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To obtain measurements that will address some outstanding questions about the
properties and origin of the magnetic and plasma structure of the heliosphere a simple
single-spacecraft mission at one AU is outlined. By focusing on large-geometric-factor
measurements of particles (protons, alphas, heavy ions, and electrons) several
longstanding questions can be answered. The key objectives of the large-geometric-
factor measurements are lower noise and faster time resolution. Much of the focus is on
critical measurements associated with the ubiquitous current sheets (directional
discontinuities) of the solar wind that provide information about the origin and evolution
of the current sheets and about the origin and evolution of the magnetic and plasma
structures that they define.
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1 INTRODUCTION

A simple single-spacecraft mission at one AU that focuses on large-geometric-factor (effective
large collecting area) ion and electron measurements could greatly advance the understanding of
the heliosphere, specifically on two outstanding questions in heliospheric physics: (A) What is
the magnetic and plasma structure of the heliosphere? and (B) Where does that structure come
from?

It is critical to unambiguously detect subtle changes in the particle properties (protons, alphas,
heavy ions, electrons) across solar-wind directional discontinuities (current sheets). Focusing on
obtaining accurate measurements of the changes in the ion and electron properties across solar-wind
discontinuities, the mission would determine 1) which discontinuities are fossils from the Sun and
which discontinuities could have been created in the solar wind away from the Sun, 2) which
discontinuities in the solar wind are rotational discontinuities (propagating Alfvénic field kinks) and
which are tangential discontinuities (plasma boundaries), and 3) the fingerprints of discontinuity-
evolution processes acting in the solar wind away from the Sun.

Making these determinations about solar-wind discontinuities is important because these
determinations 1) provide remote information about processes acting in the solar corona, 2)
provide information about the nature and origin of the magnetic ductwork that transports
energetic particles and solar heat flux, 3) provide an assessment as to the impact of turbulence
on the evolution of the solar wind and the heliospheric structure, 4) provide information about the
origin and evolution of the solar wind from an individual-flux-tube point of view, and 5) connect the
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intermittent driving of the Earth’s magnetosphere-ionosphere
system to structure in the corona and to processes occurring in
the solar wind.

In this note we will make the case for lower-noise and higher-
time-resolution measurements of ions and electrons in the solar
wind at one AU. Basically, the push will be to field instruments
with larger geometric factors to obtain improved particle count
rates resulting in lower statistical noise for ion and electron
measurements. Of particular interest will be heavy-ion
spectrometers that can measure ion-charge-state ratios with
higher time resolution than present spectrometers can.

2 THE MEASUREMENTS OF INTEREST

The measurements of interest are high-time-resolution and low-
noise measurements of particle boundaries and their association
with current sheets. The particle populations of interest are
protons, alphas, heavy-ion charge states, core electrons, and
the electron strahl.

2.1 Crossing Current Sheets
Vital information about the structure of the heliosphere and the
origin of that structure comes from comparing the plasmas on the
two sides of a directional discontinuity (current sheet). Note that
there are common thin current sheets and there are rarer thick
current sheets in the solar wind, the thick current sheets being for
example the heliospheric current sheet that separates magnetic
sectors of the heliosphere (Smith, 2001) and current sheets
associated with the corotating-interaction-region stream
interfaces (Borovsky, 2006). The focus here is not on these
thick current-sheet structures, but on the ubiquitous thin
current sheets of the solar wind. At 1 AU these current sheets
have thicknesses on the order of 1,000 km (Siscoe et al., 1968;
Vasquez et al., 2007; Borovsky and Steinberg, 2014) as
determined using the Taylor hypothesis with each current
sheet passing a spacecraft in 1–4 s. The current sheet
thicknesses are much larger than the plasma kinetic scales ion
gyroradii and ion inertial lengths (Vasquez et al., 2007) so they
tend to be stable against Petschek-type collisionless-plasma
reconnection. Additionally, the solar wind plasma is
everywhere expanding (except across interplanetary shocks), so
the strong current sheets will not thin by compression. (But see
Lazarian and Vishniac (1999), Artemyev (2008), Zelenyi et al.
(2011), Zelenyi et al. (2021), Lazarian et al. (2020) for other ideas
about current-sheet reconnection). Solar-wind current sheets
pass a spacecraft at a rate of a few per hour, which is about
30,000 per year. (The current sheet collection of Borovsky (2008)
was about 10,000 per year, but that collection only selected very
strong current sheets). Each current sheet spatially separates two
plasmas. A current sheet is characterized by a sudden large
change in the direction of the magnetic field from the one
plasma to the other. Examination of the spacings and
orientations of the current sheets in the solar wind leads to a
“flux-tube spaghetti” picture of the heliospheric magnetic
structure with the magnetic flux tubes meandering along the
Parker-spiral direction (McCracken and Ness, 1966; Michel,

1967; Bruno et al., 2001; Borovsky, 2008, Borovsky, 2010a;
Greco et al., 2008; Pecora et al., 2019). The spacings and
orientations of the current sheets in the solar wind are
consistent with a flux-tube spaghetti picture of the
heliospheric magnetic structure and this will be the picture
used in this manuscript. A depiction of the background flux-
tube heliosphere appears in Figure 1. In the spaghetti, large
temporal changes in the magnetic-field direction are seen when a
spacecraft crosses a current sheet and smaller angular wiggles of
the magnetic-field direction are seen within the flux tubes (Bruno
et al., 2001; Borovsky, 2008).

