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Abstract: Grain collisions in aeolian events, e.g., due to saltation, result in atmospheric aerosols.
They may regularly be electrically charged, but individual charge balances in collisions including
small grains are not easily obtained on the ground. We therefore approach this problem in terms of
microgravity, which allows for the observation of collisions and the determination of small charges.
In a drop tower experiment, ∼1 mm dust aggregates are traced before and after a collision within
the electric field of a plate capacitor. The sum of the electric charge of two particles (total charge)
before and after the collision often strongly deviates from charge conservation. Due to the average
low collision velocities of 0.2 m/s, there is no large scale fragmentation. However, we do observe
small charged particles emerging from collisions. The smallest of these particles are as small as
the current resolution limit of the optical system, i.e., they are at least as small as tens of µm. In
the given setting, these small fragments may carry 1 nC/m2–1 µC/m2, which is between 1 % and
ten times the surface charge density of the large aggregates. These first experiments indicate that
collisions of charged aggregates regularly shed charged grains into the atmosphere, likely down to
the suspendable aerosol size.
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1. Introduction

Dust particles which are small enough to become suspended in a planetary atmosphere
are regularly emitted during aeolian events [1–4]. This holds for dust on Earth but also on
other planets such as Mars. This may not be taken for granted as micrometer grains are
rather adhesive. Nevertheless, Becker et al. [5] recently showed in detail that the release
of particles even smaller than 1 µm from a dust bed is already possible in rather moderate
collisions. The solid impactors were of the order from 100 to 200 µm and had impact speeds
of only about 1 m/s. That work did not probe a wider parameter range, but it is likely that
dust is regularly emitted in any collision of aggregates with small dust grains adhering to
them. This is a premise of the work presented here and may especially be of relevance as
the nature of impactors is often of an aggregated rather than monolithic kind [6].

As particles collide, tribocharging or collisional charging is an important process
that can hardly be avoided [7–9]. Rather generally, significant parts of atmospheric elec-
tricity may originate from this. Most regularly, this can be observed in thunderstorms,
wherein charge separation occurs in collisions between ice particles. On Mars, this is
probably more related to the collisions of dry grains [10]. On Earth, volcanic eruptions
are accompanied by intense lightning, which implies charge generation and separation
[11]. Dust storms and lower-level events come with charge separation as well [10,12–14].
This should support lifting grains into the atmosphere [15]. As a matter of fact, Esposito
et al. [16] found that these electric fields can strongly increase the amount of material lifted.
Onyeagusi et al. [17] studied this additional lifting force in an electric field on an individual
grain level in drop tower experiments. They showed that basalt dust aggregates, adhering
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to a conductive surface in a strong electric field charge until the repulsive force is strong
enough to outweigh adhesion.

We connect this work to the one by Onyeagusi et al. [17]; while the previous work
looked into the charging behavior of dust aggregates on a conductive surface within an
electric field, we now study the charge exchange during the collision of two such aggregates.
We focus on the charge balance of these collisions. Naively, one may expect the total charge
on two grains to be conserved as they are supposed to exchange charges only between
one another. Tribocharging is regularly discussed with only the two contact surfaces in
mind. However, grains or surfaces never charge infinitely. With a charge limit, e.g., due to
atmospheric breakdown, it is likely, if not imperative, that the charge before and after a
collision is not preserved. In fact, breakdown can occur on small particle size scales [18–20].
It was shown recently by Jungmann et al. [21], who studied collisions between spherical
(sub-)mm size glass particles, that some charge can indeed be emitted into the gas phase
during these collisions. Gas phase ions are interesting for atmospheric electricity but only
serve as a motivation here to have a detailed look at charge balances. In the following, we
investigate charge balances on basalt aggregates in addition to monolithic basalt particles.
As mentioned before, dust will regularly be released in collisions of aggregates. Therefore,
the charge balance will also include some charge going astray with ejected dust particles
or aggregate fragments. If the grains are small enough, they can be entrained into the
atmosphere and become charged aerosols. This is the assumption we will support with
this work. The rationale and structure of this paper are as follows: We first describe the
microgravity experiments. We will then discuss the charge balance on two different kinds
of particles, namely solid basalt spheres which are not supposed to lose grains in a collision
and basalt aggregates which may lose small fragments. For the latter, we give examples of
small, charged particles being ejected and estimate their size and charge distributions. This
way, we investigate the charging behavior and the small-scale fragmentation of particles
and dust aggregates in view of electrostatic processes in aeolian events as well as the
suspension of µm-grains into the atmosphere.

