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Abstract Inorder to protect society from space weather impacts, we must monitor space weather and obtain
early warnings for extreme events if possible. For this purpose, the European Space Agency is currently
preparing to launch the Vigil mission toward the end of this decade as a space-weather monitor at the fifth
Lagrange point of the Sun—Earth system. Vigil will carry, amongst other instruments, the Plasma Analyser
(PLA) to provide quasi-continuous measurements of solar wind ions. We model the performance of the PLA
instrument, considering typical solar wind plasma conditions, to compare the expected observations of PLA
with the assumed input conditions of the solar wind. We evaluate the instrument performance under realistic,
non-equilibrium plasma conditions, accounting for temperature anisotropies, proton beams, and the
contributions from a-particles. We examine the accuracy of the instrument's performance over a range of input
solar wind moments. We identify sources of potential errors due to non-equilibrium plasma conditions and link
these to instrument characteristics such as its angular and energy resolution and its field of view. We
demonstrate the limitations of the instrument and potential improvements such as applying ground-based fitting
techniques to obtain more accurate measurements of the solar wind even under non-equilibrium plasma
conditions. The use of ground processing of plasma moments instead of on-board processing is crucial for the
extraction of reliable measurements.

Plain Language Summary Space weather originates at the Sun and affects human life. An effective
space weather monitor is required to detect severe space weather events and provide early warnings before such
events arrive at Earth. The European Space Agency's (ESA's) Vigil mission will carry the Plasma Analyser
(PLA) instrument to obtain measurements of the solar wind proton moments such as their number density,
velocity, and temperature. We predict the expected performance of the PLA instrument by modeling its
response to realistic solar wind conditions, which accounts for non-equilibrium effects such as temperature
anisotropy, proton beams, and a-particles. We also study the impact of other non-equilibrium distributions such
as k-distributions (in the Appendix) to quantify the performance over a wide range of expected plasma
conditions. We quantify the measurement accuracy by comparing the input and output parameters of the model
and discuss possible improvements to the analysis of data from Vigil/PLA.

1. Introduction

Space weather severely affects local and global infrastructure on Earth and in near-Earth space (e.g., Hap-
good, 2011; Nicolaou et al., 2020; Schrijver et al., 2015). According to previous estimates, the total financial
damage associated with a severe space-weather event is of order 333.7 billion US-dollars, assuming that the event
leads to a power outage with a duration of 12 months (e.g., Eastwood, Biffis, et al., 2017; Oughton et al., 2016;
Thomas et al., 2018). Activity at the solar source, the propagation of space weather events through interplanetary
space, and the Earth's response to these events are the main aspects determining space weather and its impact on
humanity (Cranmer et al., 2017; Eastwood, Nakamura, et al., 2017; Schwenn, 2006; Temmer, 2021). There are
various types of solar activity that primarily drive severe space weather. Coronal mass ejections (CMEs) and co-
rotating interaction regions (CIRs), for example, can drive significant space-weather phenomena (Thomas
et al., 2018). In addition, fast solar wind streams can cause enhancements in the Earth's radiation belts when
directed toward the Earth (e.g., Baker et al., 2013; Liou et al., 2014; Thomas et al., 2018).

In response to these space weather risks, satellite-based monitoring and forecasting systems have become
increasingly important. Examples for space missions with space-weather capabilities include the Solar TErrestrial
RElations Observatory (STEREO; e.g., de Koning & Pizzo, 2011; Mishra & Srivastava, 2013) and the Advanced
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Composition Explorer (ACE; e.g., Stone et al., 1998). The European Space Agency's (ESA's) Vigil mission,
formerly known as the Lagrange mission, is currently being developed with the goal to provide quasi-continuous
monitoring of the solar source regions of space weather and the heliospheric environment to provide early
warnings of potentially hazardous space weather. The Vigil spacecraft will orbit the Sun at the fifth Sun—Earth
Lagrange point (L5), which is located at a heliocentric distance of 1 au but constantly 60° behind the Earth's
orbit. Due to the Sun's synodic rotation period in the L5 reference frame, the Vigil spacecraft will face regions of
the Sun's surface about 4-5 days before they point toward Earth (Thomas et al., 2018).

Vigil is expected to carry, in addition to its remote-sensing payload, an in situ Plasma Analyser (PLA) instrument
and a fluxgate magnetometer (MAG). PLA is an electrostatic analyzer that will measure the protons of the solar
wind as these form the dominant particle species in terms of the mass and momentum flux of the solar wind. More
specifically, PLA's observations will allow us to construct the three-dimensional (3D) velocity distribution
functions (VDFs) of the solar wind protons and determine the corresponding bulk properties by calculating the
moments of the VDFs (Verscharen et al., 2019). Vigil will record and almost instantaneously downlink in situ
observations of the solar wind plasma and the interplanetary magnetic field.

Performance models are the gold-standard tool to evaluate the capability of electrostatic analyzers like PLA to
determine the plasma moments. Performance models use assumed input plasma VDFs and numerically model the
response of the analyzer to these input VDFs, so that the comparison between input and output parameters
quantifies the expected performance of the instrument (e.g., Cara et al., 2017; Nicolaou et al., 2014; Wilson
et al., 2017). Typically, these performance models for electrostatic analyzers use single-species Maxwellian
distributions to characterize the input VDF of the incoming plasma particles (e.g., Nicolaou et al., 2020; Ver-
scharen et al., 2019). The Maxwellian distribution is the simplest case for the VDF since it assumes thermo-
dynamic equilibrium with isotropic temperatures.

