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Abstract: We report on new measurements of absolute cross sections for single, double,
and triple electron-impact ionization of singly charged lanthanum ions. The resulting
single and double ionization cross sections are in fair agreement with results from previous
experimental work. In the present work, we extended the experimental range by a factor
of two to approx. 2000 eV. To the best of our knowledge, there have been no previous
measurements of triple ionization. The present work in progress aims to provide vitally
needed atomic data for the astrophysical modeling of kilonovae.
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1. Introduction

In 2017, the LIGO/ Virgo collaboration detected the first gravitational-wave signal from
the merger of a neutron-star binary [1]. Less than two seconds later, a short gamma-ray
burst was detected, followed by a several-days-lasting optical “afterglow” powered by the
radioactive decay of the neutron-rich material ejected in the merger, i.e., a kilonova [2]. This
first optical observation of the aftermath of a neutron-star merger has triggered synergetic
research activities, with atomic physics being heavily involved. Kilonova light-curves and
spectra reveal the abundances of the heavy chemical elements (lanthanides, actinides) that
are produced in the preceding violent neutron-star merger events [3-5]. In order to be able
to reliably conclude elemental abundances from the astronomical observations, atomic data
are required for the basic atomic processes that occur in the afterglow. The rapidly growing
number of theory papers on the atomic properties of heavy elements (e.g., [6—14]) testifies
to the current interest.

So far, local thermodynamic equilibrium (LTE) conditions have mostly been assumed
in the astrophysical modeling of kilonovae [3,4,15,16], which is certainly an oversimplifica-
tion, given the highly dynamic and transient nature of the phenomenon. Only very recently,
the impact of non-LTE effects on kilonovae has been estimated [17,18], highlighting the
need for accurate atomic cross sections and rate coefficients. Generally, such quantities
cannot be easily calculated, if at all, with a sufficient precision for the heavy many-electron
ions of interest. The currently available atomic data for heavy elements mostly stem from
theoretical calculations with limited accuracy. This affects basic atomic quantities such as
energy levels and transition rates (see, e.g., [19]) and, therefore, the cross sections of atomic
collision processes.

Electron-impact ionization (EII) is an important atomic collision process, which deci-
sively determines the charge balance in collisionally ionized plasmas. For heavy elements,
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the number of experimental EII studies is quite limited. Table 1 provides a comprehensive
overview of experimental cross sections for the EII of elements with nuclear charges Z > 55,
i.e,, for elements heavier than xenon. In all these studies, the experimental collision energy
was limited to maximally 1000 eV.

Table 1. List of experimental cross sections for electron-impact ionization of positively charged atomic
ions heavier than xenon that are available from the literature.

Element Nuclear Charge Ion Charge Energy Range (eV) Reference

Cs 55 1 20-100 [20]
Cs 55 1 25-5000 [21]
Cs 55 1 50-130 [22]
Ba 56 1 9-30 [23]
Ba 56 2-3 10-1000 [24]
Ba 56 1-13 700-900 [25]
La 57 1-3 10-1000 [26]
Sm 62 1-12 10-1000 [27]
Hf 72 3 30-1000 [28]
Ta 73 3 25-300 [28]
W 74 1-10 10-1000 [29]
W 74 11-19 100-1000 [30]
Pb 82 1-10 10-1000 [31]
Bi 83 1-10 10-1000 [32]

In order to meet the demands for astrophysical data, we set out to provide exper-
imental cross sections for electron-impact ionization of lanthanum and lanthanide ions.
The present pilot study included single, double, and triple ionization of La™ ions over an
extended range of collision energies up to about 2000 eV using a recently commissioned
high-intensity electron gun [33]. For energies up to 1000 eV, the single and double ionization
cross sections were compared with the earlier results of Miiller et al. [26]. To the best of our
knowledge, there have been no previous experimental results for electron-impact triple
ionization of La™ ions.

