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ABSTRACT

Aims. Solar Orbiter launched in February 2020 with the goal of revealing the connections between the Sun’s interior, atmosphere, and the helio-
sphere. The Solar Orbiter Heavy Ion Sensor (HIS) is a time-of-flight ion mass spectrometer dedicated to measuring heavy ions in the solar wind.
Methods. We present an overview of the first measurements of heavy ion composition from HIS, reviewing the methods used to transform the
spectra obtained on board into scientific data products and examining two solar wind case studies as well as the statistical properties of the heavy
ion composition observed by HIS. We also carried out a comparison with prior measurements of heavy ions at L1.

Results. The HIS data set provides the first mass- and charge-resolved heavy ion measurements in the inner heliosphere.

Conclusions. These high temporal resolution data have the potential to transform our understanding of the connections between the solar wind and
its origin at the Sun, as well as the interaction between the solar wind and the environment around planets, comets, and in the interstellar medium.
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1. Introduction

Solar Orbiter launched in February 2020 with the goal of pro-
viding a groundbreaking combination of remote and in situ mea-
surements of the Sun in and out of the solar ecliptic plane. The
mission’s primary science goal is to understand the connections
between the Sun and heliosphere and to help answer outstanding
science questions in solar and heliospheric physics (Miiller et al.
2020; Owen et al. 2020). These questions include the origins of
the solar wind plasma and magnetic field, the drivers of helio-
spheric variability and radiation, and the generation of the solar
dynamo. The solar wind originates in the million degree solar
corona and expands out supersonically into the heliosphere,
exposing all Solar System bodies to a continuous flux of charged
particles (Ogilvie et al. 1980). While the solar wind drives space
weather and strongly influences the near-Earth space environ-
ment as well as that of other planets, the nature of the solar wind
and its origin are still unresolved (Viall & Borovsky 2020 and
references therein). In particular, the details of the solar wind
connection back into the solar corona remain difficult to con-
strain to specific sources. Yet these connections are of particu-
lar importance with regard to understanding the Sun’s influence
throughout the heliosphere.

The Solar Orbiter payload is outfitted with a combination
of remote and in situ instruments, including the Solar Wind
Analyser (SWA) instrument suite. SWA is a suite of particle
sensors dedicated to measuring thermal and suprathermal solar
wind plasma including electrons, protons, alphas, and heavy ions
(Owen et al. 2020). The Heavy Ion Sensor (HIS) is one of three
sensors that make up the SWA suite, in addition to the Electron
Analyser System (EAS) and the Proton and Alpha Sensor (PAS).

HIS was proposed and developed by an international team led
by Southwest Research Institute (SWRI) with contributions from
the University of Michigan, the University of New Hampshire,
NASA Goddard Spaceflight Center (GSFC), and the Research
Institute for Astrophysics and Planetology (IRAP) in Toulouse,
France.

HIS provides detailed measurements of the chemical compo-
sition of the solar wind heavy ions in high temporal resolution,
providing information on thermal ions from He to Fe, with their
range of charge states, as well as on pickup ions (PUIs), includ-
ing H*, He*, C*, and O* and suprathermal ions (including pro-
tons) up to 75 keV e~!. HIS scans its full energy-angle range at
a 30's time resolution in normal mode and 4 s time resolution in
burst mode, allowing for characterization of velocity distribution
functions, differential flux spectra, ion densities, thermal veloc-
ity, and bulk speed. A more in-depth discussion of instrument
details, measurement concept, operations, and temporal resolu-
tion can be found in Owen et al. (2020).

Heavy ion measurements of the solar wind have been uti-
lized to examine the local physical processes that occur in
the heliosphere as well as to infer processes active in the
solar atmosphere (Gloeckler et al. 1998; von Steiger et al. 2000;
von Steiger & Zurbuchen 2011; Lepri et al. 2013; Laming et al.
2019). Because the freeze-in process sets ion charge-state abun-
dances in the low corona (Bame et al. 1974), heavy ions can
be used as tracers in the solar wind to link back to their ori-
gin within the corona. Heavy ion measurements can therefore
be leveraged to track the thermal and acceleration history of
the solar wind. For example, element fractionation, as observed
through the relative abundances of different solar wind ele-
ments, indicates that different parcels of solar plasma can be
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enhanced and depleted in their abundances relative to each
other (von Steiger et al. 2000; Zurbuchen & Richardson 2006;
Lepri et al. 2013; Zurbuchen et al. 2016; Lepri & Rivera 2021).
This fractionation can be used to trace solar wind parcels to coro-
nal source regions and examine physical processes in the chro-
mosphere and the corona (Laming 2015; Laming et al. 2019;
Rivera et al. 2022a). Additionally, solar wind source region
can be differentiated by the varying prevalence of higher or
lower charge states found in fast and slow solar wind (e.g.,
Zurbuchen et al. 2002; Zhao et al. 2009).

Transient events from the Sun also leave distinct imprints
on the heavy ion composition of the solar wind. Coronal
mass ejections (CMEs) involve the explosive release of mag-
netic energy and plasma from the Sun. Interplanetary CMEs
(ICMEs) can be identified by their distinct solar wind char-
acteristics, such as alpha/proton abundance ratios, velocity
and density profiles, and charge state distributions (Lepri et al.
2001; Zurbuchen & Richardson 2006; Rakowski et al. 2007;
Lynch et al. 2011; Zurbuchen et al. 2016; Rivera et al. 2019a).
Studying these parameters can help establish links between
coronal sources of CMEs and their in situ counterparts (e.g.,
Rivera et al. 2019b; Wurz et al. 2000; Uzzo et al. 2003). Mea-
surements of solar wind ionization states have revealed the pres-
ence of highly ionized and heated material inside ICMEs (e.g.,
Bame et al. 1979; Galvin 1997; Gloeckler et al. 1998; Jian et al.
2018), which is taken as evidence of energy release during erup-
tion (e.g., Lepri et al. 2001). This indicates that heavy ion mea-
surements provide key constraints for models of solar wind
origin and the release of CMEs (e.g., Rakowski et al. 2007;
Lynch et al. 2011).

