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Abstract Metallic and silicate ions carry essential information about the evolution of the Earth

and near-Earth small bodies. Despite this, there has so far been very little focus on ions with atomic
masses higher than oxygen in the terrestrial magnetosphere. In this paper, we report on abundances

and properties of energetic ions with masses corresponding to that of silicon (Si) and iron (Fe) in Earth's
geospace. The results are based on a newly derived data product from the Research with Adaptive
Particle Imaging Detectors on Cluster. We find traces of both Si and Fe in all of the regions covered by the
spacecraft, with the highest occurrence rates and highest intensities in the inner magnetosphere. We also
find that the Fe and Si abundances are modulated by solar activity. During solar maximum, the probability
of observing Fe and Si in geospace increases significantly. On the other hand, we find little or no direct
correlation between geomagnetic activity and Si and Fe abundance in the magnetosphere. Both Si and Fe
in the Earth's magnetosphere are inferred to be primarily of solar wind origin.

1. Introduction

Knowledge about composition of matter in space is important for assessing formation and evolution of
planets and their habitability. Heavy ions and molecular ions are also trace particles and can provide infor-
mation about transport of matter through space and across boundaries. Identifying the source and supply
routes of matter tells us about re-distribution and migration of matter through space into the planetary
and cometary system for short time scales and about planetary formation and evolution on geological time
scales.

Most recent space missions to other planets are therefore equipped with instrumentation capable of measur-
ing the composition of the planet's neutral gas or plasma environment (Geiss et al., 1992; P. R. Young, 2005;
Zurbuchen et al., 2011). The technique varies from remote sensing using optical measurements and spec-
trography (see e.g., overview in Huber et al., 2010) to in-situ measurements using particle detectors (see e.g.,
overview in Wiiest et al., 2007), but the purpose is often the same; determine the composition of the planet,
its atmosphere, and its plasma (and dust) environment in order to understand processes and planetary
evolution.

Composition is also a primary science objective for most missions to cometary bodies. The International
Sun-Earth Explorer-3 (ISEE-3; later renamed to International Comet Explorer, ICE) satellite, originally de-
signed to study the solar wind, was the first spacecraft mission to probe the plasma vicinity of comet (Giac-
obini-Zinner) in 1985 (Cowley, 1985). Later, the French/Soviet Vega probes, Vega 1 and 2 (e.g., Fomenkova
et al., 1989; Sagdeev et al., 1986; Werner et al., 1989) as well as the European Space Agency (ESA) Giotto
mission (e.g., Kissel et al., 1986; Reinhard, 1986) sampled the vicinity of comet Halley. The latter had a ded-
icated heavy ion particle spectrometer (Korth et al., 1987; Wilken et al., 1987). Composition was also prime
objectives of later missions like Hayabusa (Nakamura et al., 2011; Okada et al., 2006), Stardust (Brownlee
et al., 2003), and Rosetta (e.g., Gulkis & Alexander, 2008; Heritier et al., 2017; Le Roy et al., 2015).

Composition measurements were also considered a prime scientific objective already in the first missions to
explore the solar wind. The first in-situ composition measurements were inferred from depositions in me-
tallic foils retrieved after exposure to the pristine solar wind (e.g., Geiss et al., 1970; Eberhardt et al., 1972).
Later missions, for example, Ulysses (Geiss et al., 1995; Gloeckler et al., 1992; von Steiger et al., 2000; von
Steiger & Zurbuchen, 2002) had dedicated particle instruments capable of measuring composition. Conse-
quently, we have a fairly good overview of the composition of various ions species and their charge states
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in the solar wind as well as their time variations in response to, for example, coronal mass ejections (e.g.,
Gilbert et al., 2012; Mitchell et al., 1983; Zurbuchen et al., 2016) or solar energetic proton events (e.g.,
Reames et al., 1994) on short time scales, and long term solar cycle variations (e.g., von Steiger et al., 1997;
Zurbuchen et al., 2002).

The Earth's atmosphere is also well mapped when it comes to composition (e.g., Hollingsworth et al., 2008;
Inness et al., 2019; Istomin, 1963). Charged constituents, predominantly confined to the ionosphere, primar-
ily consist of protons, singly ionized oxygen (O*) and molecular N; (Bilitza et al., 2017). Ionization is mainly
due to solar radiation in the short wavelength part of the solar spectrum, though particle precipitation
and cosmic rays also contribute. The same processes can also ionize molecules like, for example, O3, NO*,
though the ionization energy is generally higher than for atoms (for an overview, see e.g., Solomon, 1991).

Even metallic and silicate ions such as iron (Fe), magnesium (Mg), silicon (Si), and sulfur (S) can be found
in the terrestrial ionosphere (e.g., Aikin & Goldberg, 1973; Kopp, 1997; Kumar & Hanson, 1980). Most of
these ions are the result of meteor ablation in the lower part of the atmosphere (e.g., Campbell-Brown, 2019;
Plane et al., 1999), but heavy ions of solar wind origin can also be found (e.g., Fritz et al., 2003; Grande
et al., 1996; Perry et al., 2000). Another, and increasing, source of metallic and silicate ions in near-Earth
space is fragmentation of debris from artificial satellites (ESA, 2020; Kessler & Cour-Palais, 1978).

The terrestrial magnetosphere contains a mixture of ions of both atmospheric and solar wind origin. For
light ions of solar wind origin (H" and He™*) and terrestrial atomic volatiles (H*, He*, and O%), the circula-
tion, energization, and their impact on magnetospheric dynamics have been extensively studied since their
discovery half a century ago (Shelley et al., 1972). The role of the ionosphere as a source of plasma for the
magnetosphere has also been extensively studied (e.g., Chappell et al., 1987; Yau & Andre, 1997).