Besides the flux-tube-spaghetti depiction, there are other
depictions of the magnetic structure of the solar wind, e.g., an
admixture of flux tubes, plasmoids (flux ropes), magnetic islands,
and localizedmagnetic structures (e.g., Tamano, 1991; Khabarova
et al., 2015; Khabarova et al., 2016; Adhikari et al., 2019;
Malandraki et al., 2019; Khabarova et al., 2020), depicted in
Figure 24c of Khabarova et al. (2021). Flux ropes and plasma
blobs are important constituents of the very slow sector-reversal-
region plasma originating from coronal streamer stalks (Wang
et al., 1999; Sheeley and Rouillard, 2010; Viall et al., 2010; Viall
and Vourlidas, 2015; Kepko et al., 2016; Di Matteo et al., 2019).
Relatedly, sector-reversal-region plasma at one AU tends to have
magnetic fields that are not Parker-spiral oriented (Borovsky,
2020a) and tends to have a weak electron strahl (Borovsky,
2021b), both being indicative of impulsive emission of plasma
from the Sun with poor magnetic connections back to the Sun.

The origin of this flux-tube magnetic structure (and the
intermittent driving of the Earth) is still an outstanding issue
(Neugebauer and Giacalone, 2010, Neugebauer and Giacalone,
2015; Li and Qin, 2011; Owens et al., 2011; Telloni et al., 2016; Tu
et al., 2016; Viall and Borovsky, 2020). The origins might involve
fossil magnetic flux tubes from the corona (McCracken and Ness,
1966; Borovsky, 2008, Borovsky, 2016), current sheets created by
MHD turbulence in the solar wind (Greco et al., 2009; Zhdankin
et al., 2012; Vasquez et al., 2013), evolving Alfvén waves
propagating out from the Sun (Tsurutani and Ho, 1999;
Vasquez and Hollweg, 1999), or advected pressure-balance
structures (Riazantseva et al., 2005a; Zhang et al., 2008; Tu
et al., 2016).

Current sheets (directional discontinuities) dominate the
magnetic structure of the heliosphere, cellularizing the field
and plasma into a spaghetti of tubes, as indicated by the
common plasma-property jumps seen when crossing current
sheets [cf. Figures 3, 5 of Borovsky (2008)]. These tubes form
the magnetic ductwork of the heliosphere that enables the long-
distance transport of energetic particles and solar heat flux along
magnetic-field lines. This transport ductwork is readily seen in
the changes of strahl intensity across current sheets (Gosling
et al., 2004a,b; Borovsky, 2020b) and the changes in SEP flux from
tube to tube (Trenchi et al., 2013). The current sheets that
separate the tubes dominate the Fourier power of the solar
wind (Siscoe et al., 1968; Borovsky, 2010b) and current-sheet
properties (occurrence distribution, thicknesses, and profiles)
determine the details of the Fourier magnetic power spectral
density that has been analyzed for decades (Borovsky and
Podesta, 2015; Borovsky and Burkholder, 2020). As the
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spaghetti of flux tubes passes the Earth, the Earth sees sudden
changes in the orientation of the solar-wind magnetic field from
flux tube to flux tube. The driving of the Earth’s magnetosphere
by the solar wind is very sensitive to the orientation (“clock
angle”) of the solar wind magnetic field (Komar and Cassak,
2016) so flux tube to flux tube the rate of driving changes,
resulting in an temporally on-off driving of the Earth
(Borovsky, 2020a). The ultimate cause of this intermittent
driving of the Earth is unknown: it could be solar-wind
turbulence or it could be coronal magnetic structure.

Early analysis of the background heliospheric magnetic
structure and its origin focused on the question of whether
current sheets (directional discontinuities) are tangential
discontinuities (plasma boundaries) versus rotational
discontinuities (propagating field kinks) (e.g., Burlaga and
Ness, 1969; Turner and Siscoe, 1971; Neugebauer et al.,
1984; Lepping and Behannon, 1986; Soding et al., 2001). To
discern whether a directional discontinuity is a rotational
discontinuity versus a tangential discontinuity, the focus
historically has been 1) to determine the orientation of the
current sheet, 2) to determine the local magnetic-field
direction, and then 3) to discern by the orientation whether
or not the magnetic-field lines are crossing the current sheet.
Field lines crossing a current sheet indicates that it is a
rotational discontinuity. [Another possibility that could be
considered for field lines crossing the current sheet is a
“contact discontinuity” (e.g., Burlaga, 1971), however
indications are that contact discontinuities cannot persist in
collisionless plasmas such as the solar wind (cf. Lapenta and
Brackbill, 1996)]. When current sheets are highly oblique to the
magnetic-field direction [which multispacecraft measurements
indicate that they tend to be (Horbury et al., 2001; Knetter et al.,
2003,2004; Riazantseva et al., 2005b,c)] this rotational-versus-
tangential determination is difficult and tends to yield

ambiguous classifications about rotational versus tangential
discontinuities (Neugebauer, 2006; Paschmann et al., 2013;
Artemyev et al., 2019; Sonnerup, 2022).

