INVESTIGATION OF ELECTROSTATIC POTENTIAL BARRIER NEAR AN
ELECTRON-EMITTING BODY

Benoit Thiébault
Space Environments and Effects Section (ESA-ESTEC/TOS-EES)
Keplerlaan 1, 2200 AG Noordwijk, The Netherlands
E-mail: Benoit.Thiebault@esa.int

Alain Hilgers
Eloy Sasot
Julien Forest
Space Environments and Effects Section (ESA-ESTEC/TOS-EES), The Netherlands

Vincent Génot
Centre d'Etudes Spatiales des Rayonnements (CNES-CNRS/CESR), France

Philippe Escoubet
Space Science Department (ESA-ESTEC), The Netherlands

Abstract

Electrons emitted on spacecraft surfaces can generate negative potential barriers. This
may affect the equilibrium potential of the spacecraft, which can be driven more negative and
jeopardise plasma measurements by repelling low energy particles. This phenomenon is
investigated with the help of a numerical method based on the turning point formalism to
classify orbits and which is validated with a PIC code. Comparison with spacecraft data in the
magnetosphere is performed.

Introduction

Photoemission on spacecraft is an important issue for the operation of plasma detectors in
space. Outside the ionosphere, the photoemission current may significantly influence the
electrostatic potential of the spacecraft, which has been observed to be driven up to a few tens
of volts positive [1]. Furthermore, detectors can be directly contaminated by photoelectrons
emitted from sunlit surfaces and propagating toward the detector entrance [2][3][4][5].
Several authors have investigated in the past the possibility of the occurrence of electrostatic
potential barrier due to the photoelectron space charge [2] [6] [7]. In this paper this issue is
analysed with the help of a fully self-consistent numerical scheme presented by Parrot et al.
[8]. Its application to the photoelectron sheath problem is validated by comparison with a
particle in cell code (Forest et al, [10]). The model is then applied to the prediction of
potential barriers around Geotail spacecraft. The results of this study predict a potential
barrier located much closer to the spacecraft than indicated by earlier work.

Method

Thanks to the very long mean free path of the plasma particles and the short time scale to
reach electrostatic equilibrium compared to change of the environment, collisions between
particles and time dependence can be discarded. Furthermore, at the high altitudes relevant to
the spacecraft considered in this paper, the magnetic field effects can be neglected. The
sheath structure around the electron emitting body is therefore believed to be well described
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by the Poisson-Vlasov system of equations with appropriate boundary conditions. The
ambient plasma far away from the body and the photo-electron distribution at its source is
assumed to be Maxwellian. Despite of the expected non-symmetry of the photo-electrons
very close to the spacecraft it is assumed in the rest of the paper that their distribution, as well
as the one of all plasma species are spherically symmetric.

With the above hypotheses, the Poisson-Vlasov system can be written as
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Where @ is the electrostatic potential, R the radial distance, Ag is the Laplacian in
spherical coordinate for spherical symmetry, p is the charge density, f; is the density
probability distribution function of species i.

The turning point method, extensively described by Parrot et al. [8], is based on the
analysis of the possible particles orbits using the turning point formulation to simplify and
solve the Vlasov equation of the distribution function in a given potential.

Each number density
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where V; is the velocity, is calculated as a function of the radial distance and the potential
distribution via the identification of the domain of accessibility in function of momentum [
and energy ¢ using the orbit classification shown on Figurel.

It is then straightforward to obtain for the normalised density

Ni (T‘)
NS

7

n;(r) =

the following dimensionless expressions [8]:

ni(r :72ai-e:cp(¢>f) coew —€; €;)de;
() = f p(— ) Mo, (c0)des

where M, (I}) = zl—r\/ gi(r) =17
gi(r) = r2(ei — i)
and ) Mni (ei) = Z 51' [Mni (lzz)]

) mas;

(lf)mln]



2 5
Type—4 orbit (neglected) &= (e-9( D)

Type-3 orbit

Type-2 orbit

Type—1 orbit

Figure 1. Orbit classification using the turning point formulation from Parrot et al. [8].

Once the density of each species is known one can compute the total electric charge and
inject it in the Poisson equation, which is solved via a standard numerical scheme, e.g.,
Gauss-Seidel in one dimension. The solution to the Poisson-Vlasov system is then found
iteratively using under-relaxation.

Test and Validation of the Method

To validate this method, two tests were performed. The first one is based on the
comparison with the results obtained by Roussel [9] with the PIC code SILECS for a
Langmuir probe in a dense Maxwellian plasma at rest without photoemission. The second test
validates the photoelectron emission and propagation model with the use of the PIC
simulation code, PicUp3D, developed by Forest et al. [10].