Somewhat surprisingly, the role of ions heavier than oxygen and the overall composition of the terrestrial
magnetosphere have received little attention, and observations of heavy ions and molecular ions are sparse.
This can partly be explained by the fact that magnetospheric physics traditionally has had a strong focus on
the dynamics due to solar wind-magnetosphere and magnetosphere-ionosphere interactions (space weath-
er). The role of molecular ions and metallic and silicate ions are of little or no relevance for such effects,
and the composition aspect of the magnetosphere has therefore primarily focused on the lighter ions and
oxygen, which have a more direct effect on the geoactivity. Another explanation for the lack of observations
is constraints in instrumentation. For the solar corona (and the solar wind) and the Earth's atmosphere,
optical emissions have provided a wealth of composition information, but this methodology is poorly suited
to probe the magnetosphere.

To our knowledge, a mission with dedicated instrumentation for composition measurements with the ex-
ploration of silicate and metallic ions in Earth's geospace as a prime objective has not been flown. However,
existing instrumentation from past and on-going missions are often capable of detecting heavy ions and
molecular ions. For example, Klecker et al. (1986) reported observations of molecular ions in the inner
magnetosphere during disturbed geomagnetic conditions. Likewise, Christon et al. (1994) reported on mo-
lecular ions of ionospheric origin in the deep magnetotail from the Suprathermal Ion Composition Spec-
trometer (STICS) onboard the Geotail spacecraft during disturbed conditions. Poppe et al. (2016) found
molecular ions near the moon in Artemis measurements, presumably originating from sputtering off the
moon surface.

More recently, Christon et al. (2017) also reported the discovery of low charge state metallic ions (Fe™) in the
Earth's magnetosphere using the Geotail STICS instrument. The low charge state indicates an ionospheric
origin, and Christon et al. (2017) argued that the detected ions were the result of meteorite ablation in the
Earth's mesosphere (Plane et al., 1999), followed by upward and outward transport. Observations of Fe of
solar wind origin inside the magnetosphere have also been reported by, for example, Fritz et al. (2003) and
more recently by Haaland et al. (2020).

In this paper, we follow up on and extend the study of Haaland et al. (2020) by utilizing a new set of meas-
urements from the Research with Adaptive Particle Imaging Detectors (RAPID) on Cluster. In particular,
we investigate the occurrence and abundance of ions with atomic masses around that of silicon (Si) and
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Figure 1. Left: Schematic illustration of a RAPID IIMS sensor head. The time-of-flight (TOF) is generated from a

start signal, generated by electrons emitted when the incoming ion passes the start foil, and a stop signal is generated
by electrons when the ion hits the surface of the solid state detector. From the known travel distance (d = 32-37 mm,
depending on incidence angle, 0), the velocity of the ion can be detected. Combined with the energy, the ion species
(but not their charge state) can be determined. Right: Illustration of three sensor heads combined to cover 0-180°
elevation. The satellite spin is utilized to get the full 360° azimuthal coverage needed for full 3-dimensional distribution
functions. Adapted from Haaland et al. (2020). IIMS, Imaging Ion Mass Spectrometer; RAPID, Research with Adaptive
Particle Imaging Detectors; TOF, time-of-flight.

iron (Fe) in various regions of geospace as well as their spectral characteristics and variation with solar cycle
and geomagnetic activity.

This paper is organized as follows. In Section 2, we outline the detection principle and processing of the
measurements. In Section 3, we provide an overview of the observations and provide characteristics of Si
and Fe ions in various regions of space. Section 4 discusses time variations in Si and Fe abundance as func-
tion of solar and geomagnetic activity. Finally, Section 5 summarizes the results of this study.

2. Detection of Heavy Ions

Here, we briefly describe the measurement principle and data products for the present study. For further
details about the instruments and measurements mode, we also refer to Wilken et al. (1997) as well as the
Cluster RAPID calibration report (Kronberg et al., 2020).

2.1. Detection Principle: E-TOF

Composition determination in the RAPID Imaging Ion Mass Spectrometer (IIMS) instrument relies on a
combination of time-of-flight (TOF) of a particle, and its measured energy (E). This is schematically illus-
trated in Figure 1. An incoming ion will first pass a thin foil where an electronic 'start’ signal is given. A
second 'stop’ signal is emitted when the particle hits the solid state detector, where its remaining energy is
measured. The combination of energy and time-of-flight (an E-TOF event) can be used to determine the
particle's mass, and thus its species. The Cluster RAPID detector system does not have any electrostatic
deflectors, so it is not possible to determine charge state of the incoming ions.

While conceptually simple, there are in practice a couple of pitfalls and caveats with this methodology, in
particular, related to the identification of particles based on their mass. There are also issues related to ener-
gy losses in the TOF system and the solid state detector that causes a fairly high energy detection threshold.
Due to these detector losses, neither the measured energy nor the derived velocity are those of the incoming
particle. Knowledge about detector losses are therefore required to fully characterize an incoming particle.
Due to Coloumb forces, heavy ions also suffer strong angular scattering when interacting with the atoms
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of the start foil (e.g., Meyer et al., 1977; Stiidemann & Wilken, 1982). Consequently, a fraction of the inci-
dent ions will be scattered out of the flight path of the TOF detector, thus reducing the overall detection
efficiency.

On an atomic level, masses of elementary particles are quantized, and not all species are present in space.
The most common ion species in geospace is hydrogen (i.e., a proton) and has an atomic mass (AMU) of 1.
The second lightest ion species, helium (which nuclei consists of two protons and two neutrons in its most
abundant isotope), has mass 4 AMU, that is, 4 times the mass of hydrogen. In Earth's geospace, both these
species can originate from either the solar wind or the Earth's atmosphere. Due to the large mass difference,
H and He occupy very different locations in the E-TOF space, and are easy to distinguish from each other.