In a realistic solar wind environment, however, the plasma consists of multiple ion populations and is often non-
uniform and not in a thermodynamic equilibrium state. Fast solar wind streams, for instance, are often anisotropic
(e.g., Bale et al., 2009; Bourouaine et al., 2010; Marsch et al., 1981, 2004; Verscharen & Marsch, 2011), meaning
that the temperature perpendicular to the magnetic field (7') is not equal to the temperature parallel to the
magnetic field (7)). Moreover, according to previous in situ measurements, strong field-aligned proton beams are
often observed with drift speeds of order or even greater than the local Alfvén speed V, (e.g., Alterman
etal., 2018; Marsch, 2006; Marsch, Schwenn, et al., 1982). Moreover, there are numerous studies giving evidence
that the solar wind VDFs exhibit enhanced high-energy tails which are better described with x-distributions than
with Maxwellian distributions (e.g., Livadiotis & McComas, 2009; Livadiotis & McComas, 2013; Nicolaou
et al., 2018). In addition, a-particles make an important contribution to the dynamics of the fast solar wind (with a
mass density contribution often 215%), and a-particles typically exhibit relative drift speeds with respect to the
proton species along the magnetic field direction (e.g., Bame et al., 1977; Marsch & Richter, 1984; Verscharen
etal., 2015). Some large statistical analyses of a-particles (e.g., Alterman et al., 2018) also reflect the importance
of this additional non-equilibrium species.

The goal of this study is to investigate the Vigil/PLA instrument performance under realistic solar wind con-
ditions with non-equilibrium VDFs. We apply VDFs such as bi-Maxwellian and «-distributions to the PLA
performance model and analyze the impact of these non-equilibrium features on the determination of the plasma
moments.

2. Methodology

PLA is an electrostatic analyzer. The basic working principle and schematic of a top-hat style electrostatic
analyzer is described by Verscharen et al. (2019) and references therein. Below, we explain the characteristics of
PLA and its performance, which are also described in detail by Nicolaou et al. (2020). We build our analysis on
the current baseline design for the PLA sensor.

2.1. PLA Working Principle

The PLA instrument consists of an aperture deflector system, a top-hat electrostatic analyzer unit, and a detector
chain. This design is built based on heritage from Solar Orbiter's SWA/EAS instrument (Owen et al., 2020). The
aperture deflectors scan through the elevation angle ® between the velocity vector of incoming particles and the
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Figure 1. Schematic of the instrument design with elevation field of view (top) and azimuth field of view (bottom). The
deflectors (red) scan the elevation angle which is the angle between the velocity and the sensor plane. The green electrostatic
analyzer unit bends the trajectories of particles with specific energy-per-charge toward the detector. The azimuth angle is
defined in the detector plane. From Nicolaou et al. (2020).

top-hat plane (same as the detector plane) as shown in Figure 1. By applying an electrostatic potential between the
aperture deflectors, PLA separates particles of different ® from —22.5° to +22.5° in 16 discrete steps, leading to
an elevation resolution of A® = 2.8°. The elevation acceptance bandwidth depends only on the geometry of the
instrument, such as the size of the aperture, and on the electrical setup of the deflection system.

The top-hat electrostatic analyzer separates protons with specific energy-per-charge through an applied elec-
trostatic potential between the nested semi-spherical voltage plates. By scanning through the voltage, the elec-
trostatic analyzer measures protons between 170 and 35,200 eV in 128 exponentially spaced energy steps,
corresponding to particle speeds between about 180 and 2,600 km/s.

PLA resolves the azimuth angle @ through 9 geometrically discrete anodes as part of its detector system, ranging
from —22.5° to +22.5° with a resolution of A® = 5°. The detector uses a microchannel plate for signal ampli-
fication. To obtain a full 3D VDF, the instrument scans through energy and elevation electrostatically and re-
solves the azimuth dimension geometrically and simultaneously (Nicolaou et al., 2020). The acquisition time Az
for one individual energy-elevation bin is about 0.96 ms. Thus, the instrument completes a full VDF scan cycle in
128 X 16 X At =~ 1.97 s.
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2.2. The PLA Performance Model

We follow a similar approach as Nicolaou et al. (2020) and summarize the key aspects of our performance model
here (see also Cara et al., 2017; Nicolaou et al., 2014; Wilson et al., 2008).

2.2.1. Forward-Modeling: From Assumed Distributions to Predicted Measurements

Assuming a specific solar wind input VDF £, , the corresponding detected number of counts of particles in each U,
0, and @ bin of the electrostatic analyzer at time ¢ is (Wiiest et al., 2007)

U+4L O+42 D+42 144t

C(U@fbt)—f f f/eff(u0¢)fn(u0¢t)u du cos 0dOdgp dr, (1)

U—M ®_j q)_@ ,_M

where U is the velocity associated with a given energy bin, and A is the effective aperture of the instrument.
Lower-case letters (u, 6, ¢p) mark the spherical coordinates of velocity space, and ¢’ is the time running during each
acquisition bin. By applying the midpoint rule (e.g., Nicolaou et al., 2020), we approximate the number of counts
of particles in each bin as

C(U,0,d,1) ~ G(U,0,®) f,,(U,0,,1) U* Az, ()

where

AU
G= A07A®Aq> 3)

is the geometric factor of the instrument and A is the effective collecting area. Although G is generally dependent
on energy and direction, we simplify our analysis by assuming a constant G-factor and set G = 7.8 x 107'® m? sr

for all (U, ©, ®)-bins, and we assume that f;, does not vary over time during Az.