2. Experiment

The measurements were carried out at the Giessen electron—ion crossed-beams setup,
which has been routinely used for the measurement of absolute EII cross sections for
many years [30,34,35]. General descriptions of the experimental and data-analysis pro-
cedures can be found, e.g., in [34,36]. In the present experiment, solid lanthanum was
evaporated in an electrically heated oven, which was placed in the plasma chamber of an
all-permanent-magnet 10-GHz ECR ion source [37]. The heating power was in the range
50-75 W. In addition to the lanthanum vapor, helium was leaked into the ion source, in
order to ensure stable plasma conditions. The source was operated at an electric potential
of 12 kV. This allowed for efficient extraction of the ion beam towards the electrically
grounded ion beam line. A first dipole electromagnet was used for the selection of the
desired '*La™ ions according to their mass/charge ratio (Figure 1). Shortly before enter-
ing the electron—ion scattering chamber, the ion beam was bent with a 90° electrostatic
deflector and collimated by two sets of four-jaw slits, which were adjusted to openings
with diameters between 0.1 and 1.6 mm, depending on the measurement mode (see below).
The collimated ion current amounted up to several hundred pA. In the scattering chamber,
the collimated ion beam was crossed by a ribbon-shaped electron beam [33] under an angle
of 90° in the laboratory frame.
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Figure 1. Measured mass/charge spectrum obtained by scanning the first dipole magnet. For unam-
biguous identification of La™, a small admixture of xenon was used, which can be easily identified
by its natural abundance pattern. Note that isotopic resolution could have been achieved by further
ion-beam collimation before and behind the analyzing magnet.

The La?*, La®*, and La** product ions resulting from single, double, and triple
ionization of La™, respectively, were separated from the primary La® ion by a second
dipole electromagnet and directed onto a single particle detector [38]. The primary ions
were collected in a Faraday cup. Since separate magnet settings were required for each
product-ion charge state, the present single, double, and triple ionization measurements had
to be carried out consecutively. Absolute cross sections were obtained by normalizing the
measured product-ion count rates on the constantly monitored electron and ion currents
and on the geometrical beam overlap. The latter was determined by employing the
animated-beams technique [39], as implemented by Miiller et al. [36]. In order to ensure a
100% collection efficiency of primary and product ions, the ion beam was tightly collimated
to a diameter of 1.0 mm in the horizontal and vertical directions.

In addition to these absolute cross section measurements, which were carried out
for a limited set of electron energies, we also performed scan measurements, where the
electron energy was swiftly changed over a millisecond timescale in small energy steps to
average out the influence of beam-overlap variations on the measured count rates. This
was particularly useful for uncovering resonance contributions to the measured EII cross
sections (see, e.g., [40—-43]). The scanning required fast control of virtually all the electron
gun’s high-voltage supplies. The associated electronics hardware and software were newly
developed for the present electron gun and will be described in detail elsewhere [44].
For the scan measurements, the electron gun was positioned such that the beam overlap
was at its maximum and the ion beam diameter was enlarged to 1.6 mm in each direction.
In the data analysis, the relative scan cross sections were finally scaled to the separately
measured absolute cross sections.

3. Results

Figure 2 presents our experimental cross sections for electron-impact single ionization
of La™, together with the previous results of Miiller et al. [26]. At energies below approx.
200 eV, our cross sections were larger than the earlier ones. We attribute this to the different
fractions of metastable ions in the respective primary beams. The differences in metastable
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fractions are related to the conditions of the different ion sources used. Miiller et al. used
a sputter Penning ion source. In principle, the presence of metastable ions is revealed by
nonzero ionization cross sections below the single-ionization threshold of La™ ([Xe] 5d2 3F,)
ground-level ions at 11.185 eV [45]. Because this energy is almost below the operational
limit of our electron gun, we were not able to measure at a sufficient number of below-
threshold energies to make a more definitive statement. At energies above 200 eV, both
sets of cross sections converge. Our new data extend the energy range by a factor of two,
i.e., from 1000 eV previously to 2000 eV presently. The relatively large error bars for the
present absolute measurements stem from the comparatively low and unstable ion currents
that were delivered by the ECR ion source.
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Figure 2. Experimental cross sections of electron-impact single ionization of La™. The large open
symbols represent our present absolute cross sections. The error bars comprise systematic and two-
sigma statistical uncertainties. The small grey symbols resulted from the present scan measurements.
The corresponding error bars represent the two-sigma statistical uncertainties. The full triangles

are the data of Miiller et al. [26]. The vertical arrow at 11.185 eV [45] marks the threshold for single
ionization of ground-level La™.