A growing body of research suggests that shocks acceler-
ate ions out of an ambient suprathermal pool (Desai et al. 2003;
Posner et al. 2004; Mason et al. 2008; Filwett et al. 2017, 2019;
Zel’dovich et al. 2018, 2014), which has energies between the
bulk solar wind and energetic particles. There are many open
questions in this area because the instruments making the asso-
ciated observations measure either the solar wind and the low-
est end of the suprathermal range (e.g., ACE/SWICS) or they
measure the upper end of the suprathermal range and energetic
particles, both with a considerably lower temporal resolution
than the timescales relevant for particle acceleration and heat-
ing (Mason et al. 1998; Desai & Giacalone 2016). There is also
much to be learned regarding the spectral variation and evo-
lution of so-called suprathermal tails (Yu et al. 2018). Having
the energy spectra of accelerated particles from just above the
solar wind thermal range to energetic particles allows for conclu-
sions to be drawn regarding the actual acceleration mechanism at
the start of the acceleration to energetic particles (Bamert et al.
2008). In addition, knowing the composition of the suprathermal
particles and comparing them with the composition of the ther-
mal plasma of the solar wind can offer clues about the origin of
suprathermal ions. For example, in studying the event of May
1998 with SOHO/CELIAS/STOF, it was concluded that there
is a significant contribution from interstellar pickup ions to the
observed suprathermal ions (Bamert et al. 2002). By providing
both composition and charge state observations at a high tem-
poral resolution up to suprathermal energies, HIS provides the
comprehensive observations necessary to properly characterize
the acceleration and heating mechanisms associated with shocks,
both interplanetary and CME-driven.

In addition to suprathermal particles, HIS observes PUIs
embedded in the solar wind, which are created through the
ionization of initially neutral particles through mechanisms
such as electron impact ionization, photoionization, and charge
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exchange with the solar wind. Once the neutrals become ion-
ized, they are accelerated (or picked up) by the solar mag-
netic field and begin to propagate radially with the solar wind,
thus the designation of PUIs. These neutral particles can orig-
inate from various inner sources such as comets, interplane-
tary dust, and planetary atmospheres, while the bulk of PUIs
observed in the solar wind originate from interstellar neutrals.
These ions can be distinguished from the solar wind by their
distinctive features in the velocity distributions, thus providing
insights into their sources (Geiss et al. 1996; Gloeckler & Geiss
1998; Gilbert 2012; Gershman et al. 2013; Gilbert et al. 2015;
Rivera et al. 2020), production mechanisms (Taut et al. 2015),
and evolution of their velocity distributions (Drews et al. 2015,
2016). The interstellar PUIs also provide a method for determin-
ing the interstellar flow longitude (Mobius et al. 2015).

In this paper, we discuss the unique capabilities of HIS and
present measurements of heavy ion composition observed dur-
ing the initial phases of the mission. We focus on one full orbit
of measurements, which represent the first mass- and charge-
resolved observations of heavy ions in the inner heliosphere
(0.28 to 1 AU). In Sect. 2, we give a description of the instru-
ment, discussing principles of operation and providing relevant
physical specifications. In Sect. 3, we detail the scientific data
processing methods and settings used to convert the raw instru-
ment measurements into the delivered heavy ion composition
data set. We present several early events of interest that show-
case the HIS instrument’s capabilities in Sect. 4. In Sect. 5, we
compare the statistical properties of the early HIS data to obser-
vations made by the ACE/SWICS spectrometer over the course
of its lifetime. Finally, we discuss and summarize our key results
in Sect. 6.

2. Instrument description

HIS is a time-of-flight (TOF) ion mass spectrometer dedicated
to the measurement of the heavy ion composition and veloc-
ity distributions of the solar wind, extending from the thermal
to suprathermal energy domains. HIS measurements span the
bulk solar wind ions, PUIs, and suprathermal ions, resolving
species ranging from He to Fe across most of their ionization
or charge states. Figure 1 shows a cutaway view of the instru-
ment. Due to the close approach to the Sun (0.28 AU), special-
ized thermal control is required, such as the HIS dedicated heat
shield. Behind the heat shield, the entrance system consists of
ion-steering (IS) deflector plates and a solar photon pass-through
out the back of the instrument. The IS plates, in combination
with the electrostatic analyzer (EA, comprised of nested par-
tial hemispheres) are known as the EA-IS system. The EA-IS
system selects incoming ions based on E/q as well as elevation
angle. The EA-IS aperture also defines the azimuth field of view.
The selected ions pass through a post-acceleration (PA) gap with
nominal —25 keV potential before they enter the TOF telescope
through a carbon foil. Forward emitted secondary electrons from
the carbon foil are deflected onto the “start” microchannel plate
(MCP) and backward emitted secondary electrons from the front
of the solid state detectors (SSDs) are deflected onto the “stop”
MCP to provide the TOF measurement, typically in the range
of 10-100 nanoseconds. The array of SSDs also measure the
total energy of each incident ion. Electronics inside the TOF tele-
scope and the main electronics box record ion position, energy,
timing, and pair ion and electron signals. The HIS field of view
(FOV) spans a 96° in azimuth (AZ), from —30° to +66° parallel
to Solar Orbiter’s orbital plane. The azimuth is determined from
the ID of either the triggered SSD detector or the impact location
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Fig. 1. Schematic of the HIS instrument with labels for the heat shield,
solar photon pass-through, EA-IS system, TOF telescope and associated
electronics, and the main electronics (adapted from Owen et al. 2020).

along the MCP anode. Ion steering provides the elevation (EL)
of individual ions to a maximum of +17° above and below Solar
Orbiter’s orbital plane and is determined through voltage selec-
tion on the deflector plates and ESA. Hence, HIS selects the
energy-per-charge (E/q) and elevation angle and it directly mea-
sures the total energy (E), TOF, and azimuth angle of incident
ion. Together, these measurements enable the determination of
an individual ion’s mass and charge and the extended 3D veloc-
ity distributions of different ion species. A detailed description
of the instrument and its principle of operation can be found in
Owen et al. (2020).