When a spacecraft crosses a current sheet from the plasma on
one side of the sheet into the plasma on the other side, often
changes other than the direction of the magnetic field can be seen.
Current-sheet crossings can exhibit “jumps” in the value of the
magnetic-field strength |B|, in the value of the proton and
electron number densities np and ne, in the proton
temperature Tp, in the proton specific entropy Sp = Tp/np

2/3,
in the proton-beta βp = 8πnpkBTp/B

2, in the core electron
temperature Te core, in the intensity of the electron strahl, and

FIGURE 1 | A simple sketch (to scale) of the background heliospheric structure that forms a magnetic ductwork for the transport of energetic particles and that
produces the intermittent driving of the Earth’s magnetosphere. In the sketch no fast-versus-slow wind is depicted and no ejecta is depicted.

FIGURE 2 | Superposed epoch averages of change in the direction of
the solar-wind magnetic field with the zero epoch being an ion-composition
boundary as identified by a sudden change in the α/p value. The green curve
plots the 64-s change in the field direction for 315 α/p boundaries
identified with the ACE spacecraft and the red curve plots the 97-s change in
the field direction 322 for α/p boundaries identified with the WIND spacecraft.
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in the alpha-to-proton number-density ratio α/p (helium
abundance).

An example of this appears in Figure 2 where jumps in the α/
p time series at one AU are statistically examined from
measurements onboard ACE and separately from
measurements onboard WIND (cf. Borovsky, 2020b). The
measurements utilized for the α/p number-density ratio were
64-s resolution measurements from ACE SWEPAM (McComas
et al., 1998) and 97-s resolution measurements from WIND
SWE (Ogilvie et al., 1995; Kasper et al., 2006). Times when
distinct changes in the α/p value are seen are collected: to be
collected, the changes in α/p must be clearly larger than the
“shot noise” of the α/p measurements in the time series. Then
the temporal changes Δθ in the direction of the solar wind
magnetic field at each spacecraft are calculated in the time series.
Figure 2 shows superposed-epoch averages of the temporal-
field-change angle Δθ for the two collections of α/p jumps with
the zero epoch (t = 0) at the time of each α/p jump. The large
values of Δθ at the times of the α/p jumps indicate that these α/p
jumps are occurring across current sheets in the solar wind. α/p
ion-composition boundaries cannot be created in the solar wind
away from the Sun. If the plasma has a uniform ion
composition, there are no in situ processes that can change
that composition. Hence the observed α/p boundary seen at one
AU must have been created in the corona and survived intact
advected to one AU. It follows that the current sheets observed
at one AU that have α/p jumps across them are fossil current
sheets from the corona. These particular current sheets are
inconsistent with current-sheet formation by MHD
turbulence or by other in situ processes in the solar wind.
The current sheets being fossils from the Sun implies also
that the magnetic-flux tubes adjacent to the current sheets
are magnetic fossils from the corona.

Note that aside from identifying individual fossil current
sheets via α/p boundaries, there are statistical methods that
indicate that most of the current sheets of the solar wind are
fossils (Borovsky, 2021a): these methods examine the statistical
properties of the current-sheet orientations and compare those
properties with estimates of the unidirectional compression or
rarefaction of the solar-wind plasma (Borovsky and Denton,
2016; Borovsky, 2020e).

The association of jumps in ion and electron parameters at
current sheets are in general demonstrated in Figure 3 of
Borovsky (2008). The association of proton-specific-entropy
jumps with current sheets is shown in Figure 5A of Borovsky
(2008). The associations of jumps in the proton number
density, the proton specific entropy, and the proton beta
with current sheets is shown in Figure 6 of Borovsky (2012).
The association of α/p ion-composition boundaries with
current sheets is shown in Figure 5B of Borovsky (2008) and
examined extensively in Borovsky (2020b). The association of
strahl-intensity boundaries with current sheets is discussed in
Gosling et al. (2004a,b) and Borovsky (2021b) and studied
extensively in Borovsky (2020b). The association of jumps in
the electron number density and core-electron temperature
with current sheets was studied extensively in Borovsky et al.
(2021).

2.2 What the Tube-To-Tube Jumps Indicate
Observing changes in different quantities when crossing a current
sheet from one flux tube into another flux tube provides
information about the heliospheric magnetic structure and its
origins: specifically about the current sheet and about the two
adjacent flux tubes. For structure that can be identified as fossil,
information about coronal processes might be obtainable.Table 1
summarizes some of the information that is obtained by
observing jumps in specific quantities across the solar-wind
current sheets.