An ideal instrument would count all particles arriving at the detector system. However, a real counting system
cannot register all events, especially at very high particle fluxes. We introduce the dead time 74, which is the
detector processing and replenishing time between two measurement events in the same anode. The detector
records measurements if the separating time of two events is greater than z,. For our model, we set 7, = 107" s
based on experience with similar detector designs.

For the sampling interval Az, we define the actual registered number of particles in a given anode as C (Knoll &
Glenn, 1989). The total time interval over which an anode does not register events corresponds to the registered
number of counts C; multiplied with the individual dead time ¢4 of the anode. Therefore, the anode is effectively
only counting particles over the time interval Az — Cg, during one acquisition step. Assuming that the plasma
VDF is constant over one acquisition step, the number of particles reaching the detection area of the anode per
time remains constant according to Equation 2. This allows us to relate the number of registered counts C,,
accounting for the dead time, to the detectable number of counts C over a full acquisition step by

¢, _C

e 5 4
Ar—City At @

Rewriting Equation 4 leads to
lq
C-C,=CC—, 5
=GO )

and thus
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C
ST iT e (6)
*ar
In order to account for measurement uncertainties, we assume that the counting events follow the Poisson dis-
tribution. The probability distribution of detected measurements P(C,,), accounting for the error from finite
counting statistics, is (e.g., Yates & Goodman, 2014)

Cn

C
— ,—C s
P(Cy)=e T

Q)
The resulting C,,(U, ©, ®@) describes the predicted number of particle counts in energy, elevation, and azimuth
(defined as the count map) that PLA detects under our assumptions for an incoming VDF f;,. The variable C,,
includes, unlike the variable C,, the effect of finite counting statistics on the expected number of detected counts.
This is the main output of our forward-modeling technique.

2.2.2. Analysis: From Predicted Count Maps to Moments of the VDF

In the next step, we now analyze C, (U, ®, ®, ¢) as if it were a detected count map from our PLA instrument. In
particular, we determine the proton moments, such as the number density, velocity, and temperature through
integration. We drop the r-dependence of all variables at this point since we do not consider time-dependent
measurement series in our analysis; instead, we treat each given f;, as an individual data point.

We first correct for the under-counted particles due to the detector's dead time. By applying the inverse of
Equation 6, we obtain the best estimate for the corrected counts C, as a function of the measured number of
counts C,:

Cn

Con=T"mc
Az —m

®)

C,, 1s different from C, due to the effect of finite counting statistics. Inversion of Equation 2 then allows us to

obtain the output VDF of the performance model as a function of (U, ©, ®):

Cou(U,0,)

L (U,0,®) =
Sl ) GU* At

©)

For an ideal instrument with infinite resolution and velocity space coverage, f,,, = fi,- However, due to finite
resolution and finite counting statistics, the input and output VDFs generally do not agree exactly.

We now determine the output moments associated with f; . density N,
U,

i,out?

. the components of the velocity vector

and the components of the temperature tensor Tﬁ;{;t through moment integration of f,:

Now = 2 20 Y £u(U.0,@)U* AU cos © A® AD, (10)
U 6 o

1
Ui out =N_ZZ®:§ Ui £ (U,0,®)U? AU cos © A® AD, (11)

out  (/

and

T = TP m, (W) £ (U,0,8)U% AU cos © A® AD, (12)
out 'y '@ @

where wiv = \/ (U = Uyow) (U — U o) and m,, is the proton mass. We only focus on the diagonal elements

Tow = Tf;ﬁ[ of the temperature tensor (i.e., i = j, see Nicolaou et al., 2020). Our approach allows us to perform an
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error analysis by comparing the determined moments N, U; o> and T; o, of fi, with the input parameters N,
Uiin» and T;;, of £,

Most previous models assume an istropic Maxwellian distribution for f;, to describe the solar wind in thermal
equilibrium (e.g., Nicolaou et al., 2020; Verscharen et al., 2019). In this case, the proton VDF is given by

2
32 T-U.
5 (7) = Ny (- exp|l-m "7 (13)
’ W 2mkgT) TP\ 2k |

where T;,, is the scalar proton temperature and kg is the Boltzmann constant. This case is examined in detail by
Nicolaou et al. (2020). In this study, we consider non-equilibrium distributions (e.g., Marsch, 2006; Hellinger
et al., 2006; Kasper et al., 2006; Verscharen et al., 2019) for f;,, and study their impact on the determination of the
plasma moments.

2.3. Temperature Anisotropy

We model an anisotropic plasma through a bi-Maxwellian input distribution in cylindrical velocity space:

2
fh(VlaV”) =Ni“exp<_v§2-_(v”_U|i”))’ (14)

3/21,2 X 2
T WJ_jWHj WJ_j WH/

where w, = +2kgT/m, and w; = +2kgT}/m, are the thermal velocities in the directions perpendicular and
parallel to the magnetic field. We transform f;, into a three-dimensional Cartesian coordinate system (x, y, z) and
assume that the bulk velocity of the plasma is aligned with the x-direction. The azimuth plane of the detector then
corresponds to the xy-plane. For simplicity, we assume that the magnetic field is parallel to the x-direction so that
parallel velocities are aligned with the x-direction as well, and perpendicular velocity components lie in the yz-
plane of the instrument. In principle, the expected magnetic field direction is statistically quasi-random around the
mean associated with the Parker spiral direction. The variability of the magnetic-field direction primarily impacts
the temperature moments and their uncertainties. However, a detailed analysis of the dependence of our results on
the direction of the magnetic field is beyond the scope of this work. Under our assumptions, Equation 13 yields the
Cartesian VDF

2 2 2

[ = ]vin (Mx - Ux,in) (uy - Uy.in) (uz - l]z,in)

Jo{w ) =—=5———exp[— > - > - > , (15)
T Iwww, wi wy w2

where w,, w,, and w_ are the anisotropic thermal velocity components so that w; = 4/2kpT;;,/m,,. In the fast solar

wind, the perpendicular temperature of the protons is often greater than their parallel temperature, yet the dis-

tribution is still gyrotropic. To reflect this geometry, we set w, = w, = 2w, in our model.

