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Introduction

The current theories of the charging of objects in a plasma are limited to spheres, making them
unsuitable for the many instances of non-spherical objects in astrophysical, atmospheric, labora-
tory and fusion plasmas. The shapes of these objects are often well approximated by spheroids
with aspect ratio A, which is defined in Figure 1, and examples of these include the following.

e Interstellar dust: A = 0.17.

e Metallic needles in supernova remnants: A = 260.

e Ice grains in Saturn’s rings: A = 2.5.

e Ice clouds in the Earth’s ionosphere: A = 0.43.

e Micrometeorites in the Earth’s ionosphere: A = 2.

e Particles grown in laboratory argon plasmas: A = 3.
e Rods in laboratory plasmas: A > 40.

e Irregular dust in tokamaks: A = 0.3.

Further non-spherical examples include spacecratft, liquid droplets and carbon nanotubes grown
In plasmas. Better models for the charging of these objects are required and this has been
identified as an important area for improvement of existing theories, particularly for dust modelling
In magnetic fusion devices (Krasheninnikov et al. 2011, PPCF 53:083001).
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where u = v/vy, and & = eV/kgTe. Py and dp are the potentials of the spheroidal object and at the spherical integration surface.
The angle 0, gives the limiting orbit which only just reaches the grain; conservation of angular momentum gives 6,,i, for a spherical
object, leading the the standard OML results, but particle trajectories must be explicitly calculated for non-spherical objects. This Is
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Figure 1. Non-spherical objects can often be approximated by spheroids. These are described by their
aspect ratio A = a/b so that oblate (flattened) spheroids have A < 1 and prolate (stretched) spheroids
have A > 1.

Orbit motion limited (OML) theory for spheroids

OML is the most widely used spherical charging theory. OML assumes that ions and electrons have a stationary Maxwellian distribution
far from the object, and the current of these particles to the object is found by integrating the one-way flux of collected particles over a
distant sphere enclosing the object. A reference current Iy = enoRQ(QkBTi/Wmi)l/Q IS Introduced to give the dimensionless currents
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done by assuming the object produces a vacuum potential. The floating potential of the object is given by (. = (.

Figure 2: The coordinates used for the calculation of particle cur-
rents. The particle position is given by (r, &', ¢') while its velocity
IS given by (v, 0, ¢). 6 iIs measured from the direction of r, and ¢
Is measured from the direction of changing ¢'.

Laframboise and Parker have already shown that spherical OML is valid for moderately deformed spheroids with 0.394 < A < 1.653
(Laframboise and Parker 1973, Phys. Fluids 16:629); the above method gives results outside this range.

Potential

The floating potentials of spheroids in a fusion-relevant deu-
terium plasma and a typical low-temperature argon plasma
were calculated for a range of aspect ratios. Those with
0.01 < A < 100 are plotted in Figure 3. Agreement with
Laframboise and Parker’s results is seen, and beyond their
range the potential increases slowly. The cylindrical OML
results are only obtained for spheroids with A > 500.

Capacitance

The capacitance of a spheroid in a plasma can be taken as
the vacuum capacitance if it is smaller than a Debye length,
giving the ratio of spheroid capacitance to that of a sphere
with the same volume as
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Charge

The charge on a spheroid is given by (¢ = CV, which
shows a significant increase for spheroids compared to
spheres of the same volume. This can even be seen inside
Laframboise and Parker’s range, and will significantly affect
the electromagnetic forces on the spheroids. The charge is
clearly dominated by the increase in capacitance.
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Figure 3: The floating potential of spheroids in deuterium plasma with
T, = T; and argon plasma with T, = 507;. The limits of Laframboise and
Parker, where the spherical OML prediction applies, are shaded grey.

Conclusions

This study has provided some insight into the charging behaviour of non-spherical objects in
a plasma. In particular the following conclusions can be drawn.

¢ The floating potential of spheroids remains constant within the range found by Laframboise
and Parker. Beyond this range the floating potential of spheroids increases.

e The cylindrical OML result is only obtained for spheroids with aspect ratios A > 500.

e The capacitance of spheroids is larger than for spheres with the same volume; this result
Is different to that of an earlier work (Zahed et al. 2006, Phys. Plasmas 13:053505).

e The charge on spheroids is significantly larger than for spheres of the same volume.

The non-spherical charging behaviour must therefore be accounted for in many situations;
for example, the charge on irregular dust and flakes in tokamaks will vary significantly from
the spherical OML prediction, and this will affect the motion and transport of these objects.

Figure 4. The vacuum capacitance of a conducting spheroid compared
with a sphere of the same volume, using Equation 2.

Figure 5: The floating charge of spheroids in deuterium plasma with
T; =T, and argon plasma with T, = 507; compared with a sphere of the
same volume. Laframboise and Parker’s range is shown again.

Future Research

Many areas for further improvement to our understanding of spheroid charging remain:

e Extension of OML to spheroids in plasma flows and electric fields.
e Verification of these results by other methods, for example with microscopic simulations.
e Charging of spheroids larger than the Debye length.

It would also be interesting to include non-spherical charging effects in the dust in tokamaks
transport code DTOKS.
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