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Abstract Cold plasma (up to few tens of electron volts) of ionospheric origin is present most of the
time, in most of the regions of the Earth's magnetosphere. However, characterizing it using in situ
measurements is difficult, owing to spacecraft electrostatic charging, as often this charging is at levels
comparable to or even higher than the equivalent energy of the cold plasma. To overcome this difficulty,
active potential control devices are usually placed on spacecraft that artificially reduce spacecraft charging.
The electrostatic potential structure around the spacecraft is often assumed to be spherically symmetric,
and corrections are applied to the measured particle distribution functions. In this work, we show that
large deviations from the spherical model are present, owing to the presence of long electric field booms.
We show examples using Magnetospheric MultiScale spacecraft measurements of the electrostatic
potential structure and its effect on the measurement of cold ion beams. Overall, we find that particle
detectors underestimate the cold ion density under certain conditions, even when their bulk kinetic energy
exceeds the equivalent spacecraft potential energy and the ion beam reaches the spacecraft. Active
potential control helps in reducing this unwanted effect, but we show one event with large cold ion density
(~10 cm~3) where particle detectors provide density estimates a factor of 3-5 below the density estimated
from the plasma frequency. Understanding these wake effects indirectly constrains some properties of the
magnetospheric cold ion component, such as their drift energy, direction, and temperature.

Plain Language Summary The near-Earth space environment is filled with plasma, that is,
ionized gas that interacts with electromagnetic fields. Owing to its relative accessibility, it constitutes an
invaluable laboratory for understanding how plasmas behave in nature. Many spacecraft missions have
been launched with the purpose of studying space plasmas since the 1960s, when the space era began. They
carry in situ instrumentation capable of measuring the properties of electric and magnetic fields, as well as
the properties of ions and electrons. One problem these missions encounter is that the spacecraft produce
their own electromagnetic fields that locally interact with the plasma and modify their properties. In this
work, we quantify the effects of electric field booms mounted on spacecraft, which have length scales
much larger than the spacecraft itself. The electromagnetic properties of these spacecraft booms strongly
affect the detection and characterization of cold plasma, that is, low-temperature plasma. Cold plasma in
the near-Earth space environment originates in the ionosphere, populates the whole magnetosphere, and
constitutes the most abundant magnetospheric population.

1. Introduction

The Earth's magnetosphere is composed of a mixture of hot (thermal energy of few to several kiloelectron
volts) and cold (thermal energy of up to tens of electron volts) ions. Typical hot magnetospheric populations
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are, for instance, the ring current and the plasma sheet. The cold populations originate in the ionosphere, via
various mechanisms such as ionospheric outflows at high latitudes (e.g., Yau & Andre, 1997, and references
therein) and plasmaspheric winds and drainage plumes at low and middle latitudes (e.g., Dandouras, 2013;
Darrouzet et al., 2008). These cold ions are often a mixture of protons and heavier species such as Het and
O* (e.g., Fuselier et al., 2017) and are accompanied by cold electrons (e.g., Toledo-Redondo et al., 2017).
The cold plasmas of ionospheric origin are, together with the solar wind, a major source of magnetospheric
plasma (Chappell, 2015).

In situ spacecraft measurements of space plasmas in the near-Earth environment became available dur-
ing the first space missions in the early 1960s. A prominent issue when performing these measurements in
low-density plasmas, that is, in regions above the ionosphere, is spacecraft charging. Solar extreme ultra-
violet radiation impinging on the metal parts of the spacecraft excite photoelectrons that detach from the
illuminated surfaces. This effect generates a net current flowing from the ambient plasma toward the space-
craft, which results in a positive spacecraft charging (V,.) with respect to the ambient plasma. For positive
potentials, as is often the case in the magnetosphere, the electrostatic potential structure around the space-
craft repels cold ions and attracts cold electrons. This results in an ion rarefaction or ion wake behind the
spacecraft, owing to the lower mobility of ions. Spacecraft in the Earth's magnetosphere typically charge up
to few tens of volts. When this voltage is reached, the photoelectron current is balanced with other currents,
such as the electron and ion currents (e.g., Andriopoulou et al., 2015; Pedersen et al., 1984). The plasma to
spacecraft potential is routinely measured by electric field instruments on board these spacecraft, which are
based on a double-probe technique (e.g., Gustafsson et al., 1997; Lindqvist et al., 2014).

Particle measurements are affected by the electrostatic potential structure around the spacecraft (Engwall
et al., 2006; Olsen, 1982; Su et al., 1998). Ambient electrons experience a gain in energy when approaching
the electron detectors (Szita et al., 2001). The potential structure that forms around the spacecraft is often
assumed to have spherical symmetry. Under this assumption, a correction is applied to detected electrons to
account for the effect of the spacecraft potential, which consists of subtracting V, times the electron charge
from the measured energy. In addition, the spacecraft attracts back emitted photoelectrons with outflowing
energies below the equivalent V.. These photoelectrons are much more abundant than ambient electrons
in the magnetosphere and result in high count rates in the lower energy channels of electron detectors. A
common practice to mitigate this unwanted effect is to discard the information coming from the energy
channels with energies below the equivalent V,, (Lavraud & Larson, 2016; McFadden et al., 2008). In the
case of ions, they encounter the potential barrier and loose energy before reaching the ion detectors mounted
on the spacecraft body. The correction is analogous to that for electrons, that is, one assumes spherical
symmetry of the potential, and the measured energy is corrected by adding V, times the ion charge. Ambient
ions with kinetic energy below the equivalent V are not able to reach the ion particle detectors.