3. Scientific data processing

HIS is capable of simultaneously identifying over 75 ion species
in the solar wind based on measured E/q, TOF, and E, as well
as elevation and azimuth angles for each incident ion. For each
ion, these parameters and measurements are assembled into an
“ion event word”. Ton event words, also known as pulse-height
analyzed (PHA) words, are the primary raw data product from
the instrument. About 950 000 event words can be stored by HIS
for each E/q scan (0.5-75 keV e™!) in an event buffer, but only a
small sample is actually telemetered to the ground due to down-
link data volume limitations. The sample size is configurable by
ground command. For the period addressed in this paper, it was
set at 11 904 event words for each 30 s normal mode scan. This
value represents about twice the number of event words available
for a 2 h period on ACE/SWICS.

In the solar wind, heavy ion abundances can vary by orders
of magnitude between He and individual species of heavier
elements. To ensure a representative sample of heavy ions
is obtained in each scan, a priority scheme has been imple-
mented that preferentially prioritizes low abundance ions and de-
prioritizes abundant ions in a way that their true abundances can
be reconstructed on the ground. This priority scheme is imple-

mented in the flight software in three steps. First, ion events are
classified into one of eight priority ranges that prioritizes less
abundant ions (e.g., Fe) over the most abundant ions (e.g., He).
Table 1 lists the eight priority ranges, the corresponding ions,
and the adjustable parameters explained below, as flown dur-
ing the January to June 2022 period. These priority ranges are
defined as regions in (E/q, TOF, E)-space occupied by different
ion species. Second, the ion words are stored in the event buffer.
Ion events are stored sequentially as HIS steps through its 64
E/q values, scanning 16 ELs within each E/q step. Each priority
has a dedicated portion of the event buffer indicated by its event
buffer size. To avoid disproportionately filling the buffer with a
few select ion species, each priority has a limit on the number of
events that can be stored for a particular (E/q, EL) step, known
as the input limit. Third, once an E/q scan is completed, random
samples of ion events in each priority range, working from high-
est (range 0) to lowest (range 7) priority, are stored in telemetry
(TM). These samples are known as TM samples. If there are
fewer events in the buffer than available slots in telemetry for
a given priority range, the excess TM sample slots are allotted
to the next lower priority. Due to their low abundance and cor-
responding low flux over a 30s E/q scan, priority ranges 1-3
are typically not filled. These excess TM sample slots are typi-
cally used for priority ranges 4 (O%*) and 5 (He**). Alongside the
ion event TM samples, a set of priority rates is also downlinked.
These contain the number of events per (Priority range, EL, E/q)
and allow for the renormalization of telemetered events on the
ground, to account for the fraction of events not telemetered.
Substantial ground processing is required to compute heavy
ion composition parameters from ion event words. Once on the
ground, each individual ion event word is assigned to a particu-
lar ion species through a multi-step maximum likelihood estima-
tor (MLE) process which removes overlap between the ions in a
statistically robust way. This method was first implemented for
ACE/SWICS (Shearer et al. 2014) and has been adapted for HIS.
The current implementation accumulates ion events over inci-
dent angles. The preservation of incident angles will be imple-
mented for a future version of the released data. The method
operates on events from each E/q step independently and pro-
ceeds as follows. First, counts of ion events were grouped into
a 2D histogram of digital TOF and E values, each of which
range across 0-511 channels. Second, the probability distribu-
tion functions that describe where each ion species lands in TOF
and E were constructed from 2D Gaussian curves. The centers
and widths of these curves in TOF and E, which characterize the
instrument forward model, were initially derived from a simple
physics based model adjusted with ground calibration data. This
model includes estimates of energy lost by an ion as it passes
through the HIS carbon foil derived from Transport of Ions in
Matter (TRIM) simulations (Allegrini et al. 2003; Ziegler 2004),
as well as estimates of energy measured by the solid state detec-
tors, taking into account the nuclear defect, detector efficien-
cies, and conversion from physical to digital units (Ipavich et al.
1978). Forward-modeled centers and widths were further refined
by comparison to an accumulation of flight data over the entire
January to June 2022 period. These model-data comparisons
focus on well-separated or relatively abundant heavy ions (e.g.,
0%*) and are then extrapolated to other ion species. Finally, the
counts and probability distributions are fed through the MLE
method that iteratively redistributes counts among the various
species until an optimal solution is achieved. As HIS continues
to operate, the increasing total volume of data will allow addi-
tional ions to be directly compared thus improving the accuracy
of the MLE recovery. The output of the MLE algorithm produces
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Table 1. Parameters in each of the eight HIS priority levels defining the behavior of the onboard ion event priority scheme as flown from January

to June 2022.
Priority range ITons Event word Event word Event word
input limit  buffer size  telemetry sample
0 PUI 400 100 250 1297
1 Feb* — Fe* 400 114250 2695
2 Mgt — Mg'?* 400 100502 2819
Si6+ _ Si12+
NeS+ _ NelO+
S6+ _ Sl4+
FelO+ _ FeZO+
3 CH+ — s 400 116250 3494
N5+ _ N6+
05+’ O7+ _ 08+
4 os* 100 2500 199
5 He?* 100 5000 598
H* (>5keVe™)
6 H* (<5keVe™) 100 10000 598
7 Noise 100 10000 598

Notes. The first column lists the designation of each priority range, the second column lists the associated ion species, the third column lists the
input limit for the maximum allowed number of event words per elevation step, the fourth column lists the event buffer storage size limit in event
words per complete scan onboard the spacecraft, and the fifth column lists the telemetry sample size limit in event words per complete scan for
downlink to the ground. Each subsequent priority level may receive additional allowed event words for downlink in a given scan if the previous

level has not saturated its telemetry sample limit.

vectors of counts at each E/q step for each ion species. These
vectors can then be transformed into differential energy flux
and 1D velocity distributions functions from which moments
are computed by numerical integration to obtain density, bulk
speed, and thermal speed within the spacecraft frame. Ratios and
ratios of sums of these recovered densities are then used to cal-
culate the composition parameters: charge state ratios, charge
state distributions, and relative element abundances. The data
are currently accumulated into 10 min (nominally 20 E/q scans)
intervals (although this accumulation is flexible) for delivery to
the Solar Orbiter Archive (SOAR).