As noted above, an observable jump in the alpha-to-proton
number-density ratio α/p (helium abundance) across a current
sheet indicates that current sheet is a fossil (relic) from the solar
corona (first row of Table 1). A jump in a heavy-ion charge-state
ratio would also indicate a fossil current sheet, however the time
resolution of present-day heavy-ion spectrometers is too slow to
perform such a measurement across a current sheet. Charge-
state-ratio measurements across a current sheet would provide
unique insight into the differences in magnetic mapping of the
two adjacent flux tubes into the corona and provide information
about the magnetic mapping of the corona out into the
heliosphere. As noted in Table 1, a change of α/p or the
charge-state ratio across a current sheet also indicates that
current sheet is a tangential discontinuity, not a rotational
discontinuity.

The electron strahl at one AU is a field-aligned population of
energetic electrons that are the coronal hot electrons escaping
along magnetic field lines out into the heliosphere (Feldman et al.,
1976; Pilipp et al., 1987; Maksimovic et al., 2005). This standard
picture of the origin of the strahl emanating from the corona is
supported by statistical observations of the strahl evolving into
the halo-electron population with distance from the Sun (e.g.,
Stverak et al., 2009), although there are suggestions that strahl-
electron populations can be created in situ away from the Sun by
whistler waves (Vocks et al., 2005) or by reconnection
(Khabarova et al., 2020). Electron-strahl-intensity jumps across
current sheets indicate either 1) that the plasma on the two sides
of the current sheet magnetically connect to two different regions
of the corona (e.g., Gosling et al., 2004a,b; Borovsky, 2021b) or 2)
that physical processes in the plasmas on the two sides of the
current sheet produce different amounts of scattering of the strahl
electrons. Either indication implies that the current sheet is
coherent back to the Sun. As noted in the second row of
Table 1, a clear conclusion of a current sheet exhibiting a
jump in the strahl intensity is that current sheet is not a
rotational discontinuity, rather it is a tangential discontinuity
(plasma boundary).

Jumps in the core electron temperature Te core from flux tube
to flux tube were examined by Borovsky et al. (2021). In exobase
models of the solar wind the local value of the core-electron
temperature Te core is a direct measure of the local value of the
interplanetary electrical potential ϕ with respect to infinity
(Feldman et al., 1975; Boldyrev et al., 2020; Moncuquet et al.,
2020). As noted in Table 1, differences in Te core across a current
sheet imply differences in ϕ in the two flux tubes. Differences in ϕ
from tube to tube imply that the exobase model operates
independently from one flux tube to another. This leads to a
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system-science picture of flux tubes (Borovsky, 2021c), each flux
tube being an independent system wherein its particle
populations (protons, proton beam, alpha particles, heavy ions,
core electrons, strahl electrons, and halo electrons) evolve with
distance from the Sun independently from the particle
populations in adjacent flux tubes. In that picture a spacecraft
making measurements from flux tube to flux tube at one AU is
seeing independent realizations of system evolution.

General plasma and field variations across current sheets are
commonly seen [cf. Figure 3 of Borovsky (2008)]. As noted in the
fourth row of Table 1 these jumps are a clear indication that the
current sheet is a tangential discontinuity (plasma boundary) and
not a rotational discontinuity (propagating Alfvénic kink in the
field). These plasma variations often fall into the categorization of
“pressure balanced structures” that advect out from the Sun in the
solar wind flow (Tu and Marsch, 1993; Riazantseva et al., 2005a;
Zhang et al., 2008; Tu et al., 2016). Note that Fourier analysis of
variations in the solar-wind magnetic-field strength Bmag and
plasma number density n are often interpreted as evidence that
there are dynamic fluctuations in the solar wind that have a
“compressible” aspect: however, an interpretation that the solar-
wind plasma is “inhomogeneous” or “lumpy” is more physically
accurate (cf. Borovsky, 2020c).

For understanding the magnetic structure of the heliosphere it
is important to discuss the Chandrasekhar dynamical equilibrium
(CDE). In the Alfvénic fast wind and in the Alfvénic slow wind
the magnetic structure of the heliosphere moves out from the Sun
faster than the proton solar wind plasma. The relative speed
between the magnetic structure and the proton plasma is about
0.7 vA in the outward-Parker-spiral direction (Borovsky, 2020d;
Nemecek et al., 2020). In a temporal block of solar-wind data a
single reference frame can be found (the reference frame moving
with the magnetic structure) wherein the proton flow has v⊥ ≈ 0
and essentially all flow is parallel to the local magnetic-field
direction. [In Borovsky, 2020d this reference frame is found
using a genetic algorithm in the data analysis that finds the
vector reference frame minimizing arccos (vproton•B)]. Hence,
with v⊥ ≈ 0 the magnetic structure moves outward from the Sun
without discernable time evolution. This case is discussed in Sect.
7.2 of Parker (1979) with an illustration in Figure 7.1 of Parker
(1979) where Parker referred to it as Chandrasekhar’s “dynamical

equilibrium solution” (Chandrasekhar, 1961). (See also Birn
(1991), Tenerani et al. (2020) for nonlinear V parallel to B
equilibrium solutions). Essentially, a nonlinear tangle of
magnetic field will propagate through a plasma without
evolution. For flux tubes in a CDE spaghetti, a vector jump in
the proton flow velocity Δv is seen across each current sheet
owing to the sudden rotation of the magnetic-field direction and
the proton flow being everywhere parallel to the local field
direction. As noted in the last row of Table 1, for those vector
velocity jumps Δv and vector magnetic-field jumps ΔB in a CDE
it is the case that (Δv•ΔB)/(|Δv||ΔB|) ≈ 1 and (Δv × ΔB)/
(|Δv||ΔB|) ≈ 0.

