mechanisms is indispensable. Electron-impact ionization can
either proceed via direct removal of outer electrons or indi-
rectly by the excitation or ionization of inner shell electrons
with subsequent autoionization. In plasma modeling, indirect
ionization processes are often neglected, although they may
even dominate the total ionization cross section, as is the
case, e.g., for sodiumlike Fe15+ ions [1]. For the isoelectronic
sequence of lithiumlike ions, it has been found that the im-
portance of indirect ionization processes increases with in-
creasing ion charge[2].

The complexity and enormous variety of possible ioniza-
tion pathways has resulted in sophisticated theoretical meth-
ods for predictions of electron-impact ionization cross sec-
tions. For reasons of simplicity, theoretical attempts to
describe the most important ionization channels have mainly
concentrated on quasi-one-electron systems from the lithium
and sodium isoelectronic sequences. Theoretical methods
that are to be applied to more complex systems require ac-
curate experimental measurements to establish their reliabil-
ity. Experimental techniques have been developed that allow
for high-precisionabsolutemeasurements of cross sections
with an energy resolution that is sufficient to resolve indi-
vidual contributions due to indirect ionization mechanisms
[3–5].

In general, single ionization of an ion or atom by electron
impact results from direct removal of a target electron or
from indirect processes characterized by the formation of

highly excited intermediate states that decay by electron
emission. Here we present a case where indirect processes
significantly contribute to the total electron-impact ionization
cross section for a singly charged ion, namely Sc+.

Singly and doubly charged scandium ions with the elec-
tron configurationsfArg3d 4s andfArg3d, respectively, have
a peculiar electronic structure with only one 3d electron out-
side a closed rare-gas core and with strong 3p→3d excita-
tion channels leading to the formation of 3p53d24s or 3p53d2

configurations of Sc+ and Sc2+, respectively. These multiply
excited states autoionize efficiently via very fast 3p53d2

→3p6 super-Coster-Kronig transitions. Correspondingly, 3p
→3d excitation with subsequent autoionization forms strong
ionization channels, as has been observed recently in the
photoionization cross section of Sc2+ ions [6].

II. EXPERIMENT

Electron-impact single ionization cross sections of Sc+

were measured in the energy range 6.5–1000.0 eV. A
crossed-beams apparatus was employed for the measure-
ments using the well established animated-beams method for
the determination of absolute cross sections[7,8] as well as a
high-resolution energy-scan technique to uncover fine details
in the energy dependence of cross sections[3]. Measure-
ments covering a maximum electron energy range of 200 eV
in a single sweep with up to almost 3000 energy steps were
carried out at optimum beam overlap. The number of sweeps
was chosen such that statistical uncertainties were reduced to
below a desired level. The resulting relative cross sections
were then normalized to the absolute cross sections deter-
mined by the animated-beams method. The absolute uncer-
tainty of these normalized energy-scan cross sections is
therefore almost identical to that of the cross sections ob-
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tained with the animated-beams method. The experimental
setup used for the present measurements was employed re-
cently for detailed measurements on C3+ [9] and Mg+ [10]. A
schematic drawing of the experimental setup is shown in
Fig. 1.

A 10-GHz all-permanent-magnet ECR ion source[11] is
used to produce the required ions from gases or vaporized
solids. We used an oven based on an aluminum oxide tube
with a heating wire to vaporize the solid scandium. The com-
plete ion source is working on a potential of 12 kV with
respect to ground, so that singly charged ions were acceler-
ated to an energy of 12 keV. Behind the extraction electrode
and einzel lens, the ion beam can be manipulated with de-
flection plates, a quadrupole triplet, and a magnetic steerer.
The first analyzing magnet selects ions with the desired
charge to mass ratio. In this experiment, the gas cell located
at the exit aperture of the first magnet was not used. After
passing a second quadrupole triplet and magnetic steerer, the
ion beam is deflected and focused into the scattering cham-
ber by the spherical condenser. Before entering the scattering
chamber, the ion beam is collimated by two slits with 0.8
30.8 mm2 apertures separated from one another by
195 mm. The collimated beam of typically 1 nA is crossed
under an angle of 90° with the ribbon-shaped electron beam
in the scattering chamber. The high-current electron gun can
be moved up and down mechanically. This allows translation
of the electron beam through the ion beam, which is required
for the determination of absolute cross sections with the
animated-beams technique. The ionized product ions were
separated from the parent ion beam with a 90° analyzing

magnet and subsequently passed through a 180° electrostatic
sector field. The product ions were counted by a channel
electron multiplier single-particle detector[12] with a detec-
tion efficiency of 97% ±3%. The primary ion beam was col-
lected in a Faraday cup that can be moved to an arbitrary
position inside the magnet chamber. In order to optimize the
beam transport, the ion current can be measured with four
moveable Faraday cups at different positions along the
beamline.