2.4. Proton and a-Particle Beams

For the sake of simplicity, we assume a Maxwellian proton beam. We add the proton beam distribution function
(foeam) to the distribution function of the proton core (f..), yet with a different density N{,, bulk velocity Uy ;,,
and temperature 77 ;, according to Equation 13. We then apply the sum of both distributions to our performance

model as a new input distribution function: fi;, = ficam + feore-

The a-particles cannot be simply added to the proton distribution as they represent a separate species of particles.
However, an electrostatic analyzer like PLA cannot distinguish between different species as all particles with the
same energy-per-charge appear at the same energy bin so that an unambiguous separation by charge, mass, and
velocity is not possible with this detector design. Since an a-particle has four times the mass of a proton and
carries twice the charge of a proton, the energy per charge (E,/q,,) of an a-particle with the same speed as a proton
is twice the energy-per-charge (E, /q,,) of that proton. Consequently, the speed of an a-particle that is detected at
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Table 1
Summary of the Input Bulk Parameters for the Plasma
Number density Bulk velocity Temperature
COI'B Nin Ux,in Ti,in
Beam Ni, le,in Til,in
a-particles N, U x”’in Ti:/in

the same energy-per-charge as a proton (i.e., when E,/q, = E,,/q,,) can be assumed by a factor \/5 smaller than the
speed of the proton (Nicolaou et al., 2022).

In order to examine the impact of a-particles on our measurement of the solar wind protons, we add a-particles
(C,) to the expected number of proton counts (C,) according to Equation 2 at their corresponding E,/q,, to
interpret them (wrongfully, but realistically for an electrostatic analyzer) as protons. Hence the new expected
counts fulfill

G
C(U,®,0) = Gf, ,(U.0,®) U* At + 7 fn,(,(U/\/E ,0,0) U* Az, (16)
where f;, , is the input VDF of the protons and f;,, , is the input VDF of the a-particles with the moments N, U,
and T,

i,in*

in’> ~ x,in*
We then quantify the effects produced by these a-particles on the proton moment determination by
analyzing C from Equation 16 as if this function were built up by protons only. We summarize the definitions of
our input parameters in Table 1.

3. Results

In this section, we present the results of our instrument performance model. The raw output of the model consists
of maps of particle counts in energy, elevation, and azimuth bins. To demonstrate the accuracy of the instrument's
measurements, we calculate the ratios of the calculated moments over the input moments. We define the accuracy
of the density as (N,,)/N;,, the accuracy of the components of the bulk velocity as (U; ,,)/U; i, and the accuracy
of the components of the temperature as (7; ,,)/T;;,, Where i € (x, y, z) and (-) describes the mean of 10 eval-

uations of the performance model. These evaluations differ due to the statistical process introduced in Equation 7.

3.1. Proton Temperature Anisotropy

In Figure 2, we show our simulation results for the anisotropic solar wind case using a bi-Maxwellian input
4T

x,in*

according to Equation 15 with 7, ;, = T,

in = The top panels show maps of C,, as a function of energy and
angle, while the bottom panels show the reconstructed solar wind VDF f, as a function of energy, azimuth, and
elevation. The distribution has its peak at ® ~ 0° and ® ~ 0°, which is the direction along the bulk velocity vector
we assume in our model. The vertical axis in the first two panels shows the energy of the detected particles. We
recognize the temperature anisotropy as an elongation in the azimuth and elevation directions (i.e., the directions
perpendicular to the assumed magnetic field) compared to the Maxwellian case, which would appear as a

symmetric distribution (see Nicolaou et al., 2020).

Table 2 shows a comparison between the input and output plasma moments for this case. We compare all three
components of the temperature (x, y, and z). In this case of an anisotropic plasma, the instrument obtains mea-
surements that lead to accurate calculations of all moments within 5% of the input moments.

In Figure 3a, we show the dependence of the accuracy of the moments on the input parallel temperature 7, ;,. We
=T, in ve,in 18 defined as (T3, + Ty + T;,)/3. We calculate

ave.out lIkewise. As T, ;, increases, the accuracy of each measurement approaches
unity (i.e., a good agreement between input and output) and is flat for 7, ;, ~ 10 V. As T, ;, increases further, the
output velocity becomes overestimated, and the output density and average temperature values are

use T, ;,

the output average temperature T,

= 4T, ;,- The input average temperature T,

,in

underestimated.

ZHANG ET AL.
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Figure 2. Result of our performance model for an anisotropic input plasma with a bi-Maxwellian proton distribution. We use
N, =10 em™, U, = 500 km/s, U, =0km/s,and T ;, = T.;, = 4T,;, = 40 eV. Top: Count maps in energy,

x,in y,in z,in y,in zZ,in x,in

azimuth, and elevation. Bottom: Output VDF f_ , in energy-angle space, summed over the other angle.

Figure 3b shows the accuracy of the three temperature components and their average. In cold solar wind (i.e.,
T.;n S 10 eV), the accuracy of the temperature measurement varies in the different directions. The most ac-
curate results are obtained when the input parallel temperature is around 10 eV. As the temperature increases,
the accuracy of the temperature measurement decreases in all components, but more slowly in the x-component.

