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Evaluation of Electric Field Measurement in Space Environment
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Measuring the electric potential difference between the two points around a spacecraft is one of the simple ways
to determine the electric field in space. Achieving the accurate measurement of the electric field, we need to
consider spacecraft charging that affects the electric field around the spacecraft because the scale length of a
spacecraft is much smaller than the Debye length in tenuous plasma environment. In addition to that, photoelectron
emission from a spacecraft and probes is also considered to disturb the electric field. Evaluating accurate electric
field measurement on-board spacecraft, we had numerically studied the electric potential around a spacecraft under
tenuous plasma environment including photoelectron emission by using a three-dimensional electrostatic full
Particle-In-Cell code. In this paper, first, fundamental functions that are required for the computation were validated
in Geosynchronous Orbit environments by comparing with the thick-sheath limit theory. Second, the floating
potential of a spacecraft model with photoelectron emission in Geosynchronous Orbit was computed to examine the
effects of photoelectron emission to the electric potential around the spacecraft. The dependence of the floating
potential on the photoelectron temperature was shown in the simulation.

Keywords: Electric field measurement in space, Tenuous plasma environment, Photoelectron emission,
Spacecraft-plasma interactions, 3D Particle-In-Cell code

1. Introduction

Measurement of the electric field on-board
spacecraft has the difficulties because of its smallness,
typically less than a few mV/m. On one hand,
spacecraft itself easily has the artificial electric field
of the order of 100 mV/m generated by spacecraft
charging. The simple solution of this intrinsic problem
is to measure the potential difference between the two
points sufficiently apart from the spacecraft. In
tenuous plasma environment like Geosynchronous
Orbit (GEO), the Debye length is estimated to be
more than several tens of meters that is much greater
than the So the

measurement system requires long booms in order to

scale length of a spacecraft.
locate the probe sensors outside the sheath region
the

configuration for the measurement system applying

around spacecraft. Considering appropriate
this concept, it is of importance to estimate the spatial
distribution of plasmas around the spacecraft that is
self-consistently determined by the floating potential
of the spacecraft and the plasmas around it.

In GEO environment, the eclipse floating

potential of the spacecraft is of the order of negative
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kV, whereas, in sunlight, the spacecraft has the
of the
photoelectron current from the sunlit surface which

positive  floating  potential  because
amounts to about ten times greater than the ambient
electron current. Furthermore, in very low-density
like

considered that the temperature of the photoelectron

plasma environment magnetosphere, it is
emission plays an important role to determine the
magnitude of the spacecraft potential [1].

In order to perform quantitative analyses of these
issues between spacecraft and space environment
plasmas, we have developed a three-dimensional
electrostatic full Particle-In-Cell [2] code [3] based on
the high-performance computation code [4]. In the
numerical space, we can simulate tenuous plasma
environment including photoelectron emission (PEE)
from the sunlit surface of a spacecraft. Because the
algorithm adopted in the code has no robustness, we
can compute transitional phenomena such as sheath
including PEE, the

saturation value of the floating potential of the

formation and then obtain
spacecraft and spatial distribution of the electric
potential around it as a result of steady state solution

of the computation. In the algorithm, the spacecraft
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charging analysis technique is referred that is Table 1. Computation Parameters for GEO
employed in the MUSCAT [5-7] algorithm, a Environment.
ft chargi lysis sof i . -
spacecra t.c arging analysis software made' in Japa}n Plasma density. 1 [m~] =510°
In this paper, we computed the interactions

. . plasma temperature, T [eV] 100
between single conductor and environment plasmas as . ° 1836
the first step of the computation of the measurement mi/me (H)
system. In the computations, we neglected the Debye'length [@] 33
existence of the geomagnetic field because the gyro numerilcal d.omam 64x64x64
radii of ambient electrons and ions were much greater object size 2x2x2

dx [m] 1.0

than the spacecraft scale in GEO environment (e.g.
about 300 m for 100 eV thermal electrons). First, we dt [s] 4.2x10°
validate the code for its fundamental functions such as

current collection and determination of the electric
field. Second, the computations with PEE using the . el i
same model are shown. The effect of the
photoelectron temperature on the floating potential of 0 &
the spacecraft and potential structure around that is . \
also discussed. g“ ii60
g