The electrostatic potential structure around the spacecraft has a strong impact on measurement and char-
acterization of the magnetospheric ion component of ionospheric origin. Typical thermal energies of such
ions are usually below g, V., where g, is the cold ion charge, and they are measured by ion detectors
only when the energy associated with their bulk velocity relative to the spacecraft velocity becomes larger
than gq;. V. (e.g., Toledo-Redondo et al., 2017). Various mechanisms, such as motion of the Earth's mag-
netopause, magnetospheric convection, or low-frequency waves (e.g., Hirahara et al., 2004; Sauvaud et al.,
2001; Toledo-Redondo et al., 2015), to name a few, can accelerate the ions relative to the spacecraft to ener-
gies above V., and only then do the cold ions become visible. However, during most of the time, the cold
ions remain invisible to ion detectors.

In addition, when cold ions are unable to reach the spacecraft and are deflected by the spacecraft potential,
a cold ion wake is generated around the spacecraft (Engwall et al., 2006). The characteristic spatial scale
of the spacecraft potential structure can extend up to the Debye length-scale (few hundreds of meters in
the magnetosphere), and it is screened by the plasma at larger scales. Therefore, a rarefaction of ions is
formed behind the spacecraft, locally generating an electric field commonly referred to as the wake electric
field (E,.)- Similar problems of wake formation occur in sounding rockets when traversing the ionosphere
(Paulsson et al., 2018) or in other planetary environments (Bergman et al., 2018). The shape and size of
these wakes is modified by the presence of booms that are charged to spacecraft potential levels, which often
measure several to tens of meters and have a major effect on the potential structure around the spacecraft
(Cully et al., 2007; Miyake & Usui, 2016; Miyake et al., 2013).
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Engwall et al. (2006) developed an innovative method to indirectly infer the flux of invisible cold ions based
on the properties of E,,.. This technique revealed an increased number density of cold ions of ionospheric
origin in the Earth's magnetosphere (André & Cully, 2012; Engwall et al., 2009). Statistical surveys based
on particle instruments provide lower densities (e.g., Chen & Moore, 2006; Fuselier et al., 2017; Lee &
Angelopoulos, 2014) of the cold ionospheric component than indirect methods.

A way to mitigate the effects of spacecraft charging is to include an instrument capable of expelling ions, or
ion emitter (e.g., Torkar et al., 2001, 2014). The instrument generates an additional current that counteracts
the photoelectron current and results in lowering the spacecraft potential to a few volts. This technique is
beneficial for measuring both cold electrons and cold ions.

In this work, we present Magnetospheric MultiScale (MMS; Burch et al., 2015) spacecraft measurements
of the Earth's magnetosphere, when the ionospheric cold ion component is present. We demonstrate that
the electrostatic potential structure around the spacecraft cannot be assumed to be spherical for particle
measurements correction, due to the effect of long electric field booms. These booms are charged to the
same potential as the spacecraft body, and thus, they extend the spacecraft potential very far away from the
spacecraft body. In the vicinity of the boom, the electric field is directed radially away from the boom, and
it deflects the cold ions moving along the booms toward the spacecraft, creating a void in the cold ions in
the direction of the booms. Section 2 shows the results of modeling the MMS spacecraft potential struc-
ture. Section 3 first gives an overview of the event shown to illustrate the effects of the spacecraft potential
structure when measuring cold ions and the electric field. Then, it discusses in detail the measurements
made by the Fast Plasma Investigation (FPI; Pollock et al., 2016), the Hot Plasma Composition Analyzer
(HPCA; Young et al., 2014), and the Spin Double Probes (SDP; Lindqvist et al., 2014), under various ambient
plasma conditions and during periods with and without the ASPOC (Active Spacecraft Potential Control)
operation (Torkar et al., 2014). Finally, in section 4, we discuss and summarize the main findings and
implications of this work.

2. MMS Spacecraft Potential Structure Modeling

MMS was launched in March 2015 and successfully inserted into an equatorial, highly elliptical orbit around
Earth. It is composed of four identical spin-stabilized (~19.5-s period) spacecraft flying in close (from 10
km to few tens of kilometers) tetrahedron formation, to disentangle temporal and spatial changes in the
plasma. Its primary focus is to study magnetic reconnection processes between the solar wind and the Earth's
magnetosphere and in the magnetotail. The spacecraft design is octogonal (i.e., close to cylindrical) with a
radius of ~2 m, with the aim of minimizing changes in solar irradiation as they spin. Changes in the effec-
tive surface illuminated would result in variations of the amount of energy the solar panels receive, and
would produce a varying spacecraft potential owing to a varying photoelectron current production. Never-
theless, cylindrical symmetry cannot be accomplished: there are four wire booms deployed in the spin plane
(60 m each) that host electric field probes at their edges (Lindgvist et al., 2014), plus two axial semirigid
booms (12.5 m each boom plus 2.25 m each antenna; Ergun et al., 2014). The spin axis is slightly shifted
from Geocentric Solar Ecliptic System (GSE) Z axis (~ 3°) to avoid shadowing the probes by the spacecraft
body. In addition, there are two more booms (5 m each) that host the Flux Gate Magnetometers (FGM) and
the Search Coil Magnetometers (SCM; Le Contel et al., 2014; Russell et al., 2014). In this work, we focus
on the effect of the long (60 m) wire booms on the potential structure, although similar but smaller effects,
owing to their shorter length, are expected as well for the axial and magnetometer booms.