2. Materials and Methods

The microgravity experiments are conducted at the drop tower in Bremen. We use a
sample consisting of monolithic 550 µm (diameter) basalt beads and mm-sized basaltic dust
aggregates. The setup is launched and experiences 9 s of microgravity. The experiment
setup is shown in Figure 1.

In preparation for the experiment, the sample is placed in the particle compartment,
which is also coated with the sample material to avoid a charging bias. This way, there
are only same particle collisions. Right before launch, the particle compartment, which
is mounted on top of a voice coil, starts shaking in order to induce collisions between
particles to charge the sample. As soon as the experiment is launched and microgravity
sets in, the sample is injected into the chamber volume of 50 × 50 × 110 mm³ where it can
move freely within an electric field of up to 160 kV/m which is applied between the two
electrodes at the sides. The chamber is illuminated from behind. A camera records the
experiment through the front window. In order to prevent the sample from sticking to the
walls, a DC motor on top of the setup can induce vibrations in the whole structure. In this
particular experiment, charged particles that are floating through the experiment chamber
are accelerated by the DC voltage that is applied to the plate capacitor. As the constant
acceleration a along the electric field E is solely driven by the Coulomb force, the charge q
of a particle with the mass m can be derived by ma = qE. This gives

q =
aρπd3

6E
, (1)

where d is the diameter and ρ is the density of the particle. This way, we can calculate the
charge of two particles before and after they collide. The particles are traced manually
using the ImageJ distribution Fiji [22]. This gives the frame-by-frame x-y positions of the
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individual grains. An overlay of an example collision is shown in Figure 2. Particles collide
with average velocities of about 0.2 m/s.

Figure 1. Schematics of the experiment setup. A voice coil shakes the particle compartment to
electrically charge the sample. An electric field between the electrodes (plate capacitor) deflects the
grains for charge measurements before and after collisions. Particle motion is observed by a camera
(not shown). The DC motor can shake the whole chamber to release sticking grains from surfaces.

Figure 2. Example of a collision between two basalt beads. The trajectory of the beads is marked by
the arrows. The particles are moving in microgravity; accelerations are caused by an electric field of
80 kV/m pointing upward.

3. Results and Discussion

We discuss two different particle samples here, sub-mm-sized spherical basalt beads
and mm-sized aggregates consisting of µm basalt dust grains.

3.1. Collisions of Basalt Beads

First, we discuss collisions of commercial basalt beads (manufactured by Whitehouse
Scientific), which are spherical and monolithic. A picture of these grains is shown in Figure 3.

We do not expect these grains to fragment during the vibrations that charge the grains
as the respective collisions are rather moderate. We cannot completely rule out abrasion.
However, if there is abrasion, it is so minimal that it is not visible within the resolution of
the experiment. Therefore, any exchange of charge will be restricted to the two colliding
grains and the surrounding gas. We cannot track charges within the gas with the given
setup. What we can measure, however, is the total charge on two spheres before and after a
collision. This is shown in Figure 4.
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Figure 3. Basalt beads used as one sample. These solid sub-mm grains are not supposed to fragment
in a slow collision.

Figure 4. Total charge on two solid basalt spheres before and after a collision. The solid line is a linear
approximation of the data. The dashed line visualizes charge conservation. The basalt bead systems
tend to lose charge after a collision.

Most of the collisions are, individually, consistent with charge conservation, but there
are some systematic deviations. Overall, there is a slight trend of two-particle systems
losing charge. This trend is not as clear as in Jungmann et al. [21] for glass spheres. As
collisions do not produce significant small grain fragments that may be ejected unnoticed,
the small deviation from charge conservation is likely due to a fraction of the charge being
transferred into the gas phase.