The third most abundant ion species in geospace, oxygen (16 AMU), is primarily of atmospheric origin.
In terms of mass and thus identification from RAPID measurements, oxygen is also well separated from
the much lighter hydrogen and helium ions. However, the terrestrial atmosphere also contains significant
abundances of nitrogen and carbon (12 and 14 AMU in their most abundant isotopes, respectively). These
masses are close to that of oxygen, and the RAPID sensor is not able to distinguish between these three
species (Wilken et al., 1997). In the science products from RAPID, oxygen is therefore sometimes referred to
as “CNO” with the provision that the observed particle can be either C,N, or O.

A further complication arises from the fact that not only atomic matter, but also molecular ions can exist in
geospace. For example, carbon, nitrogen, and oxygen in various molecular forms, for example, N,, O,, NO,
CO, CH, with masses in the range 18-32 AMU and NO, and CO, with masses in the range 44-46 AMU, are
abundant in the atmosphere, and can leak out into space (e.g., Dandouras, 2020). Being predominantly of
atmospheric origin, these will typically have a much lower initial energy than the energy threshold of the
data product we use in the present study, so misidentification is less of an issue. In the RAPID detector,
disintegration of molecules may occur and the fragments can have slightly different velocities as well as
different scattering angles when they leave the foil (Wilken & Stiidemann, 1984).

2.2. Previous Attempt to Study Heavy Ions: RAPID DE Observations

In RAPID, E-TOF space is represented as a 256 X 256 matrix. Telemetry constrains prevent transmission of
each individual E-TOF event, or the full E-TOF matrix integrated over some time interval. Instead, onboard
algorithms accumulate counts over various areas in E-TOF space and calculate count rates which are then
converted to fluxes on ground. However, for a limited number of events per spin, the measured energy and
time-of-flight information, along with directional information (elevation angle and spin sector) are availa-
ble as a diagnostics product from the RAPID instrument. A prioritization scheme ensures that information
about ions with high masses are transmitted first, while ions mapping to E-TOF combinations correspond-
ing to hydrogen, helium, and oxygen come later in the output queue. This product, termed Direct Events
(DE), was utilized in Haaland et al. (2020) to study the distribution of energetic Fe in geospace.

Separation between species in E-TOF space is based on simulations of the RAPID sensor system responses
using the Stopping and Range of Ions in Matter (SRIM) algorithms described in Ziegler et al. (2010). Basical-
ly, this procedure estimates the atomic mass of a given particle based on its E-TOF combination, and takes
into account energy losses in the TOF systems and the solid state detectors of the RAPID IIMS sensor units.

Figure 2a shows an example of an E-TOF matrix with DEs accumulated over a 17 h time interval. The
lighter ions and CNO line up along their expected (from the SRIM simulations) locations in E-TOF space,
albeit with some spread due to varying incidence angles. One can also see clear signatures of ions with mass
corresponding to that of Fe (~56 AMU), whereas ions with masses around that of Si (~28 AMU) are faintly
suggested in this DE plot.

For simplicity, we will hereafter refer to particles occupying these regions of E-TOF space as Si and Fe,
respectively, rather than repeating formulations like “masses around” or “masses corresponding to”. The
resolution of RAPID does not allow an exact determination of a particle's AMU, and one cannot exclude
the possibility that signals around this region of E-TOF space can be species other than Si and Fe. In par-
ticular, magnesium (Mg, ~24 AMU) can sometimes be almost as abundant as Si in the solar wind, and
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Figure 2. Panel (a): [llustration of the E-TOF matrix, here with DEs
accumulated over a period of 17 h on October 1, 2001. Color indicate
number of counts, the vertical axis indicates energy as measured in the
solid state detector, and the horizontal axis shows the time-of-flight. Black
lines show pre-defined separations between species and energies hard-
coded in the onboard processing units (DPU) of the instrument. Colored
lines show the locus of five ions species, as re-calculated using an updated
version of the SRIM software with actual foil and detector characteristics
for RAPID, and assuming an incidence angle (6 in Figure 1) of 15°. Panel
(b): MTRX data for the same time interval, with 32 mass bins (vertical
scale) and 64 energy-per-mass bins (E/A classes; horizontal scale). Color
now indicate count rates, with colored lines indicating SRIM curves for
the limiting incidence angles of 0° and 30°. Panel (c): The 5 x 8 boxes of
the RMTRX. This figure is adapted from the RAPID Calibration Report
(Kronberg et al., 2020), where similar plots can be found in full size and
with extensive explanations. DE, Direct Event; E-TOF, energy and time-
of-flight; MTRX, matrix; RAPID, Research with Adaptive Particle Imaging
Detectors; SRIM, Stopping and Range of Ions in Matter.

molecules like e.g., N,, NO, and O, (~28-32 AMU) with high energies
have been detected in the ring current during disturbed conditions
(Klecker et al., 1986; Seki et al., 2019).

The prioritization scheme and limited number of DE records per telem-
etry frame did not allow us to construct meaningful energy spectra. Fur-
thermore, since the DE data product was intended for diagnostics of the
sensor system, it was never calibrated, and not intended to be used for sci-
ence. Until recently, the on-board calculated fluxes of hydrogen, helium
and CNO were therefore the only science products from RAPID publicly
available and stored in the Cluster Science Archive (Laakso et al., 2010).

The success of Haaland et al. (2020) to derive useful science from an un-
calibrated diagnostics product lead the RAPID core team to investigate
further opportunities to access information about heavy ions (atomic
mass above that of O+).

2.3. New Approach: RAPID MTRX Measurements

In addition to the limited number of Direct Events, there is another prod-
uct in the raw RAPID data that can access the higher mass species. In the
RAPID documentation (Daly & Kronberg, 2020; Kronberg et al., 2020),
this is referred to as the ion matrix product (MTRX) and is a transformed
version of the E-TOF matrix, accumulated over a long time interval and
with reduced energy and time-of-flight resolution. Our new approach
to investigate heavy ions in geospace is based on a variant of this data
product.

