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Outline
 Solar Energetic Particles

– Introduction
– Energy Spectrum
– Longitudinal dependences and Composition

 Lunar Radiation Environment
– Solar Wind and Magnetosphere
– SEP at lunar orbit
– Galactic Cosmic Ray
– Radiation dosage at the Moon 
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• Wild et al. (1963)

• Lin (1970)

• Pallavacini et al. (1974)

• Kahler et al. (1978)

• Mason et al. (1984; 
1986)

• Cane et al. (1986; 1988; 
1991)

• Reames 1988; 1995; 
1999)

Two-Class of Solar Energetic Particle (SEP)
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Reames, Rev. Geophys., 1995



• CME-driven shock associated
• Proton rich
• Coronal like abundances
• Last for days
• Gradual X-ray
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Acceleration associated with CME-driven Shock



Large SEP Anisotropy

5

2022 September 05








Lo
ng

it
ud

in
al

 E
xt

en
d 

of
 S

EP

Gómez-Haerreo et al., ApJ, 2005
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Interplanetary Energy Spectrum
Bulk plasma (~keV)
• Typically measure by solar 

wind instrument

Energetic particle (~100s keV)
• Typically measure by particle 

instrument
• Highly variable
• Can extend up to 100s MeV

Mewaldt et al., 2001
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Suprathermal (~10s keV)
• Gap between two 

measurement technique



Desai et al. survey of 
spectral forms for Fe 
and O in 46 large 
SEP events (shock 
passages removed)

Desai et al. ApJ, 2016

Energy Spectral Break
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SEP Activities for Solar Cycle 25

• Solar Cycle #25 
was just as 
intense in SEP 
activities as in 
Cycle #23

• Number of > 
10pfu @ 10 MeV 
comparable with 
Cycle #23
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Ho et al., 2025



Mewaldt et al., Space Sci Rev, 2012

• 16 (all) GLEs of solar cycle 23 and 2 GLEs of solar cycle 24
• Associated with fast (>2,000 km/s CME)
• Western and central meridian
• double power law (Band) gave best fit results
• critical importance of high energy slope:  3.18 for GLEs, 4.34 for large events that did not produce GLE

Ground-Level Events During Solar Cycle 23 and 
24
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Gopalswamy et al., ApJL, 2013

Luhmann et al., Space Weather, 2018



Energy Spectra and Composition

Mewaldt et al., JGR, 2005

#65

#66 #67
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Mason et al., A&A, 2020

Cucinotta et al., Encyclopedia of Lunar Science, 2023



Lunar Orbit
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Heliophysics Science at Lunar Orbit

 Ideal location for long-term space weather observations from outside Earth’s 
boundaries and simultaneously providing in-situ observations in the 
magnetotail and magnetosheath

 Measure the solar wind and its propagation at near-Earth vicinity
– Large scale solar wind structures propagation (e.g. interplanetary shock; CME, 

CIR)

 Characterize the cis-lunar plasma and particle environment:
– Solar wind-lunar interaction (e.g. neutral and ion)
– Magnetosphere-lunar interaction (e.g. plasma)
– In –situ radiation monitor (crew safety) with spectrum, dose and species 

information

 Remote sensing of the Earth’s magnetosphere via energetic neutral imager

 And more…
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Lunar Orbit Particle Environment

Magnetosphere Solar Wind
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Recent Particle Instrumentation @ Moon
 Lunar reconnaissance orbiter (2009 - )

– Cosmic Ray Telescope for the Effects of Radiation CraTER

 Chang’E-4 (2019 - )
– Lunar Lander Neutrons and Dosimetry experiment (LND)
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GOES and LRO/CRaTER Comparison
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Zeitlin et al. Space Weather 2025



ARTEMIS
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Liuzzo et al. GRL, 2024

- High‐energy electron flux near the Moon is 
unchanged during intense solar energetic 
electron events compared to 
measurements taken far upstream of Earth. 

- However, the precipitation of these 
particles onto the lunar surface is 
non‐uniform. Since these electrons gain 
access to the magnetosphere from 
down‐tail of the Moon, they preferentially 
bombard the lunar far‐side surface. 

- future activities on the lunar surface, there 
exist regions across the lunar near‐side 
where the relative flux of these electrons is 
reduced relative to the upstream value 
when the Moon is within the magnetotail



Secondary Processes on Lunar Surface
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Dandours and Roussos, Phil. Trans. R. Soc. A 382, 2024Stubbs et al., Plan. Planetary and Space Science, 2014



Lunar Vertex
Lunar swirls and the co-located regions of magnetized 

crustal rocks: Two longstanding lunar mysteries. 
Science Goals

1. Investigate the origin of lunar magnetic anomalies.
2. Investigate the origin of lunar swirls. 
3. Determine the structure of the mini-magnetosphere that forms over 

the Reiner Gamma magnetic anomaly.

Science Summary
• Lunar Vertex, the first PRISM investigation, will explore the unique 

environment of a lunar magnetic anomaly.

• Lunar Vertex will address key questions in major sub-disciplines of 
planetary science including geophysics, space plasma physics, and 
planetary geology. It will provide important information on the origin 
of lunar magnetic anomalies, the interactions of the solar wind with 
magnetized crust, the origin of lunar swirls, and the processes of 
space-weathering of silicate regolith.

Reiner Gamma: the type 
example of a lunar swirl

Map of magnetic 
anomalies



Solar Orbiter SEP Events

• The highest 
intensity events 
were in 2024

• July 27, 2024
• Sep 5, 2024
• Oct 9, 2024

2121

Ho et al., 2025



Radiation Dosage on the Moon
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Liu et al. Space Weather 2024



Chang’E 4 LND
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Xu et al. ApJ, 2020Zhang et al. Sci. Adv., 2020



Summary
 SEP is highly relevant in the near-Earth system
 High-energy particle have access in the Earth’s magnetosphere

– Isotropic distribution
– Minor difference due to geometry

 SEP has direct access to lunar surface due to the absence of a global 
magnetic field and atomsphere

– Space weathering
– Pose a direct task to lunar exploration and surface infrastructure
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THE END



Energetic particles events are associated with shocks both at 1 AU and at the Sun
Mewaldt et al., JGR, 2005
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