This can be the result of several processes. As the experiments were conducted at
ambient pressure, it may be possible that discharge occurs over time through atmospheric
ions. This kind of discharge over time should, however, be visible in the trajectories of
the grains, expressed as a change in acceleration. As the accelerations that we measure
are constant, we rule out atmospheric ions as the main cause for the observed discharge.
Another possibility may be charge transfer during atmospheric breakdown. Breakdown
can already be reached on small scales [18–20,23]. Here, electrons or ions can be transferred
as charge carriers from the particles into the gas phase. Lastly, ions can be transferred
directly from the particle surface into the surrounding gas. There are always a few layers
of water adsorbed to the surface of our particles. Water ions are proposed to be a charge
carrier during charge transfer between two colliding particles [24–26]. Therefore, water
ions could not only be transferred from one particle to another, but they could also be
suspended into the surrounding gas. In any case, the fraction of charge that we observe to
be transmitted into the atmosphere is not large enough for this particular sample.
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3.2. Collisions of Basalt Dust Aggregates

Based on the results for spherical grains, we would not expect much charge to be
transferred into the gas phase from dust aggregates either. The aggregates were prepared
in the laboratory. As base material we used basalt grains. The basalt is composed mainly
of silicates and metal oxides. The original sample has a grain size of ≤200 µm and was
milled with a planetary ball mill (PM 100 CM) into finer dust with an average particle size
of a few µm. Afterward, those fine grains were vibrated to create the aggregates through
sticking and compacting. The particles grow to a certain equilibrium size of about 1 mm.
The resulting aggregates have a filling factor of about 0.52, assuming a bulk density of
2700 kg m−3 for basalt. As seen in Figure 5, the particles are irregularly shaped. For the
charge analysis, we approximate the particles as ellipsoids with two small and one large
half-axis, which are determined through the video data.

Figure 5. Basalt dust aggregates used as second sample. The particles are irregularly shaped and
consist of fine µm-sized grains.

The charge balance for aggregate collisions is depicted in Figure 6. We now see a
stronger divergence from a linear distribution and charge conservation as a whole; while
for the monolithic beads the data suggest that some charge is lost after impact, we now see
charge being lost as well as gained on a much larger scale. In fact, the polarity of a system
can even change in some cases. This suggests that there is more at hand than charge being
transferred into the gas phase.

Figure 6. Total charge of two dust aggregates before and after a collision. The solid line is a linear
approximation. The dashed line visualizes charge conservation. The individual two-particle systems
deviate from charge conservation; charge can be lost as well as gained.
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Where we could rule out abrasion before, we now observe small fragments of the
aggregates being detached after impact. The collision velocities are not high enough to
cause large scale fragmentation, but it is sufficient to detach µm-particles or single dust
grains as seen in Figure 7. Assuming that the charge of one particle is distributed over its
surface in patches [27], a small fragment could already hold a significant amount of charge.
In the following, we further characterize those fragments and the charge they may hold.

Figure 7. Example of small grains being liberated after two basalt dust aggregates collide. The
timeline of the collision event is shown from left to right: before the collision, at the moment of impact
and after the collision. The colliding dust aggregates are marked as 1 and 2. The small ejected grains
are marked by arrows in the right image.

3.3. Loss of Small Grains

The fragments we see after a collision of two basalt aggregates are on the size scale of
a pixel which corresponds to approximately 50 µm. However, their average brightness as
seen in the video data is close to the background value, so some of the grains are certainly
smaller. We cannot constrain the minimum size with the given optical resolution. However,
in view of the recent work by Becker et al. [5], it is likely that particles down to individual
micrometer dust grains are ejected. Despite the missing details on the small grain fraction,
we can constrain the charge density on these particles to a certain extent.

As a lower charge limit, we deduce values from the accelerations of the smallest
particles that we can still trace. These grains are already on the limit of detection. At a
certain velocity, particle tracks become unresolved and stretched out, as seen in Figure 7.
This reduces the contrast and fast, small grains cannot be traced. The temporal resolution
of the video data are limited by a frame rate of 100 fps. This leads to a bias for slow and
slowly accelerated, i.e., weakly charged particles. Therefore, we consider the following
charge measurements as the lower limit for charges on small grains.

Due to the weak contrast and crowded field of view, the small grains we observe cannot
always be attributed to a specific collision of larger aggregates. However, according to
Onyeagusi et al. [17], charged grains of pixel size will be accelerated by and eventually stick
to one of the electrodes and cannot be ejected or released through recharging. Therefore,
we assume that the fine dust that moves freely through the chamber is a result of aggregate
collisions and we conclude that its charge is not influenced by recharging at the electrodes.