Unlike DE's, which contains full information (energy, time of flight, and
direction) for a few individual events, MTRX is a re-mapped version of
the original 256 x 256 E-TOF matrix with count rates accumulated in a 32
(masses) by 64 (energy-per-mass bins) matrix. There is no directional in-
formation, but unlike DE's, all events are stored. The accumulation time
of a single MTRX sample is 64 spins (approximately 4 min).

Figure 2b shows count rates (but now all counts and directions, not only
the prioritized DEs illustrated in panel (a)) from the same October 1, 2001
interval, organized into the 32 X 64 MTRX format. SRIM curves (but now
discretized) for the limiting 0° and 30° incidence angles for each of the
five species are also shown. The presence of Si is now more pronounced
than in the DE data.

While the MTRX product was part of the design and implemented as an
algorithm in the onboard digital processing unit of the instrument, a sep-
aration between ion species heavier than CNO was not envisaged in the
original instrument design (Wilken et al., 1997). The SRIM curves shown
in Figure 2 have been recalculated and updated after launch, using an
updated version of the SRIM software.

As for the DE product, MTRX is an uncalibrated data product. For this reason, and due to the low time res-
olution, the MTRX data product was originally not considered to be very useful for science investigations.
MTRX data was therefore originally not uploaded to the Cluster Science Archive.

A lesson learned from the Haaland et al. (2020) study was that for long-time studies addressing variations
over solar cycles and for comparisons between large regions of space, the low time resolution and lack of
directional information are less important. It was therefore decided to add MTRX data as a Cluster Science
Archive RAPID product, and at the time of writing (early 2021), the ingestion of MTRX is ongoing. An
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Table 1 advantage of the MTRX data product is that all events are counted, there
Energy Thresholds for the 5 (Species) by 8 (Energy Channels) RMTRX is no priority scheme to blur the relative intensities between the species
product or to distort the spectra.
H He CNO Si Fe In this paper, we will utilize a more compact representation of the data,
1 74 101 243 401 709 RMTRX, where the 32 mass bins and 64 energy bins have been rebinned
2 36 137 408 648 1,080 into a 5 X 8 matrix, with 5 mass bins (H, He, CNO, Si, Fe) and eight en-
3 104 156 Sis 318 1344 ergy channels, which are now species dependent. Figure 2c shows how
the 5 X 8 bins of RMTRX map to the 32 X 64 MTRX space. Note that
4 130 206 611 934 1,524 the species channels have been expanded to fill any gaps between them,
5 174 266 743 1,082 1,689 something most noticeable for oxygen. This allows for any spreading of
6 253 362 929 1,272 1,817 the data beyond the expected range of incidence angles and for possible
7 423 535 1,203 1,520 1,961 shifts downwards as the solid state detector efficiency degrades over time.
8 718 817 1,526 1854 2,126 Energy thresholds for the five species and their eight energy channels of
Max 1,143 1,279 1,866 2,066 2,218 the RMTRX product are shown in Table 1. We primarily focus the spatial

Numbers refer to the lower energy threshold in units of keV for a given ~ distribution and long term variations of Si (“Rock”) and Fe (“Heavy Met-
species, and the last line shows the upper energy threshold for each of ~ al”) from RMTRX, but we will also dwell on abundance ratios between
the 5 species: For example, energy channel 1 for Si covers the energy  species, e.g., [Si]/[O] and [Fe]/[O]. The energy binning allows us to create
iagfj 2%:’:‘1’{“301 and 648 keV; and Si channel 8 covers the energy range ¢y de energy spectra (RMTRX data are uncalibrated, thus “crude”) of Si
EAmTBb e . and Fe. Due the prioritization scheme, this was not possible with the DE
Abbreviation: MTRX, matrix. X
results reported in Haaland et al. (2020).

As in Haaland et al. (2020), we internally store the elements of the

RMTRX in a table in a relational database. The time-stamp of each obser-
vation (i.e., center time of the 64 spin accumulation period) serves as a key to join the RAPID composition
data with other tables, for example, spacecraft position, solar wind measurements as well as geomagnet-
ic activity indices obtained from other data sources. Plots and statistics are constructed from pre-defined
queries in this database. The use of a relational database makes it very simple to experiment with different
thresholds (e.g., minimum and maximum count rates) or selection constraints (e.g., by only selecting obser-
vations by region or from certain solar activity ranges or geomagnetic activity levels).

3. Observations

Figure 3 shows an overview of RMTRX data coverage along with the F10.7 index, a proxy for solar activity.
About 1.4 million records, corresponding to more than 25,000 h of RMTRX observations are available, most
of them from SC2 and SC4. Recall that Cluster science operations started early 2001 and that data acquisi-
tion was limited in 2001 and 2002. Cluster is still in operation, and MTRX data are still collected by SC2 and

SC1
40000 Total number of MATRX records = 1435967 sSC2
1]
g 35000 SC3 | {200
(9]
g SC4
x 3
'n_: 30000 k<)
[ =
<E): 150~
%5 25000 =
— L
[
Qo
£ 20000
z 100
15000
2000 2005 2010 2015 2020

Figure 3. Overview of RMTRX data coverage (number of MTRX records) from each of the four Cluster spacecraft. The black curve overlaid shows monthly
averages of F10.7 index, a proxy for solar activity. MTRX, matrix.
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SC4, but RAPID IIMS measurements are only available until early 2007 for SC1 and early 2009 for SC3. As
we shall see later, Si and Fe are only observed during a fraction of the total observation time.

Observation time for a given region is not necessarily identical to the Cluster dwell time in that region.
Since July 2010, RAPID IIMS has been switched off during radiation belt passages. This measure is taken to
preserve the micro channel plates in the start/stop system during times of high radiation. RAPID measure-
ments are also suspended during scheduled spacecraft maneuvers and eclipses. In addition, there are occa-
sional instrument reboots and system down-times. As seen from Figure 3, observations were also limited
due to limited data acquisition the first few years of Cluster operations.

