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Abstract

Low-velocity impacts are a significant process on all planetary surfaces, from rebounding particles on asteroids to
saltating grains on Earth. Due to triboelectric effects, the material involved can be charged. We carried out
experiments to study the net charge on ejecta emitted from a basalt sample with a particle size of 0.64 £ 0.24 mm
during impacts with a steel sphere of 4.5 mm diameter and a mass of 0.36 g, and during impacts with basalt
pebbles of 13-20 mm diameter and a mass of 0.5-2.6 g in air. The impact velocities were set to 2.2 £+ 0.3 m s !
and 3.7 = 0.5ms ™" for the steel impactors and to 3.6 £0.3ms ' and 2.5+ 0.7ms "' for the basalt pebbles. The
masses of the ejecta range between 10 and 600 mg. We find that the ejecta cloud charges regularly to tens of pC.
There is a tendency toward negative polarity of the ejecta cloud. The impactor tends to charge positively. We do
not see a significant dependence of the charge on the ejected mass. This suggests that the net charge is generated
in direct contact between the impactor and the particles of the bed. The net cloud charge divided among the
ejected grains would be small compared to the absolute charges on individual grains from grain—grain interactions
found in other works. However, charges might add up in multiple collisions and influence the dynamics of grains,
especially under low gravity.
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1. Introduction

Whenever two solid particles are in contact and separated,
they exchange charge (D. J. Lacks & T. Shinbrot 2019). If the
electric conductivities of the particles or the surroundings are
high enough, the particles discharge again (T. Becker et al.
2024). However, for dry conditions on Earth, more readily in
the atmosphere on Mars or during planet formation, and
especially in atmosphereless space environments on the
Moon or asteroids, charge can prevail for large timescales
(S. Schlemmer et al. 2001; J. Méndez Harper et al. 2022;
T. Becker et al. 2024). Repeated collisions between grains are
one way to increase the charge, likely to an equilibrium value
(A. Matias et al. 2018; G. Wurm et al. 2019; T. Steinpilz et al.
2020; J. Teiser et al. 2025).

The charging limit also depends on the distance between the
grains (C. E. Krauss et al. 2003; T. Matsuyama 2018;
G. Wurm et al. 2019; L. Schonau et al. 2023). Therefore, the
situation of freely colliding particles in a cloud of grains is
different from the dense setting of a granular medium. In any
case, the ejecta from this granular medium can be charged.
This is seen, for example, in fountain experiments (J. Méndez
Harper et al. 2021) and also in experiments to simulate volcano
eruptions (C. Cimarelli et al. 2014). A situation also commonly
encountered in space is an individual impact on a granular
surface (J. Brisset et al. 2018; K. Joeris et al. 2021, 2022).
Here, even small charges are of interest because of low gravity
and their ability to influence the operation of space probes such
as the sample collector on the Hayabusa 2 mission on asteroid
Bennu (R. Okazaki et al. 2017). And interest in the exploration
of asteroids is still unbroken (M. Azadmanesh et al. 2023;
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W. Feng et al. 2023). In addition, the Moon is currently one of
the favorite targets for space missions, and a return of humans
to its surface is expected to occur in the next few years
(M. Smith et al. 2020; A. Witze 2022).

The electrostatic sticking of dust and sand is of vital interest as
it can interfere not only with equipment (J. R. Gaier et al. 2011;
M. Adachi et al. 2017; L. H. Yeo et al. 2023) but also with
astronaut suits (D. Linnarsson et al. 2012) and can cause
problematic electrostatic discharge through electrical components
(T. L. Jackson et al. 2011; F. Galembeck & T. A. L. Burgo 2017).
In addition to dust particles sticking to objects, electrostatic forces
are known to induce movement even on larger bodies like the
Moon, for example, in the form of levitation of charged dust
particles (O. E. Berg et al. 1976). This phenomenon is widely
explained by radiation and photoelectron emission (T. Nitter
et al. 1998), while the role of tribocharging in this has not been
resolved conclusively (J. E. Colwell et al. 2007). In view of such
applications, we study the charging of ejecta in individual
ejection events related to slow impacts of a larger particle, though
still under Earth’s gravity.