Figure 2 illustrates a sample of unprocessed HIS measure-
ments during an interplanetary shock on May 12, 2022'. In
these measurements, no differentiation of individual ions has
been made, so these E/q, E/q-TOF, and E-TOF spectra are each
sums of all ions in the solar wind within the HIS E/q and FOV
range. Panel (a) shows the number of triple-coincidence ion
event words (i.e., both a valid TOF, including start and stop sig-
nals, and a valid E measurement) at each E/q value (summed
over all ELs and azimuth) at the native 30 s E/q scan time. The
dark gray region indicates that the instrument’s proton avoidance
had triggered, limiting the EA-IS voltages to prevent admittance
of ions below a given E/q threshold into the instrument to pre-
serve detector lifetimes (see Owen et al. 2020). The passage of a
shock is evident in panel (a) just before 22:50 UTC by the sharp
discontinuity in the spectra as the observed population shifts to
higher energy per charge and the count distribution increases in
intensity and broadens. The observed transitions correspond to
increases in the bulk plasma speed, density, and temperature,
respectively. We can see that after the shock the E/q distribu-
tion is broad and extends to the highest measured E/q values,
whereas measurements taken upstream show a local maximum
near 2 keV e~! (solar wind He?" ions) and a suprathermal com-

' Data are available at https://doi.org/10.7302/rt8v-6c70
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ponent (>8 keVe™'). The lack of a local maximum in flux in
the shocked region is due to the proton avoidance mode lim-
iting observations of the lower energy per charge range where
the distribution would be expected to decline. This can be seen
in panel (c), where the H* and He*" flux is cut off in E/q. HIS
recorded a gradual increase in suprathermal (>8 keV e~!) counts
just ahead of the shock as observed in both panels (a) and (b), as
observed in Wind/STICS measurements by Posner et al. (2004).
While the flux remains fairly steady before and after the shock,
small fluctuations can be observed to occur on time scales around
the 10 min resolution of the processed data. These small fluctu-
ations will likely provide important information about heavy ion
kinetics near shocks in future studies.

Figures 2b,c provide a closer look at plasma composition
by showing two E/q-TOF spectra. Different ion species con-
centrate along different magenta curves, denoting different m/q
values, as shown on the plot. Tons with m/q = 1 (H") are on
the far left and ions with m/q = 7 are on the far right (e.g.,
Fe®*). A diagonal dashed blue line depicts the (ground process-
ing) threshold (Vi — 2Vy) used to limit the accidental coin-
cidences that could skew recovery of ion characteristics. The
low-velocity cutoff was applied to the data during ground pro-
cessing and used to separate solar wind counts from TOF acci-
dentals that occur most often near the E/q peaks of H* and He?".
Proton avoidance shows up in these panels as the grey shaded
area, which is seen to shift to higher E/q after the shock pas-
sage. Panel (b) shows the E/q-TOF spectra immediately pre-
ceding the shock and panel (c) shows the spectra immediately
following the shock, indicated by the orange boxes in panel (a).
These histograms are constructed from 10-min accumulations
of the 30s E/q scans, equivalent to the time resolution of the
currently released composition data set available in the SOAR.
Different heavy ions are observed across a range of m/q val-
ues, with the solar wind concentrated in the region with peak
fluxes along the curves. The peaks in m/q tend to lie along a
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Fig. 2. HIS measurements about an interplanetary shock encountered by Solar Orbiter on 12 May 2022. Panel (a): HIS E/q spectra at native
30-s resolution over a 2h interval. Panels (b),(c): E/q-TOF distributions accumulated over 10-min before and after the shock, corresponding
respectively to the orange-outlined intervals in panel (a). Panels (d)—(g): E-TOF distributions at the peak E/q step for He?* and other M/q = 2 ions
(panels (d),(f)) and for Fe®* (panels (e),(g)). The colorbar is consistent throughout all panels. Dark gray indicates E/q steps affected by the
instrument’s proton avoidance (panels (a),(c)), magenta corresponds to m/q (panels (b),(c)) and ion species (panels (d)—(g)), dashed blue lines are
the velocity filter applied to the data panels (b)—(g), and thick black lines mark boundaries between priority ranges as listed in Table 1 panels
(c)—(g)). Suprathermal trails for (left to right in TOF) H'*, He?*, and He'* can be observed in panels (b),(c).
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diagonal curve in E/q vs. TOF space, which is proportional to the
solar wind velocity of the bulk plasma. Ions shift to higher E/q
along these curves as the solar wind speed increases, as seen in
panel (c). The general relationship between E/q, TOF, and solar
wind velocity can be found in Gloeckler et al. (1998). Before
the shock (panel (b)), each of the local maxima on the tracks
peak at lower E/q and are narrower in their E/q extent than after
the shock (panel (c)), where the higher bulk speed and increased
temperature are apparent. Following the shock, there is a dis-
continuity near the m/q = 2 maximum, outlined in black. Here,
the high He?* density saturated the priority range 5 event buffer
such that the buffer filled before proton avoidance triggered or
the E/q scan finished. As a result, no event words from prior-
ity range 5 could be selected for telemetry in these E/q steps.
The counts within this outlined region actually correspond to
CS* (also m/q = 2) that falls in priority range 3. The degeneracy
of m/q highlights the importance of E measurements, shown in
panels (d)—(g).