The central IIMS head (Sensor 2 in Figure 1) severely deteriorated on all four spacecraft over the first
months of operation, presumably due to sunlight leakage and subsequent photoelectron emissions and
saturation of the microchannel plates providing the start/stop signals. MTRX or RMTRX do not contain
directional information, but this damage obviously leads to overall lower count rates than would have been
possible with all three IIMS sensor heads fully operational.

3.1. Estimating Fe and Si Abundance

Since the MTRX data are uncalibrated, we are not able to present calibrated fluxes. Instead, we use occur-
rence rate and intensity to characterize and show how Si and Fe abundance varies spatially by plasma region
and temporally due to variations in solar irradiance and geomagnetic activity.

Occurrence rate is calculated the same way as in Haaland et al. (2020) and is defined as the percentage of
observation time in which Si or Fe count rates above a certain level are observed. This minimum count
threshold has been introduced to avoid classifying random single counts as valid Si or Fe detections (a
typical scenario is that a particle hits the start foil and shortly thereafter another particle hits the energy
detector, thus generating what appears to be a valid E-TOF event). In the present study, we require 10 or
more counts per record (64 spins ~ 4 min, see below) within the E-TOF range corresponding to Si in order to
classify it as a valid and unambiguous Si detection. The same threshold is also applied to Fe counts. There is
no way to distinguish apparent events from valid E-TOF events, and we will discuss consequences of raising
or lowering the minimum threshold in Section 3.2.2 below.

Intensity is defined as the number of counts per second divided by the energy range and have units of
[s™ keV™']. With eight energy ranges (see Table 1), we have eight intensities for each species, and this al-
lows us to construct intensity versus energy spectra for both Si and Fe. For each energy range, we average
(using the mean moment) over a number of records with valid counts (count rates above threshold) within
a spatial region or over a time interval. Both Si and Fe are rare species in geospace, and as we shall see later,
the typical situation is that a single MTRX record contains no Si or Fe counts above the minimum thresh-
old. Consequently, both mode and median of the full distribution are typically zero, so the mean is the only
sensible statistical moment to characterize Si and Fe intensities.

3.2. Fe and Si Abundance and Characteristics by Region

We now investigate how Si and Fe are distributed across the regions of space traversed by Cluster over the
last 19 years. As in Christon et al. (2017) and Haaland et al. (2020), we define regions and plasma regimes
in space by spacecraft location rather than local plasma properties.

3.2.1. Definition of “Region”

Table 2 shows the definition of the regions and Figure 4 shows spectra of Si and Fe as well as the locations
of individual measurements for each of these regions.

Within the magnetosphere (inner magnetosphere, plasma sheet, lobe, and high-latitude polar cap and
cusps) regions are all defined by their Geocentric Solar Magnetic (GSM) coordinates. Observations in the
solar wind region are taken outside the model magnetopause, the static, parabolic model by Fairfield (1971),
with a magnetopause standoff distance of 13 Re. Most of the measurements outside the magnetosphere are
actually from the magnetosheath, that is, a plasma regime consisting of braked and thermalized solar wind
plasma. With its approximately 20 Earth radii (Re) apogee, Cluster also regularly crosses the upstream bow
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’;‘er:ll;zzw of Cluster RAPID Si and Fe Observations and Their Occurrence Rates by Region (Top five rows)
Observation Si occurrence Fe occurrence

Region Definition of region Time [h] [% of time] [% of time]
Solar wind and Magnetosheath Outside static model by Fairfield (1971) 32,654 3.8 1.5
High latitudes, polar cap and cusp Poleward of 60° Latitude 8,931 2.6 1.1
Lobe Xosm < —5Re 18,203 2.3 1.0

|Ylgsm < 15Re

|Zlgsm = 4 Re
Plasma sheet Xesm < —5Re 10,906 19.5 10.0

1Ylgsi < 15Re

|Zlgs < 4 Re
Inner magnetosphere Cluster inside 6.6Re radial distance 8,635 42.8% 36.0
Entire Cluster coverage Total observation time 2001-2019 100,730 10.4 6.4

The bottom row shows the sum over all regions. Observation time shown in the third column is the total number of accumulated hours of RMTRX measurements
from all spacecraft in that region. Occurrence rates for Si and Fe are percentages of observation time where count rates are above our noise threshold. Definition
of regions is identical to Haaland et al. (2020). () See notes about the possible presence of molecular ions in Section 3.2.3.

Abbreviations: Fe, Iron; Si, silicon; RAPID, Research with Adaptive Particle Imaging Detectors.

shock and enters the pristine solar wind during the season February to April. Compositionwise, we do not
expect any differences between the pristine solar wind or magnetosheath, so we have not distinguished
between these regions.

With a time resolution of 64 spins and a spin period of slightly more than 4 s, the time resolution of the
MTRX data is approximately 250 s, so we have to use a very conservative approach to define plasma regimes
and regions. Cluster moves with several km/s, relative to a fixed (GSE or GSM) coordinate system, so the
spatial resolution is at best of the order of 1,000 km. Boundaries in space, for example, the tail plasma sheet,
bow shock or magnetopause can move with velocities of 100's of km/s (e.g., Lepidi et al., 1996; Paschmann
et al., 2018; Sergeev et al., 2003) over distances of several Re. We are therefore not able to calculate any gra-
dients in the measurements inside regions or across boundaries.

The orbit of Cluster changes over time so there will be some bias in the sampling of the various regions.
Early in the mission apogee was close to the ecliptic plane with roughly equal sampling in the northern
and southern hemisphere (Zssg ranges). With time (and changing solar activity), apogee shifted below the
ecliptic plane, resulting in more sampling in the (southern hemisphere) tail lobes, where plasma densities
and particle fluxes are usually lower than other regions of geospace. Recall also that RAPID IIMS is shut
down inside the radiation belts after 2010.