A particular experimental feature of the single ionization
of Sc+ ions is a high background count rate due to the pres-
ence of autoionizing metastable states in the parent ion
beam. These states are produced in the hot plasma of the
ECR ion source and have lifetimes longer than the time of
flight from the ECR source to the interaction chamber. This
resulted in low signal-to-background ratios in the experi-
ment, especially at low electron energies where the electron
current and thus the real ionization signal rate is quite low
due to space-charge limited electron-beam transport. A
voltage-labeling technique was therefore used to separate the
product ions ionized in the beam-crossing region from those
ions ionized by autoionization or other processes elsewhere
on their flight path. An additional voltage of −900 V was
applied to the interaction region for that purpose. Thus all
Sc2+ ions produced in that region from parent Sc+ ions had a
kinetic energy that was lower by 900 eV compared to those
created elsewhere. This energy difference is sufficient to
separate the two components of the Sc2+ product ion beam in
the second analyzing magnet and to suppress the background
level by more than a factor of 6. At an electron energy of
100 eV, a signal-to-background ratio of 0.39 was obtained at
a maximum counting rate of 52.5 kHz without the voltage
labeling technique. This ratio was enhanced to 2.64 when the
voltage labeling was applied. At higher electron energies,
this ratio was even more favorable.

The carefully estimated systematic uncertainty of the ab-
solute cross-section determination is the sum of the system-
atic uncertainty of the experimental setup with a possible
error of 6.3% and the energy dependent determination of the
electron current through the interaction region with a pos-
sible error of about 15% at 20 eV and less than 1% for en-
ergies greater than 120 eV. Typical total uncertainties at
electron energies of 30 eV, 90 eV, and 500 eV are 14%, 8%,
and 7%, respectively. All energies given in this paper are for
the electron-ion center-of-mass system. The systematic un-
certainty of the electron energyEe is at most 1 eV or 0.3% of
Ee, whichever is greater.

III. THEORY

The total electron-impact ionization cross section from
the initial termi may be represented by

stot = o
f

sdsi → fd + o
n

sexsi → nd
o

f

Aasn → fd

Gn
, s1d

wheresdsi → fd is the direct ionization cross section between
termsi and f, sexsi →nd is the direct and resonant excitation

FIG. 1. Schematic drawing of the experimental setup.
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cross section between termsi andn, Aasn→ fd is the Auger
transition rate fromn to f, andGn is the total decay rate from
excited term n. For Sc+, the direct ionization proceeds
through removal of a 4s or a 3d electron and the transitions
are represented by reaction pathways such as

Sc+s3p63d4sd + e− → Sc2+s3p63dd + e− + e−, s2d

→Sc2+s3p64sd + e− + e−. s3d

In the present calculations, we use the configuration-average
distorted-wave method[13] to evaluate the direct ionization
cross sections.

The main direct 3p→3d excitation followed by autoion-
ization for Sc+ is represented by

Sc+s3p63d4sd + e− → sSc+d*s3p53d24sd + e−

→ Sc2+s3p63dd + e− + e−, s4d
→Sc2+s3p64sd + e− + e−. s5d

We expect there to be significant excitation autoionization
(EA) due to the strong excitation from the 3p subshell to the
3d subshell. All 38 terms of the 3p53d24s configuration are
autoionizing. The cross section for excitation to autoionizing
terms is evaluated in the close-coupling approximation, us-
ing theR-matrix method[14,15].

It is also possible to excite the parent ions to autoionizing
terms via resonant excitation such as

Sc+s3p63d4s 3Dd + e− → Scs3p53d24s LS nld. s6d

This could be followed by a double-autoionization, leaving
the ion in charge state Sc2+ by a decay process

Scs3p53d24s LS nld → Sc+s3p53d24s L8S8d + e−, s7d

followed by the Auger processes described by Eqs.(4) and
(5). Because of the required intermediate autoionizing state,
this process can only occur resonantly at energies above the
first EA threshold. It is also possible for the resonance terms
to autoionize to bound terms of Sc+, and thus not contribute
to the ionization cross section. These processes are repre-
sented by

Scs3p53d24s nld → Sc+s3p63d4sd + e− s8d

→Sc+s3p63d2d + e− s9d

→Sc+s3p63dnld + e−. s10d

TheR-matrix method includes resonant excitation, and some
of the possible branching transitions. Thus this last process is
naturally included in the excitation cross sections that we
calculate. Note that our calculation includes the Auger pro-
cesses given by Eqs.(8) and (9), but only nl=4p for Eq.
(10), due to the configurations which were included.

