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Abstract In order to study the acceleration of ions originating from the tenuous exosphere and surface of
the Moon, we analyzed data from the ElectroStatic Analyzer (ESA) and Flux Gate Magnetometer (FGM)
carried by the Acceleration, Reconnection, Turbulence, and Electrodynamics of Moon's Interaction with the
Sun (ARTEMIS) spacecraft. Previous investigations have modeled the acceleration of lunar ions by the
motional electric field of the surrounding plasma. However, in the terrestrial magnetotail, where the lunar
ion density can equal or even exceed the ambient plasma density, other forces may play an important role in
the tenuous plasma environment. Determining what forces govern lunar ion motion is important in
understanding their interaction with the ambient plasma in the unique environment of the magnetotail.
Based on a detailed analysis of two individual ARTEMIS observations, we find that magnetic pressure and
magnetic tension forces may play an important role in accelerating the lunar ions.

1. Introduction

The Moon has a tenuous exosphere, which is mainly composed of neutral particles released from the lunar
surface (Stern, 1999). There are multiple processes through which neutral particles in the exosphere and on
the lunar surface are transformed to heavy ions with the same mass, including photoionization, photon, and
electron-stimulated desorption, charge exchange, impact ionization (Huebner & Mukherjee, 2015; McGrath
et al., 1986; Sarantos et al., 2012), and micrometeoroid bombardment (Halekas et al., 2011; Hartle &
Killen, 2006; Horanyi et al., 2015; Stern, 1999). Studying these lunar ions can help us understand the funda-
mental physical processes that occur at the Moon and the linkages between the lunar surface, the exosphere,
and the ambient plasma environment.

The lunar plasma environment when the Moon orbits through regions with appreciable plasma density,
such as the solar wind, the magnetospheric plasma sheet, or the magnetosheath, is predominately controlled
by the flow of the ambient plasma, which has much higher density than that of the lunar ions in these
regions. Futaana et al. (2003) reported the ring-like velocity distribution of protons near the dayside of the
Moon. Saito et al. (2010) further discussed the ions originating from the Moon surface/exosphere. In a dense
flowing magnetized plasma such as the solar wind, newborn ionized particles are picked up and accelerated
by a —v X B motional electric field during the so-called pickup process (Halekas et al., 2012, 2013, 2015;
Hartle et al., 2011; Hilchenbach et al., 1992; Mall et al., 1998; Sarantos et al., 2012; Yokota et al., 2009). In
this process, lunar ions are accelerated by the motional electric field and subsequently experience E X B drift
motion (Halekas et al., 2012). Halekas et al. (2012) utilized ARTEMIS data to constrain the dominant mass
range of lunar pickup ions to ~20-45 amu by studying pickup ion trajectories in the solar wind.

In the terrestrial magnetotail lobes, the pickup process has also been considered as a potential mechanism
for the acceleration of lunar ions (Poppe et al., 2012; Zhou et al., 2013), with the near-surface sheath
electric field also playing a role (Poppe et al., 2013; Tanaka et al., 2009). Poppe et al. (2012) estimated
the lower limit of lunar pickup ions to be ~24 amu, using a model of the combined pickup and sheath
electric field acceleration. Zhou et al. (2013) showed that the average mass of lunar pickup ions was
~28 amu, based on the plasma quasi-neutrality requirement and the fact that ARTEMIS instruments
underestimate the ion density.

In contrast to the ambient solar wind, in the terrestrial magnetotail lobes the density of lunar ions is
commonly comparable to or even larger than the density of the ambient lobe plasma (Halekas
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et al., 2018). This condition invalidates the test-particle approximation commonly used to describe pure
—v X B pickup, since the ambient plasma flow cannot provide the momentum required to pick up the lunar
ions. The lobes in the magnetotail therefore provide a unique environment to investigate the dynamics of the
lunar ions, since the local plasma environment can be appreciably perturbed by the presence of the lunar
ions. In this scenario, the magnetic perturbations produced by the interaction with the ambient flow may
provide the dominant forces that accelerate newborn ions (Vasylitinas, 2016). In the multifluid's perspective,
ion kinetic behaviors such as the gyration of different ion fluids can be captured (Alvarez-Laguna et al., 2018;
Huang et al., 2018; Rubin et al., 2014). For instance, the two fluid description of plasma is derived from the
Vlasov equation (Bellan, 2008). The momentum equation of the ath ion in the multifluid model can be
described as follows (Sauer et al., 1996; Toth et al., 2010; Zieger et al., 2015):