We focus on relatively slow impacts because these slow
impacts occur in the early formation of planetary bodies
(S. Weidenschilling 1993) and because faster impacts can generate
large ejecta clouds on small bodies that, in turn, impact back onto
the surface if they do not escape the gravitational field.
Considering low escape velocities of planetesimals or asteroids
of a few meters per second and lower, the reimpacting ejecta
cannot return to the surface faster than that. This cascade of
incoming particles must be triggered by impacts of higher
velocities and therefore energies, for example, several kilometers
per second as assumed for the bombardment of the Moon and
Mars (A. Morbidelli et al. 2018). In addition to a planetesimal
setting, charge exchange of slow impacts also plays a role in
erosion limits of accretion in protoplanetary disks found to be of
the order of magnitude <1 m s ! (J. Teiser et al. 2025).


https://orcid.org/0009-0006-5214-1595
https://orcid.org/0000-0002-7962-4961
https://orcid.org/0000-0002-3517-1139
http://astrothesaurus.org/uat/2218
http://astrothesaurus.org/uat/2209
http://astrothesaurus.org/uat/2116
http://astrothesaurus.org/uat/2116
http://astrothesaurus.org/uat/779
https://doi.org/10.3847/PSJ/ae0e0f
https://crossmark.crossref.org/dialog/?doi=10.3847/PSJ/ae0e0f&domain=pdf&date_stamp=2025-10-28
https://creativecommons.org/licenses/by/4.0/

THE PLANETARY SCIENCE JOURNAL, 6:243 (6pp), 2025 October

electrometer

kOO

Keulen et al.

launcher

i t
impactor \Q

granular -
/ bed
7
Faraday
cup
shielding

Figure 1. Experiment setup with launch mechanism pointing toward the regolith in its grounded cup and the resulting ejecta falling into the Faraday cup.

The charge on individual ejected grains has already been
studied, for example, by T. Becker et al. (2024). These
experiments were carried out with the JSC Mars 1a simulant,
but we expect similar charging capabilities for basalt in
general. We used basalt for convenience but also for
comparability with other works, e.g., of K. Joeris et al.
(2022). In any case, it is a silicate-rich sample that includes
minerals such as pyroxene and olivine (S. A. Morse 2024), as
found in Martian and lunar material (J. F. Mustard et al. 2005;
O. L. Kuskov et al. 2024), and also in traces of the sample
material brought back from the asteroid Ryugu (M. Ito et al.
2022). However, our choice of basalt as a simulant is only one
of many feasible possibilities.

T. Becker et al. (2024) found charges of the order of 1 pC
on individual ejected grains much smaller than 100 pm, that is,
down to 10 ym and impactors of the same material. They used
a specifically prepared bimodal size distribution of JSC Mars
la, and charge determinations are based on trajectory
measurements within a horizontal electrostatic field.

2. The Experiment

To measure the transfer of charge in small impacts on granular
material, we used the setup shown in Figure 1. From a launcher, a
steel sphere of 4.5 mm diameter and 0.36 g weight or a basalt
pebble of 13—20 mm diameter and 0.5-2.6 g is accelerated toward
a cup filled with granular basalt of about 0.6 mm diameter (see
below for size distribution). The impacts are designed to occur at
an angle such that a larger part of the ejected particles falls into a
Faraday cup next to the bed, where the total charge of the
incoming particle stream is measured. Subsequently, the ejected
particles were removed from the Faraday cup and weighed using
a Kern EW 820-2nM high-precision scale.

For the steel spheres, the launcher indicated in Figure 1
consists of a set of compressed springs that press the steel
sphere against a plate that can rotate. The rotating plate contains
a hole that triggers the launch when rotated underneath the
sphere. The compression of the springs can be adapted by

a)

2

Figure 2. Different kinds of samples used. (a) Steel spheres, (b) basalt
pebbles, (c) granular basalt bed, and (d) size distribution of the basalt bed
determined using a Mastersizer 3000 with the peak at diameters of 586 pm.

tightening a screw that adjusts the compression of the spring.
Two speeds were used for the expenments reported here,
2.1 + 03ms "and 3.7 £ 0.5ms ' for steel spheres and
3.6 +03ms" and 2.5 4 0.7 m s 'for basalt pebbles, with both
types of impactors shown in Figures 2(a) and (b).