3.2.2. Si and Fe Occurence Rate by Region

From Table 2, it becomes clear that Si and Fe in the energy ranges discussed here are rare species. Occur-
rence rates do not exceed 50% in any of the regions and from the last row in Table 2, we can infer that over
all regions, only about 10% of the MTRX records contain traces of Si, and only 6% contain traces of Fe. The
likelihood of detecting Si and/or Fe is smallest in the low density polar cap and lobe regions, where Si is
observed in less than 3% of the observation time, and Fe only observed around 1% of the observation time.

To investigate how robust these results are, we re-ran the queries with several minimum count thresholds
and also adjusted the boundaries of our regions. If we lower the minimum count threshold from 10 counts
per record to five counts per record (akin to lowering the “noise” threshold), the occurrence rates in the dif-
ferent regions increase by up to a factor 2, but the relative differences between the different regions remain
almost the same. Adjusting the location and extent of the regions has a much smaller effect. If we move e.g.,
the “Solar wind” region 2 Re further out (i.e., setting the magnetopause standoff distance to 15 Re instead of
13 Re in the Fairfield (1971) magnetopause model), the Si occurrence rate only dropped 0.4%.
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3.2.3. Si and Fe Intensities and Spectra by Region

The division into eight energy channels allows us to study the energy distribution of the observed Si and
Fe ions. With energy thresholds of several 100 keVs for both Si and Fe, we obviously only get a part of the
energy spectrum. The left column of Figure 4 shows energy spectra for the five regions of space investigated,
and list the number of samples and the spectral slope, calculated as the best straight line fit, for each spec-
trum. We note that the slopes are generally steeper (larger negative slope numbers) for Si than for Fe. Conse-
quently, in the energy range 700-2,000 keV, where we have measurements of both species, Fe intensities are
generally higher than those of Si. There are large statistical variations (not indicated) in the measurements.

Figure 4 shows that average intensities vary between regions, but the energy spectra from the different
regions are overall very similar. One interpretation of this is that most of the Si and Fe are of the the same
origin, most likely the solar wind. In the inner magnetosphere, and in particular during disturbed condi-
tions, some of the Si counts may be due to ionospheric material, such as molecular N,, NO and O,, which
have masses similar to that of silicon. The measured energies are a combination of bulk energy (e.g., due
to high flow velocities) and thermal velocity (gyration around magnetic field lines). The lack of directional
information in MTRX measurements means that we cannot distinguish between these two contributions.

Solar wind. The solar wind is also the region where average flow velocities are highest; the solar wind bulk
velocity typically varies between 300 — 1,000 km/s at 1 AU, but more extreme values can occur (Feldman
et al., 2005). For Si this corresponds to flow energies of up to 150 keV. For Fe, with its higher mass, solar
wind bulk velocities correspond to bulk energies up to 300 keV. Additional acceleration can take place due
to processes in the solar wind, such as e.g., reconnection (e.g., Phan et al., 2006, 2020) or accelerations at
shock fronts embedded in the solar wind (e.g., Prinsloo et al., 2019; Zank et al., 2007). It is therefore not
surprising that Si and Fe of high energies are observed in this region.

As noted in the introduction, there has been more focus on composition measurements in the solar wind
compared to the magnetosphere, so for the solar wind, we have references values for abundances and abun-
dance ratios. Reames et al. (1994); Aellig et al. (1999), and Bochsler (2007) compared relative abundances
between various species in the solar wind, and from their [Si]/[O] and [Fe]/[O] ratios, a [Fe]/[Si] ratio in
the range 1-10 can be inferred. This value is roughly consistent with our result for the lowest energy range.

Polar cap, cusp and lobe regions. Panels (d) and (g) in Figure 4 show the energy spectra in the polar cap and
the magnetically connected tail lobe regions. Locations of individual observations are shown in panels (e)
to (f) and (h) to (i), respectively. In terms of volume, the cusp region is the smallest region considered, and
also has the lowest number of observed Fe and Si events. The lobes encompass a much larger volume, but
occurrence rates for both Si and Fe are lower than the in the other regions (see Table 2).

Escape of atmospheric material, both neutrals (e.g., Moore & Horwitz, 2007) and ions (ion outflow, see e.g.,
Yau & Andre, 1997) from the high latitude atmosphere has been established as an important process for the
loss of atmospheric material and filling of the magnetotail lobes. Transport is through the cusp and polar
cap along (convecting) magnetic field lines threading the lobes. Both Si and Fe exist in the Earth's atmos-
phere (e.g., von Zahn et al., 2002; Plane et al., 2015), primarily due to meteor ablation in the mesosphere
(Kane & Gardner, 1993), and concentrations are much higher than in the solar wind. As shown in the recent
paper by Christon et al. (2017), heavy ions can also escape into the magnetosphere.

It would perhaps be natural to associate Si and Fe in the polar cap and lobe regions with such outflow pro-
cesses. However, plasma of atmospheric (ionospheric) origin is usually very cold (low thermal energies),
and no known acceleration mechanisms able to energize Si and Fe ions to 100s of keV exist in these regions.
Escape mechanisms and transport paths of heavy ions are also still poorly understood.

Figure 4. Spectra of Si and Fe based on Cluster RAPID RMTRX observations from five different key regions in geospace. The leftmost panel in each row shows
the derived energy spectra for Si (blue) and Fe (red). Spectral slopes and number of observations (~4 min averages) are indicated in the upper right of these
panels. The second and third column shows projections of the location in space of records where both Fe and Si were observed. From top to bottom, the figure
shows spectra and locations for: (a)-(c) the solar wind and magnetosheath region; (d)-(f) the polar caps and cusps; (g)-(i) the magnetotail lobes; (j)-(1) the tail
plasma sheet; (m)-(o) the inner magnetosphere. See Section 2 for definitions of these regions and a summary of their Si and Fe abundance. MTRX, matrix;
RAPID, Research with Adaptive Particle Imaging Detectors.
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In the cusp, strong local accelerations mechanisms exists (e.g., Chen et al., 1998; Fritz, 2001). While most
of the particles in the cusp region are probably of magnetosheath origin, there are also observations (e.g.,
Kremser et al., 1995; Trattner et al., 2001) suggesting that the cusp contains ions of magnetospheric origin.

