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Abstract This study presents observations of Solar Energetic Particle (SEP) protons that have penetrated
Earth's magnetotail to reach the lunar environment. We apply data from Wind as an upstream monitor and
compare to observations from THEMIS-ARTEMIS within the tail to show clear signatures of SEPs at the Moon
during two events. Combining modeling and data analysis, we show that SEPs above energies of ~25 keV gain
access to the Moon's position deep within the magnetotail through field lines that are open on one end to the
solar wind. These results contradict previous studies that have suggested that the magnetotail is effective in
shielding the Moon from SEPs with energies up to 1 GeV. Instead, we highlight that Earth's magnetosphere
provides poor protection to the Moon from SEPs, which irradiate the lunar surface even within the tail. Our
results have important implications regarding the safety of astronauts during upcoming lunar missions.

Plain Language Summary During two thirds of its orbit, the Moon is located outside of Earth's
magnetosphere. At these locations, the lunar surface is exposed to a variety of charged particles including
(low-energy) solar wind plasma and (high-energy) Solar Energetic Particles (SEPs), the latter of which are
responsible for weathering and chemically altering the lunar surface. For the remaining one third of its orbit,
the Moon is located within Earth's magnetosphere. Previous studies have suggested that the ambient magnetic
field within this cavity shields the Moon from the highly energetic SEPs. However, we report clear observations
by NASA's THEMIS-ARTEMIS mission of these potentially hazardous charged particles when the Moon was
embedded deep within Earth's magnetosphere. We also apply computer simulations to illustrate that Earth's
magnetic tail is porous, allowing SEPs to efficiently leak into the terrestrial magnetosphere. Our findings are
therefore highly relevant for the safety of astronauts during the upcoming missions to explore the lunar
environment.

1. Introduction

Solar Energetic Particles (SEPs) are ions and electrons that are transported outward throughout the heliosphere,
exceeding energies of £ 2 10 keV (e.g., Hultqvist et al., 1999; Lin, 1987; Reames, 1999). As SEPs propagate
through the heliosphere, they have a variety of impacts on planetary bodies (e.g., Leblanc et al., 2003; Lee
et al., 2018; Plainaki et al., 2016). At the Moon, long exposures to these SEPs weather and chemically alter the
lunar surface (e.g., Crites et al., 2013; Delitsky et al., 2017; Poppe, Farrell, & Halekas, 2018), stimulating organic
synthesis of ice-rich regions located, for example, within the permanently shadowed cold traps of the lunar poles
(Lucey, 2000). Over shorter timescales, particle precipitation during high-flux SEP events charges the lunar
nightside surface to potentials reaching nearly —5 kV (Halekas et al., 2007, 2009). While electrostatic discharge
associated with such large negative potentials represents a severe hazard for any type of lunar exploration, direct
irradiation of astronauts by SEPs during lunar missions represents a clear hazard to the health and safety of the
crew (e.g., Atri et al., 2022; English et al., 1973; Zeitlin et al., 2018).

The Moon (radius R, = 1,737.4 km) orbits Earth at a distance of approximately 60R, (radius of Earth
R = 6,371 km). For nearly two thirds of its orbit, the Moon is located outside of Earth's magnetosphere, so its
dayside surface is unprotected from continuous influx of solar wind and energetic particles during SEP events.
While particles with gyroradii below a lunar radius are shielded from one hemisphere of the surface by the solid
body of the Moon (depending on the IMF orientation and the Moon's connection to the particle source; see e.g.,
Fatemi et al., 2012; Lin, 1968; Liuzzo et al., 2021; Van Allen & Ness, 1969), spacecraft observations show that
particles at energies E 2 100 keV (i.e., SEPs and Galactic Cosmic Rays; GCRs) precipitate nearly unimpeded
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due to their much larger gyroradii (>R, ; see X. Xu et al., 2017; Z. Xu et al., 2020). During the remaining one
third of its orbit, the Moon is located within the terrestrial magnetosphere. Here, the Moon is exposed to multiple
plasma environments, including the shocked plasma within the magnetosheath, the terrestrial plasma sheet, and
the tenuous plasma of the lobes (e.g., Liuzzo, Poppe, & Halekas, 2022).