3 WHAT LEVEL OF JUMPS CAN BE
UNAMBIGUOUSLY IDENTIFIED TODAY AT
1 AU IN THE DATA
Owing to “shot noise” in the measurement time series, only jumps
in the values of measured quantities that are larger than the
measurement noise level can be confidently identified. Three
examples of the sizes of changes in the solar wind particle
properties that can be confidently identified have appeared in
the literature.

For the study of α/p number-density-ratio changes in the solar
wind at one AU (Borovsky, 2020b) only changes in the ratio that
were larger than about 25% of the α/p value could be identified in
either the ACE SWEPAM measurements or the WIND SWE
measurements (cf. Figure 1 of Borovsky (2020b)). With the
faster, multi-head BMSW instrument on the Spektr-R
spacecraft jumps in the α/p ratio that are smaller than 25%
could probably be identified (e.g., Safrankova et al., 2013;
Zastenker et al., 2013), however the Spektr-R spacecraft does
not have a magnetometer to correlate the α/p ion-composition
jumps with current sheets.

For the study of core-electron-temperature changes in the
solar wind, changes of Te core that were larger than about 1 eV
could be confidently identified (cf. Figure 5B of Borovsky et al.,
2021).

In the study of electron-strahl-intensity changes in the solar
wind, changes in the flux of the electron strahl that were greater

TABLE 1 | Information that is obtained by observing a jump in a specific quantity when crossing a current sheet from flux tube A into flux tube B. (TD = tangential discontinuity
and RD = rotational discontinuity).

Quantity changing across
current sheet

Information yielded Implication about adjacent
flux tubes

α/p number-density ratio • Fossil current sheet Tube A and Tube B map to different spots in corona
Heavy-ion charge-state ratio • Current sheet is a TD not an RD

Electron Strahl Intensity • Current sheet is coherent back to the Sun Tube A and Tube B map to different spots in corona
• Current sheet is a TD not an RD

Te corr • Current sheet is a TD not an RD Different interplanetary potential ϕ in Tube A versus Tube B

Sp, n, Tp, Bmag, βp • Current sheet is a TD not an RD

(Δv•ΔB)/(|Δv||ΔB|) ≈ 1 • Current sheet in a CDE
(Δv×ΔB)/(|Δv||ΔB|) ≈ 0

Frontiers in Astronomy and Space Sciences | www.frontiersin.org July 2022 | Volume 9 | Article 9197555

Borovsky and Raines Borovsky and Raines: Heliospheric Structure Analyzer

https://www.frontiersin.org/journals/astronomy-and-space-sciences
www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles


than about 25% of the flux value could be identified with
confidence (cf. Figure 2 of Borovsky, 2020b).

Faster and lower-noise measurements can be obtained with
improved particle instrumentation aimed at higher particle count
rates via 1) larger geometric factors and 2) multi-head
instruments that eliminate energy sweeps. This would enable
smaller changes in the ion and electron properties of the solar
wind to be confidently identified, enabling the analysis of a much
larger fraction of the current sheets of the solar wind to be
analyzed and assessed according to Table 1.

The need for larger-geometric-factor heavy-ion spectrometers
is particularly acute. Present-day spectrometers with time
resolutions of a fraction of an hour have proven very useful
for studying the large-scale structure of the solar wind and its
origin from the various large-scale regions of the solar corona like
coronal holes versus streamer belts versus ejecta (e.g., Geiss et al.,
1995; Wimmer-Schweingruber et al., 1997; Zurbuchen et al.,
1999; Burton et al., 1999; von Steiger et al., 2001; Zhao et al.,
2009) and for studying the heliospheric-plasma-sheet region
(Simunac et al., 2012) and large-scale “microstreams” and
plumes in coronal-hole-origin plasma (von Steiger et al., 1999;
Neugebauer, 2012). Here, with higher time resolution we are
calling for heavy-ion spectrometers to be used to study the finer-
scale magnetic structure of the heliosphere and the coronal
physical processes creating that structure: i.e., flux-tube to
flux-tube measurements in the solar wind at one AU that may
correspond to loop-to-loop variations in the solar corona. For
heavy-ion spectrometers to be useful for this, time resolutions of
1 min or better are critical.