Figures 2d—g shows four E-TOF spectra. The E-TOF spectra
were obtained for each E/q step. For solar wind ions with similar
speeds, E/q is directly proportional to m/q, and the spectra shown
in Figs. 2d—g correspond to the m/q = 2 (panels (d),(g)) and
m/q = 6 (panels (e),(g)) peaks both before and after the shock.
In these spectra, the forward model positions for notable ions are
labeled in magenta. As can be seen in panels (d)—(g), the over-
lap between multiple species in E-TOF parameter space (e.g.,
near O%") necessitates the use of a maximum likelihood esti-
mator (MLE) processing to disentangle these populations. The
forward model centers, along with their corresponding widths
(not shown), form the basis for the probability distributions that
are input alongside the E-TOF distribution into the MLE pro-
cessing as described above. In other areas of E-TOF parameter
space, ions are more cleanly separated, such as between He?*
and C%*. The priority ranges for each step are overlaid on the
E-TOF spectra as thick black lines that have been optimized to
collect different ion species. The saturation of priority range 5
after the shock is visible as the white space near the He>* center
at E/q ~ 3.5 keVe™! (panel (f), TOF range 80-100 channels, E
range 60-90 channels). Despite this saturation, onboard velocity
distribution functions (VDFs; Owen et al. 2020) can be used to
correct for the saturation in priority ranges 5-6. The TOF acci-
dentals are visible in the E-TOF spectra extending off to the right
of the H* and He** peaks in panels (d) and (f). Accidentals are
most frequent with high-abundance and low-efficiency species.
As such, accidentals are identified by their broad TOF distribu-
tion over energy channels near the H* and He?* energy centers.
The velocity filter shown in panels (b) and (c) appear here as
vertical dashed blue lines in panels (d) and (f). Ion events to the
right of these blue lines are removed from our analysis to prevent
misassignment of these counts to other low-charge species (e.g.,
He™).

As of this writing, the above methodology has been used to
produce VO1 of the HIS Level 3 composition data set, which
is available at the SOAR. These data are available accumu-
lated to 10 min temporal resolution. For VOI, only the subset
of the full composition products which could be produced at
high quality were included (Table 2). For example, only charge
states 8—12* are included in the Fe charge state distributions.
As more data are accumulated on the ground, additional charge
states and composition data products will be added to this set
and the data set released as subsequent version numbers. The
full set of anticipated composition data products is described
in Owen et al. (2020). Occasional data gaps will occur due to a
variety of reasons: instrument-off, non-nominal operations, low
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Table 2. HIS VOl composition data products, available at 600 s
(10 min) time resolution.

Current data products

Elemental abundances
Fe6—20+/05—8+

Ionic charge states
O7+ /06+

C6+ /C5+

C6+ /C4+

(Qo)

(Qc)

Ionic charge state distributions
0i(0),i=5,...,8
Qi(C),i=4,...,6
Qi(Fe),i=8,...,12

Bulk properties

O6+ (Vbulk’ Vthermal)

data-confidence intervals. More detailed information on the data
products can be found in the data release notes provided at the
SOAR.

4. Example events

In this section, we present two intervals that feature heavy ion
composition parameters for different solar wind structures. The
same heavy ion parameters are plotted for both intervals in
Figs. 3 and 4. Panel (a) shows magnetic field data from MAG
(Horbury et al. 2020), including the magnetic field in RTN coor-
dinates (Bg, Br, By) as well as the magnitude (|B|); a data gap
is present from 15:00 12 May — 04:20 13 May 2022. Panel (b)
shows n,, the proton density, from PAS, and panels (c),(d) show
the PAS vy, proton velocity, and v, s, thermal speed (black) along
with the HIS vger vip,06+ in red. Panels (e)—(g) plot the C, O, and
Fe charge state distributions, showing the relative abundances
of individual ions. The black lines in panels (e),(f) are the aver-
age charge state values overlaid on the charge state distributions.
Panels (h)—(j) show O7+/0%, Co /C5*, and CO*/C*, respec-
tively. Panel (k) shows Fe/O. We note that prior studies of vge+
have shown strong correlation with vy2-, making it a good proxy
for solar wind speed (Hefti et al. 1998). Hereafter, references to
solar wind speed in the figures assume we are referring to vge-.
The first example interval is shown in Fig. 3 for the period
12 to 13 May 2022, when Solar Orbiter was between ~0.802—
0.807 AU. Between 22:00-23:00h UTC the plasma parameters
(density and speed) indicate a relative strong ICME driven shock
signature followed by the sheath region of compressed solar wind,
marked by the first solid vertical red line. The ICME region
(bounded by the vertical dashed black lines) is observed from
00:00-11:00 UTC on May 13, 2022. This interval is followed by a
slow reverse shock propagating towards the Sun just before 12:00
UTC on 13 May 2022 (marked by the second solid vertical red
line). The ICME interval is estimated to last from just after the
sheath to just before the reverse shock on the trailing edge. Here,
both the plasma density (panel (b)) and the proton thermal speed
(panel (d)) decreases while the total magnetic field (panel (a))
and the proton speed (panel (c)) increase. This is a signature of a
slow reverse shock. These discontinuities are weak and difficult to
observe and to identify. More details of this type of discontinuity
in the solar wind were first provided by Burlaga & Chao (1971).
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Fig. 3. In situ measurements of an event in the solar wind on 12 to 13 May 2022. (a) MAG magnetic field RTN components and magnitude, (b)
PAS n,, (¢)—(d) PAS v;, and v ¢, and HIS vge+, and vge- g, (€)—(g) elemental charge state distributions of C, O, Fe, (h)—(j) ion charge state ratios, and
(k) Fe/O element abundance ratio. The first solid vertical red line marks the shock arrival time as observed by HIS. The ICME region is bounded
vertical dashed black lines. A reverse shock is marked by the second solid vertical red line.
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Fig. 4. In situ measurements of an ICME in the solar wind on March 8-9, 2022. (a) MAG magnetic field RTN components and magnitude, (b)
PAS ny, (c)—(d) PAS v, and v, and HIS vge., and vge+ ., (€)—(g) elemental charge state distributions of C, O, Fe, (h)—(j) ion charge state ratios,
and (k) Fe/O element abundance ratio. The ICME start is marked by the first vertical solid black line, with the magnetic obstacle arrival marked
by the vertical dashed black line. The end of the ICME and magnetic obstacle are marked by a second vertical solid black line.
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For more details on the association of reverse shocks and ICME
evolution, we refer to Manchester et al. (2017, and references
therein).