a’.;‘—tua + V-(p iy + Ip,)=nqq, (U —u;) X B+ n:—:le“(J XB—Vp,) + Sp u, (1)
where p, and u, are the ion mass density and velocity, respectively, p, and p.are ion and electron pres-
sures, n, is the ion number density, g, and e are the charge of ion and electron, J and B are the current
density and the magnetic field, u, = Y n.q.u./(en,), and Sp.u, 1s arbitray source term caused by
electron-ion collisions, charge exchange, etc. Since the plasma is relatively cold in the magnetotail lobes,
the pressure terms are negligible compared to other source terms. Due to the plasma quasi-neutrality
requirement and the small ambient proton density in the lobes as we discussed, n, % n,+n, ~ n, in the
model, where ny, represents the heavy ion density, and on the right side of the equation above the second
term dominates compared to the first term. Therefore, the acceleration of ions is dominantly controlled by
the J X B force. Besides, we can also estimate the minor effect of the first term if considering a nominal
nonzero n,. For instance, considering the nominal ambient ion density that ARTEMIS measured beyond
the period when lunar ions were detected and the lunar ions density during the period when lunar ions
were detected, n,/n,~1/10, and the lunar ions were accelerated to ~20 km/s, the ratio of the second term
to the first term on the right-hand side of the equation is much larger than 1 (the method of calculating
the second term magnetic force will be described in the next section). Therefore, the first term is reason-
ably small to be discarded in the model equation in this scenario.

Since this set of equations shows that for heavy mass-loading (in contrast to “test-particle pickup”) there are
appreciable forces on the ambient plasma as well as the newly ionized particles, which ultimately lead to the
slowdown of the ambient flow and the development of a magnetic disturbance structure, particularly in the
sub-Alfvénic background flow of the magnetotail lobes. These structures have previously been observed
around other moons in the solar system within their parent body magnetospheres, for example,
Ganymede and Io in Jupiter's magnetosphere (Kivelson et al., 1997; Linker et al., 1998) and Rhea in
Saturn's magnetosphere (Simon et al., 2012).

In this paper, we suggest that, in contrast to the conventional pick-up process driven by the —-v X B
motional electric field in the solar wind, in the terrestrial magnetotail lobes the interaction between
ambient and lunar plasma should lead to the formation of a disturbance region, which is created by
the mass loading process. This structure has been referred as an Alfven wing in other Moons which have
similarly plasma-induced field disturbance, for example, Enceladus (Jia et al., 2010), Titan (Sillanpdd &
Johnson, 2015), even though their cause is different from the traditional Alfven wing as originally dis-
cussed by Drell et al. (1965) and Neubauer (1980). The associated magnetic perturbation and resultant
magnetic forces (magnetic tension and magnetic pressure) should play an important role in the accelera-
tion of the lunar ions. In section 2, we introduce the instrumentation of ARTEMIS for the observations in
this study. In section 3, we utilize data from the ARTEMIS Electrostatic Analyzer (ESA) (McFadden
et al., 2008) and Fluxgate Magnetometer (FGM) (Auster et al., 2008) instruments to investigate the dis-
turbed structure of the mass loading region formed by the interaction between the lunar and the ambient
plasma, for two events reported by Poppe et al. (2012) and Zhou et al. (2013, 2014). For each of the two
events, we investigate the lunar ions' acceleration by the magnetic pressure and tension forces, which are
generated by the perturbed local environment of a mass loading structure and compare the results with
the velocity of lunar ions measured by ARTEMIS. Finally, in section 4, we summarize our study and out-
line future work.
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2. Instrumentation and Methodology

The ARTEMIS mission is a two-spacecraft redeployment of Time History of Events and Macroscale
Interactions during Substorms (THEMIS) mission, which originally consisted of five spacecraft
(Angelopoulos, 2011). The two redeployed spacecraft were renamed P1 and P2 and finally transferred into
lunar orbit. In this study, we utilize data from two of the on-board instruments: ESA and FGM. The ESA
measures the ion distribution from a few eV to 25 keV and electron distribution from a few eV up to
30 keV (McFadden et al., 2008). The FGM measures the vector magnetic field at a cadence of ~4 s minimum.