For particle-counting instruments the combination of lower
noise and higher time resolution is difficult, with poorer counting
statistics being a consequence of shorter measuring intervals. For
the solar wind there is an argument that higher-frequency
fluctuations have smaller amplitudes than lower-frequency
fluctuations, making the higher-time-resolution measurements
need even more accuracy and lower noise. That argument is likely
false, and it is addressed in the Appendix.

4 THE FUTURE WITH IMPROVED
MEASUREMENTS

Some specific measurement needs to better evaluate Table 1 are
discussed and the resulting improvements to our knowledge are
outlined. In all cases lower-noise measurements are needed to be
able to locate subtle but distinct changes in the levels of the
measurements and measure tube-to-tube variations in particle
properties. For this lower-noise measurements with cadences of a
fraction of a minute will suffice.

Note that any measurement improvement will lead to progress
and lower-noise measurements will enable the exploration of
solar wind features that were hidden in the shot noise of the
present-day measurements.

Heavy-Ion Charge States:As stated above, time resolutions of
about 1 min or better are needed for heavy-ion charge-state
ratios. To confidently locate a boundary, several data points
are needed on each side of a jump in the charge-state ratio,

and of course the jumpmust be larger than the measurement shot
noise. Perhaps designing spectrometers than concentrate their
measurement time on specific heavy-ion charge states (e.g., O7+/
O6+ or C6+/C5+ or C6+/C4+) would enable the needed faster-yet-
low-noise measurements. The proper charge-state measurements
would not only identify what is a magnetic fossil at one AU, but
perhaps where in the corona it came from and how it was made.

Alpha-to-Proton Number-Density Ratios: α/p ratios (helium
abundance) are available at present with fast time resolution at
one AU, but in the present data sets the measurement shot noise
is very large. Improved geometric factors to lower the shot noise
would greatly enhance the ability to identify current sheets that
are definitely fossils from the corona. In the count-rate data
analysis, sacrificing the time resolution to integrate the count-
rates longer to lower the shot noise is also a clear option for the
analysis of jumps across current sheets. Reading the changes in α/
p from one fossil flux tube to the next might provide information
about the coronal origins of the two flux tubes, if the physics
driving the solar-wind α/p helium abundance can be sorted out
(e.g., Wang, 2008, 2016; Byhring, 2011; McIntosh et al., 2011;
Rakowski and Laming, 2012; Fu et al., 2018).

Proton Flow-Velocity Vectors: In analyzing the evolution (or
not) of CDEs, it is critical to be able to measure the proton-flow
vector relative to the magnetic-field direction. We are looking for
cases where v⊥ ≈ 0 in the reference frame of the magnetic structure
in the presence of a large value of v|| in that reference frame. The
main source of error in v⊥ is the fact that the magnetic-field
direction at the spacecraft changes during the time interval when a
flow measurement is made. An analysis of a CDE in Figure 3 of
Borovsky (2020d) found that the rms change in the field direction
during a 3-s proton measurement was 4.8o; if this 4.8o is taken as
the uncertainty in the magnetic-field direction then the rms v⊥
value of 5.2 km/s for that CDE is entirely consistent with
perpendicular-versus-parallel orientation uncertainty for the
observed v|| of 75 km/s. Hence, the v⊥ measurements in the
CDE in Borovsky (2020d) were consistent with the noise level
in the velocity measurements. To fix this difficulty, either 1)
accurate proton measurements that are much faster than 3 s
must be made or 2) the moving magnetic-field orientation
during the proton measurement interval must be accounted for
in the proton-count-rate data analysis. More accurate
measurements of the proton flow vector will also yield more-
accurate third-order moment calculations of solar-wind heating
rates (e.g., Sorriso-Valvo et al., 2007; MacBride et al., 2008; Podesta
et al., 2009; Smith et al., 2009). Third-order moments are products
of inward- and outward-propagating Elsässer modes: if in the
reference frame moving outward with the magnetic structure v⊥ =
0 then the inward-propagating Elsässer mode has an amplitude of
zero and the third-order moment vanishes. (See also Wang et al.
(2018) for arguments that observed inward Elsässer modes may be
measurement noise).

General Plasma Parameters: Lower-noise measurements of
general plasma parameters like number density, temperature, and
specific entropy would enable the identification of more
tangential discontinuities. Higher-time-resolution (and lower-
noise) measurements of typical plasma parameters such as
number density, temperature, particle pressure, and proton
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flow velocity would enable current sheets to be well resolved in
quantities other than B. Current sheets are typically ~1,000 km
thick, and so resolution considerably better than 1-s is desirable.
If current sheets and the co-located plasma boundaries could both
be well resolved so that their spatial profiles could be compared,
then the door would be opened to the study of evolutionary
processes such as particle diffusion, resistivity, and viscosity to
learn how and why current-sheet and plasma-boundary
thicknesses evolve with distance from the Sun. There are also
evolutionary processes for current sheets related to plasma
expansion and compression (e.g., Schindler and Birn, 2002;
Schindler and Hesse, 2008, Schindler and Hesse, 2010): these
result in fine-scale structuring of the current sheet profile. Higher-
resolution plasma measurements may open the way to
investigating the fine-scale fingerprints of such processes. The
higher-resolution plasma measurements would also make
possible new studies about the processes that create and evolve
magnetic holes in the solar wind (Turner et al., 1977;
Winterhalter et al., 2000; Neugebauer et al., 2001).