A model of the electrostatic potential structure for MMS (Cipriani et al., 2018) has been developed using
the Spacecraft Plasma Interaction Software (SPIS; Roussel et al., 2008). The SPIS numerical scheme is based
on a Particle in Cell approach to solve the 3-D Vlasov-Poisson equation, with a coupled dynamic current
solver at the spacecraft surface that computes the surface currents. Spacecraft photoelectrons and secondary
electrons excited from ambient electrons are produced as a function of illumination and ambient plasma
conditions. Therefore, the code self-consistently computes the currents between the spacecraft and the ambi-
ent plasma, providing a picture of the electromagnetic fields in the vicinity of the spacecraft. A simplified
3-D model of the MMS spacecraft was created, which accounts for the largest features such as spin, axial and
magnetometer booms, as well as representative spacecraft surface materials (full description in Cipriani,
2016), but not for small-scale details such as bolts or fasteners. In this model, the SDP spherical probes and
Axial Double Probes (ADP) were also omitted. A relatively crude mesh resolution was chosen in order to
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Figure 1. Simulated plasma potential structure around Magnetospheric MultiScale spacecraft body, including booms. The small-scale potential structures
around the booms are caused by the mesh resolution and are not real. The conducting spin-plane wire booms and axial booms extend spacecraft potential
charging far away from the spacecraft. (top) XZ plane in spacecraft coordinates. (bottom) XY plane in spacecraft coordinates.
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reduce the computing time while still providing accurate spacecraft potential values. The resulting potential
structure for given conditions in the magnetosphere are presented in Figure 1. In this run, typical magne-
tospheric conditions are assumed: plasma density n, = n; = 0.6 cm=3, and T, = T, = 0.5 keV. The resulting
spacecraft potential is V. =4.6 V. The spacecraft is considered to be fixed in space during the run, that is, the
spin motion is not included in the model. This is justified because the dynamics of charging the spacecraft
are much faster than the spin period (~20 s).

Figure 1 shows that presence of the wire booms has a major effect of the electrostatic potential struc-
ture around the spacecraft, and that the electromagnetic fields that ions and electrons experience when
approaching the spacecraft differ from an often-assumed spherical potential centered around the spacecraft
body. It is worth remembering here that the maximum length-scale of the MMS spacecraft is 120 m tip-to-tip,
that is, below the Debye length-scale L, = (¢,KT,/ nqu)“ 2 ~ 215 m for typical magnetospheric conditions,
where ¢ is the vacuum dielectric permittivity, K is the Boltzmann constant, and g, is the magnitude of the
electron charge.

3. In Situ Observations of the Cold Ion Component

On 28 December 2016, at about 11:28 UT, the MMS fleet was in the dayside magnetosphere close to the mag-
netopause, at [11.5, 1.7, 1.3] Earth radii in GSE coordinates. Figure 2a shows the measured magnetic field
(B) in GSE coordinates. The yellow-shaded region corresponds to roughly one spin time interval, and it will
be shown in detail in Figure 3. Figure 2b is a wavelet spectrogram of the B field, presented here to show that
no clear periodic signal multiples of the spin frequency are observed by FGM. Figure 2c shows the measured
electric field (E) by the spin probes in GSE coordinates, featuring a periodic signal. The wavelet spectrogram
of Figure 2d reveals a persistent tone within the magnetosphere interval (11:27:40-11:30:10 UT) at ~0.2 Hz.
This frequency roughly corresponds to 4 times the spin frequency (f; ~ 0.05 Hz). Figure 2e shows estimates
for the plasma density from three different sources: the FPI Dual Ion spectrometers (FPI-DIS) instrument
(n;, black line), the FPI Dual Electron Spectrometer (FPI-DES) instrument (n,, green line) and inferred from
the plasma frequency (ng, = a)?peo m,/q?, where oy, 1s the plasma angular frequency, m, is the electron mass
and g, corresponds to the magnitude of the electron charge) measured from fluctuations in the electric field
(red). The plasma frequency indicates an average plasma density of 1 - 2 cm~3, and corresponds to the most
reliable measurement of the true plasma density. The density detected by the ion instrument jumps between
0.2 and 2 cm~3 periodically, with the same period as the observed low-frequency fluctuations in E. The elec-
tron instrument does not observe the periodic fluctuations, and measures a density significantly lower, below
0.5 cm™3 during most of the time interval. Figure 2f shows an ion omnidirectional spectrogram in differen-
tial energy flux (dEF) units, measured by FPI-DIS. Before 11:27:35 UT, an ion component consistent with
magnetosheath plasma is observed. After that time, two populations at different energy ranges are detected
by FPI-DIS. One is commonly referred to as the ring current, with characteristic energies of the order of sev-
eral keV. The other population is observed in the 10-20 eV energy range, and periodic gaps in the detection
are observed, consistent with n; periodic fluctuations. The cold ion component is not detected in the time
interval 11:28:25-11:28:37 UT. We identify the cold ion component as a cold proton beam of ionospheric
origin. Finally, a faint third component is observed at energies of ~100 eV. The Hot Plasma Composition
Analyzer (HPCA) instrument resolves the ion mass and indicates that this third component corresponds to
cold Het (not shown). HPCA shows that the He* number density is roughly 2 orders of magnitude below
the proton density, and therefore does not significantly contribute to the overall plasma density. Simultane-
ous observations of cold H* and He* in the energy and density range mentioned are consistent with local
observation of the plasmaspheric drainage plume (Darrouzet et al., 2008). MMS1, MMS2, MMS3, and MMS4
were separated by one another by about 10 km, and all spacecraft observed the same features. The gaps in
cold proton detection do not occur at the same time among different spacecraft. All these indications let us
conclude that: (1) the cold ion component is periodically deflected by the potential structure and prevented
from reaching FPI; (2) the observed E field periodicity at ~0.2 Hz does not correspond to natural fluctuations
of the ambient plasma but is caused by an intermittent wake electric field (E,,.) in the vicinity of the space-
craft. This wake is likely due to the deflection of cold ions by the electric field booms potential structure; (3)
the plasma density is 1 - 2 cm™3, as indicated by n, and n; when the cold proton component is detected by
FPI-DIS. Figure 2g shows the electron omnidirectional spectrogram in dEF units. The spacecraft potential
(V) is plotted on top using a white line. In the magnetosphere region, two electron populations can be dis-
tinguished: ring current electrons with energies of few keV plus a cold electron component slightly above
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Figure 2. MMS1 measurements in the magnetosphere near the magnetopause, [11.5, 1.7, 1.3] Earth radii in GSE
coordinates. (a) Magnetic field in GSE coordinates. The time interval of Figure 3 is marked in yellow. (b) Magnetic field
spectrogram in T2/Hz. (c) Electric field in GSE coordinates. (d) Electric field spectrogram, V2-m~2-Hz"!. (e) (black)
Plasma density observed by FPI-DIS (n;), (green) FPI-DES (n,), (red) and inferred from plasma frequency line observed
by the electric field instrument (nfp). (f) FPI ion spectrogram in differential energy flux (dEF), keV/(cm? s sr keV).