The present and previously published [26] cross sections for electron-impact double
ionization of La™ are shown in Figure 3. In the 10-60 eV energy range, the electron gun
was operated in a ‘high-current’ mode, where the electron current increased steeply with
increasing electron energy. At energies above 60 eV, the electron current had to be limited
to prevent overheating and the ‘high-energy’ mode [33] was used, where the increase in
the electron current with increasing electron energy is much less pronounced than in the
‘high-current’ mode. It is reassuring that the resulting cross sections are independent of the
operation mode within the experimental error bars, as should be the case.
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Figure 3. Experimental cross sections of electron-impact double ionization of La™. The open circles
and stars represent our presents absolute cross sections. The different types of symbols represent
different operation modes of the electron gun. The error bars comprise systematic and two-sigma
statistical uncertainties. The full triangles are the data of Miiller et al. [26]. The vertical arrow at
30.362 eV marks the threshold for double ionization of ground-level La™.

The agreement between the present and the previous data is better than for single
ionization. This indicates that the cross sections for double ionization of ground-state and
metastable ions are of about equal magnitude. The presence of metastable ions in the
present experiment is obvious from the fact that there was a significantly nonzero cross
section extending to at least 10 eV below the threshold for double ionization at 30.362 eV.
According to the NIST Atomic Spectra Database [45], fine-structure levels of the even-parity
[Xe] 4f? configuration have excitation energies of up to 8.6 eV. We can only speculate that
these levels are sufficiently long-lived such that they survive the transport from the ion
source to the electron—ion interaction region and, thus, contribute to the measured cross
section below the ground-level ionization threshold.

Figure 4 displays our experimental cross section for electron-impact triple ionization of
La™. To our knowledge this has not been measured before. The threshold for ground-level
ionization was at 80.31 eV [45], i.e., below our experimental energy range.

The magnitude of the cross sections decreased with increasing product-ion charge
state. The maximum of the double-ionization cross section was approximately a factor of
three lower than the maximum of the single-ionization cross section. The maximum of the
triple-ionization cross section was another factor of ten lower. Figure 5 shows the ratios of
our measured cross sections over the entire experimental energy range. In view of the work
of Hahn et al. [46], who pointed out the significance of electron-impact multiple ionization
for the calculation of the charge balances of lighter elements, even the triple ionization
cross section should be important for an accurate modeling of kilonovae.
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Figure 4. Experimental cross sections for electron-impact triple ionization of La*t. The error bars
comprise systematic and two-sigma statistical uncertainties. The threshold for triple ionization of
ground-level La™ was at 80.31 eV [45].
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Figure 5. Experimental cross section ratios: double/single ionization (black full squares), triple/single
ionization (blue full circles), and triple/double ionization (magenta open diamonds).

4. Summary and Outlook

We presented the first results from work in progress on electron-impact single and
multiple ionization of lanthanum and lanthanide ions, aiming to provide experimental cross
sections for kilonova modeling. For single and double ionization of La™, our measured
cross sections agree with the existing data from the literature, except at low energies
where the presence of metastable primary ions affected the experimental cross sections,
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in particular, for single ionization. As compared to earlier works, we have considerably
extended the experimental energy range by a factor of two. In addition, we measured
the cross section for triple ionization, which was one order of magnitude smaller than the
single ionization cross section. Nevertheless, this should still be relevant for the modeling
of the lanthanum charge balance in a collisionally ionized plasma.

In the past two years, we have moved our electron—ion crossed-beams setup to a new
location, where we will couple it with a more powerful ECR ion source. In the future,
part of our research will be devoted to providing even more accurate and vitally needed
cross sections for electron-impact ionization of lanthanide ions. We also hope to inspire
corresponding future theoretical work.
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