The theory for the time-independent configuration-
average distorted-wave(CADW) method has been described
in detail previously; see Pindzolaet al. [13]. In our imple-
mentation of the CADW approach, the configuration-average
threshold energies and radial wave functions for the bound
configurations are evaluated using the Hartree-Fock relativ-

istic atomic structure code of Cowan[16], where the mass-
velocity and Darwin terms may be included in the radial
Schrödinger equation. The configuration-average distorted-
wave method has been used previously to calculate the direct
ionization cross section for Sc2+ [17].

The close-couplingR-matrix method has been described
in some detail previously[14,15]. It has been used to deter-
mine the excitation cross sections for Sc2+ [17], with reason-
able agreement being found between theory and experiment.
For theR-matrix calculations reported here, we use the par-
allel versions of theRMATRIX I suite of codes[18].

IV. RESULTS

Absolute cross sections for the single ionization of Sc+

ions were measured between 15 and 1000 eV. In addition, a
detailed energy scan between 6.5 and 1000 eV was per-
formed. Results from both measurements are displayed in
Fig. 2 together with the present theory calculation, i.e., the
total EA cross section from theR-matrix calculation com-
bined with the CADW direct ionization cross section. Note
that we assume a 100% Auger yield for the autoionizing
terms. All of the terms of the 3p53d24s configuration lie
above the ionization threshold. Considering that this standard
R-matrix calculation does not include continuum-coupling
approximations[19], there is good agreement at all energies.
We note that theR-matrix results are trending slightly below
the experimental results at the highest energies. Based on the
inset plot which shows the experimental scan data on a loga-
rithmic energy scale, we also note that the shape of the cross-
section feature between about 30 eV and 70 eV is reminis-

FIG. 2. Ionization cross sections for the 3p63d4s configuration
of Sc+. The open circles denote measured absolute cross sections
and the error bars comprise statistical as well as systematic uncer-
tainties. Closely spaced gray points are the result of energy-scan
measurements which were normalized to the absolute data points.
The dashed line gives the configuration-average distorted-wave di-
rect ionization cross section, and the solid curve shows the
configuration-average distorted-wave direct ionization cross section
plus the R-matrix excitation-autoionization cross-section results.
The inset shows the experimental energy-scan data on a logarithmic
energy scale.
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cent of the strong 4d→4f excitations in xenon and its
neighboring elements(see, for example, Ref.[20]).

Among the possible direct ionization channels, only the
4s and 3d subshells contribute to single ionization. Figure 3
shows a comparison with experiment for the configuration-
average distorted-wave direct ionization cross section for
both the 4s and 3d subshells. It can be seen that theory
matches well with experiment for the onset of the direct ion-
ization cross section, and up to the onset of the excitation-
autoionization cross section at 25 eV, indicating that the
CADW approach is providing a reasonable estimate of the
direct ionization cross section. It should also be noted that
the CADW direct ionization cross section remains signifi-
cantly below experiment even at 500 eV, indicating that the
excitation cross section to autoionizing terms remains sig-
nificant even at high energies. Figure 3 also shows the
CADW direct-ionization cross section from the 3p63d2 con-
figuration, which is the first excited configuration to contain
metastable terms. Although the 3p63d2 results are in reason-
able agreement with the peak height of the experimental
cross section, it is clearly overestimating the direct ionization
contribution, since the onset of the cross section at about
25 eV is characteristic of excitation autoionization, rather
than direct ionization. Thus, any metastable presence in the
experiment is likely to be small.