As the Moon travels through Earth's magnetotail, the local field may likewise limit energetic particle access to the
lunar surface (e.g., Stgrmer, 1955). Such shielding could curb the role that these particles have in processing the
surface, limiting the hazards associated with their precipitation whenever the Moon is embedded within the tail.
To estimate the energies below which particles could be prevented from reaching the Moon while within the
tail, Winglee and Harnett (2007) applied a multi-fluid model of Earth's magnetosphere to calculate the magnetic
field strength along the lunar orbit. They suggested that particles below energies of E = 1 GeV could be shielded
from the lunar surface, depending on the orientation of the IMF. Separately, Harnett (2010) applied this model to
constrain energetic particle access to the Moon within the tail, for times when Earth's magnetosphere is perturbed
during, for example, an interplanetary coronal mass ejection (ICME). Under these storm-time conditions,
Harnett (2010) stated that particles below 35 MeV are prevented from reaching the Moon. More recently, Jordan
et al. (2022) suggested that the gyroradius of a charged particle must exceed the radius of the terrestrial magne-
totail at the Moon's orbital position in order to precipitate onto the lunar surface when in the tail, arguing that
particles with smaller gyroradii would be significantly deflected and unable to reach the Moon (see also Winglee
& Harnett, 2007). Hence, they argued that protons below 100 MeV, and electrons below 1 GeV, are prevented
from reaching the lunar environment when embedded within the magnetotail.

However, multiple observational and modeling studies contradict these results, instead suggesting that particles
with much lower energies reach the Moon when in the tail. Using data from the Cosmic Ray Telescope for
the Effects of Radiation (CRaTER) instrument onboard the Lunar Reconnaissance Orbiter, Case et al. (2010)
reported that the magnetotail is ineffective at shielding particles above 14 MeV (the lowest energy measured
by CRaTER). These authors found that above this energy, the instrument observed a reduction in the parti-
cle flux by less than 2% when transiting through the magnetotail. Similarly, Chandrayaan-1 and Chang’E-1
measurements suggest no significant decrease of particles at energies above ~10 MeV within the tail (Jie &
Gang, 2013; Koleva et al., 2010). Finally, Huang et al. (2009) modeled the trajectories of test-particles at energies
1 MeV < E <100 MeV to constrain their access to the Moon as it passes through the tail, finding that these
particles are unaffected by the magnetosphere.

Only a single study by X. Xu et al. (2017) has investigated the ability of E < 1 MeV SEP protons to penetrate
the terrestrial magnetotail and reach the lunar orbit. They applied measurements from the Solid State Telescopes
(SSTs) onboard the Acceleration, Reconnection, Turbulence, and Electrodynamics of the Moon's Interaction
with the Sun (ARTEMIS; Angelopoulos, 2011) probes, focusing on SEP events that occurred while ARTEMIS
(and hence, the Moon) was within the tail. For example, one event studied by X. Xu et al. (2017) occurred on
23-24 June 2013, during which the SSTs onboard NASA's Wind spacecraft (Harten & Clark, 1995) observed
an enhanced SEP ion population upstream of Earth at energies 100 keV < E < 7 MeV. Similarly, ARTEMIS
observed enhanced fluxes during this time, but also detected signatures of intermittent hot magnetotail plasma
below E < 100 keV. X. Xu et al. (2017) argued that these measurements in the low-energy channels contaminated
the SST observations with background signals of secondary particles (even those channels extending beyond
energies of 100 keV) and stated that the fluxes observed by ARTEMIS during this event were not associated
with SEPs. Based on their findings, these authors concluded that the magnetosphere shields all SEPs at energies
below E < 4 MeV from reaching the Moon's environment when located within the tail. However, this contradicts
the modeling results of Huang et al. (2009) which suggest that 1 MeV protons can reach the lunar orbit, even
within the tail.