Plasma sheet and inner magnetosphere. Within the Earth's magnetosphere, there are few regions where
processes able to accelerate heavy ions up to the >400 keV energies of the MTRX data can occur. In the
plasma sheet, magnetic reconnection can create jetting with bulk velocities up to and sometimes above
1,000 km/s (bursty bulk flows, see e.g., Angelopoulos et al., 1992; Baumjohann et al., 1990). Bulk velocities
in this range correspond to flow energies of approximately 150 keV for Si and approximately 300 keV for
Fe. Thus, while tail reconnection may be able to provide significant bulk acceleration, this is not enough to
explain the energy spectra in Figure 4;.

Particle acceleration can also take place in the inner magnetosphere and during transport from the distant
tail to the near-Earth tail. Acceleration mechanisms include direct accelerations by electric fields, betatron
or Fermi acceleration associated with dipolarization of the magnetic field, as well as wave-particle inter-
actions (a good overview of various acceleration processes in the magnetotail can be found in e.g., Birn
et al., 2012). Combined, these mechanisms can accelerate ions (and electrons) to very high energies (up to
MeV) as evident in, for example, the radiation belts.

As explained in Section 2.1, no charge state information is available from RAPID. Ions of solar wind ori-
gin are usually associated with high charge states. Although some charge exchange takes place, primarily
through interaction with neutral hydrogen atoms in the Earth's geocorona, it is reasonable to assume that
the observed Si and Fe ions still retain rather high charge states as they get transported across the bow shock
and magnetopasue into the magnetosphere. Consequently, they should be accelerated more effectively than
single charged particles of the same species (e.g., Bingham et al., 2020).

Given that the measurements presented here are taken over a time period of 19 years, with no regards to
solar activity level or geomagnetic activity (this is addressed in the next section), there is significant statis-
tical spread in the data. For both Si and Fe, the measurement standard deviation in each energy range is
often comparable to or larger than the mean (we have therefore not added error bars indicating any statis-
tical spread, they would fill the vertical scale). Still, from Figure 4, one can infer a spectral change across
regions: The slopes for both Si and Fe are steeper in the plasma sheet and inner magnetosphere than the
other regions. This may be an indication of additional acceleration, most effective in the lower energy range
of MTRX measurements, in the plasma sheet and inner magnetosphere. For the Si curve, another possi-
ble explanation is the additional presence of ionospheric molecules as reported by, for example, Klecker
et al. (1986) and Seki et al. (2019).

4. Time Variations in Fe and Si Occurrence

At the time of writing, Cluster has been in space for more than 20 years. RAPID MTRX observations are so
far available from 19 years of science operations. Such long term observation series allow us to assess the
role of solar variability, of which the 11 years solar cycle is the most pronounced and geomagnetic activity
in response to geomagnetic storms.

4.1. Si and Fe Abundance as Function of Solar Variability

Long-term variability in the Si and Fe abundances can be inferred from Figure 5a, which shows histo-
grams with the numbers of MTRX samples from SC2 and SC4 containing Si and Fe observations during the
19 years of science operations. Overplotted as a solid line is the F10.7 index, a proxy for solar activity (e.g.,
Covington, 1969; Schonfeld et al., 2015). Solar maximum during solar cycle 23 was around 2001-2002, with
the minimum around 2008-2009 marking the start of solar cycle 24.

Both Fe and Si occurrence rates follow the solar cycle variation, albeit somewhat shifted in time. The highest
occurrence rates and intensities are observed around the waning phase of solar cycle 23. Similarly, the low-
est occurrence rates are observed around 2010-2011, a few years after the 2008-2009 solar minimum. Solar
cycle 24 was less active (manifested by fewer active sunspots, and lower geomagnetic activity), and reached
maximum around 2014. Si and Fe occurrence rates and intensities seem to follow the solar activity also for
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Figure 5. Panel (a): Histogram of Si and Fe abundance (i.e., number of observations above noise threshold from SC2 and SC4) during 2001-2019, with
the F10.7 solar irradiation proxy overplotted as a black line. Panels (b) and (c) show energy spectra for Si and Fe, respectively for low (F10.7 < 75) and high
(F10.7 > 160) solar activity. A clear correlation between solar activity and occurrence rate and intensities can be inferred.

this period. Note that the orbital bias discussed in Section 3.2, as well as possible sensor degradations can
also affect the absolute number of Si and Fe counts.

Panels (b) and (c) show energy spectra similar to those in Figure 4, but now for two different solar activity
levels. “High” solar activity are measurements sampled when the F10.7 index was 160 or above. This sub-
set contains approximately 15% of the all records with Fe and Si observations above the minimum count
threshold. The subset for “low” solar activity only contains (also around 15% of samples) measurements
sampled when the F10.7 index was below 75.

In panel (b), the upper blue curve shows Si for “high” solar activity subset, and lower dark blue curve shows
the corresponding spectrum for “low” solar activity. Panel (c) shows the corresponding spectra for Fe. We
note a clear response in the spectra to solar activity. High solar activity is associated with higher Si and Fe
intensities and a steeper slope. We do not show spectra for intermediate solar activity, but as expected, they
fall between the “high” and “low” curves for both Si and Fe.