For basalt impactors, fast impacts were performed simply by
pulling the impactor off a grounded copper plate attached at a
height of 70cm above the basalt bed. To allow ejecta and
impactor to reach the Faraday cup for slow impacts, the impact
angle was reduced. This was achieved using a slingshot, where the
impactor also rested on a copper plate before being accelerated.

2.1. Results

2.2. Projectile

To ensure that as little charge as possible is present at the
start, the launcher is connected to ground. To verify that the
initial impactor charge did not dominate the experiments, the
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Figure 3. Charge distribution on impactors. Top: steel impactor from 20
measurements. Bottom: basalt impactor from 20 measurements divided
between the slightly different launch methods.

charge on 20 impactors per kind of impactor launched directly
into the Faraday cup was measured. A histogram of the
charges is shown in Figure 3. In general, impactors initially
tend to be slightly negative for steel spheres and more centered
around zero for basalt pebbles. Typical absolute charges are in
the order of 10 pC.

2.3. Particle Bed

The granular bed consists of basalt as seen in Figure 2(c).
Figure 2(d) shows the volume size distribution determined
using a Mastersizer 3000, with a peak at 586 um, a mean
diameter of 641 um, and a standard deviation of 244 um. To
verify that the granular bed held as little net charge as possible
before impacts, the container as a whole was lowered into the
Faraday cup several times. The whole container held charges
of a level similar to that of the impactors at an average of
23.3 £ 5.8 pC. Furthermore, the container is grounded during
the impact experiments.

As the experiments were conducted under normal conditions
in air, at room temperature, and with ambient humidity, we do
not expect strong local charge distributions within the particle
bed (T. Becker et al. 2024). That is, we expect efficient
discharge between experiments, but discharge timescales to be
long compared to the very short ejection timescales.

2.4. Ejecta Mobilized by Steel Spheres

Figure 4 shows the measured charge of the ejecta, mobilized
by steel spheres, depending on the mass of the material that
fell into the Faraday cup. The data show a considerable spread
in charge, but there are systematic trends as well. Ejecta
charges are biased toward negative values. We get an average
of —25.65pC for slow impacts and —36.86 pC for fast
impacts, with 50 measurements each. In the case of slow
impacts, the impactor rebounded and also entered the Faraday
cup together with the ejecta 21 times. In this case, the average
charge is 17.43 pC, i.e., it is slightly positive.

Figure 5 shows a different approach to visualizing these data
sets, as histograms. The first two histograms show fast and
slow impacts without the impactor. The ejecta are predomi-
nantly negatively charged for fast impacts and at least centered
around zero for slow impacts. Impacts where the impactor
itself fell into the Faraday cup show mostly positive charges,
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Figure 4. Measured ejecta charge over mass for steel impactors. The green
(triangle) data include the charge of the impactor. Symbols with error bars
mark the averages of 0.1 g binned. For visibility, they are slightly shifted for
different data sets.
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Figure 5. Histograms of measured ejecta charges for steel impactors. From top
to bottom: fast impacts, slow impacts, and slow impacts where the impactor
charge was also measured.

as seen in the third histogram. We do not have isolated charge
measurements of the impactor before and after impact, but
together with the data on the ejecta without the impactor and
the predominantly negatively charged impactors studied before
without the granular bed, this implies that the impactor charges
positive during impacts.

2.5. Ejecta Mobilized by Basalt Pebbles

Figure 6 shows the corresponding data for the ejecta
mobilized by basalt pebbles. The pebbles used for these
impacts have a mass 1.4-7.2 times higher compared to steel
spheres, or 0.5-2.6 g compared to 0.36 g, leading to a more
bimodal spread in the mass of material caught in the Faraday
cup for experiments with basalt pebbles. However, general
trends do persist. The ejecta charges are biased toward
negative values again, with an average of —7.51 pC for fast
impacts and one of —6.80pC for slow impacts without the
impactor, counting 57 fast impact events and 27 slow impacts
without the impactor following into the Faraday cup.