Total Particle Pressures: Accurate fast measures of ion and
electron total particle pressures would enable new studies of the
true compressibility in the solar wind and new studies about
pressure-balance structures in the solar wind.

Strahl Intensities: Faster and lower-noise measurements of
strahl intensities at one AUwould enable the identification ofmore
tangential discontinuities and of more current sheets that are
coherent back to the Sun. The energetic-electron strahl moving
out from the Sun (and the backscattered strahlmoving back toward
the Sun) both provide very unique information about the structure
of the heliosphere. Whereas the proton plasma and the magnetic-
field structure seen at one AU left the corona ~100 h ago, the strahl
measured at one AU left the Sun only a few hours ago: in that time
difference there could be changes in the magnetic connection of
one AU into the corona that the strahl can uncover. Note that
strahl measurements suffer from the samemagnetic-field-direction
changes during a measurement interval of the electron distribution
function as do the proton-velocity-vector measurements.

5 INSTRUMENTATION: LARGE
GEOMETRIC FACTORS

To make progress analyzing the heliospheric, structure
measurements of ion and electron properties that are low

noise with appropriate time resolutions are needed. For
evaluating current sheets (as in Table 1) lower-noise
measurements with time resolutions of a fraction of a minute
will suffice. If time resolutions of less than 1-s with low noise can
be obtained, then the fingerprints of current-sheet evolutionary
processes can be obtained.

An overview of the state of the art of particle instruments
appears in Table 2. For some desired measurement quantities
(e.g., heavy-ion charge-state ratios) the state of the art will need to
be exceeded.

To simultaneously satisfy the need for higher time resolution
and high signal to noise, instruments must have higher effective
collecting areas, typically called geometric factors. In instruments
with curved plate electrostatic analyzers (ESAs), the geometric
factor includes effects from both the physical size of the instrument
and detectors, as well as electrostatic effects, known as ion optics.
These include steering, focusing, and transmission through the
instrument much in the same way as photons through a telescope,
hence the use of the word “optics”. Increasing the geometric factor
is as simple as increasing the size of the instrument aperture and
ion optical flight path through the instrument. However, there is a
key trade off: the energy resolution of the instrument is reduced as
the spacing between ESA plates is increased. Energy resolution
fundamentally determines the accuracy of the energy spectrum
measured by any ion instrument since if effectively determines the
uncertainty in the measurement. For ion composition instruments,
energy resolution propagates into time of flight (TOF) uncertainty.
For charge-resolving composition (TOF-energy) instruments, it
also propagates into the uncertainly in the residual energy
measurement (ESSD) on the solid-state detectors (SSDs), the
intrinsic uncertainty in the SSD energy measurement typically
makes the ESA energy resolution negligible. Larger TOF
uncertainty affects the ability to identify individual charge states,
which is typically done from peaks in TOF-ESSD, as well as
suitability for addressing more general problems in plasma
physics. As such, general purpose instruments typically need
high energy resolutions, ideally 5%–10% for ion instruments
and 10%–15% for electron instruments, fundamentally limiting
ability to increase geometric factor.

There are several approaches to remove this limitation. The
first is to simply add ESA duplicate ESA channels either through
multiple copies of full sensor heads or through sensors that
incorporate multiple ESAs. The current standard in high time
resolution and high signal to noise is the Fast Plasma

TABLE 2 | The current state of the art in ion and electron instrumentation. All are ESA based except the faraday cups of BMSW.

Instrument Heritage Factor
(cm2 sr eV/eV)

Time resolution normal
(burst)

References

Proton ESA Specktr-R BMSW 0.031 s Zastenker et al. (2013)
MMS FPI 1–2 × 10−5 0.030 s (7.5 ms) Pollock et al. (2016)
PSP SPAN-I 6 × 10−4 0.435 s Livi et al. (2021)

Electron ESA MMS FPI 1–7 × 10−5 0.030 s (7.5 ms) Pollock et al. (2016)
PSP SPAN-Ae 6 × 10−4 0.437 s Whittlesey et al. (2020)

Heavy-ion charge-state spectrometer Solar orbiter SWA-HIS 1 × 10−5 30 s/4 s Owen et al. (2020)