4.2. Siand Fe Abundance as Function of Geomagnetic Activity

Figure 6a shows the same Si and Fe occurrence statistics histogram as in Figure 5a, but now with minimum
(i.e., most disturbed) monthly Dst (e.g., Bergin et al., 2020; Sugiura, 1964) overplotted. Dst is a measure of
ground based magnetic perturbations caused by the enhanced energy in the ring current. Negative Dst de-
flections indicate a stronger ring current, typically caused by enhanced solar wind - magnetosphere energy
transfer over a period of several days during geomagnetic storms.

Once again, we note a correlation between the curves, albeit not as pronounced as for solar activity. High-
er occurrence rates of Si and Fe are observed during the period 2001-2005, corresponding to a period of
enhanced geomagnetic activity, manifested as more frequent and larger negative Dst deflections. Due to
the very low Si and Fe count rates we are not able to investigate the role of individual geomagnetic storms
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Figure 6. Similar to Figure 5, but with responses to geomagnetic activity. Panel (a): Si and Fe abundance as histograms with the minimum Dst, a proxy for
geomagnetic activity overplotted as a black line. Panel (b) and (c): Energy spectra for Si and Fe for high (Dst values below —35 nT) and low (positive Dst values)
geomagnetic activity. Fe, iron; Si, silicon.

or transient geoactivity leading to enhanced acceleration processes inside the magnetosphere. Most likely,
the correlation between Dst and Si and Fe occurrence rates is a result of the general relationship between
geomagnetic activity and solar activity (e.g., Echer et al., 2004; D. T. Young et al., 1982).

Panels (b) and (c) of Figure 6 show energy spectra for Si and Fe for quiet and active conditions. Here,
“quiet” is defined as any period with zero or positive Dst values, and may encompass observation taken
during storm sudden commencements, often associated with a compression of the magnetosphere (e.g., Ar-
aki, 1994). “Storm” is defined as any period with Dst values below —35 nT. This value is somewhat arbitrary
but gives us approximately the 15% of samples with strongest geomagnetic activity.

Unlike the response to solar activity, there is almost no difference between the spectra for “quiet” and
“storm” periods. Thus, any enhanced acceleration mechanisms operating during stormtime conditions
(e.g., stronger and/or more frequent bursty bulk flow activity and reconnection in the tail and substorm
injections) do not seem to energize Fe or Si or alter the energy spectra significantly, at least not within the
energy range covered by the MTRX measurements.

5. Summary

We have used a combination of E-TOF measurements from the RAPID instrument onboard the Cluster
satellites to study energetic ions with masses corresponding to that of Si and Fe. Each individual measure-
ment (sample) is based on accumulation of individual E-TOF events over a period of 64 spins (ca 4 min).
The RAPID ion detector is sensible to Si in the energy ranges 400-2,100 keV, and Fe in the energy range
700-2,200 keV. No charge state separation is possible, and no directional information can be derived from
these measurements.
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Over the period 2001-2019 covered by this study, more than 1.4 million samples, corresponding to 25,000 h
of observations were collected, and the occurrence rate and intensity of Si and Fe were investigated. Si and
Fe are both rare species in geospace, and occurrence rate in this context means the probability of detecting
any Si or Fe at all within a collection of samples accumulated either inside a region or within disturbance
parameter ranges. Intensity is defined as the average number of Si or Fe counts within a certain time interval
and over a certain energy range.

The result of this study can be summarized as follows:

* Both Si and Fe are rare species but were detected in traceable quantities in all regions of geospace
traversed by Cluster

* The highest occurrence rates were found in the inner magnetosphere where also particle fluxes of light-
er ions are highest. In the inner magnetosphere, about 36% of all samples contained Fe and 43% of the
samples contained Si (with the provision that some of the Si counts may be from molecular ions of ion-
ospheric origin with similar atomic mass)

* The lowest occurrence rates were found in the magnetotail lobes. Si was found in only about 2% of ob-
servations in this region, and Fe was found in about 1% of the lobe samples

* Energy spectra for both Si and Fe are very similar in all regions of space probed, suggesting a common
source and very little local acceleration/energization

* The energy spectra is steeper for Fe than Si in all regions

* Occurrence rates are modulated by solar activity; The probability of observing Si and Fe increases during
periods with high solar activity (near solar maximums)

* Intensities are also modulated by solar activity: Average intensities are higher during active solar periods
for both Si and Fe

* We find little or no response to geomagnetic activity in the occurrence rates or intensities of both Si and
Fe

While the measurements presented here provide some information about the distribution and long term
variations of Si and Fe ions in geospace, they also leave us with some open questions that an instrument like
RAPID cannot answer:

* What are the charge states of the observed Si and Fe ions?

* How does the charge state change due to charge exchange processes during transport across boundaries
and through the various regions of geospace?

*  What about lower energies; Can low energy Si and Fe from, for example, space debris fragmentation in
the atmosphere escape and “contaminate” the magnetosphere?

* What is the composition of our magnetosphere, and what are the relative contributions of heavy atoms
from the solar wind and ionosphere?

The last question is rather fundamental and also encompasses other ion species. Whereas the solar wind
source of minor ions is fairly well mapped, less is known about the terrestrial outflow of heavy ions, neither
in terms of composition, forces responsible for outflow, or transport paths. Somewhat surprisingly, we are
in a situation where we know more about the composition of the magnetospheres of some of our neighbor
planets than our own Earth. A better understanding of the magnetospheric composition may be achieved
by coordinated efforts to better explore and utilize all existing observations. Still, limitations in instrument
precision and mass resolution in existing data makes a full mapping of the composition difficult. A dedi-
cated geospace composition mission would probably be the only option to address all the above questions.

Data Availability Statement

All the Cluster data, including the MTRX and RMTRX data products from RAPID, are available from the
Cluster Science Archive: https://www.cosmos.esa.int/web/csa. The data format as well as comprehen-
sive information about the RAPID instrument are described in Daly and Kronberg (2020) and Kronberg
et al. (2020).
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