The coordinate system utilized in this study is Selenographic Solar Ecliptic (SSE), in which the +Xggg axis is
directed toward the Sun from the center of the Moon, the +Zgsg axis points toward the ecliptic north pole,
and the +Yggg axis completes the right-handed system. The two probes of ARTEMIS follow elliptical orbits
around the Moon. The orbits of the probes are near-equatorial, with aposelenes of ~20,000 km and perise-
lenes that vary from tens to hundreds of km. A dominant positive B, component was observed during the
two events, indicating that the Moon was in the north tail lobe.

Since the ESA, which measures flux as a function of energy per charge, does not discriminate between ions
of different mass, heavy ions' speed is overestimated by a factor of \/M—/q, where M is the atomic mass num-
ber. Since the particle flux is correctly measured regardless of ion mass, the ion density is underestimated by
afactor of \/M/q(McFadden et al., 2008; Zhou et al., 2013). Poppe et al. (2012) calculated that the lower limit
of lunar ions' mass is 24 amu when the Moon was in the magnetotail lobes. Zhou et al. (2013) further esti-
mated that the average mass is 28 amu in this scenario. In this study, we therefore utilize a correction factor
of /28 = 5.29. Based on the assumption that plasma is quasi-neutral, the charge density of ions and electrons
should be equal (Zhou et al., 2013),

ne:ni'corrected:\/]\_/l' (ni - I’lp) + np, @)

where n, is the electron density, n; is the ARTEMIS-measured ion density, n, is the background proton
density, and n; - corrected 1S the corrected overall ion density, which sums the heavy ion density and the
background proton density. The electron density is also checked from the electric field spectra, which is
consistent with lobe ESA measurement for our result.

Similarly, the heavy ion velocity can be estimated by considering the measured overall ion flux equal to the
summation of the heavy ion flux and the background proton flux,

e Vi + npVyo=n;- Vi, 3)

according to the density relationship shown as Equation 2, the flux equation can be transformed to as
follows:

VM- (n; = np) Vi, + npVyp=n;-Vi, 4)

where V), is the heavy ion velocity, the V), is the background proton velocity, and V; is the nominal ion
velocity ARTEMIS measured. Here, n, can be estimated by the average value that the ion ESA (iESA)
measured during the window before and after the heavy lunar ions are detected. However, due to the large
positive spacecraft potential, low-energy protons cannot reach the spacecraft, and this measurement is
unreliable. Furthermore, the nominal ambient ion density that ARTEMIS measured beyond the period
when lunar ions were detected is also much smaller than the ion density during the period when lunar
ions were detected. Therefore, we simply set n, to zero, which we found had no significant impact on
the calculation of the heavy ion velocity for the first-order approximation. Similarly, ARTEMIS is incap-
able of directly measuring the small bulk plasma speed in the ambient lobe environment (Poppe
et al., 2012) because of the positive spacecraft potential. However, since the second term in Equation 4
is neglected because n, is set to zero, we therefore expect the perpendicular component of the ambient
background convective velocity does not significantly affect the result for the first-order approximation
in this equation. In order to accurately measure the lunar ion velocity, the background noise which con-
taminates the velocity measurement of the lunar ions should be excluded. The method is calculating the
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moments of lunar ions by restricting their exclusive velocity direction and energy range, the details of
which will be described in the next section.