In addition, the trends in the perpendicular y- and z-components are almost identical.

Figure 3c shows the accuracy plot as a function of U,

in- All moments are measured incorrectly for very slow solar

wind (U, ;, < 300 km/s). With increasing speed, the measurements are more accurate, especially between
500 km/s and 1,250 km/s. For extremely fast solar wind, the measured number density becomes overestimated
and the measured temperature underestimated.

Figure 3d shows the accuracy of the individual temperature components as a function of U,
T,

X,

in- The measurements

outand T, are more accurate than the measurement 7, ,,,,, at large U, ;,. We also note a difference in the x- and

x,in*
z-components of the temperature at very high speeds (10% at 2,500 km/s). Moreover, for very slow solar wind
(<300 km/s), the measurement accuracy of all temperature components breaks down. Similar to the isotropic
Maxwellian case (Nicolaou et al., 2020), the moment measurement does not depend on the input density over a

range of N, from about 2 to 1,100 cm™.

Table 2
Input and Output Moments for the Anisotropic bi-Maxwellian Proton Case

Moment N(cm_3 ) U (km/s) Uy(km/ s) U (km/s) T(eV) T,(eV) T,(eV) T,\,(eV)

Input 10 500 0 0 10 40 40 30
Output 10.2 500.0 0.1 0.0 9.9 39.5 394 29.6

ZHANG ET AL.
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Figure 3. Measurement accuracy for an anisotropic input plasma with a bi-Maxwellian proton VDF with N;, = 10 cm™,
Uyin="U,n =0km/s, and T ;, = T, ;, = 4T, ;,. (a) Accuracy of the moments Ny, U, and Ty, as a function of
T, for U,;, = 500 km/s. (b) Accuracy of the temperatures T, o, Ty oup Ty oue @0 Ty o @s @ function of T';, for
U, ;n = 500 km/s. (¢) Accuracy of Ny, Uy gy and Ty oy s a function of U, for T, ;, = 10 eV. (d) Accuracy of the
temperatures T, o, Ty oues Tzoup AN Tyyg oy s @ function of U, for T, ;, = 10 eV.
3.2. Proton Beams and a-Particles
We focus our analysis on two main cases: (a) a solar wind distribution consisting of a proton core and a proton
beam, and (b) a solar wind distribution consisting of a proton core, a proton beam, and a-particles. We study the
separate impact of a-particles without the presence of a proton beam in Appendix B.
3.2.1. Effect of Proton Beams
In this section, we study the effect of adding a proton beam to a proton core on our moment analysis. We assume
that the proton core is anisotropic (as in Section 2.3), and we then add a hotter (7}, =20eV) and faster
(U Y,in = 1,000 km/s) proton beam with isotropic temperature. As shown in Figure 4, the proton beam is visible at
higher energies than the proton core.
Table 3 provides the input and output moments of the proton core and proton beam. The expected output number
density is the sum of the individual input number densities of the proton core and proton beam:
Mot = ]Vin +Ni/n = ISCIH_S. (17)
The expected output bulk velocity of the total proton distribution (core and beam combined) is the density-
weighted average of the proton core and proton beam input bulk velocities (i.e., the proton center-of-mass
velocity):
ZHANG ET AL. 9 of 19
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Figure 4. Result of our performance model for input plasma with a bi-Maxwellian proton core and an isotropic Maxwellian
proton beam. The core input parameters are: N;, = 10 cm™, U,in=500km/s, and T\ ;, =T ;, = 47T ;, = 40 eV. The beam
input parameters are: N{, = 5cm™3, Usin = 1,000km/s, and Ty 5, = T7 3, = Ty ;, = 20eV. Top: Count maps in energy,
azimuth, and elevation. Bottom: Output VDF f_ , in energy-angle space, summed over the other angle.
NoUgin + Ni Uy
Uy = ——"——"—"% ~ 667 km/s. (18)
Not
The temperature of the total proton distribution in the proton bulk-speed frame is given as the second moment of
the full distribution:
1 m 2 m 5
7;0{ = m ]Vinravg,in + Nlln Tl,n + A’mﬁ(qn - l]tot) + N{nﬁ(U{n - l]tot) (19)
where Ty in = (Tin + Tyin + T.3n)/3. Using our input parameters in Equation 19, gives Ty, = 220 €V, which
corresponds to the measured output temperature 7.
According to Table 3, all proton moments are close to their expected input values.
Figure 5a shows the accuracy plot for the number density, bulk velocity, and
Table 3 temperature measurements under different input temperatures of the proton

Input and Output Moments for the Anisotropic bi-Maxwellian Proton Core
and the Isotropic Maxwellian Proton Beam

core. The number density curve gradually approaches unity at low tempera-
tures and then begins to drop as the temperature increases, further finally
reaching a minimum of 0.4 when T ;, =~ 1,000 eV. Although this overall trend
is very similar to the trend before adding the proton beam, the accuracy of the

,in

density and the bulk velocity in the high-temperature region has improved
(about 30% points better at T ;,, = 1,000 eV) compared to the results shown in
Figure 3a.

