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Mechanisms of Ion-Driven Positive Charging in Lunar Cavities under Variable
Flow-to-Thermal Speed Conditions
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The lunar surface, being almost entirely unshielded by an atmosphere, is directly exposed to the solar wind plasma and
is therefore known to undergo significant surface charging. Previous studies have mainly discussed positive charging due to
photoelectron emission under sunlight and negative charging caused by the dominant influx of electrons. However, the actual
lunar surface is characterized by complex topography, including numerous craters, boulders, cracks, and deep cavities, where
charging processes can differ significantly from those on flat surfaces.

In our earlier work, we reported an “ion-driven charging” mechanism, in which electrons are preferentially absorbed by
the cavity sidewalls while ions readily reach the cavity floor, leading to a positive potential of several hundred volts at the
bottom of deep cavities. In the present study, we aim to understand the general conditions under which such charging occurs
by performing three-dimensional Particle-In-Cell (PIC) simulations, focusing on the relative magnitudes of the solar wind
bulk flow velocity and the thermal velocities of ions and electrons.

Our analysis reveals that the potential at the cavity floor can be categorized into three regimes according to the flow-to-
thermal speed ratio: (1) a negative potential forms when the flow velocity is lower than the ion thermal speed, due to dominant
electron influx; (2) a pronounced positive potential develops when the flow velocity lies between the ion and electron thermal
speeds, as electrons are lost to the sidewalls while ions penetrate to the floor; and (3) when the flow velocity exceeds the
electron thermal speed, the enhanced electron supply drives the floor potential back toward near-zero values.

Furthermore, a semi-analytical free-fall model demonstrates that these charging characteristics, at spatial scales below the
Debye length, can be consistently interpreted in terms of the flow-to-thermal speed ratio. Applying the results to typical solar
wind conditions shows that, somewhat counterintuitively, positive charging is suppressed under fast-stream conditions and is
instead more effectively induced under slow-stream conditions.

These findings provide important insights into the electrostatic environment of deep cavities and narrow gaps around landers
or rocks on the lunar surface. They are also relevant to assessing charging risks for exploration hardware and predicting dust
transport processes, while offering a basis for understanding surface charging on other airless bodies such as asteroids and
Martian moons.
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