Since the orbit of ARTEMIS is almost on the equator of the Moon, and the trajectory when the satellite P1 or
P2 flew by the dayside near surface of the Moon is approximately perpendicular to the background magnetic
field during the events we will discuss in the next section, these events provide an opportunity to track and
investigate a component of the lateral magnetic forces and velocities of lunar ions. We can estimate the mag-
netic tension and magnetic pressure along the 1-D flyby trajectory of a satellite above the dayside of the
Moon, which gives us a first-order approximation of the magnetic forces that accelerate the lunar ions in this
direction. The tangential component of the magnetic force J X B can be divided into two parts: magnetic ten-
sion (B - V1)Br/1y and magnetic pressure —V(B*/2u,), where Vi represents the differential delta or nabla
operator calculated along the trajectory of the ARTEMIS satellite near the Moon. In the dayside area where
ARTEMIS crossed, Vr approximates the nabla operator along the SSE Y direction, perpendicular to the mag-
netic field. The magnetic tension term is generated when the field line is curved and the tension force tends
to bend the line back until the line becomes straight. In contrast, the pressure term is generated when the
magnitude of the magnetic field is inhomogeneous, and the pressure force acts from high to low magnetic
pressure regions (Kamide & Chian, 2007). Since the time window of the variation of the detected plasma
is about 10 min during the events in this study, we calculate the divergence and gradient across 10 min when
we measure the magnetic forces. In order to confine the magnetic forces to the specific dimension along the
spacecraft trajectory, during the calculation we project the vectors to the tangential direction of the local tra-
jectory. For instance, B = (Br, By), where By and By, respectively, represent the tangent and the normal com-
ponents of the magnetic field at a local point on the trajectory. Since we focus on the dimension along the
satellite trajectory, the normal component By was negligible when calculating the magnetic tension term.
Meanwhile, we assume that the initial perpendicular velocity of lunar ions was zero. By comparing the esti-
mated lunar ion velocity that would be produced by acceleration from zero by the magnetic forces with the
ARTEMIS-measured ion velocity, we can investigate how large the impact of the magnetic field perturbation
on the lunar ion's acceleration is.

3. Results and Discussion

The Moon orbited through the magnetotail lobe ~60 Earth radii (Rg) downstream from the Earth during two
events that took place on 11 November 2011 and 29 October 2012 (Poppe et al., 2012; Zhou et al., 2014). The
geomagnetic K;, index during both events was less than 1, indicating quiet geomagnetic conditions. The
magnetic field was dominated by the B, component, the positive value of which indicates that the Moon
was in the northern lobe region. On 11 November 2011, ARTEMIS P2 flew by the dayside of the Moon from
the dawnside to duskside during 10:45-11:35 UTC. On 29 October 2012, ARTEMIS P1 flew by the dayside of
the Moon from the duskside to dawnside during 04:45-05:45 UTC.

Figure 1 reveals the overall structure of the magnetic field fluctuation near the Moon, combined with the
trajectories of ARTEMIS' fly-by on 11 November 2011 and 29 October 2012, respectively. The left plots show
the X-Z plane on which the Moon is observed from the dawnside. The solid black curves represent the dis-
turbed field structure caused by the mass loading upstream of the Moon, and the dashed curves represent the
downstream field structure in the wake. The right plots show the X-Y plane on which the mass loading of the
Moon is observed from the side view. The mass loading disturbance structure is shifted from the lunar center
since the ionosphere is concentrated above the surface of the dayside.

3.1. The 11 November 2011 Event

We utilized ion data from ESA and magnetic field data from FGM to investigate the ion velocity and mag-
netic field perturbations along the dayside trajectory. Figure 2a (the upper subfigure of Figure 2) shows
ARTEMIS P2 original measurements of ion velocity and magnetic field difference from ARTEMIS P1 made
during 10:45-11:35 UTC on 11 November 2011, when P1 was far from the Moon (~[2, —7.5, 0.8] Ry in SSE
coordinates) and P2 was above the dayside of the Moon. The Moon is at ~[—60, —7, 2] Rg in GSE coordinates,
where Rg is the radii of the Earth. Because of the quiet geomagnetic conditions, the magnetic field data from
P1 can be treated as an unperturbed background. In another word, the two ARTEMIS probes measure the
same magnetic field far from the Moon, but the Moon perturbs the magnetic field near the Moon, which
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Figure 1. The overall magnetic field structure caused by mass loading near the Moon. The black curves represent the
disturbed field structure. In each left plot, the solid and dashed curves represent the upstream and downstream
structure, respectively. The red curve represents the trajectory of ARTEMIS. The blue-shaded regions are the locations
where the accelerated ions were observed, which does not necessarily represent the entire regions of mass loading.

is revealed by the difference between P1 and P2 measurements when one probe flew by the Moon. The orbits
and vector quantities are converted from Solar Selenocentric Ecliptic (SSE) to a coordinate system such that
the X-Y plane in the converted coordinates is approximately consistent with the convective B-U plane,
where U represents the upstream ambient flow and B represents the upstream ambient magnetic field. The
upstream velocity U was not measurable, due to the positive spacecraft potential (Poppe et al., 2012).
Fortunately, since the lateral flow velocity when the plasma flow interacts with an ionosphere is
approximately laterally symmetric (Jia et al., 2010), we can estimate the direction of U by using the
direction of the average velocity of lunar ions. This is a reasonable approximation, since the deflection of
the ion velocity in the direction perpendicular to the B-U plane is much smaller than the background flow
velocity, based on previous modeling (Jia et al., 2010). The X axis in the converted coordinate system is the
same as the X axis of the SSE coordinates, which is mostly consistent with the lobe magnetic field direction
due to the dominated B, component, so the transformation involves only an angular rotation around the X
axis. The black curve indicates the trajectory of the satellite, and the orange dot shows the location of the
satellite at the beginning of this period. The black circle in the background represents the surface of the Moon.