To understand effects including space weathering of the lunar surface (e.g., Crites et al., 2013; Jordan et al., 2023;
Poppe, Farrell, & Halekas, 2018) and to appreciate possible hazards to astronaut safety associated with radiation
from these high-energy particles, it is critical to determine whether SEPs can penetrate the magnetotail fields to
reach the lunar environment and to constrain the energies at which SEPs access the lunar surface. Here, we pres-
ent case studies of two events observed by ARTEMIS that clearly illustrate the Moon is fully exposed to upstream
SEP protons, even while located deep within in the terrestrial magnetotail. We combine magnetohydrodynamic
and test-particle simulations to show that SEPs access the terrestrial magnetotail at distances of several hundred
R, downtail along open field lines that are connected on one end to Earth's polar caps.
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Figure 1. SEP events during (a—i) 23-25 June 2013 and (j—r) 05 September 2017. Panels (a, j) illustrate the position of the Moon and Earth; panels (b, k) show the
position of Wind. Differential energy fluxes from SST open channels are shown from (c, 1) Wind, (d, m) P1, and (f, o) P2; ESA differential energy fluxes are shown
from (e, n) P1 and (g, p) P2. Two-hour data gaps correspond to P1 and P2 closest approaches, when SST attenuators are activated to limit moonshine. ARTEMIS (h-i)
P1 and (q—r) P2 magnetic field measurements are shown in the Geocentric Solar Ecliptic (GSE) coordinate system.

2. The Wind and ARTEMIS Missions

Onboard Wind is a suite of instruments to study the plasma environment near 1 AU, including the SST (Lin
et al., 1995) which measures ions from 100 keV < E <7 MeV and electrons from 25 keV < E <500 keV. Located
approximately 200R; upstream of Earth at the Sun-Earth L1 point since 2004, Wind's observations are indicative
of the “pristine” plasma environment before being perturbed by the terrestrial magnetosphere. The two ARTEMIS
probes, originally part of the Time History of Events and Macroscale Interactions during Substorms (THEMIS;
Angelopoulos, 2008) mission, have been in lunar orbit since 2011. Each probe, P1 and P2, is equipped with an
identical instrument suite, including SSTs that are nearly identical to those on Wind (cf. Angelopoulos, 2008;
Angelopoulos, 2011; Lin et al., 1995), measuring particles above E > 25 keV and up to E < 5 MeV (ions) or
E 5600 keV (electrons). The SSTs consist of two sensors, each comprised of a pair of double-ended telescopes
with a stacked triplet of silicon detectors. In the absence of penetrating radiation, one end of the telescopes meas-
ures ions while the other measures electrons. In addition, the ARTEMIS probes have an electrostatic analyzer
(ESA; McFadden et al., 2008) measuring ions and electrons for energies 6 eV < E < 30 keV, and a fluxgate
magnetometer (FGM; Auster et al., 2008).

3. Access of Solar Energetic Particles to the Terrestrial Magnetotail
3.1. Observations of SEPs Within the Tail

Figures 1a—1i display Wind and ARTEMIS observations from 23 to 24 June 2013, the same SEP event presented
by X. Xu et al. (2017). This event was likely associated with a fast CME that erupted on 21 June from solar active
region (AR) 11777, which produced an observed coronal shock wave and associated widespread SEPs that were
observed by multiple spacecraft throughout the inner heliosphere (see Frassati et al., 2022; Winslow et al., 2015).
Panels 1a and 1b show the location of the Moon and the Wind spacecraft, respectively, during this event, illustrat-
ing the position of ARTEMIS well within the terrestrial magnetotail (see also the orientation of the magnetic field
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with its strong Earthward/anti-Earthward component, provided in panels 1h—1i). Energetic ion measurements
from the Wind, P1, and P2 SSTs are included in panels 1c, 1d, and 1f, respectively. In addition, ARTEMIS ESA
ion measurements are shown in panels le and 1g.