Figure 3 also includes the period shown above in Fig. 2.
The interval begins with solar wind speeds near 425 km s~ and
a thermal speed of approximately 50-60km s~!, characterized
by O7*/0% ~0.06. A comparison of these values with liter-
ature values indicates that they fall within the range expected
for quiet-Sun related solar wind near solar minimum; yet they
are also similar to coronal hole related solar wind values dur-
ing solar maximum (Zhao et al. 2017a). As this time period
occurs during the ascending phase of the present solar cycle
(source: WDC-SILSO, Royal Observatory of Belgium, Brus-
sels), this value for O7*/O% does not uniquely delineate the
solar wind source region. However, the Fe/O ratio begins near
0.12, a value associated with slow solar wind (e.g., Wurz et al.
1999; Aellig et al. 1999; von Steiger & Zurbuchen 2011). While
O’*/0% has long been held as a standard marker of fast vs.
slow solar wind (coronal hole vs. quiet Sun and active region
sources of solar wind), C®"/C** has been found to be a more
robust marker of solar wind type as carbon tends to freeze-in
lower in the corona (Landi et al. 2012). Due to the evidence from
Fe/O and the higher C®*/C*" ratio, it seems that the region pre-
ceding the shock is slow solar wind of quiet Sun origin. The
appearance of the shock at ~22:48 UTC is evident by the sharp
increase in np, Vp, Vph, Vos+, and viy.os+, which demonstrates the
heating and acceleration of the 0% velocity distribution across
the shock. The composition parameters also shift after the shock.
As the solar wind transitions to faster speeds, the O7*/O%" and
CS* /C>* ratios shift up indicating that HIS is still sampling wind
that originates from outside of coronal holes, perhaps from an
active region (Zhao et al. 2009). Somewhat counter-intuitively,
the C%/C** ratio shifts down indicating changes to the thermal
environment or density structure lower in the corona that is likely
enhancing the C** possibly by broadening the charge state dis-
tribution as evidenced in panel (c). Fe/O increases as well, also
suggesting that this wind originates from outside of a coronal
hole.

This shock does not seem to be driven by fast solar wind,
especially since the composition does not change to reflect low
latitude coronal hole properties and the distance of Solar Orbiter
(~0.80au) is likely too close to allow the stream interaction
region to steepen into a shock (Jian et al. 2006). While there is a
slight increased average charge states of carbon and oxygen sug-
gesting an ICME origin for the shock, there is no clear evidence
of a flux rope structure in the MAG data (courtesy SOAR). The
lack of an obvious shift to higher Fe charge states,as is often
observed within magnetic clouds (Aellig et al. 1998), suggest
that either Solar Orbiter does not pass through the hottest part
of the ICME or the ICME heating close to the Sun occurred in a
region that did not affect the Fe freeze-in. We note that the charge
states that are currently provided only include Fe®* to Fe!>*,
since a refinement of the analysis of higher Fe charge states is
still ongoing. It is possible that higher charge states exist during
this time interval, but they are simply not visible in the delivered
data.

It is worth noting that composition changes occur contem-
porary to the shock passage (~22:48 UTC). This rapid transi-
tion in composition at a shock associated with an ICME has
been reported previously, for instance, in Wurz et al. (1998).
Furthermore, Kilpua et al. (2017) compared sheath and ICME
plasma and found that ICMEs tend to included a pronounced
tail towards higher charge states and element abundance ratios;
this study also showed that a non-zero fraction of sheath obser-

vations can reach O’*/0%" > 1.0 and Fe/O > 0.16. Additionally,
the shape and thickness of the sheath can vary strongly based
on the curvature of the ICME and observational cut through the
ejecta. Future investigations into this event can leverage broader
Fe charge states to further constrain the thermal history of the
solar wind during this event. The distinct changes in the com-
position pre- and post-shock indicate that the source region or
conditions have changed between the two solar wind streams.
The sharp increase in vy,.06+ sSuggests local heating at the shock,
which is explored in more detail by Alterman et al. (in prep.)
with Fe®* to Fe!?* during a different shock observed on March
11, 2022.

The second example interval is shown in Fig. 4 for the period
from March 8 to 9, 2022 when Solar Orbiter was traveling along
its orbit from ~0.480-0.463 AU. This period is characterized by
varying solar wind structures, with an ICME with clear compo-
sition signatures occurring near 18:00 UTC, marked by a verti-
cal solid black line. The magnetic obstacle associated with this
ICME begins just before 22:00 UTC on March 8, 2022 (the first
vertical dashed black line) and persists until 08:00 UT on March
9, 2022. The solar wind O°* velocity remains in the range 360—
500 kms~! during the entire interval. Based on the O%* velocity
and thermal velocity profile, the composition changes, and the
boundaries of the magnetic obstacle, the ICME is estimated to
have lasted until 08:00 UTC (marked by the second vertical solid
black line). The arrival of the shock associated with the ICME
corresponds to significant changes in the charge state distribu-
tions for C, O, and Fe, with all of them shifting towards higher
charge states. The shift to higher charge states has been well
documented in literature as a reliable signature of heated ICME
material (e.g., see Leprietal. 2001; Zurbuchen & Richardson
2006, and references therein). There is a clear enhancement of
the higher charge states of C, O, and Fe during the first half of the
ICME. During the second half, the high charge states are more
intermittent, indicating the presence of structures that vary on
times scales of 10 s of minutes. The charge state ratios also show
enhancement during the ICME period, with the O7* /0% hav-
ing the most noticeable increase that lasts throughout the ICME.
The Fe/O is enhanced during the first half of the ICME and
then returns to slow wind values towards the end of the ICME;
it remains there for the duration of the interval, despite some
additional structure after the second shock. The structure of the
heated material seen in the ICME at a 10 min temporal resolu-
tion will provide valuable insights into the thermal history and
the source regions of ICME plasma when considered in the con-
text of models of ICME initiation and release.