From CADW excitation cross-section calculations, it was
seen that the largest contribution to the excitation-
autoionization cross section is likely to be from the
3p63d4s→3p53d24s transition. The CADW method signifi-
cantly overestimates the excitation cross section for this tran-
sition. Therefore, we performed anR-matrix calculation for
transitions between the terms of these two configurations. We
used the parallel implementation of theR-matrix suite of
codes[18] to evaluate the excitation cross section to autoion-
izing terms. Note that we included the 3p63d4s ground con-
figuration(two terms), 3p63d2 and 3p63d4p excited configu-
rations (five terms and six terms, respectively), and the
3p53d24s autoionizing configuration(38 terms) in our close-

coupling calculation. It was found that the largest excitation
cross section arose from three dipole-allowed transitions
to the 3p53d24s configuration, namely 3p63d4s 3D
→3p53d24s 3F, 3P, and 3D. Table I gives the energies for
these excited terms. Figure 4 shows our totalR-matrix exci-
tation cross-section results for excitation to the 38 terms of
the 3p53d24s configuration, along with the individual contri-
butions due to excitations to these three terms. It can be seen
that these dipole transitions remain strong even at high ener-
gies, which is consistent with the contribution due to excita-
tion autoionization inferred from the comparison between
experiment and our direct ionization cross-section results.
The CADW result is not shown, but has a sharp peak at
about 40 eV of,4.7310−16 cm2, and even at 100 eV it still
lies significantly higher than theR-matrix cross section with
a value of 1.5310−16 cm2.

Figure 5 shows the data of Fig. 2 with a reduced energy
range, in order to examine the excitation-autoionization con-
tribution in more detail. For a realistic comparison between
theory and experiment, theR-matrix calculation has been
convoluted with a 0.5 eV FWHM Gaussian to simulate the
experimental energy spread. The threshold for direct single
ionization of Sc+ by removal of the outer 4s electron is at
12.7998 eV[21]. Up to an energy of 27 eV, the cross section

FIG. 3. Ionization cross sections for Sc+. The circles show the
experimental results, the dashed line gives the configuration-
average distorted-wave direct ionization cross section for the
3p63d4s, and the dot-dashed line gives the theoretical cross section
for the excited 3p63d2 configuration.

TABLE I. Selected calculated term energies of the 3p63d4s and
3p53d24s configurations.

Configuration Term
Energy with respect to the ground term

seVd

3p63d4s 3D 0.00

3p63d4s 1D 0.70

3p53d24s 3F 35.88

3p53d24s 3P 38.68

3p53d24s 3D 39.62

FIG. 4. Excitation cross sections for 3p63d4s→3p53d24s tran-
sitions. The solid line shows the totalR-matrix cross-section results
to this excited configuration. The dashed line shows theR-matrix
cross section for excitation to the 3p53d24s 3P term, the dot-dashed
line excitation to the 3p53d24s 3D term, and the dot-dot-dashed line
the excitation to the 3p53d24s 3F term.
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exhibits the typical structureless energy dependence of direct
ionization, i.e., a steep rise at threshold up to a maximum and
a slow decrease at higher energies. This energy dependence
is represented by a CADW calculation(dashed line in Fig.
5). The calculated onset of the EA process is visible around
27 eV. Above 27 eV, the cross section rises abruptly from
1.5310−16 cm2 to 2.50310−16 cm2 at 33.7 eV. This rise is
due to indirect processes involving the excitation of a 3p
electron. At about 47 eV, the experimental data show clear
evidence of an additional indirect ionization contribution
which is attributed to(most probably resonant) excitation of
the 3s subshell.

The value of,40% for the contribution by indirect pro-
cesses to the total ionization cross section is unusually high
for a relatively light singly charged ion. Although the
R-matrix calculation matches the height of the EA process
within the total error bar, there is an obvious difference of
2–3 eV in the threshold energy for this additional ionization
channel. The experimental uncertainty of the relative energy
is at most 1 eV in that range. The reason for the slight dis-
crepancy is due to the difficulties in calculating level ener-
gies of doubly excited states in ions like the present one.
Obtaining the strengths of the strong 3p→3d dipole transi-
tions was the main purpose of the present analysis. They are
much easier to get than their energy positions. Despite the
minor differences between experiment and theory, for a com-
plex species such as Sc+, the level of agreement between
theory and experiment is very good.

V. SUMMARY

We present a comparison between experimental measure-
ments and theory for the electron-impact single ionization of
Sc+. Considering the complexity of the system, remarkably
good agreement is found over a large energy range using
configuration-averaged distorted-wave theory for the direct
ionization andR-matrix theory for the excitation cross sec-
tions to autoionizing terms. The dominant contribution to
excitation autoionization was found to be from three strong
dipole allowed excitation transitions, namely 3p63d4s 3D
→3p53d24s 3F, 3P, and3D.
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