The ion velocity that ARTEMIS measured significantly rose in the lateral direction during the time period
when we observed lunar ions in the X-Y plane. The parallel velocity V. was likely provided by acceleration
in the near-surface sheath electric field above the lunar surface. Previous studies assumed that the perpen-
dicular velocity V, was provided by the —v X B motional electric field (Poppe et al., 2012, 2013). However, in
the tenuous magnetotail lobes, the generating mechanism of pickup current associated with mass loading
may be reinterpreted (Szego et al., 2000). Instead, the ambient plasma could be slowed down in the lunar
ion region, and the pressure gradients and a curvature of the magnetic field formed to accelerate the source
plasma by the magnetic J X B force (Khurana et al., 2007).
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Figure 2. The upper subfigure (a) reveals the ion velocity (red arrows) and magnetic field perturbation (black arrows)
measured by ARTEMIS P2 during 10:45-11:35 UTC on 11 November 2011. The arrows are normalized to the unit
magnitude and therefore they only indicate the direction. The coordinates are converted from Solar Selenocentric
Ecliptic (SSE) into a coordinate system such that the X-Y plane is aligned with the upstream B-U plane (see more
details in the text). The left represents the X-Z plane and the right represents the X-Y (B-U) plane. The lower subfigure
(b) reveals multipanels for the ARTEMIS data and estimation of the lunar ion acceleration by the magnetic tension
and pressure in the event of 11 November 2011.

In the X-Y or (B-U) plane, the perpendicular component (Y direction) of the magnetic field perturbation was
positive at the beginning of this event and ended up with negative values, as Figure 2a shows, which corre-
sponds with a mass loading disturbance structure in the B-U plane. The mass loading of the Moon has an
asymmetric disturbance structure along the plasma flow direction. The lunar ionosphere, which is
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concentrated on the dayside (Halekas et al., 2018), could produce a mass loading disturbance structure offset
toward the dayside, centered on the effective obstacle to the plasma flow. Jia et al. (2010) predicted a similar
offset structure for Enceladus, which similarly has a source offset from the Moon. The perturbation was
caused by the slowing of the ambient plasma and momentum exchange between the flow and lunar ions.
The field lines were thus bent, draped, and diverted around the conducting lunar ion region.

In the X-Z plane, the bulged magnetic field is produced by the induced currents in the conducting obstacle of
the ionosphere, leading to positive B, in the +Z region and negative B, in the —Z region in the X-Z plane as
Figure 2a shows, which is consistent with the solid curves in the upper left panel of Figure 1. Meanwhile, a
wake is expected to form downstream from the solid obstacle of the Moon, resulting in a potential significant
decrease in ambient plasma density. The lack of plasma in the wake region produces a pressure gradient
across the wake boundary, as typically seen downstream from the Moon in the solar wind (Zhang et al., 2016)
and also analogous to that predicted at Enceladus (Jia et al., 2010). This pressure gradient results in a dia-
magnetic current (Alken et al., 2011), which perturbs the ambient magnetic field. The resultant magnetic
perturbation structure was distorted toward the wake center from the flanks to balance the pressure deficit
in the wake (Khurana et al., 2008), which is consistent with the structure that the dashed curves show in
Figure 1. In particular, the perpendicular component (Z direction) of the magnetic field perturbation at
the lower side is toward the —Z direction and the same component at the upper side toward the +Z direction,
as Figure 2a shows, correspond with a mass loading structure in which the disturbance is propagated as an
Alfvén wave in the plane perpendicular to the B-U plane. Therefore, the data suggests that the magnetic field
perturbation is consistent with a combined mass loading disturbance structure.

In theory, the magnetic tension and pressure generated by the magnetic field perturbation can drive the
acceleration of the ions. In order to determine the importance of the magnetic field perturbations on the
acceleration of lunar ions, we estimated the components of the magnetic tension force and the magnetic
pressure force along ARTEMIS's orbit.