The ICME associated with this June event did not directly impact Earth; see, for example, the Richardson and
Cane ICME list (Richardson & Cane, 2010) or the Kasper and Stevens shock list. Nevertheless, Figure 1c shows
that Wind clearly observed a broad signature of “energetic storm particles” (SEPs accelerated locally by a pass-
ing ICME; see Cohen, 2006) beginning near 12:00 on 23 June and lasting ~24 hr, with all but the highest SST
energy channel displaying an enhanced differential energy flux. Panels 1d and 1f illustrate that a nearly iden-
tical enhancement was observed by the ARTEMIS SSTs at energies 100 keV < E < 1 MeV during this time.
This enhancement even extends to the lowest SST energy channel of ~25 keV. However, below E < 100 keV, this
signature is overlain by intermittent injections of hot plasma associated with the magnetotail plasma sheet (e.g.,
Artemyev et al., 2017), as also detected by the ARTEMIS ESAs at energies as low as ~500 eV (see panels le
and 1g). Even during these times with the probes located within the sheet, the signature of E > 100 keV particles
in the ARTEMIS observations is evident. Interestingly, panels 1d and 1f illustrate that the probes detected SEPs
while in both magnetotail lobes (see panels 1h and 1i). Indeed, Wind observed a nearly isotropic SEP pitch angle
distribution, suggesting that both lobes—open to oppositely-oriented IMF field lines—were suffused with SEPs
during this event. The similarity between the Wind and ARTEMIS SST observations at energies above 100 keV
suggest that Earth's magnetotail plays only a limited role in preventing SEP access to the Moon.

Figures 1j—1r include Wind and ARTEMIS observations during a second SEP event occurring on 05 September
2017. These particles were likely associated with an M5.5 solar flare that erupted from AR 12673 at 20:15 on 04
September. Again, the position of the Moon (panel 1j), the low-energy ion differential energy fluxes observed by
ARTEMIS (panels 1n and 1p), and the nearly constant, tailward magnetic field (B, < 0; panels 1g-1r) indicate
that the Moon was located deep within the southern lobe of the terrestrial magnetotail during this event. And
yet, like the observations during the June 2013 SEP event, the Wind E > 100 keV ion differential energy flux
(panel 11) is nearly identical to the ARTEMIS signatures (panels 1m and 1o). Notably, the SST energy fluxes
are dispersive in that they demonstrate a clear dependence on energy: the highest-energy protons (with highest
velocities) arrive to the detectors first, followed by protons at successively lower energies. This dispersion is
consistent with the signature of SEPs when magnetically connected to a solar flare (e.g., Reames, 2013), and the
dispersive structure is preserved even within the magnetotail. The Wind and ARTEMIS observations during these
two separate SEP events are nearly identical, demonstrating that the magnetotail is unable to effectively shield
SEP ions above E ~ 100 keV from accessing the lunar environment, contradicting findings from previous studies
(e.g., Harnett, 2010; Jordan et al., 2022; Winglee & Harnett, 2007; X. Xu et al., 2017).

To further elucidate the similarity between these signatures, Figure 2a compares the £ > 100 keV ion spectrum
observed by Wind (blue) and ARTEMIS P1 (green) during the June 2013 SEP event (see Figures S1 and S2 in
Supporting Information S1 for additional comparisons). These spectra in panel 2a are averaged over a two-hour
period from 20:50-22:50 on the 23rd (see pink bars at the bottom of panels 1c, 1d, and 1f, and 2b), while P1 was
in the southern lobe of the terrestrial magnetotail to ensure that the SST measurements were not contaminated by
any hot magnetotail plasma. The two spectra in Figure 2a are nearly identical (but differ by up to a factor of ~1.1
due to, e.g., different instrument calibrations), despite the spacecraft being located within two vastly different
regions (Wind upstream of Earth in the solar wind, and ARTEMIS deep within Earth's magnetotail). Panel 2a
therefore confirms that the enhanced differential energy fluxes detected by ARTEMIS are SEPs that penetrated
the magnetosphere and were detected, nearly unaltered, deep within the magnetotail.