With the constraints just mentioned, the acceleration of the aggregate fragments is
shown in Figure 8 over their normalized brightness B/B0 with background brightness B0.

The average brightness of a particle can be determined using Fiji, where the mean grey
level of a selected area of an image can be derived. The larger the normalized brightness
is, the smaller is the grain. If we assume a geometric absorption of light by grains with a
cross-section area A smaller than a pixel, the brightness of this pixel is

B = B0 − B0
A

d2
pix

(2)

with square pixels of the size dpix = 50 µm. This translates into a particle diameter of
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d =

√
1− B

B0
dpix

2√
π

. (3)

Therefore, the smallest particles with the largest normalized brightness of 0.9 that are
still detectable are about d = 18 µm. However, if the particles are not completely opaque,
the grains can be larger. This exercise essentially confirms that we cannot resolve grains
much smaller than pixel size and we consider d = 50 µm as a reasonable assumption for an
average size of the observed small size fraction, noting that there are likely smaller ones,
which we simply cannot detect.

Figure 8. Acceleration of small aggregate fragments over their average brightness value derived from
the video data. The brightness values are normalized to the background brightness.

Particles are charged with both polarities. Using the typical acceleration of a = 0.01 m/s2

with Equation (1), the small grains would have surface charge densities of at least σ > 1 nC/m2.
We can compare this to the charge density on the original aggregates. Typical charges on
an aggregate are q = 107 e with the elementary charge e = 1.602× 10−19 C. For a d = 1 mm
diameter spherical aggregate, this gives a surface charge density of σ ∼ 100 nC/m2.

Therefore, the charge density measured on the small fragments is about two orders
of magnitude smaller than on the original aggregate. If all charge is distributed on the
surface, a small reduction would be reasonable as the surfaces which are originally within
the aggregate would bear no charges. In this case, a reduction by a factor of 100 seems large.
If one thinks of an ejected fragment as a cube-like grain with six sides, one of which would
be charged, the reduction should be lower than a factor of 10. On the other side, if the
charge is not distributed evenly in an aggregate, but occurs as volume charge due to many
surfaces between dust grains within the aggregate, ejected grains on the surface could have
less charge density. Nonetheless, all this has to be considered in view of a detection bias.

On the upper end, a charge limit on the small grains can be deduced from the charge
balance of the collisions. After all, we argue that most of the missing or additional charge
after a collision is due to small ejected grains carrying this excess charge. The variation
is strong here. As seen in Figure 6, tens of percentages of the absolute charge on both
aggregates can be gained or lost. Gaining charge is possible by just shedding small grains of
a given surface charge polarity as the two colliding aggregates can have a different polarity.
In any case, if the surface charge density was homogeneous, this would imply that, in total,
on the order of ∼10% of the surface would be emitted. This is unlikely, even if we cannot
detect the very small grains. An ejection of 1 % would be reasonable in view of a 100 µm
grain on a 1 mm aggregate. Other explanations would imply local high charge patches that
could be emitted [26]. In this case, the charge on a small grain may be up to 1 µC/m2.

In summary, the charge density of a small grain fragment, which was released during
the collision of two dust aggregates, may have values of σ = 1 nC/m2–1 µC/m2. The lower
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limit can be directly measured by tracing the small particles that are still visible in the video
data, while the upper limit was derived by the charge balance between the two colliding
particles. To further narrow down and specify the charge distribution of those µm-grains,
experiments with a higher spatial and temporal resolution are needed.

4. Conclusions

The charge balance on two colliding (sub)-mm sized solid particles shows that some
charge "is lost" after the collision. A small fraction may enter into the gas phase of the
surrounding atmosphere, but this is not the focus here. More interestingly, dust aggregates
also lose charges and they lose a much larger fraction; while these aggregates essentially
stay intact at the given small collision velocities well below 1 m/s, small parts can be
shed or ejected. Currently, our resolution is limited to grains larger than a few tens of µm.
However, we speculate that smaller grains will be ejected as well. In the given setup, these
small fragments have at least 1% of the typical charge of the aggregates, but may have up
to ten times the average aggregate charge density. This study is but a first indication and
the charge and size distributions of the small grains have to be determined in more detail
in the future. However, this strongly suggests that, e.g., saltation and charging of large
saltating grains will result in charged aerosols in planetary atmospheres.
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