In Figure 2b, the first panel shows the magnetic field measured by P2 during the event of 11 November 2011.
The magnetic field was B, dominated, which indicates that the satellite was in the north tail lobe. The second
panel shows the position of the spacecraft, including r: the distance of P2 away from the center of the Moon;
abs(X): the absolute value of X of P2's position in SSE coordinates; abs(Y): the absolute value of Y of P2's posi-
tion in SSE coordinates. The horizontal line indicates one lunar radius. The third panel shows the angle
between the velocity of the satellite and the Sun-Moon line, with a horizontal line for reference at 90°.
The spacecraft trajectory was approximately perpendicular to the magnetic field direction during the lunar
ion beam time. The fourth and fifth panels are the overall and sunward energy flux spectrum of ions. Two
ion beams were detected: a very short and faint one during 10:53-10:55 and a longer one during 11:02:30-
11:15:00. In this event, we focus on the long-duration beam for studying the ion acceleration, as in (Poppe
et al., 2013). The broad pitch angle distribution of this beam suggests that the lunar ions were sourced from
both the near surface and the exosphere (Poppe et al., 2012), so that some of the measured ions have nonzero
parallel velocity due to acceleration in the near-surface sheath field. The sixth panel shows the lunar ion
velocity in SSE coordinates, which is measured by restricting the velocity direction and energy range in order
to reduce the contamination of the background noise. The azimuthal angle is restricted between 260° and
360° and the energy range is between 20 and 176 eV. When ARTEMIS measured the lunar ions during
11:02:30-11:15:00, the velocity moment of ions showed positive V,, V,, and negative V; components. The
seventh panel shows the predicted velocity of the lunar ions in the Y SSE direction due to acceleration by
magnetic pressure, and the eighth panel shows the predicted velocity due to acceleration by magnetic ten-
sion. Both of the two variables derived from the discussion in section 2 (the details of the algorithm are
described in the supporting information). From the observation, the initial time when ARTEMIS detected
the long-period beam was about 11:02:30 UTC, which was marked by the left vertical dashed line in the fig-
ure. Therefore, this is the earliest time for the generation of lunar ions with energy above the spacecraft
potential in this beam, and no such lunar ions were accelerated before this time point. We acknowledge that
there could be ions with energies below the spacecraft potential present before that time. The extreme situa-
tion for lunar ions’ generation on the dayside should not exceed a radius of the Moon away from the subsolar
region along the lateral direction since the photoionization of the exospheric ions only occurs in above the
dayside surface. Therefore, we tested this situation as well, which changed the result by no more than a
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factor of 2. By assuming the initial perpendicular velocity to be zero, we can estimate the ion velocity at each
time point after that by considering the local magnetic forces (tension and pressure) and the perpendicular
distance in the Y direction, using Newton's second law. The predicted velocity component in the Y direction
due to acceleration by the magnetic tension increases from 0 initially to about 30 km/s at the end of the
beam. In contrast, the local magnetic pressure accelerated the lunar ions in the Y direction for a short time
in the beginning and then kept slowing them down until the end of the beam. Given the magnitude of the
predicted velocities due to acceleration by magnetic forces, the local magnetic field likely played an impor-
tant role in transferring momentum to the lunar plasma. The ninth panel compares the predicted velocity
components due to acceleration by the magnetic tension and pressure with the measured ion velocity (cor-
rected using Equation 4) during the time of the long-duration beam, in SSE coordinates. The orange and red
curves are the V) estimated by the two types of magnetic forces and that measured by ARTEMIS, respec-
tively. The predicted velocity component driven by the magnetic tension (orange color) and that driven by
the magnetic pressure (red color) generally match the Vj, of lunar ions very well during the whole period
of the beam. We note that the former somewhat overestimates, and the latter somewhat underestimates,
the actual velocity during the end of the beam. The tenth panel shows that the overall velocity of lunar ions
by the combination of the motion driven by magnetic tension and pressure, is consistent with the corrected
V,, measured by ARTEMIS, by observing either the magnitude or the shape of the curve. The last two panels
show the magnetic field perturbation ARTEMIS measured during this event in the converted coordinate sys-
tem and in the SSE coordinate system.