Moment N(cm™>) U km/s) U km/s) U km/s) T,eV)
Core  Input 10 500 0 0 10
Beam Input 5 1,000 0 0 20
Total  Output 15.4 667.9 —-0.2 0.2 220.2
ZHANG ET AL.
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Figure 5. Measurement accuracy for an input plasma with a bi-Maxwellian proton core distribution with N;, = 10 em™,

Uyin=Un= 0 km/s, and T, ;, = T_;, = 4T, ;,, and an isotropic-Maxwellian proton beam with Nj, =5 cm™3,
and U, as afunctionof T ;, for U, ;, = 500 km/s.

x,out x,in

Usin = 800km/s,and Ty 3, = T7 3, = Ty, = 20€V. Left: Accuracy of N,
Right: Accuracy of N, and U,

x,out

ut

as a function of U, ;, for T, ;, = 10 eV.

ut x,in

Figure 5b shows the accuracy plot for the number density, velocity, and temperature with different U, ;, after

x,in
adding the proton beam to the model. The overall trends of the number density and velocity curves are similar to
our previous results for the bi-Maxwellian case without proton beam. However, for slow solar wind, the velocity
is overestimated by a factor of more than 2.25, and there are also overestimations in very fast solar wind. The
measurement of the total number density is more accurate than without adding a proton beam for extreme solar
wind speeds. The temperature curve shows that a reliable measurement of the core temperature is not possible due

to the presence of the beam in the shown parameter combination.

The moments N, and U, for the total distribution depend only slightly on the selected N, (not shown).

Lout

3.2.2. Effect of Proton Beams and a-Particles

We now include a-particles, assuming that their velocities follow an isotropic Maxwellian distribution function,
their number density is N;, = 0.04N,, (Alterman & Kasper, 2019), and their bulk velocity U 4in
as that of the proton core. In addition, we retain a faster proton beam (with U} ;, = 1,000 km/s) to distinguish

"

is exactly the same

visually between a-particles and the proton beam in our distribution plots.

Figure 6 shows the result of our performance model after adding the proton beam and a-particles into the model.
The a-particles appear as an additional species with higher energies than the proton core, for the reasons discussed
in Section 2.4. According to the data in Table 4, N, and U, ,,, are affected by the a-particles compared to the case
without a-particles.

Figure 7a shows the accuracy plot of the number density, bulk velocity, and temperature depending on 7;,. The
measurement accuracy curves at different temperatures are almost the same as without the addition of a-particles.

Figure 7b shows the accuracy plot for the number density, bulk velocity, and temperature depending on U ;,, after
adding the proton beam and a-particles to the model. The overall trends of the number density and bulk velocity
curves in Figure 7 are similar to the curves in Figure 5. However, the number density is slightly overestimated after
adding a-particles to the model. Moreover, as U, ;, increases, the measurement accuracies of the number density

and of the bulk velocity have a short drop-off at an input velocity of about 1,800 km/s and then continue to rise.

4. Discussion and Interpretation

For completeness, we analyze the impact of a k-distribution on the measurements of PLA in Appendix A. We find
that the presence of non-equilibrium tails in the form of a k-distribution do not significantly alter the accuracy of
the anticipated PLA measurements. In this section, we discuss the impacts of temperature anisotropy and beams
on the measurements.

ZHANG ET AL.
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Figure 6. Result of our performance model for a plasma with a bi-Maxwellian proton core, an isotropic proton beam, and

an isotropic population of a-particles (4% of the proton core density) with input proton core moments: N,, = 10 cm™3,

U.in = 500 km/s, and T, ;, = T_;, = 4T, ;, = 40 eV. The input proton beam moments are: Nj, = 5cm~3,

Uin = 1L000km/s, and Ty, = T7;, = Ty iy = 20€V. The input a-particle moments are NIn =0.4cm™3, Upin
and Ty,in = T;’,in = 4T,/v’,in

angle space, summed over the other angle.

=500km/s,
=40eV. Top: Count maps in energy, azimuth, and elevation. Bottom: Output VDF f,  in energy-

'

4.1. Proton Temperature Anisotropy

As seen in Section 3.1, when applying the bi-Maxwellian distribution, the shape of the output VDF appears
stretched in both azimuth and elevation dimensions. This is due to the higher temperatures in the directions that
correspond to the directions perpendicular to the magnetic field. At very low parallel temperatures, the mea-
surement accuracy for the number density is actually better than in the Maxwellian situation (Nicolaou
et al., 2020) since the spread of counts extends toward larger angular directions in azimuth and elevation in our
example, which leads to a better resolution of the larger temperature component. Similarly, large temperatures
more easily lead to a greater loss of particles outside the field of view in the direction(s) associated with the larger
temperature component(s) (in our case, azimuth and elevation). Therefore, we find that the measurement accuracy
of the number density and temperature is worse than for the Maxwellian distribution in hot plasmas (Nicolaou
et al., 2020). For the individual temperature components, the accuracies in all directions decrease with increasing

input temperature. This effect is stronger in the y- and z-components than in

the x-component (i.e., the direction resolved mostly via the narrowly spaced

Input and Output Moments for the Anisotropic bi-Maxwellian Proton Core
Distribution With an Isotropic Maxwellian Proton Beam and a-Particles

Moment N(cm™>) Ukm/s) U,km/s) U, km/s) T,(eV)

energy bins) which causes the observed underestimation of 7', .

The geometry of the instrument uses spherical coordinates in velocity space.
In this geometry, VDFs of constant temperature are more likely to be located
within the field of view if the bulk velocity is higher, resulting in more ac-
curate temperature measurements in the angular direction in fast wind. We
observe that, at high velocities, only the y-component of the temperature is
underestimated. The reason for this asymmetric behavior is that our instru-
ment has different resolutions in azimuth and elevation.