For charge measurements including the impacting basalt
pebble, the charge was 26.53pC on average. The result
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Figure 6. Measured ejecta charge over mass for basalt impactors. The green
(triangle) data include the charge of the impactor. The x-axes are plotted
logarithmically, as masses including and excluding impactors varied greatly.
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Figure 7. Histograms of measured ejecta charges for basalt impactors.

reinforces the conclusion that impactors are biased toward
positive charges. Again, Figure 7 shows the data in the form of
three separate histograms.

3. Discussion

The capability of particles to charge or discharge depends
on the amount of water on the surface. This is often related to
relative humidity (RH). The atmospheric conditions were not
controlled in our experiments. We occasionally measured the
RH and otherwise assumed values close to the outside value
given by the weather database. In any case, they are regularly
in the range between 30% and 50%. Within this range, the
effect of humidity on charging in collisions is not expected to
be large as, e.g., reported in work by L. Xie et al. (2016) or
W. Xu & H. Grosshans (2023); the former was a study on
powder transport through gas flow and the effects of ambient
RH on tribocharging, and the Ilatter investigated single
particle—particle contacts between glass spheres. While L. Xie
et al. (2016) see a variation in net charge less than a factor of 2
for RH between 10% and 70%, with a slight decline toward
higher humidity, W. Xu & H. Grosshans (2023) see charges
increasing with RH for humidities of 50%—-75%. Both works
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do not find a change in polarity for different RH values. The
absolute variations are also much smaller than the variation we
find, so RH might influence the exact value but does not
influence our interpretations.

The Faraday cup only measures net charges. Therefore,
charge separation within the sample of ejected grains would
not show up unless there was a biased detection of grains of
different charge. We would see two potential bias scenarios:
first, if particles are highly charged, they can be attracted by
surfaces close by. That could in principle lead to bias if these
particles collide and stick to these attracting surfaces and are
sorted out this way. In fact, there are experiments under
microgravity that nicely show such effects of attraction and
clustering (J. Teiser et al. 2025). However, this deflection
strongly depends on the size, gravity, and speed of the
particles. Although charged dust can be collected, even highly
charged grains show little deflection under gravity if they are
of submillimeter scale. To be more specific, in experiments by
S. R. Waitukaitis et al. (2014), particles of similar size with
high charge densities were deflected in strong fields of
59kV m~' with accelerations of less than 3ms = So we do
not expect this to be important here compared to the effects of
gravity.

We would see only one other potential way to generate a
bias. If generated charges are preferentially located in a certain
spatial region of the ejecta plume, i.e., if highly charged grains
are the ones with flat ejection angles or high ejection angles
and if the detection of particles depends on the ejecta angle,
i.e., flat ones just do not leave the particle bed, this would
induce a bias. We cannot rule this out completely. In fact, with
gravity present, part of the ejecta will never be high enough to
leave the particle bed. But there is no Earth-bound experiment
that can circumvent this lower limit on ejection speed needed.

However, the charge distributions show that there is a
general tendency that the ejecta are negative, the impactor
positive, and the total balances imply that there is not a biased
fraction of certain polarity that is lost in the ejecta part. So we
also do not expect this mechanism to change our principal
result: the impactor becoming positive, the ejecta negative.

So, what determines the measured charges and polarities?
First, net charge on the ejecta could be related to the particle
interactions within the particle bed. It could be the difference
between the ejected grains and the grains that were not
removed from the bed but were still part of the impact event. A
net polarity could originate from asymmetric effects, for
example, multiple particles sliding over the same grain that is
not ejected. In any case, simple statistical effects of irregular
contacts and sizes might be included in the data spread.