3.2. The 29 October 2012 Event

Figure 3a provides an overview of the data from ARTEMIS P1 original measurements of ion velocity and
magnetic field difference from ARTEMIS P2 made during 04:45-05:45 UTC on 29 October 2012, when P2
was far upstream from the Moon (~[7, —7, —1] Ry in SSE coordinates) and P1 was above the dayside of
the Moon, which is analogous with the first event in Figure 2a. The Moon was at ~[—60, 8, 2] R in GSE
coordinates.

Similarly, the ion velocity that ARTEMIS measured significantly rose in the lateral direction during the time
period when we observed lunar ions in the X-Y plane, as Figure 3a shows. The high pitch angle during this
time period verified that the acceleration of lunar ions has a significant perpendicular component (Y direc-
tion) and the perpendicular component of the magnetic field perturbation approximately corresponds with a
mass loading disturbance structure in the B-U plane. The lunar ionosphere, which is concentrated on the
dayside (Halekas et al., 2018), produces a mass loading disturbance structure offset toward the dayside, cen-
tered on the effective obstacle to the plasma flow. Jia et al. (2010) predicted a similar offset mass loading dis-
turbance structure for Enceladus, which similarly has a source offset from the Moon. The perturbation was
caused by the slowing of the ambient plasma and momentum exchange between the flow and lunar ions.
The field lines were thus bent, draped, and diverted around the conducting lunar ion region.

In the X-Z plane, the bulged magnetic field is produced by the induced currents in the conducting obstacle,
leading to the variance of B, across different regions in the X-Z plane as Figure 3a shows, which is consistent
with the solid curves in the lower left panel of Figure 1. Meanwhile, a wake forms downstream from the solid
obstacle of the Moon, resulting in a significant decrease in ambient plasma density. The lack of plasma in the
wake region produces a pressure gradient across the wake boundary, as typically seen downstream from the
Moon in the solar wind (Zhang et al., 2016) and also analogous to that predicted at Enceladus (Jia et al., 2010).
This pressure gradient results in a diamagnetic current (Alken et al., 2011), which perturbs the ambient mag-
netic field. The resultant magnetic perturbation structure was distorted toward the wake center from the
flanks to balance the pressure deficit in the wake (Khurana et al., 2008), which is consistent with the struc-
ture that the dashed curves show in Figure 1. In particular, the perpendicular component (Z direction) of the
magnetic field perturbation at the lower side is toward the +Z direction and becomes toward the —Z direc-
tion at the upper side, as Figure 3a shows, correspond with a mass loading structure in which the distur-
bance is propagated as an Alfvén wave in the plane perpendicular to the B-U plane. Therefore, the data
suggest that the magnetic field perturbation is consistent with a combined mass loading disturbance and
plasma wake structure.

As discussed in the previous section, we estimated the magnetic tension and pressure along ARTEMIS's orbit
in order to figure out the influence of the magnetic field perturbations on the acceleration of lunar ions.
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Figure 3. The upper subfigure (a) reveals the ion velocity ARTEMIST P1 measured (red arrows) and the magnetic
field perturbation (black arrows) during 04:45-05:45 UTC on 29 October 2012. The arrows are normalized to the
unit magnitude and therefore they only indicate the direction. The coordinates are converted from Solar
Selenocentric Ecliptic (SSE) coordinate system such that the X-Y plane where the average lunar ion velocity and
lobe's magnetic field lie on is approximately consistent with the convective B-U plane (see more details in the text).
The left represents the X-Z plane and the right represents the X-Y (B-U) plane. The lower subfigure (b) reveals
multipanels for the ARTEMIS data and estimation of the lunar ion acceleration by the magnetic tension and pressure
in the event of 29 October 2012.