(g) (color) FPI electron spectrogram in differential energy flux (dEF), keV/(cm? s sr keV), (white) spacecraft potential
(Vse), V. MMS = Magnetospheric MultiScale; GSE = Geocentric Solar Ecliptic System; FPI = Fast Plasma Investigation;
FPI-DIS = FPI Dual Ion spectrometers; FPI-DES = FPI Dual Electron spectrometers.

the spacecraft potential (~ 20 eV). Below V, the measurements are contaminated by spacecraft photoelec-
trons and are not accounted for when computing the electron moments. However, cold electrons from the
plasmaspheric plume are also dropped from the moment calculation, hence the low n, values.

3.1. Effects on the Fast Plasma Investigation and on the Spin Dual Probes Measurements

In this section, we focus on the time interval marked in yellow in Figure 2a, which is presented in detail
in Figure 3. It corresponds to 20 s of data, that is, roughly one spacecraft spin. Figure 3a shows a zoom
in energy of the omnidirectional FPI ion spectrogram. The cold proton beam is observed intermittently at
energies of 10-20 eV. A faint He* beam is observed at ~80 eV. V. ~ 10 V is plotted on top (red). The ion ener-
gies plotted in Figure 3a correspond to the ones detected by the instrument, without any correction applied
to account for the spacecraft potential. Therefore, their energy can be below the V. line, as is the case at
11:29:43 UT. The corresponding E X B energy is plotted in blue. Its value is roughly 20 eV when the cold ions
are detected. In the cold ion gap regions, the E measurement is affected by E, ., and E x B is not reliable.
We computed partial ion moments from the FPI-DIS distribution functions for all ions with energies below
50 eV. The resulting cold ion density (n;,) is plotted in Figure 3b. Whenever the measured n,, is larger than
50% of max(n;.), marked using a red line, the measurements are highlighted using =. We use this criterion
to define the cold ion gaps (n;, < max(n,)/2, marked with gray-shadowed areas, that is, the time intervals
when FPI-DIS could not detect the cold ion beam. Figure 3c shows the cold ion velocity in GSE coordinates,

TOLEDO-REDONDO ET AL.

10,053



100 Journal of Geophysical Research: Space Physics 10.1029/2019JA027145

5.5
i

w

5 2
o

g

45 =

20 e —+——+—+——+—+—+—F+—+—+——+——+—+—
_ ToFP ExB E . el Wl UF
2 20 ok ek R Mo s ﬁ“*m*‘ " 3%;_
o -40 ™ - * *ﬁ#ﬁ** WM * % kg
W *
60 F £ _
-80 - | | | | | | | | | | | | | | | | | | ]
T T T T T 1 T T T 1 T T
= 300 <bMMS ¢boom = ¢v (9)
» 200 B
s
< 100 - |
| I I I I | I I I 1 | | I |
11:29:30 11:29:35 11:29:40 11:29:45

2016-12-28 UTC

Figure 3. Detail of the cold ion beam gaps during one MMS spin. Gray-shadowed areas indicate the gaps in the cold ion beam detection, defined by a factor 2
decay in the measured cold ion density (n;,). (a; color) FPI ion spectrogram in dEF, keV/(cm? s sr keV), (blue) E x B energy for protons, (red) spacecraft potential
(Vse), V. (b; black) FPI cold ion density (n;.), computed for all ions below 50 eV, (red) 50% level of the maximum n;. measured in the interval of the figure.

(c) FPI cold ion velocity (v;., all ions below 50 eV) in GSE coordinates. (d; black) Perpendicular cold ion velocity, (blue) bulk ion velocity (vgy ). (e) Electric
field in GSE coordinates, * indicates regions where the cold ion beam reaches the spacecraft and E is reliable, x indicates the peak of E .. (f) Estimates of the
angle (¢, ) between GSE X axis and cold ion beam direction, projected on the spacecraft spin plane: (black) from v;,, (blue) from vy, g and (red) from E .-

(g; black) MMS1 spin phase angle (¢ypys), (blue) s Whenever a wire boom is aligned with the cold ion beam direction, estimated from E e (dpoom = Py)-
MMS = Magnetospheric MultiScale; dEF = differential energy flux; FPI = Fast Plasma Investigation.