5. HIS statistics and SWICS comparison

As the solar wind expands out of the solar corona, the freeze-
in process occurs as the ionization and recombination processes
governing the charge states in radially evolving solar plasma
become less and less effective at larger heliocentric distances
(Hundhausen et al. 1968). Eventually, the plasma becomes too
tenuous for ionization and recombination to continue, resulting
in fixed, or frozen-in, charge states after a given heliocentric dis-
tance which varies for different ions species. Due to this freeze-
in process, ion ratios remain the same just after the solar wind
leaves the low corona, well below the distances from the Sun
reached by the Solar Orbiter. This allows for a direct compari-
son of heavy ion statistics throughout the heliosphere outside of
this distance. Theoretical freeze-in distances have been predicted
to range from 1 to 5 Rgy, in the solar wind (Landi et al. 2012;
Shen et al. 2017), while extending from 15 to 20 Ry, in CMEs
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Fig. 5. HIS observations of O%* bulk speed (vector length) and O7* /O%*
ratio (vector color) over Solar Orbiter’s first science orbit from January—
June 2022. Perihelion and interval start+stop dates are labeled in black
and the event dates from Figs. 3 and 4 are labeled in red.

(Rivera et al. 2019a). As Parker Solar Probe does not provide
such composition measurements, HIS will be the first dedicated
instrument to provide mass and charge resolved heavy ions mea-
surements in the solar wind below 1 au, while ACE and Ulysses
SWICS observations were taken at 1au and beyond. There-
fore, ions measured by HIS in the inner heliosphere should be
generally consistent with those observed with the ACE/SWICS
and Ulysses/SWICS instruments at larger heliocentric distances
while providing a more detailed view of solar wind substructure
and its associated processes.

We find that HIS observations collected to date are in line
with the established heavy ion trends previously observed at
1 AU and beyond. Figure 5 shows the orbit of Solar Orbiter from
January to June 2022 between ~0.32—-1 AU, where the path is
in black, the vector length from the path shows the 0% speed,
and the vector color indicates the mean O7*/O° value associated
with that period. We find that measurements throughout the orbit
exhibit a strong correlation between the characteristic solar wind
speed and the O ion ratio. Slower speed solar wind contains the
highest O7*/O%* values while the ion ratio decreases for higher
speed wind. The broad range of values of O*/O%" observed indi-
cate that Solar Orbiter was intersecting solar wind connected to
a range of source regions as it swept through the inner helio-
sphere (Zhao et al. 2009). We note that the O’*/O%* value is not
strictly the same for a specific speed wind but rather a sensitive
marker of the varying coronal structures and thermal conditions
of where it originated from. Measurements from this nearly full
orbit of Solar Orbiter reveal O”*/O%" and other heavy ion prop-
erties with unprecedented detail, capturing fine-scale structure in
the solar wind that will reveal important details of its birthplace
and outflow dynamics.

Figure 6 compares the solar wind’s ionic behavior as
observed by HIS (left column, panels (a) and (c)) during this
orbit with analogous ACE/SWICS observations from 1998—
2011 (right column, panels (b) and (d)). The top row plots a
2D histogram of O”*/0%" as a function of O%" speed for HIS
(panel (a)) and SWICS (panel (b)). The normalized 1D his-
togram of the different quantities is shown to the left of each
plot. The bottom row plots Fe/O over the indicated charge states
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for both Fe and O, also as a function of Q°* speed in a sim-
ilar manner for HIS (panel (a)) and SWICS (panel (b)). The
2D histograms of HIS data are collected from January 17, 2022
to June 26, 2022. The figure demonstrates that 07+ /0% ion
ratios exhibit their typical anticorrelated speed dependencies,
showing higher ratios in the slowest speed wind that gradually
decreases with increasing solar wind bulk speed. This relation-
ship is also observed in the 2D histogram of C®*/C>* against 0%+
speed that is not shown in the figure. The Fe/O element abun-
dance ratio is shown to span from photospheric values, where
Fe/O = 0.0589 or log,((Fe/O) = —1.23 (Asplund et al. 2021),
to values enhanced by two to three times the photospheric value
at slow solar wind speeds (Aellig et al. 1999; Wurz et al. 1999).
At higher solar wind speeds, Fe/O is confined to lower values.
This resembles the range of values observed by ACE and Ulysses
(Stakhiv et al. 2015, 2016).

Figure 7 shows 2D histograms of HIS (panels (a),(c)) and
ACE/SWICS (panels (b),(d)) measurements of C®*/C>* versus
07+/0% and 0% thermal velocity against O%" speed for the
same periods as Fig. 6. Panels (a) and (b) show that HIS observes
a strong positive correlation between C%* /C>* and O”*/0°%* sim-
ilar to that observed by ACE/SWICS (Zhao et al. 2017b). Addi-
tionally, a small fraction of plasma contains ion ratios that fall
below the main population are visible in panel (a) and likely rep-
resent the same outlier wind as identified in ACE/SWICS mea-
surements (Zhao et al. 2017b; Kocher et al. 2017; Rivera et al.
2021). Zhao et al. (2017b) developed a linear fit to quantify the
correlation between C®*/C>* and O”*/0%", identifying the out-
lier wind based on solar minimum conditions. This linear rela-
tionship is shown by the solid red line in both panels (a) and (b),
and the dashed red line marks the upper boundary of the outlier
wind (Zhao et al. 2017b). The outlier wind is found to be asso-
ciated with dropouts first discovered through the notable devia-
tion of the C®*/C3* ratio from its correlated behavior with the
O7*/0%" ratio, where the C®/C>* value appears significantly
lower than the statistical trend would suggest. Follow-up stud-
ies have found that along with dropouts in C®*/C>*, other bare
ions (i.e., ions with mass-per-charge equal to 2 and fully stripped
of electrons) are anomalously reduced in the solar wind as well.
However, it remains unclear how the plasma becomes depleted
of those ions.