Core Input 10 500 0 0 10

Beam Input 5 1,000 0 0 20

a-particles Input 0.4 500 0 0 10

Total Output 15.6 668.5 0.1 0.1 217.1
ZHANG ET AL.
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For solar wind with a very low bulk velocity, particles arrive below the lower-energy cutoff of 170 eV. PLA does
not detect these particles and thus fails to measure the low-energy part of the full velocity distribution. This effect
leads to misestimations of number density, velocity, and temperature.

The density does not affect the overall shape of the VDF but its variation simply scales the number of counts. This
effect can impact the statistical error due to finite counting statistics though when the count level near the center of
the VDF is only slightly above the one-count level.

4.2. Effect of Proton Beams

We use a bi-Maxwellian proton core and an isotropic Maxwellian proton beam to model the case of a core-beam
plasma in Section 3.2.1. Since the relative drift between the proton core and proton beam contributes to the
second-order moment (i.e., temperature) of the overall distribution, we find a total parallel proton temperature that
is greater than the individual temperatures of the core and of the beam alone.

The accuracy of both number density and bulk speed deteriorate with increasing input temperature. As the input
temperature increases, more particles move outside the field of view, so that fewer particles are detected. Due to
the normalization in the derivation of the bulk velocity from the first moment of the distribution in Equation 11,
this leads to an overestimation of U,

x,out*

We also examine the effect of different input number densities. Once more, the variation in particle density is not
likely to affect the measurement results for the three moments under consideration. We attribute the observed
improvement in the accuracy of the density and bulk velocity in Figure 5a compared to Figure 3a to the way in
which we modify the input temperature. We only modify the core temperature in this plot, so that only part of the
core distribution lies outside the field of view at these high temperatures. The contribution of the beam particles to
the total density remains constant though, leading to this apparent improvement in the lower-order moments.

We observe a significant deviation between the measured and the proton-core input temperature after adding a
proton beam because the measurement of temperature now includes contributions from the individual compo-
nents and from the relative drift between the components. However, the result for the temperature in Table 3 is
consistent with the total proton temperature as defined in Equation 19.

4.3. Effect of Proton Beams and a-Particles

As seen in Section 3.2.2, a-particles appear at greater energies than the proton core in the count maps, although we

assume their bulk velocities to be equal (U = U,-,in). Since the electrostatic analyzer cannot distinguish between

i,in

protons and a-particles, we analyze the a-particles as if they were protons. Therefore, the a-particles appear at

ZHANG ET AL.
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higher velocities in the analyzed output VDF. We further find that both the output number density and bulk
velocity in the x-direction are affected in the presence of a-particles. The magnitude of these changes depends on
the relative number density of the a-particles.

The trends of our accuracy plots are similar to those without a-particles. The low impact of a-particles is
attributed to the small relative density of the added a-particles (Ni';l = 0.04N,, in our calculation), so that the
proton input moments still dominate the total output moments. The measurement errors of both number
density and bulk velocity gradually rise as the input speed increases. For the same bulk speed of protons and
a-particles (co-moving species), the a-particles have twice the energy-per-charge of protons. Therefore, at a
bulk speed above around 1,800 km/s, a significant portion of the a-particle distribution lies outside the
energy-per-charge range of our instrument causing the observed inaccuracies in the plasma parameters. The
temperature comparison is not physically meaningful in this case since the temperature of mixed populations
is not defined.

Appendix B presents our results and discussion of the impact of a-particles without the presence of a proton beam.

4.4. Limitations of Our Model Evaluation

Our analysis of the PLA performance is prone to a number of limitations. For example, the actual solar wind
conditions are often even more complicated than assumed in our model cases (e.g., Marsch, 2006; Verscharen
et al., 2019), so that even the bi-Maxwellian model does not cover the actual shape of the underlying VDF well.

We only demonstrate the impact of proton temperature anisotropy by assuming the magnetic field is directly
pointing to the central look direction of the instrument, which is the x-direction in our model. In reality, however,
the orientation of the magnetic field and thus of the VDF symmetry axis is arbitrary. In future studies, it is
worthwhile considering different magnetic-field orientations to analyze the geometrical effects of the different
resolutions in energy, azimuth, and elevation.

The addition of indistinguishable (in a moment integration) a-particles complicates the derivation of the plasma
temperature. Alternative models, for example, multi-component fit models to the measured distribution would
allow us to determine the species moments individually (e.g., Nicolaou et al., 2014). Alternative approaches
include the fitting of the VDF over limited energy ranges (e.g., Nicolaou et al., 2018) or the use of proton beam
tracking techniques (e.g., De Keyser et al., 2018). Either way, our analysis clearly leads us to recommend the
downlink of count maps for ground moment calculation over the use of onboard moment calculations to avoid
inaccuracies in the characterization of the plasma properties.

5. Conclusions

We evaluate the expected performance of the Vigil/PLA instrument under realistic solar wind conditions.
Temperature anisotropy impacts the performance of PLA compared to the known behavior for a Maxwellian
equilibrium input distribution (Nicolaou et al., 2020). For example, anisotropic temperatures can deteriorate the
accuracy of the measured number density and temperature in high-temperature solar wind compared to the
isotropic case. The impact of suprathermal tails in the form of x-distributions has a minor impact on the accuracy
of the PLA moment determination.

We also study the impact of proton beams and a-particles on the measurement accuracy of PLA. We find that
adding a proton beam does not affect the number density and velocity measurements much, so that a realistic
determination of plasma moments for core-beam plasmas is feasible with PLA. When adding a-particles, our
instrument treats them as protons, leading to an incorrect distribution function and thus misestimations in the
output moment integrations. As expected, these misestimations depend especially on the relative number density
of the a-particles. The impact on the integration of the supposed proton temperature is particularly strong.