obtained by calculating partial moments for all ions below 50 eV (v,,.). The regions where the cold ion beam
was detected by FPI are marked using . The average cold ion velocity is v;, = [43, —35, 0.5] km/s when sub-
tracting the cold ion gaps from the calculation, with a standard deviation of [7, 8.5, 2.5] km/s, indicating that
the direction of the cold ion beam was relatively stable during the time interval of Figure 3. In Figure 3d,
we compare the magnitude of the perpendicular bulk ion velocity taken from E x B (Vg p, blue) with v;. |
(black). If properly measured, the two terms should be in agreement when FPI detects the cold ion beam.
However, we corrected for V., when computing v;., assuming a spherical geometry of the spacecraft poten-
tial. It can be seen from Figure 1 that this approximation is not accurate. We attribute the deviation between
Vi« p and v, to inaccurate correction for the spacecraft potential. In addition, a residual E,,,, may be
present in the regions where the cold ion beam is resolved by FPI, if a significant portion of the cold ion beam
is still deflected by the potential structure. This is true, in particular, in the interval 11:29:42.5-11:29:47 UT,
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Figure 4. Comparison of FPI and HPCA observations of the cold ion beam (MMS1). Black vertical lines mark the time
at which the E field peaks, that is, is dominated by Ey,.. (2) Electric field in GSE coordinates. (b; black) Total ion
density measured by FPI (n;), (blue) total H* density measured by HPCA (ny+), (red) density inferred from plasma
frequency line observed by the electric field instrument (nfp). (c) GSE X component of the (black) FPI ion velocity,
(blue) HPCA H* velocity, and (red) HPCA He™ velocity. (d) GSE Y component of the (black) FPI ion velocity, (blue)
HPCA H* velocity, and (red) HPCA He* velocity. (e; color) FPI ion spectrogram in dEF, keV/(cm? s st keV), (black)
spacecraft potential (V.), V. (f) (color) HPCA H* subspin resolution spectrogram in dEF, keV/(cm? s st keV), (black)
spacecraft potential (V,.), V. FPI = Fast Plasma Investigation; HPCA = Hot Plasma Composition Analyzer;

MMS = Magnetospheric MultiScale; GSE = Geocentric Solar Ecliptic System; dEF = differential energy flux.

where the core of the cold ion beam is detected at energies below V.. Figure 3e shows the E field measure-
ment in GSE coordinates. The regions where the cold ion beam was detected by FPI are marked using . In
the cold ion gap regions (i.e., not marked with *), the measurement is strongly affected by E,,,.. Figure 3f
shows the direction angle (¢,) of the cold ion velocity in the plane perpendicular to the magnetic field (this
plane roughly corresponds to the spin plane), where ¢, = 0° corresponds to the Xq; direction and ¢, =
90° corresponds to the Y direction. It is obtained from three independent measurements: partial velocity
moments from FPI (v, ,, black), from v,z (blue), and from the direction of maximum E,,. in the region
where the E field is dominated by the wake effect. The three methods show roughly consistent directions
for the bulk ion velocity direction, with differences up to 50° . The disagreement becomes larger when the
cold ion beam energy becomes smaller and closer to g;.V,.. Finally, we show the MMS1 spin phase (¢ys>
Figure 3g). The times when one of the four wire booms is ahgned with the projection of v;. in the spin plane
(¢poom = @) are marked in blue and occur inside the gray-shadowed region (gap in cold ion beam detection
by FPI-DIS). The FPI cold ion gap, however, is not centered at ¢y, = ¢, (blue marks). This is due to the
way the FPI and SDP instruments are mounted in the MMS deck. We will come back to this point in section
4. The average angular width of the cold ion gaps observed by FPI is 40.5°.

3.2. Effects on the Hot Plasma Composition Analyzer

In this section, we compare the observations by FPI-DIS to the observations by HPCA during a subinterval
of Figure 1 (11:28:55-11:30:15 UT), to assess to what degree HPCA is also affected by the potential structure
of the spin-plane wire booms when resolving cold ion beams. Unlike FPI, HPCA relies on the spacecraft
spin to compute a full 3-D sampling of the ion distribution functions, needing a half-spin (~10 s) to cover
the full skymap. The field of view of the detector is 11.25° in azimuth and 22.5° in polar angle, with a total
of 16 polar detectors covering 360° . HPCA is capable of detecting the time of flight of each particle, and
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Figure 5. Comparison of three events (MMS1) where ASPOC is off/on and cold plasma density changes by an order of magnitude. Black vertical lines mark
times of peak Eq .- (a1-3) Electric field in GSE coordinates. (b1-3; black) Total ion density measured by FPI (;), (blue) 50% total Ht density measured

by HPCA (ny+), (red) inferred from plasma frequency line observed by the electric field instrument (nfp). (c1-3; color) FPI ion spectrogram in dEF,

keV/(cm? s st keV), (black line) spacecraft potential (Vy.), V, (blue line) E x B energy. (d1-3; color) HPCA H* spectrogram in dEF keV/(cm? s st keV),

(black line) spacecraft potential (V.), V. MMS = Magnetospheric MultiScale; ASPOC = Active Spacecraft Potential Control; HPCA = Hot Plasma Composition
Analyzer; dEF = differential energy flux.

therefore measure its mass. Figure 4a shows the X and Y GSE components of the electric field. It shows a
periodicity of roughly 4.5 s, corresponding to E each time one of the wire booms is aligned with the cold
ion beam. The times of maximum E, ;. have been marked using vertical black lines. Figure 4b compares the
plasma density measured by FPI-DIS (n;, black), HPCA (ny., blue) and inferred from the plasma frequency
line measured by SDP (ng,, red), as in Figure 2e. The FPI-DIS density is roughly a factor of 2 larger than
the density estimated from the plasma frequency line, at times when there is no significant E,,.. On the
other hand, the HPCA density is a factor of 2-3 below, all the time. The temperature of the cold ion beam
is of the order of 10 eV (inferred from computing partial moments of the FPI distribution function in the
energy range 2-50 eV). HPCA, like all electrostatic analyzers, was calibrated with a beam in the laboratory
that filled uniformly the whole angle-energy acceptance of the instrument. Therefore, for cold ion beams
that do not fill this angle-energy acceptance, the geometric factor obtained from laboratory calibration is
too large and the density derived from this geometric factor is too small. The degree to which the density is
underestimated depends both on the beam temperature and its bulk velocity relative to the spacecraft, and
therefore cannot be estimated in advance. Figures 4c and 4d compare the X and Y GSE components of the
ion velocity (v), measured by FPI (black dots) and HPCA (H*, blue, and He™, red). The FPI-DIS-measured
velocities, at times when the cold ion beam is not detected, have been masked. The three measurements are
roughly in agreement. However, we note a ~10-s (half spin) fluctuation for the proton velocity measured
by HPCA, that is not observed in He*. We attribute this to a different effective electric field experienced by
ions arriving to each of the fields of view of HPCA, as further detailed in the discussion section. Figure 4e
shows the FPI ion spectrogram in dEF. The total energy of protons is of the order of the spacecraft potential
(V4. black). A narrow ion beam roughly 4 times more energetic is also detected, corresponding to He*.
Figure 4f shows the HPCA proton spectrogram in dEF. Since HPCA needs a half spin to survey the 3-D
skymap, the cold ion beam is observed every ~10 s. The cold ion beam is observed at times when FPI cannot