The positive correlation between C%*/C3* and O7*/0°%*
observed in the HIS observations, made just after solar minimum
has a similar slope, but is shifted compared to SWICS observa-
tions accumulated over a whole solar cycle. This shift to lower
ion ratios is likely due to solar cycle effects where ion ratios are
generally lower at solar minimum compared to solar maximum
(Lepri et al. 2013). This trend is visible in the Zhao et al. (2017b)
paper during the ascending phase of the solar cycle, where the
majority of the points lie below the 2007 best-fit line. These HIS
observations support the idea that the process responsible for the
absence of those specific ions in the outlier wind may originate
closer to the Sun (Raymond et al. 2022).

The bottom row (panels (c) and (d)) of Fig. 7 shows that
the thermal speed of O% exhibits a correlated speed depen-
dence in accordance to previous observations (Tracy et al. 2015).
While the freeze-in process establishes charge state distribu-
tions in the plasma within a few solar radii of the Sun, wave-
particle interactions and turbulence will continue to influence
ion kinetic properties such as their velocities and temperatures
as the plasma evolves away from it. For instance, alpha to pro-
ton differential streaming, v, ,, normalized to the Alfvén speed,
C4, have long been observed to decreases with increasing dis-
tance from the Sun, as well as with decreasing solar wind speed
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Fig. 6. 2D histograms of Solar Orbiter HIS (left column) and ACE/SWICS (right column) measurements of O’*/O% ion ratio and Fe/O relative
elemental abundance against O%" speed over Solar Orbiter’s first science orbit from January to June 2022 and ACE measurements collected

between 1998-2011.

(Robbins et al. 1970; Marsch et al. 1982a,b; Neugebauer et al.
1996; Kasper et al. 2017; Alterman et al. 2018). Similarly, heav-
ier ions (Z > 2) are observed to differentially stream faster
than protons, with an average streaming value of half the local
Alfvén speed (Berger et al. 2011). Correspondingly, ion temper-
atures appear super-mass proportional, where Tion /T, > Mijon /11,
in coronal hole wind, while the large temperature differences
among the ions collapses towards the proton temperature in
dense, slow speed wind. The reduction of differential streaming
and super-mass proportional temperature signatures across solar
wind speed and heliocentric distances are often attributed to the
strong coupling between ions and protons that ultimately lead

to their thermalization (Tracy et al. 2015, 2016). The correlated
speed dependence can be observed in O%*, as plotted in Fig. 7,
showing the O%* thermal speed rising with increasing solar wind
speed. The dependence is most noticeable at lower speeds where
the thermal speed climbs sharply from solar wind speeds 200
to 450 km s~! and plateaus toward higher speeds. Note that the
0% thermal speed observed with HIS (panel (c)) throughout the
inner heliosphere extends to higher thermal velocities compared
to the O% thermal velocity observed with SWICS (panel (d))
for the same speed wind at 1 au. The higher O%* thermal speed
observed with HIS suggests that non-negligible kinetic effects
are present between these heliocentric distances.
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Fig. 7. 2D histograms of Solar Orbiter HIS (left column) and ACE/SWICS (right column) measurements of C%* /C>* versus O’*/O% ion ratios
and O%* thermal velocity against O%* over Solar Orbiter’s first science orbit from January—June 2022 and ACE measurements collected between
1998-2011. The red solid and dashed lines in the plots of the top row show the linear fit of all 2007 SWICS data and an empirically selected offset
below of the same slope, respectively, as done for Zhao et al. (2017b). The dashed line indicates periods in the solar wind where C®/C>* ratios
fall outside of the typical correlated trend expected to O’ /O%*. The solar wind with C®* /C3* values below the dashed line is the so-called “outlier
wind”, whose value is lower than expected given an anonymously low C®* abundance (see details in Sect. 5).

6. Discussion and conclusions

In this paper, we present an overview of the first measure-
ments of heavy ion composition from Solar Orbiter’s HIS. We
described the methods used to transform spectra obtained on
board into heavy ion composition parameters that have been
made available for public use. We present an overview of two
intervals of variable solar wind, whereby ICMEs were identi-
fied as embedded and identified by their unique composition.
We also examine the statistical nature of the HIS heavy ion mea-
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surements collected to date and observe a consistency with prior
measurements further out in the heliosphere.

The HIS dataset provides the first mass- and charge-resolved
heavy ion measurements within 1 AU. From the accumula-
tion of heavy ions throughout the first perihelion, we find HIS
is in good agreement with ionic solar wind trends established
from decades of ACE and Ulysses observations at 1 AU and
beyond. These provide a basic confirmation of predictions from
ion freeze-in theory and coronal observations (Landi et al. 2012;
Boe et al. 2018; Gilly & Cranmer 2020) as well as an essential
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link between solar wind structures and their source regions on
the Sun. Correspondingly, the high temporal resolution avail-
able from HIS has the capacity to capture never-before-seen fine-
scale solar wind structure enabling a more detailed examination
of kinetic effects that are key to understanding the formation
and energization of solar plasma (Rivera et al. 2022b). These
high temporal resolution data have the potential to transform our
understanding of the source, acceleration, and release of plasma
out of the solar corona, as well as to deepen our understanding of
plasma environments around planets, comets, and the interstellar
medium via PUIs.

HIS measurements, when combined with measurements
from other ins situ and remote sensing instruments, will help
build a more complete picture of the solar wind and its link to
the solar corona. For example, the combination of HIS measure-
ments with remote sensing measurements from spectrometers
such as Solar Orbiter’s SPectral Imaging of the Coronal Envi-
ronment instrument (SPICE; SPICE Consortium 2020) provide
novel opportunities to link solar wind features at the Sun based
on their composition properties to differentiate among various
physical models of the Sun’s atmosphere (Peter 1998; Uzzo et al.
2003; Laming et al. 2019; Réville et al. 2021).
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