Furthermore, Figure 2b shows the Wind (blue) and ARTEMIS P1 (green) differential ion energy fluxes of 1 MeV
protons for this SEP event. Near 18:00 on the 23rd, the 1 MeV Wind proton differential energy flux sharply
increased by a factor of 2 in ~10 min (labeled “onset”), reaching a value of 600 €V cm~2 s~! sr~! eV ~!. This flux
was sustained for ~1 hr, before further increasing to a peak value of ~800 eV cm™2 s~! sr~! eV~! near 19:30.
Over the next 12 hr, the differential energy flux gradually decreased, until a rapid subsidence in the 1 MeV differ-
ential energy flux at 08:00 on 24 June. Panel 2b illustrates that P1 observed nearly identical features that were
time-shifted compared to the Wind observations. To further highlight this delay, the yellow curve in Figure 2b
again shows the Wind observations, but now shifted by 2 hours to coincide with the observed ARTEMIS 1 MeV
SEP enhancement. With this shift, multiple features of the Wind and ARTEMIS data occur at nearly identical
times, including the 1 MeV differential energy flux onset, the ~12-hr decrease, and the rapid subsidence where
fluxes return to background (see also Figure 1).
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Figure 2. Differential ion energy flux during the June 2013 SEP event observed by Wind (blue) and ARTEMIS P1 (green).
Panel (a) displays the E > 100 keV ion spectra averaged over a two-hour window from 20:50-22:50 on the 23rd, whereas
panel (b) displays a five-minute running average of 1 MeV ion differential energy fluxes from 16:00 on the 23rd through
12:00 on the 24th. The yellow line in panel (b) shows the Wind observations shifted by 2 hours. The pink bar indicates the
time over which the fluxes in panel (a) are averaged.

However, certain features of the ARTEMIS differential energy flux are not present in the time-shifted Wind
observations. The most obvious differences are three narrow spikes, visible near 21:00 on the 23rd and 00:00
on the 24th. Here, the P1 1 MeV differential flux reached nearly 900 eV cm=2 s~! sr=! eV~ (light blue arrows
in Figure 2b): ~1.2 times above the maximum observed by Wind, which did not observe qualitatively similar
features during these periods. These spikes are associated with the magnetotail plasma sheet (see light blue
arrows above panels 1d—1e), where P1 detected an enhanced ion flux extending down to energies of ~1 keV. A
second discrepancy regards the timing of the peak SEP differential energy flux. Although the ARTEMIS SEP
1 MeV onset occurred almost exactly 2 hr after Wind, the peak P1 flux occurred ~2.5 hr after the Wind peak.
However, the maximum amplitude and structures of the peaks observed by both spacecraft closely match.

The agreement between the ARTEMIS and time-shifted Wind observations (Figure 2b) suggests that these
SEPs required ~2 additional hours to reach the Moon, consistent with the local generation of energetic storm
particles as an ICME passed nearby. Using the WSA-ENLIL + Cone model for this June 2013 event availa-
ble at NASA's Community Coordinated Modeling Center (CCMC; see kauai.ccmc.gsfc.nasa.gov/DONKI/view/
WSA-ENLIL/2586/1), we estimate a velocity of 800 km/s as this ICME passed near Earth. Hence, this ICME
traveled ~900R,, in the 2-hr offset between the Wind and ARTEMIS observations. Since Wind was located 200R
upstream, this suggests these SEP entered the magnetosphere ~640R,, beyond the Moon's orbit. Note that since
these SEPs were generated locally (i.e., not at the Sun) and travel more than an order of magnitude faster than the
ICME, any path difference between the protons detected by Wind and ARTEMIS plays only a minor role in any
temporal offset between the observations.

Notably, despite the suggestions of X. Xu et al. (2017), the SST signatures during this event were not caused by
high-energy particles contaminating the sensors. While penetration of highly energetic ions (£ = 10 MeV) may
contaminate the SSTs, additional spacecraft upstream of Earth (e.g., the Advanced Composition Explorer and the
Solar and Heliospheric Observatory) with separate instrumentation show nearly identical enhancements. Like-
wise, while high energy electrons may also contaminate the SST detectors, the Wind and ARTEMIS E > 400 keV
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electron fluxes were not enhanced, so penetrating electrons can be ruled out. Instead, the SST observations indi-
cate SEP entry into Earth's magnetotail.