‘wake?
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Table 1
Main Parameters of the Events in This Study
Event Time B 62 ngp ExB iy Ve ASPOC®
D Date (Um) (nT) ©) (cm™3) (eV) (eV) ) (pA)
2016 2016-12-28 11:29:30 43 11 0.6-0.9 31 <10 10.7 0
2017a 2017-01-27 11:37:40 64 7 1-2 21 <10 3.7 19.7
2017b 2017-01-27 11:45:20 65 10 10-12 13 <10 2.8 19.7

Notes. All quantities correspond to mean values during a 50-s interval centered at the reference time. Dates are
formatted as YYYY-MM-DD

3 Angle between magnetic field and spacecraft spin axis. PPlasma density estimated from plasma frequency. SASPOC
emitted current.

detect it (e.g., 11:29:30 UT, 11:29:50 UT), suggesting that at least one of the HPCA fields of view is less
affected by the potential structure of the wire booms than for FPI-DIS. Details on the differences between
the two HPCA fields of view will be discussed in section 4.

3.3. Mitigation Using Active Spacecraft Potential Control

The MMS fleet incorporates the Active Spacecraft POtential Control (ASPOC) instrument, consisting of an
ion emitter that generates a current from the spacecraft toward the ambient plasma and reduces the charging
of the spacecraft. During the event showed previously (28 December 2016, or simply 2016), the ASPOC
was not in operation. We now show MMS measurements during another two events on 27 January 2017
(2017a and 2017b) of similar characteristics in terms of ambient plasma conditions, but with ASPOC on. This
orbit has been recently studied by Cozzani et al. (2019), who reported an electron diffusion region encounter
roughly 20 min after the intervals studied in Figure 5. A comparison between the main parameters of the
events is given in Table 1. Most of the parameters are similar, with the exception of the ambient plasma
density (ng,) which is 1 order of magnitude larger for event 2017b, and the ASPOC current, which was 0 for
event 2016, reflected in a larger V.. The cold ion beams flow perpendicular to B, owing to E X B convection,
and therefore the deflection by the wire boom potential structure will be large when the angle between
background magnetic field and the spacecraft spin axis (6) is small. In order to compare and assess the effect
of the wire boom potential among the three events, it is important that this angle remains small and similar
between the events (7-11° in the case studies of Table 1). In any case, this angle remains small most of the
time when MMS is in the outer magnetosphere, owing to its equatorial orbit. The total kinetic energy of
the cold ion beam depends on both its E x B velocity and thermal energy (T;.), and it is important to have
similar values among the events to compare the effect of the spacecraft potential structure as a function of
ASPOC operation (2016 to 2017a) and plasma density (2017a to 2017b).

Figure 5 is divided into three columns (subscripts 1, 2 and 3) that correspond to events 2016, 2017a, and
2017b, respectively. As commented before, the main difference between event 2016 and 2017a is ASPOC
off/on, and the main difference between 2017a and 2017b is the cold ion plasma density, which is an order
of magnitude larger in event 2017b (both events have ASPOC on). Figures 5al-5a3 show the spin plane
electric field. Event 2016 (left) is contaminated by an intermittent E,,, . every quarter of spin period, event
2017a does not show clear E,,;.., and event 2017b is also affected by E,,.. Figures 5b1-5b3 show the plasma
density inferred from plasma frequency (nfp, red), FPI-DIS (n;, black), and HPCA (n., blue). We assume
that ng, is the best estimation of the true plasma density. The best agreement within the three plasma density
measurements is found for event 2017a, that is, ASPOC on and a moderate amount of cold plasma. For event
2017b, despite ASPOC being on, the particle instruments provide low estimates of the plasma density on
average (HPCA and FPI-DIS) and complex fluctuations of 1 order of magnitude which are not real (FPI-DIS).
Figures 5c1-5c3 show FPI ion dEF (color), spacecraft potential (V, black) and E x B energy (blue). Ex B
lines fluctuate for events 2016 and 2017b, owing to contamination by E, ;.. Figures 5d1-5d3 show HPCA
proton dEF. HPCA detects protons in the regions close to maximum E (vertical black lines), indicating
that HPCA is less affected by the wire boom potential structure.

‘wake?