Comparison with SILECS

Roussel [9] computed the sheath structure for a Maxwellian plasma around a spacecraft
without photo-emission which he validated by comparison of the density profiles with
Laframboise results [11]. The corresponding potential profiles are shown in Figure 2 together
with the potential profile predicted by the turning point formulation based method.
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Figure 2. Comparison of the turning point method prediction with the results from [9]



The curves are in good agreement in the potential range above 0.1 kgTe/qc.or distance
beyond 4 spacecraft radii. At lower potential or higher distance the turning point method
predicts a slightly lower potential up to 0.01 kgTe/qe. It is not clear why such a discrepancy
appears. It may be due to the difference of simulation box size and of the boundary
conditions.

Comparison with PicUp3D

The PicUp3D [10] code is a simulation software dedicated to model spacecraft plasma
interactions. It is an open source software written in java freely available on the web [12]. It
is based on a 3D Particle-In-Cell (PIC) kinetic description of ions and electrons to simulate
plasma dynamics. Several simulations have been performed for a Maxwellian plasma
environment corresponding to a temperature of 1 eV for the ions and the electron and an
electron density of 100 particles per cubic centimetre. With such a plasma, the Debye length
is equal to 0.74 m, which is comparable to the size of the spacecraft. Therefore the PIC
simulation can be made very accurate in a reasonable size computation box. The
corresponding potential profiles are shown on Figure 3 below together with the profile
computed with the turning point formulation based method.
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Figure 3. Comparison of the turning point formalism based method with simulations
made with a PIC code for a small Debye length plasma.

The potential profiles shown on Figure 3 and computed with the two different methods
are in very good agreement. Unlike the previously presented test, there is not even a
discrepancy close to the edge of the simulation box, presumably because in the present test
the same boundary conditions were used for both methods. This information is considered as
a successful cross-validation test of the two methods especially for what regards their ability
to simulate photo-electron expansion around a spacecraft.



Comparison with Geotail Data

Geotail observation

Zhao et al [7] have used the current balance equation to assess the value of the potential
barrier around Geotail spacecraft:
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Furthermore, they use a predefined and arbitrary parameterised potential profile to
provide a barrier potential value and position. To this end Zhao et al. made the following
hypotheses:

o The spacecraft is modelled as a sphere;

o The spherical symmetry applies on the potential and the plasma and photo-
electron density;

o The ion and electron temperature is 100 eV and the plasma density is 1 cm™

Predicted potential barrier with the turning point formulation

The turning point formulation based method was used to assess the characteristics of the
potential barrier under the same set of hypotheses as used by Zhao et al. for the spacecraft
and environment model. The results for the potential and the barrier locations are shown on
Figures 4 and 5 below.
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Figure 4. Minimum potential deduced from Geotail observation and computed by the
turning point formulation based method as a function of the spacecraft potential.
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Figure 5. Location of the minimum of the potential deduced from the empirical
technique of Zhao et al. and computed by the TPF based method as a function of the
spacecraft potential

One can see that the potential profile computed by the two methods have the same shapes
but differ by a constant value. It can be shown that the derivation of Zhao et al. actually is
undefined within a constant value. We therefore conclude that our results on the potential are
consistent with the ones of Zhao et al. The difference between the barrier location is more
significant. It was explained by Zhao et al., that their assessment of the location of the barrier
may be strongly depending on the actual hypothesis they have made for the a priori and
arbitrary shape of the barrier. Our results confirmed this fact and suggest that the barrier
location is actually closer to the spacecraft and its distance from the spacecraft decreases with
decreasing potential unlike predicted by Zhao et al. [7].

Conclusion

The turning point formulation method presented by Parrot et al. [8] to model electrostatic
sheath in spherical symmetry has been validated by comparison with two different PIC codes.
It has been used for simulating photo-electron sheath in a large Debye length regime around a
spherical body. The prediction of a potential barrier and of its magnitude is consistent with
the results of Zhao et al. [7] based on the observations made on Geotail spacecraft. There is a
discrepancy, however, for what regards the barrier location estimated on one hand by the
analytical approach of Zhao et al. and on the other hand by the numerical model used in this
study. Examination of Zhao et al.’s hypotheses leads to conclude that our predictions are less
biased and therefore more realistic. We conclude that in the case of Geotail any potential
barrier is located much closer to the spacecraft than it was predicted before and that its
location decreases for decreasing potential. A main limitation of the applicability of the
current study to a real case is the assumption of a spherical symmetry for the distribution of
the photo-electrons cloud. This is currently under investigation with the help of 3D
simulation codes and will be the subject of a forthcoming paper.
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