However, the second option that is more likely to dominate
the polarity bias is charge separation because of the difference
between impactor and granular particles. On the one hand, we
have impacts between the granular basalt and steel spheres,
where the material and size differ; on the other hand, we also
have impacts involving only basalt, where the difference in
size is still there, while the material of the bed and the
impactor is the same. Both composition and size regularly
induce different polarities on the particles involved
(P. E. Shaw 1917; F. B. Gross et al. 2001; J. Haeberle et al.
2018; D. J. Lacks & T. Shinbrot 2019; C. Griinebeck et al.
2024). Here, the independence of composition suggests that it
is mostly the size effect that is observed because the impactor
charges positively and can only be in contact with the grains.
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This is also plausible, as it is regularly observed that larger
grains in collisions become positive (H. Zhao et al. 2003;
V. Lee et al. 2015; D. J. Lacks & T. Shinbrot 2019; X. Liu
et al. 2020; C. Griinebeck et al. 2024).

It is also obvious that the difference between the bed
particles and impactor is important because the absolute
amount of charge does not depend significantly on the mass of
the ejecta. This can be explained if only impactor—grain
contacts entail a transfer of charge, and therefore only grains
directly in contact with the impactor contribute to the
measured charge. The ejected grains mobilized by the general
transfer of momentum through the granular bed are only in
contact with other grains and not with the impactor itself. In
line with the discussion above, they would add mass but no
charge to the ejecta since those contacts are between the same
material grains.

We note that particle size effects also have to be considered
for the particle bed itself. However, the size distribution of the
basalt bed is narrow, and we do not expect any size sorting on
the millimeter scale to be effective. Any relation to size-
dependent charging within the particle bed would also not
reconcile with the independence of the charge on ejecta mass
and the dichotomy between particle bed and impactor.
However, the large variety of charge measurements might be
related to a variety of individual particle contacts between
different-sized grains.

If the amount of ejecta that are in contact with the impactor
carries the charge, then the ejecta with the net charge are a
rather small part of the mass of the ejecta, that is, less than
0.1 g. With this assumption, that is, for low-mass ejecta, we
find that the negative charge per mass is a few hundred pC g~ '.

Compared to the amount of charge on individual grains
measured as they separate from a particle bed by T. Becker
et al. (2024), the net cloud charge might be small. They
concentrated on individual grains falling through a plate
capacitor after impact, with impactors of the same size as
particles in the granular bed. That is, they measured about 1 pC
on grains of the same material but more on the order of 0.1 mm
and smaller. Again, if we assume 100 mg of the ejecta mass,
our setting would correspond to approximately 100 particles
(of 1 mg, i.e., | mm for the porous material used in contrast to
the full basalt spheres). This would be on the order of 0.1 pC
per grain.

Compared to the works of A. A. Sickafoose et al. (2001) and
Z. Sternovsky et al. (2002), investigating dust particles falling
from a reservoir, our estimates of the charge per grain are
greater by about an order of magnitude. The closest agreement
for the charge per grain is found compared to L. H. Yeo et al.
(2023) by looking at the dust charged by the rower wheels and
finding charges of approximately 0.1 pC per grain.

However, one has to keep in mind that these experiments
have been conducted using dust particles of roughly 100 ym
size, and if we, for example, compare the charge per particle
surface with particles of around 1 mm or 100 ym, we are
looking at a difference in surface area of 2 orders of
magnitude.

Differences here might arise from different mechanisms or
levels of friction comparing the single impact events studied
here with friction generated by dropping dust from a reservoir
or mobilizing it by rower wheels. In addition, different contact
materials might be responsible for varying charges. Ultimately,
the study at hand is not suited to making well-founded
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statements on single-grain charges, but gives insights into
general charge separation between impactor and granular
media induced by slow impacts on airless bodies.

4. Conclusion

A slow impact into a granular bed can generate an ejecta
cloud with a net charge. The data suggest that this net charge is
generated on grains in direct contact with the projectile.
However, a comparison with other experiments also suggests
that the absolute charge imprinted on individual ejected grains,
e.g., by interparticle tribocharging, might be large compared to
this net bias charge. We would therefore speculate that a small
amount of slow impacts are not a significant source of net
charge separation. However, for multiple impacts on a rather
localized spot, impacts might lead to accumulations of net
charges. This might then affect further impacts, i.e., the ejecta
motion.
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