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Introduction

The presence of periodically turned on
plasma thrusters onboard a spacecraft makes
the physical process of the spacecraft charging
in space plasma to be more complicated be-
cause the plasma jets released by the thrusters
participate in balance of electric currents flow-
ing through the spacecraft surface at its inter-
action with the plasma, and in balance of cur-
rents on separate segments of the surface.

So, the plasma thruster should be included
into mathematical model of the spacecraft tak-
ing into account its configuration and proper-
ties of materials used in the spacecraft con-
struction. Locations of the thrusters, direc-
tional diagrams of the plasma jets, data on par-
ticles concentration in the jets and other neces-
sary parameters should be defined in the
model. The procedure of calculation of the
electric potential distribution on the spacecraft
surface and in the spacecraft vicinity includes
the analysis of motion of positive ions and
electrons released by the plasma thrusters in
the spacecraft self electric field. The occur-
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rence of additional currents due to operation of
the plasma thrusters changes the spacecraft
mean potential relative to the environmental
plasma, which 1is determined by electric
charges on the spacecraft, and also potential
distribution on the spacecraft surface.

It is necessary to note that variations of
the spacecraft mean potential and of the poten-
tial distribution on its surface are determined
by two physical mechanisms: by variation of
ratio of positive ion and electron concentra-
tions in the plasma thruster jet, and by return
of part of positive ions on the surface of the
negatively charged spacecraft. The former one
produces fast variations of the spacecraft mean
potential at turning on and off the plasma
thrusters, and the latter one makes slow varia-
tions of the spacecraft mean potential and po-
tentials on separate elements of dielectric
spacecraft surface.

In the present report, the procedure of
mathematical modeling of the spacecraft charg-
ing in the case of plasma thrusters operation and
the examples of calculation results are given.
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Fig. 1. Geometrical model of geosynchronous spacecraft

Build-up of the spacecraft geometrical model

The model of geometrically composite ob-
ject, which a spacecraft is related to, is built as
an ensemble of various 3D figures which are
presented as a set of base elementary surfaces:
plane, torus, ellipsoid, elliptical cylinder, elliptic
cone and elliptic diaphragm with a hole. It is
necessary to note that the constructed geometri-
cal model should be set in different coordinate
systems that is necessary, in particular, for taking
into account orientation of the spacecraft relative
to various external impact factors.

For computations, discretization of the
model surface is done, i.e. a grid is constructed
on the surface. Local electric currents and the
electric charge densities are computed for
every cell of the grid.

In fig. 1, the geosynchronous spacecraft
geometrical model built according to the proce-
dure above is shown. The various colors on the
model show separate constructional elements,
and material properties are set for every element.

Calculation of the electric potential distri-
bution on the spacecraft surface and in the
spacecraft vicinity

During calculation of the electric potential
distribution on the spacecraft surface, the local
current balance is computed, and the electric
charge densities are determined for every cell of
the surface. For evaluation of the primary plasma
currents, the analytical description of the envi-
ronmental space plasma is set which is based on
two-temperature Maxwellian distribution func-
tion of electrons and ions characterized by 4 pa-

rameters: temperatures of “cold” and “hot” com-
ponents of the plasma and concentrations of par-
ticles of both components [1-4]. In balance of
the currents, the secondary emission currents
from the surface determined by primary plasma
currents, and also photoemission currents on the
sunlit surface segments are taken into account. In
the case of the plasma thruster operation, addi-
tional current originating due to collection of
ions from the plasma jet is included into the bal-
ance of currents. In all cases, conductivity cur-
rents between separate elements and the space-
craft metal ground are included in balance.

The steady state is determined for each
charging condition by iterative procedure in
which the local current balance equations are
solved on every step, and the charge densities
are determined. Using the obtained data, the
electric field in the spacecraft vicinity is con-
structed, and local currents for the next itera-
tion step are computed taking into account this
field. Such approach enables to obtain distri-
bution of the electric potential on the surface
and in the spacecraft vicinity for every discrete
time and to investigate dynamics of charging
of any spacecraft surface segment.

Fig. 2. Equipotential curves of electric field in space-
craft vicinity in the case of differential charging in
plasma with temperature of “hot” component 3.55 keV
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In fig. 2, the results of calculation of struc-
ture of electric field in the spacecraft vicinity
are shown for spacecraft charging in plasma
with “hot” component temperature 3.55 keV. In
this figure, numbers on equipotential curves in-
dicate the value of electric potential in kilovolts.
Equipotential curves nearest to the spacecraft
surface give information on potentials on the
surface. Note that structure of equipotential
curves is determined not only by features of the
spacecraft surface configuration, but by peculi-
arities of the spacecraft differential charging,
i.e. potential distribution on the surface.

The calculation data presented in fig. 2
were obtained for spacecraft charging in the
Earth’s shadow when there is no photoemis-
sion from the surface, so the highest negative
potentials arise on the surface. In usual flight
conditions, the spacecraft is irradiated by the
Sun on one side. In this case, the spacecraft
mean potential reduces, and (that is even more
essential) brightly expressed asymmetry in the
electric structure occurs.

In fig. 3, results of the electric field struc-
ture computations in the case of partial illumi-
nation of the spacecraft surface are presented.

Generally, process of fast recharging of
the spacecraft at plasma thruster turning on

light
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produces the fast drop of the spacecraft mean
potential. In limiting case, the mean potential
may be reduced up to zero value, and differen-
tial spacecraft charging can be maintained.

The degree of difference of the spacecraft
charging before and after plasma thruster turn-
ing on significantly depends on character of the
potential distribution on the surface, and on
magnitudes of potentials of various surface
elements at before plasma thruster turning on.
Intensity of plasma currents determined by col-
lection of ions on the surface from area of the
plasma thruster nozzle play important role too.