Magnetometer MMS 7.8 msec Russell et al. (2016)
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Investigation (FPI) instrument suite on MMS (Pollock et al.,
2016). It employs 8 sensors heads per spacecraft for both ions and
electrons, 16 total. There are 4 instruments for each species as
each has dual sensor heads. For this primarily magnetospheric
instrument, this arrangement allows sampling of many directions
simultaneously, at a much higher cadence than would be possible
by relying on spacecraft spin alone. While designed primarily for
high time resolution, this design also increases the effective
geometric factor for each species by a factor of 8. This
represents one extreme, applicable only where resources (e.g.,
mass, power and budget) are abundant. The other extreme is also
very straightforward: simply accept lower energy resolutions to
increase geometric factor. For example, decreasing the energy
resolution by two gives a two-fold increase in geometric factor
due to the increase in the energy pass band. For science questions
that can be addressed primarily through moments of the particle
velocity distribution, i.e., density, velocity and temperature, this
might not be a serious limitation. Additional improvements in
time resolution can be achieved by limiting the energy range of
the instrument. For solar wind heavy ions, limiting the speed
range to 1,100 km/s and mass per charge (m/q) to a maximum of
Fe6+ (9.33) requires E/q stepping only up to 15 keV/e. The current
state of the art Heavy Ion Sensor (HIS) on Solar Orbiter (Owen
et al., 2020) goes to much higher E/q, 78 keV/e. The proton
instruments in Table 2 go up to 30 keV/e. Limiting the energy
range reduces the high voltages that must be applied as well as
possibly the number of E/q steps in an energy scan. There are
trade offs of a more limited energy range of course. For
composition instruments limiting to 15 keV/e greatly limits the
usefulness of the instrument for suprathermal or pick-up ion
studies, as well as extreme CME analysis.

There are a few other factors can affect time resolution and signal
to noise, but they are typically more minor. The analyzer constant,
the ratio of the E/q passband peak to the voltage applied to the ESA
plates, can affect time resolution. Designs with higher ratios require
less voltage which often leads to shorter ramp up times and smaller
voltage settling times. For spinning spacecraft, the top hat design,
originally described by Carlson et al. (1982) and refined by Young
et al. (1988), is an excellent choice at it has a high analyzer constant
(~12–15). For 3-axis stabilized spacecraft, the choice is less clear. A
top hat design requires additional deflector plates, causing the
uniformity of response across the FOV to suffer. Other designs,
such as MESSENGER/FIPS (Andrews et al., 2007), have more
uniform response but low analyzer constants (e.g., 1.33 for FIPS)
which may limit the maximum speed achievable to 5–10 s scans. In

principle, the speed at which the ESA power supplies can be switched
through voltages is an important consideration, but in practice very
fast designs are available so that these are not limiting factors.

6 HELIOSPHERIC STRUCTURE ANALYZER

Heliospheric Structure Analyzer (HSA) is envisioned as a single
spacecraft that takes low-noise measurements of ions and electrons
in the solar wind at one AU. Low-noise particle measurements
means instrumentation with large geometric factors. In this report
the motivation is given for those measurements, which will help to
answer outstanding questions about the magnetic structure of the
heliosphere and the origins of that structure. Much of the
measurement strategy is collected in Table 1.

The objective of HSA would be to collect low-noise solar-wind
measurements, but the data set need not be continuous. Hence a
single Earth-orbiting spacecraft that makes excursions into the
solar wind (out of the Earth’s foreshock) could suffice.

A pathway forward would be to form a team of scientists 1) to
quantify the needed measurement parameters and 2) to explore
possible instrument designs to attain those measurement
objectives.
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APPENDIX: A FALSE ARGUMENT

As stated in Section 3, for particle-counting instruments the
combination of lower noise and higher time resolution is difficult,
with poorer counting statistics being a consequence of shorter
measuring intervals. For the solar wind there is an argument that
presents a further difficulty, concluding that higher-frequency
fluctuations in the solar wind have smaller amplitudes, making
the higher-time-resolution measurements need even more
accuracy and lower noise. But that “extra difficulty” argument
may be wrong. Looking at a Fourier power spectral density of the
solar wind it is very noticeable that the power amplitude decrease
with increasing frequency f. A natural interpretation of this is that
higher-frequency fluctuations in the solar wind have smaller
amplitudes (hence the extra measurement difficulty). In terms
of the needed accuracy of high-frequency solar-wind
measurements, that argument is made in Podesta et al. (2012).
That interpretation of the power spectral density would be correct
if the solar-wind time series was comprised of randomly-phased
fluctuations: however, the solar-wind time series is highly

intermittent and is not comprised of random-phase
fluctuations. The counter example to the argument comes
from an examination of the high-frequency breakpoint in the
solar-wind magnetic power spectral density at a breakpoint
frequency of fbreak ~ 0.5 Hz: analysis shows that the power
spectral density break at fbreak is owed to the temporal
thicknesses τcs of strong current sheets in the solar-wind time
series, thicknesses τcs ~ 1/fbreak (Borovsky and Podesta, 2015;
Podesta and Borovsky, 2016). Instead of the solar-wind time
series containing constant low-amplitude random-phased
fluctuations with frequency fbreak, a spacecraft occasionally
crosses a large-amplitude current-sheet signal with a transition
time of 1/fbreak. Themeasured signals of interest at high frequency
need not be of small amplitude, they can be of large amplitude
and the “extra difficulty” requiring extra accuracy when
measuring signals at high time resolution may not be real.

In conclusion, to study jump properties across current sheets the
“even higher accuracy and lower noise” is probably not necessary.
However, for survey purposes the exploration of small signals with
high time resolution is still desirable, if possible.
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