Figure S2 in Supporting Information S1 presents a comparison between the Wind and ARTEMIS spectra for the
September SEP event, in the same style as Figure 2. Again, the spectra of the Wind and ARTEMIS differential
energy fluxes, respectively, are in close agreement, despite the position of P1 and P2 deep within the magnetotail.
Note that unlike for the June event, there is no appreciable time-shift between the Wind and ARTEMIS observa-
tions, consistent with the signature of SEPs generated by a solar flare.

3.2. Modeling SEP Access to the Tail

To better understand SEP dynamics and to shed light on their access to the Moon, we traced test particle trajec-
tories as they travel through the terrestrial magnetosphere. We apply the Open Geospace General Circulation
Model (OpenGGCM; e.g., Fuller-Rowell et al., 1996; Raeder et al., 2017), available at the CCMC, to calculate
global plasma and electromagnetic field quantities. For this analysis, we focus on the June 2013 SEP event;
results from the September 2017 event are shown in Figure S3 in Supporting Information S1. OpenGGCM is
driven with the conditions observed upstream by Wind for the 24-hr period from 12:00 on 23 June 2013 through
12:00 on 24 June; that is, the center interval shown in Figure 1. In GSE coordinates, the OpenGGCM spatial
domain extends from —350R, < x < 4+33R,, (along the Sun-Earth line), and from —96R, <y, z < +96R;. Thus,
this domain includes a large portion of the Moon's orbit, including its magnetotail passage. Three-dimensional
data cubes of the plasma density, plasma velocity, and electromagnetic fields are output every 240 s. Comparison
of OpenGGCM with the ARTEMIS P1 and P2 observations show moderate agreement, sufficient to proceed with
test-particle tracing.

Following the approach of Poppe et al. (2016), protons with mass 1 amu are initialized at the Moon within the
OpenGGCM electromagnetic field output at a specific time, position, energy, and pitch angle corresponding
to the observed SEPs (see Figure 1). Trajectories are then integrated backwards in time using a Runge-Kutta-4
algorithm to solve the Lorentz force law, thereby allowing for an assessment of the particles' behavior leading up
to their detection by ARTEMIS. Each particle is followed until it strikes one of the outer simulation boundaries
(no particles reached OpenGGCM's inner boundary located at ~3R;). This backtracking method is much more
computationally efficient than an approach where particles would be initialized upstream of Earth and traced
forward in time (see also, e.g., Poppe, Fatemi, & Khurana, 2018; Liuzzo, Poppe, Addison, et al., 2022; Liuzzo
etal., 2019a, 2019b, 2020). Figure 3 shows a representative set of test-particle trajectories in the GSE (3a-3c) x-y
and (3d-3f) x-z planes for select energies (25, 50, 150, 350, 750, and 1,000 keV) over-plotted on the OpenGGCM
results for the magnetic field magnitude (3a, 3d), plasma bulk velocity (3b, 3e), and number density (3c, 3f)
during the June 2013 SEP event. These particles were initialized at midnight on 24 June with initial pitch angles
of 180°, such that they traveled toward Earth when integrating backwards in time.