In fig. 4, the structure of electric field near
the spacecraft which originally was charged
differentially up to steady state in plasma with
temperature 3.55 keV (see fig. 2) is shown for
the case when plasma thruster were turned on.
The case is considered when the plasma
thruster turning on reduces the spacecraft
mean potential up to zero value.

Comparing fig. 2 and fig. 4, we may see
that the plasma thruster turning on has pro-
duced significant modification of the space-
craft differential charging character and con-
sequent modification of the electric field struc-
ture in the considered case.

POTENTIRL

Fig. 3. Equipotential curves of electric field in spacecraft
vicinity in the case of illumination of the surface

Fig. 4. Equipotential curves of electric field in space-
craft vicinity after plasma thruster turning on
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Calculation of trajectories of positive ions
and electrons in the self electric field of the
charged spacecraft

As it was noted above, for analysis of in-
fluence of plasma thruster operation on the
spacecraft charging processes, it is necessary
to include into the current balance on the sur-
face components determined by collection of
the charged particles from the thruster nozzle
area. Computation of these additional currents
is done on the basis of results of modeling of
trajectories of ions and electrons in self elec-
tric field of the charged spacecraft. At model-
ing, the same spatial grid as was used for com-
putation of distribution of electrical potential
in the spacecraft vicinity was constructed. The
additional local currents for separate surface
segments are determined by summing of tra-
jectories of the charged particles hitting the
considered segments.

In fig. 5, the trajectories of positive ions go-
ing out from the plasma thruster nozzles are
shown in case of the spacecraft differential
charging. It is visible, that the considerable por-
tion of ions is returned to the spacecraft surface.
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Fig. 5. Configurations of trajectories of the positive ions
going out from four plasma thruster nozzle areas in the
case of the spacecraft differential charging
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Fig. 6. Trajectories of the positive ions in the electric
field of differentially charged spacecraft before plasma
thruster turning on
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Fig. 7. Trajectories of the positive ions in the electric
field of differentially charged spacecraft after plasma
thruster turning on

The sharp drop of the spacecraft mean po-
tential after the plasma thruster turning on pro-
duces, as it was shown above, strong modifica-
tion of the spacecraft differential charging char-
acter. Accordingly, the trajectories of positive
ion moving from the plasma thruster nozzle
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area suffer essential modification. This modifi-
cation is illustrated by fig. 6 and fig. 7, on first
of which the trajectories of ions going out from
one of plasma thrusters nozzle area in the elec-
tric field of differentially charged spacecraft be-
fore plasma thruster turning on are shown, and
on the second — trajectories of ions in the
spacecraft electric field after plasma thruster
turning on. In both cases, the trajectories of ions
with energies 0.1-1.0 keV are shown.

Comparing fig. 6 and fig. 7, we see that
trajectories of ions change essentially after
plasma thruster turning on: the notable portion
of ions leaves the spacecraft vicinity. The fea-
ture corresponds to physical process of drop of
the spacecraft mean potential to zero value.

Dynamics of spacecraft charging and influ-
ence of the plasma thruster operation on the
charging processes

The computation procedure used enables
to analyze the time variations of potentials on
every spacecraft surface segments in the case
of the spacecraft charging in space plasma
with plasma thrusters turned off, as far as in
the case of the thruster operation [5]. In fig. 8,
the results of calculation for the composite
configuration spacecraft model in the case of
spacecraft differential charging are presented.

The calculation starts at an initial state,
when there are no charges on all spacecraft
elements, and accordingly potentials of all ele-
ments relative to the environmental plasma are
equal to zero. At the starting time, the space-
craft illuminated by the Sun on one side falls in
hot magnetospheric plasma. The curves in fig. 8
show dynamics of variation of the electric po-
tential on four cells on the surface (location of
the cells is indicated in the figure caption). It is
seen that differential charging of spacecraft oc-
curs under impact of natural external factors
during time interval 0750 seconds.

At time ¢ =750 s, the plasma thruster is
turned on for 50 seconds. It is seen from fig. 8
that there is fast change of the negative poten-

Time Depéndesce of Posentials

Fig. 8. Time variations of potential of four various
cells on the spacecraft model surface: 1 — sunlit cell at
centre of solar array; 2 — sunlit cell at centre of the
upper spacecraft panel; 3 — shielded cell at centre of
antenna; 4 — cell on dielectric side opposite to side
with antenna

tial for all four considered cells after the
plasma thruster turning on. Accordingly, the
spacecraft mean potential relative the envi-
ronmental plasma drops too. However, differ-
ential charging of the spacecraft surface is
maintained during the plasma thruster opera-
tion. After thruster turning off, the process of
the spacecraft differential charging under im-
pact of the external factors continues, and the
process goes faster in comparison with charg-
ing before plasma thruster turning on due to
the fact that initial state is essentially different.

Conclusion

1. The plasma thruster operation onboard the
spacecraft makes significant influence on
the spacecraft charging process.

2. There are two physical mechanisms deter-

mining the influence: variation of ratio of
positive ion and electron concentrations in
the plasma thruster jet, and return of part of
positive ions on the surface of the nega-
tively charged spacecratft.

3. The physical and mathematical models de-

veloped enable to investigate the influence
of plasma thruster operation on charging of
spacecraft having complex configuration
with nonuniform surface.
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Distributions of electric potential on the
spacecraft surface, electric fields, positive ion
and electron trajectories in the spacecraft vi-
cinity, dynamic characteristics of processes of
charging of various spacecraft design ele-
ments evaluated in the paper yield quantita-
tive estimations of the plasma thruster influ-
ence on the spacecraft charging processes.
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