The comparison between events 2016, 2017a, and 2017b indicates that ASPOC mitigates the effect of the
spin-plane potential structure over FPI and HPCA measurements of the cold ion beam, for a moderate cold
ion density. However, for dense beams such as the case presented in event 2017b, ASPOC on (emitting a
current of 20 pA) is not enough to fully resolve the cold ion beam. The particle detectors provide nonreal
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Figure 6. Sketches of the potential structure and ion wake formed around Magnetospheric MultiScale spacecraft.
Spacecraft body and wake size are not to scale. (a) Cold ion deflection by the spacecraft body and spin-plane booms
potential structure (red-shadowed region), case mvizC /2 < g;.Vse. An enhanced ion wake is formed (yellow-shadowed
region). (b) Same as (a) without alignment between the ion beam and electric field booms, a smaller ion wake
(yellow-shadowed region) is formed than for case (a), owing to the spacecraft body potential structure. (c) Cold ion
deflection by the spacecraft potential structure (red-shadowed region), case mvizc /2 > q;.Vi.. A narrow, boom-induced
ion wake is formed behind the spacecraft (yellow-shadowed region). (d) Same as (c) without alignment between the
ion beam and electric field booms. The cold ions are focused toward the spacecraft by the effect of the spin-plane
booms. A narrow wake is formed behind the spacecraft, mainly the region blocked by the spacecraft body
(yellow-shadowed region, note that the spacecraft body and therefore the wake behind it are not to scale in this plot,
but magnified for better visualization). (e) View from the side of the narrow, boom-induced ion wake.

fluctuations (FPI-DIS) and low estimates of the cold ion density (FPI-DIS and HPCA), and wake electric
fields are present.

4. Discussion and Conclusion

In Figure 6, we show diagrams of the spacecraft potential structure and the ion wake formed, owing to cold
ion beams under different situations. The size of the spacecraft body is not to scale, to better illustrate its
effects. Since the scale size of both the spacecraft and the booms is below the Debye length-scale, a rarefac-
tion of cold ions (wake) is formed behind the spacecraft when the cold ion flow is supersonic (mvl.zC /2> KT,),
a common situation in the magnetosphere. Electrons, on the other hand, are not supersonic, owing to their
smaller mass, and no electron wake is formed. This charge imbalance generates a local E field from probe 1
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to probe 2, or E,. (see Figure 6a). The size and magnitude of the ion wake behind the spacecraft depends
on the ratio between the cold ion beam bulk kinetic energy and g, V.. If the bulk kinetic energy of the
cold ion beam is below the equivalent spacecraft potential (mv? /2 < g;.V.), the potential structure of the
spacecraft body (red-shadowed areas around spacecraft body in Figures 6a and 6b) has a strong effect over
the ion beam, deflecting it and preventing it from reaching the spacecraft (Engwall et al., 2006). This is the
situation in the interval 11:28:20-11:28:40 UT of Figure 2, where no cold ions are detected by FPI (small
interval in the center of Figure 2f). Under this situation, an enhanced wake is formed behind the spacecraft
(yellow-shadowed regions in Figures 6a and 6b). The effect of the potential structure caused by the electric
field booms (red-shadowed areas around the booms) is less important, and a large wake is formed for all
angles between the ion beam and the orientation of the booms (see E,,,,. measurement in Figure 2c). How-
ever, the size of the wake is modulated by the additional effect of the booms when they are aligned with the
beam further enhancing the size of the wake. The electric field instrument is affected by E,,. throughout
the whole spin period, and its magnitude fluctuates over that period, becoming maximal each time one of
the booms is aligned with the cold ion beam, and reaching a minimum in between the alignments. For the
time interval mentioned above, 11:28:20-11:28:40 UT of Figure 2, the E, ;. magnitude is > 3 mV/m when
the beam is aligned with each of the spin-plane booms, and goes down to less than 1 mV/m in between
(not shown).

Figures 6¢c—6e show the situation when the bulk kinetic energy of the ion beam exceeds the equivalent space-
craft potential (mv; /2 > q;.V,.), as it occurs in the three events shown in this work (Figures 3, 4 and 5).
In this case, the effect of the spacecraft body potential structure is less important. It still modifies the bulk
kinetic energy and direction of the ion beam, but the ions can penetrate this potential structure, reach the
ion detectors, and no enhanced wake is formed behind the spacecraft. In this case, the relative orientation
between the electric field booms and the ion beam becomes much more important. For a thin wire, the radial
electric field decays inversely proportional to the distance to the wire (1/r), instead of (1/r?) as is the case
for a sphere (Cully et al., 2007). When the ion beam and the booms are aligned (Figure 6c), the ion beam
experiences a radial electric field along its path flowing parallel to the boom, and generates a wake behind
the spacecraft (yellow-shadowed). We term this effect boom-induced wake electric field, and it corresponds
to the situation in the gray-shadowed regions of Figure 3. If we assume the cold ion beam velocity is con-
stant over one spacecraft spin time interval, then the effect will be observed roughly every quarter of a spin.
The boom-induced wake is narrower than the classical or enhanced wake described above, and its size and
intensity depend mainly on V., v,. and the length of the booms. When the cold ion beam and the booms
are not aligned (Figure 6d), the ion beam is affected in a different way by the electric field, coming from
the spin-plane booms potential structure. Under these circumstances, the cold ion beam may be funneled
toward the spacecraft by the boom potential structure (Miyake et al., 2013). This effect is consistent with
the overestimation of the ion density that FPI observes (»;) at some portions of the spin (see Figures 2e and
4b). A very narrow wake behind the spacecraft body is still formed, but this wake is smaller than for situa-
tions illustrated in Figures 6a-6¢. Note that the size of the spacecraft body (and therefore the wake width in
Figure 6d) are not to scale, but magnified for visualization purposes. The sketch of Figure 6d corresponds to
the situation in the white-shadowed regions of Figure 3. Figure 6e shows a side view of the boom-induced
wake effect, which is larger when the cold ion beam velocity is contained in the spin plane, or, in other
words, the magnetic field forms a small angle with the spacecraft spin axis (9). This is a common situation
for MMS in the dayside magnetosphere, owing to its nearly equatorial orbit and spin axis pointing roughly
in Z GSE. For the events discussed in this work, the angle 6 varied between 7° and 11° (see Table 1).