When considered going forwards in time, these results illustrate that the SEP protons travel large distances within
the terrestrial magnetotail before their detection by ARTEMIS. The two lowest-energy test particles at 25 and
50 keV (blue and green in Figure 3) entered the distant magnetotail near x % —275R,. and x ~ —300R_, respec-
tively. The “elbow” visible in each of their trajectories denotes the point at which they crossed the magnetopause
(as also confirmed by inspection of the local electromagnetic fields along each particle's trajectory, which is omit-
ted from the figure for clarity). As SEPs approach the Moon from downtail, some impact the lunar nightside, as
is consistent with observations from Explorer 35 of “lunar shadowing” of ions and electrons, whereby the surface
of the Moon prevented detection of energetic particles during cis-lunar transits of the spacecraft (e.g., Lin, 1968;
Van Allen, 1970; Van Allen & Ness, 1969). However, the 25 and 50 keV particles illustrated in Figure 3 continue
traveling toward upstream, initially passing by the Moon before eventually encountering the enhanced magnetic
fields close to Earth (near x &% —5R;). Although beyond the focus of this study, penetration of SEPs to these
magnetospheric locations is consistent with preliminary analysis of the SSTs on the three inner THEMIS probes
during this event, which also show signatures of enhanced energetic proton energy fluxes. The enhanced fields
near the Earth cause the 25 and 50 keV test particles displayed in Figure 3 to mirror, where they begin traveling
tailwards before impacting the lunar dayside or (in the case of Figure 1) being detected by ARTEMIS.

Higher-energy backtracked particles (150 keV < E < 1 MeV; see Figure 3) encounter the OpenGGCM bound-
ary before exiting the tail. While the behavior of the 25 and 50 keV ions implies that, in forward time, these
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Figure 3. Proton trajectories at select energies from 25 keV < E < 1 MeV as they travel through the magnetosphere. Dashed
curves in panels (a—c) show the lunar orbit.

higher-energy particles also enter the terrestrial magnetotail along open field lines at even greater distances
(beyond x = —350R;), they may instead penetrate across the magnetopause boundary since the magnetic field
magnitude is reduced far downtail. Regardless of the process, the fact remains that SEPs enter the magnetotail
far downstream at distances that are consistent with estimations based on the velocity of the ICME during this
event (see Section 3.1 above) and consistent with previous studies suggesting SEP entry at locations up to 1,000
R, downstream (e.g., Dessler, 1964; Dungey, 1965; Evans, 1972; Milan, 2004; Ness et al., 1967; Paulikas, 1974).

We simulated 25 keV < E < 1 MeV particles at a range of initial pitch angles and at several starting times between
12:00 on 23 June 2013 and 12:00 on the 24th, finding that a majority (~90%) demonstrated behaviors like those
in Figure 3. Additional tracing confirms a similar behavior of protons entering the distant magnetotail during the
05 September 2017 event (see Figure S3 in Supporting Information S1). These tests confirm the robustness of our
conclusions that SEPs access the terrestrial magnetotail far downstream along open magnetospheric field lines
that have one end rooted in the terrestrial polar cap and the other end connected to the IMF.

4. Conclusions

This study has presented THEMIS-ARTEMIS observations obtained while the probes were embedded deep
within Earth's magnetotail. During two SEP events, the probes observed clear signatures of energetic protons,
nearly unchanged when compared to their detection upstream by Wind, indicating direct access of SEPs to the
lunar orbit, even when the Moon is within the magnetotail. The open nature of the magnetic field lines suggests
that the magnetosphere is ineffective in shielding particles above keV energies from reaching the Moon. This
finding contradicts previous studies that have suggested that the magnetotail is effective in shielding protons
from 1 to 100 MeV (e.g., Harnett, 2010; Jordan et al., 2022; Winglee & Harnett, 2007; X. Xu et al., 2017), but
is consistent with observations within the tail of particles at energies E > 10 MeV (Case et al., 2010).

Notably, shielding future astronauts and equipment on the lunar surface from energetic particle radiation is a key
consideration of the upcoming missions to the Moon, including the crewed Artemis missions to explore the south
pole. Although penetrating particles at energies greater than ~1 MeV are responsible for the most severe damage
to astronauts and electronics (e.g., Cucinotta et al., 2010; Xapsos et al., 2007), our findings that SEPs at ener-
gies above 25 keV enter the magnetotail along open field lines indicate that the more damaging, higher-energy
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particles likely also have nearly unrestricted access to the lunar surface. Hence, in addition to those particles at
higher energies, keV-to-MeV SEPs present a clear potential hazard to future exploration of the lunar surface, even
for times when the Moon is within the terrestrial magnetotail.
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