In Figure 3b, the variables in each panel correspond with those in Figure 2b. The first panel shows the mag-
netic field measured by P1 during the event of 29 October 2012. The magnetic field was B, dominated, which
indicates the satellite was in the north tail lobe as well. The second panel shows that the lunar ions were
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generated and started to be accelerated near the sub-solar region (about 05:14 UTC), which is marked by the
right vertical dashed line. The third panel shows that the spacecraft trajectory was approximately perpendi-
cular to the magnetic field direction when the lunar ions were detected. The fourth and fifth panels are the
overall and sunward energy flux spectrum of ions. A long-duration ion beam was detected during 05:00-
05:14. We verified that the pitch angle of this beam was approximately around 90°, which suggests that
the lunar ions were mainly sourced from the exosphere (Poppe et al., 2012). The sixth panel shows the lunar
ion velocity in SSE coordinates, which is measured by restricting the velocity direction and energy range in
order to reduce the contamination of the background noise. The azimuthal angle is restricted between 230°
and 360° and the energy range is between 50 and 500 eV. When ARTEMIS measured the lunar ions during
05:00-05:14, the velocity moment of ions showed positive V, V,, and negative V; components, and the mag-
nitude of V,, was larger than that of V. The seventh panel shows the predicted velocity of the lunar ions in
the Y'SSE direction due to acceleration by magnetic pressure, and the eighth panel shows the predicted velo-
city due to acceleration by magnetic tension. Both of the two variables are derived from the method we have
discussed in section 2. From the observation, the initial time when ARTEMIS detected the long-period beam
was about 05:14 UTC, which was marked by the right vertical dashed line in the figure. Similarly as the
method of the first event, the predicted velocity component in the Y direction due to acceleration by the mag-
netic tension increases from 0 initially to about 30 km/s at the end of the beam. In contrast, the local mag-
netic pressure accelerated the lunar ions in the Y direction in the beginning but then decelerated them in a
certain of locations during the end of the beam. Given the magnitude of the predicted velocities due to accel-
eration by magnetic forces, the local magnetic field likely played an important role in transferring momen-
tum to the lunar plasma. The ninth panel compares the predicted velocity components due to acceleration by
the magnetic tension and pressure with the measured ion velocity (corrected using Equation 4) during the
time of this beam, in SSE coordinates. The orange and red curves are the V, estimated by the two types of
magnetic forces and that measured by ARTEMIS, respectively. The predicted velocity component driven
by the magnetic tension (orange color) and that driven by the magnetic pressure (red color) generally match
the V;, of lunar ions very well overall the beam. We note that the former somewhat overestimates, and the
latter somewhat underestimates, the actual velocity during the end of the beam. The tenth panel shows that
the overall velocity of lunar ions by the combination of the motion driven by magnetic tension and pressure
is consistent with the corrected V,, measured by ARTEMIS, by observing either the magnitude or the shape of
the curve, except a slight overestimation during about 05:00-05:03. This short-period overestimation is pos-
sibly produced by three potential causes. First, as the spacecraft moving direction deviated enough from the
perpendicular direction, the angle between the spacecraft velocity and the Sun-Moon line reduced down to
about 40-50° (as observed in the third panel), which resulted in an appreciable parallel velocity component.
Second, the spacecraft started to enter into the wake region during this time period, and the lunar ions gen-
erated near the subsolar region could not easily arrive in this wake region by the perpendicular acceleration,
which resulted in a lower measurement for the velocity. The lunar ions measured during this short period
might be generated from a nearer region which was located between the local place and the subsolar region.
The third cause might be due to a dynamic fluctuation of the ambient plasma environment occurring for a
short time period. The last two panels show the magnetic field perturbation ARTEMIS measured during this
event in the converted coordinate system and in the SSE coordinate system.

4. Summary

In this paper, we showed that the observed magnetic field perturbation produced by the interaction between
the lobe plasma flow and the Moon is consistent with the characteristics of a combined mass loading distur-
bance and plasma wake structure. The resultant magnetic tension and pressure forces should contribute to
the acceleration of lunar ions. Our analysis indicates that the conventional pick-up process may not be the
dominant ion acceleration process in the tenuous magnetotail lobes.

In conclusion, we have presented two ARTEMIS observations for studying the acceleration of lunar ions in
the magnetotail lobes. We investigated the magnetic field perturbation along the trajectory of the satellites
and showed that the magnetic structure is consistent with a combined mass loading disturbance and plasma
wake structure in the lobes. We made the first-order estimate of the acceleration driven by the magnetic field
perturbation, by calculating the magnetic tension and pressure along the trajectory of the satellites above the
dayside of the Moon. Our results suggest that magnetic field forces could play a crucial role in accelerating
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the lunar ions in the magnetotail lobe. This work can help us to more deeply understand the interaction of
lunar ions with the ambient environment in the magnetotail lobes. Such a physical mechanism is also
expected to play an important role in the ion acceleration at other moons with a similar ionosphere and ana-
logous ambient environment.
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