For MMS, the importance of the boom-induced wake reported here (mvfc/z > q;.Vy.) depends mainly on
the following parameters: spacecraft potential, bulk kinetic and thermal energy of the cold ion beam, angle
between the magnetic field and the spin axis (6, see Figure 6e), and ASPOC operations. The example
shown in Figure 2 is very illustrative, and such clear signatures are not often observed. However, we expect
boom-induced wake effects on electric field and particle measurements in the magnetosphere whenever the
angle between the magnetic field and the spin axis is small, and the bulk kinetic energy exceeds the equiv-
alent spacecraft potential and the thermal energy of the cold ion beam. This is true for MMS most of the
time on the magnetospheric side of the Earth’s magnetopause. However, if the bulk kinetic energy of the ion
beam is much larger than g, V., the effect will be small. ASPOC reduces V_ by a factor 34, and therefore
this effect is mitigated when ASPOC is operating.
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Figure 7. Detail of FPI-DIS and HPCA fields of view, and SDP deployment on Magnetospheric MultiScale (adapted
from Burch et al., 2015). FPI relies on 32 deflection states (DS) in azimuth to accomplish full sky coverage every

160 ms. HPCA relies on spacecraft spin and covers the full skymap every half spin (~10 s). One of the fields of view is
more affected by the SDP boom potential structure than the other. FPI = Fast Plasma Investigation; FPI-DIS = FPI
Dual Ion spectrometers; HPCA = Hot Plasma Composition Analyzer; FOV = field of view; SDP = Spin Double Probes.

In Figure 7, we plot the fields of view of the FPI-DIS dual spectrometers and HPCA, as well as the deployment
of the SDP booms. It can be seen that the SDP booms directly block part of the fields of view of the dual
FPI-DIS in the spin plane, each at a 30° angle with one of the SDP booms. HPCA, unlike FPI, relies on the
spacecraft spin to complete a full 3-D survey of the sky, and its field of view consists of two antiparallel and
narrow (11.25° in azimuth each) regions of the sky. As can be seen in the diagram of Figure 7, one of the
field-of-view directions of HPCA (top HPCA FOV in Figure 7) is more affected than the other by the electric
field booms potential structure, because it directly crosses with one of the booms. In Figures 4c and 4d we
showed that the measured proton velocity by HPCA was fluctuating every 10 s, that is, each of the fields
of view of HPCA measured a different proton velocity. We propose that this effect is due to an asymmetric
effect of the spacecraft potential to each field of view.

Cold ion wakes generated in the vicinity of charged spacecraft are an unwanted effect that makes particle
and field measurements operate in unconventional ways that are more difficult to interpret. However, some
information can be extracted from the cold ion beam when it is deviated by the spacecraft potential. Engwall
et al. (2008) used the wake effect observed by the Cluster spacecraft (Escoubet et al., 2001), in combination
with particle drift instrumentation, to measure the background electric field, to infer the flux of invisible
cold ions in the magnetotail lobes. André and Cully (2012) used the same technique over a larger Cluster
spacecraft dataset and revised upward the number density of cold ions in the Earth's magnetosphere. How-
ever, particle drift instruments are complicated to operate, and these measurements are not always available.
Some constraints on the cold ion component can still be inferred by combining particle measurements and
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electric field measurements from double probes without the need for particle drift measurements. If a wake
is detected and no cold ions are observed throughout a spin, then we can conclude the existence of a super-
sonic ion beam with both its kinetic and thermal energy below the spacecraft potential equivalent energy
Vs > mv.,/2 > KT,.. On the other hand, if the cold ion beam is detected but fluctuating over a spin period,
similar to Figure 2, then we can conclude that mv? /2 > q;.V,. > KT,.. Note also that in most situations,
V;. = Vg, - Under the two situations, the direction of v;. can be extrapolated from the direction of E,,;. (see
Figure 3f). The E,,,. magnitude depends on the ion beam flux (density and velocity), and it is possible to
constrain the flux of the ion beam using the electric field measurement, but calibrating this effect would
require a large number of events with varying fluxes, and it is left for future work.

One of the implications of the findings presented here is that statistical surveys of the cold ionospheric
component in the magnetosphere that rely on particle instruments (e.g., Chen & Moore, 2006; Fuselier et al.,
2017; Lee & Angelopoulos, 2014) will routinely provide biased estimates of the cold ion density, even if
active potential control mechanisms are present. The results of these surveys need to be considered as lower
thresholds for the true amount of cold plasma of ionospheric origin. Indirect measurements using the wake
method (André & Cully, 2012; André et al., 2015; Li et al., 2013) provide larger densities in most parts of the
magnetosphere.

To summarize, the cold ion component of ionospheric origin that is present most of the time in most of the
regions of the magnetosphere is difficult to characterize by in situ measurements using particle detectors,
because the nonspherical potential structure around spacecraft alters both the trajectory and energy of cold
ions. Particle measurements are usually corrected for spacecraft potential effects, assuming a spherically
symmetric potential structure of the spacecraft body (corresponding to a radial electric field). This approx-
imation is not valid for particles with thermal or drift energies close to the spacecraft potential, which are
strongly affected by the electrostatic potential structure of spacecraft booms. For the MMS examples pre-
sented in this work, active control of spacecraft potential helps to mitigate these effects for moderate beam
plasma density (n,, ~ 1 cm~3), but we show that the cold population is underestimated with ASPOC on
(ASPOC current is 20 pA) for an event with a large beam plasma density (n,, ~ 10 cm™3). These types of
events, featuring dense cold ion beams, may benefit from ASPOC operating at higher current range. Main-
taining V. as low as possible is crucial for resolving cold ion beams in the magnetosphere. When cold ions
are deflected by the potential structure, an ion rarefaction is formed behind the spacecraft that affects elec-
tric field measurements. Understanding the electromagnetic environment surrounding the spacecraft helps
us to understand these kind of measurements and enables indirect techniques for detecting the cold plasma
components and inferring their main characteristics, such as density, velocity and temperature.
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