The Vigil/PLA requirements define the required accuracy in all moments as 5% or better for a number of plasma
parameter combinations. Our analysis shows that, depending on the non-equilibrium features in the distribution
and the abundance of a-particles, deviations of more than 5% can occur. Ground calculation of the moments,
however, would allow for the application of more sophisticated analysis routines (such as fitting) to correct the
moments.
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Overall, we show that PLA will provide a reliable determination of proton moments within a reasonable range of
solar wind parameters, even when the plasma is not in equilibrium. Especially the presence of a-particles,
however, deteriorates the accuracy of the bulk velocity and the temperature. We, therefore, recommend additional
steps to separate the effects of a-particles, such as fitting with model distributions (Nicolaou & Livadiotis, 2016)
or cut-off techniques in velocity space (Marsch, Rosenbauer, et al., 1982). However, these methods require the
downlink of full count maps from the Vigil spacecraft, since an automated and unchecked application of these
methods on board is unfeasible. For reliable and accurate measurements of the plasma moments, as required from
a space weather monitor asset like Vigil, we therefore recommend the use of ground moments over on-board
moments, even if this tradeoff leads to a lower possible measurement cadence due to the limited availability
of telemetry bandwidth.

Appendix A: Effect of x-Distribution

A common feature of the solar wind are non-thermal tails in the velocity distribution functions. The k-distribution
describes plasma out of the classic thermal equillibrium with non-thermal tails and has been observed in
numerous space plasmas (Livadiotis & McComas, 2009, 2013; Nicolaou et al., 2018). In this Appendix, we
analyze the impact of these tails on the performance of PLA. We represent the relevant input distribution for this
analysis as a k-distribution:
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Figure Al. Results of our performance model for an input plasma with a x-distribution for x = 2 with N;, = 10 cm™,
U, i, = 500 km/s, and T;, = 10 eV. Top: Count maps in energy, azimuth, and elevation. Bottom: Output VDF f,, in
energy-angle space, summed over the other angle.

ZHANG ET AL.

15 of 19

85UB017 SUOWILIOD 3A1ER1D) 8|qedl|dde auy Aq peuienob a1 sajole YO ‘8sn Jo Sa|Nn 10} ArIgITaUIUO AB]IM UO (SUOIPUOD-PUR-SUBY/W0D A8 1M ARRIq 1 BUIIUO//:SHNY) SUORIPUOD PUe swie | 3y} 88s *[7202/20/02] Uo Ariqiauliuo A8|iMm ‘ssoinies Ariqi JoN uopuoabe|oD AsieAlun Aq TZ9E00MSEZ0Z/620T OT/10p/L0d A8 |im: Areiq putjuo'sqndnBe;/sdny wouy papeojumoq ‘g v20Z ‘06€L2rST



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Space Weather 10.1029/2023SW003671

24—k—1

7-7,
fx(7) W3 [ﬂ(ZK—3)] Il:((:j,l) +2K2_3 ( W2 ) ,

(AD)

where I'(x) is the I'-function, and x > 3/2 is the x-index that describes how far the system is from the classic
isotropic thermal equilibrium. The isotropic thermal speed is here defined as w = 2k T,/ m,,.

Figure A1 and Figure A2 show sets of simulated counts and reconstructed VDF maps with « = 2 and x = 100. For
a small value of «, the particles are dispersed in the field of view and in energy, while for a large «, the particles are
more concentrated and clustered within the field of view and in energy. We note that the large-x case corresponds
to the Maxwellian limit of the x-distribution.

We show the accuracy curves for a k-distributed proton plasma in Figure A3, where we only vary «, and the other
input moments are fixed to N;, = 10 cm™>, U,;n =500 km/s, and T}, = 10 eV.

For small «, the simulated count maps become more fragmented, causing overestimations of the number density
and underestimations of the temperature. For large «, the distribution of particles is very close to the Maxwellian
distribution (e.g., Livadiotis & McComas, 2013; Nicolaou et al., 2018; Verscharen et al., 2019). Our accuracy plot
illustrates consistently that the agreement between output and input moments increases as k increases.
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Figure A2. Results of our performance model for an input plasma with a k-distribution for ¥ = 100 with N;, = 10 cm™,
U, i, = 500 km/s, and T;, = 10 eV. Top: Count maps in energy, azimuth, and elevation. Bottom: Output VDF f,, in
energy-angle space, summed over the other angle.
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Figure A3. Error analysis diagram for a x-distributed proton plasma as a function of k. The format is the same as in Figure 3.

Appendix B: Effect of a-Particles
In this appendix, we discuss the effect of a-particles without the addition of a proton beam.

Figure B1 shows the accuracy plots under the assumption of an anisotropic proton core and the presence of a-
particles. The overall trends of the accuracy curves are similar to those of proton temperature anisotropy alone
(see Section 3.1). We attribute this similarity to the relatively low number density of input a-particles.

However, we still observe misestimations for cold and slow solar wind. We expect that an increase in the relative
number density of a-particles would increase this effect. Similar to Section 3.2.2, we see a little drop-off for both
the number density curve and bulk-velocity curve and a significant drop for temperature curve at high velocities
(about 1,800 km/s). This further supports our conjecture (see Section 4.3) that a-particles more easily leave the
field of view as their input bulk velocity increases due to their higher energy-per-charge compared to the protons.
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Figure B1. Measurement accuracy for an anisotropic input plasma with a bi-Maxwellian proton core distribution with
Ny, =10 cm_3, Uiw=U,,=0km/s,and T, ,, = T_;, = 4T, ,,, and an added a-particle population (N{;l = 0.04N,,
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