2. Floating potential of a Spacecraft in GEO e \
environment g 150

Floating potential of a spacecraft relative to the = 200 wx&
space potential is generally defined that the net %%
current to the spacecraft body is zero at the potential I s s ee
in the space environment. We first performed the 0 0.005 0.01 0.015
computation in order to obtain the saturate floating time, s

potential for a conductor model under only the Fig. 1  Temporal profile of the floating potential;

ambient plasma environment at GEO. In GEO numerical result for a conductive cube and analytical one

environment, as mentioned before, the Debye length for a conductive sphere obtained by integrating the

is greater than several tens of meters, and that is much C“rtr;“; balance equation by 4-th order Runge-Kutta
method.

greater than the scale length of a spacecraft. Thus the
current collection is described by the thick-sheath
limit theory, that is, Orbital Motion Limited (OML)
theory.

The saturation value of the potential is given
by

Table 1 shows the calculation parameters used kT, T m 3)
o . o : o V.=—=<In| |- (1 eV, /KT)) |
in this simulation. For a preliminary simulation in e T, m,

GEO environment, we selected the plasma density of
the order of 10°m™ and the temperature of 100 eV to
decrease the Debye length as possible. That reduced
the computational resources and time. The spacecraft

For (mi/me)"*=42.8, kT./e=100 eV and kT,/e=100
eV, Eq. (3) gives the saturated potential Vs=-250 V.
The time scale to reach the steady state is given

model was a conductor cube of its one side 2.0 m. by integrating the following equation

The temporal profile of the body potential is Cscﬂzij, 4)
shown in Fig. 1. The body potential saturates at -225 dt
V in 0.018 seconds. Because we only consider where Csc and A are the capacitance of the body
primary isotropic Maxwellian electrons and ions for surface obtained by the capacity matrix method [9],
this case, the net current density from the OML theory the body surface area, respectively. We approximate
for an object with a spacecraft potential V < 0, is the body as a sphere of radius R. Then, we have
given by [8] ﬂ=£jm- s)

Jua V)= jocexp(=e |V, 1/KT,) = jo,(1+ €1V, 1/KT}), (1) dt &,

where Substituting Eq. (1) into the above, we obtain

W R expleV, 1T~ jo (- eV, 1kT)] - (©)

Joes =e€n KT, [ 27tm,; - (2) dr g,
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We integrate this equation using the 4th-order
Runge-Kutta method for R=1.0 m and plot the
temporal variation of V, in Fig. 1. The temporal
profile calculated from the OML theory and the time
scale agree well with the temporal profile calculated
The the
computation is slightly higher than the analytical one.

from this code. saturation value from

3. Photoelectron Emission in GEO
Environment

In order to simulate the real space environment in
sunlight in addition to shadow environment as

possible as we can, we have developed the function
for photoelectron emission (PEE). Modeling the PEE
in the simulation, the photoelectron temperature is
important to determine the floating potential of the

spacecraft in tenuous plasma environment as

mentioned before [1].

3.1. Definition of the PEE function in the code
Photoelectrons are defined as emitting

electrons from the sunlit surface of a spacecraft. We
consider the distribution of the electrons as uniform in
space on the sunlit surface, and as single Maxwellian
space with cosine emission the
The total number of photoelectrons
emitting in unit computation time dt from the square
of unit computation length dx*dx is determined by the
known possible photoelectron current density j,u,, at
1AU, which depends on the surface material,

N,y =(jocos0/e)-dt-dx’ =(j, /e)-di-dx*,(7)

in velocity in

simulation.

where @ is the incidence angle of the solar flux to the
spacecraft surface.

As an example of the simulation with PEE in
GEO environment, Fig. 2 shows temporal profile of
the floating potential with photoelectron and ambient
electron currents. The saturation value of the floating
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Fig. 2 Temporal profile of the floating potential,
ambient electron current and photoelectron current.
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Fig. 3 The saturation potential of the conductor cube vs
photoelectron temperature plotted by the red solid line
with open circles. The black solid line shows the linear
line fitting the numerical results over 6 eV.

potential is about 0.15 V, although that without PEE
-230 V as shown in Fig. 1.

3.2. Dependence of floating
photoelectron temperature

Using the developed PEE function mentioned
above, we examined the dependence of the floating
potential on the photoelectron temperature including
the space charge effect of them. We performed the
computations for photoelectron temperature kT,/e,
from 1.0 to 10.0 eV under the fixed photoelectron
current density of 10 pA/m?. It was already studied in
by the GEOTAIL spacecraft
observation, for example, that the net current of
photoelectron [10] and the temperature model that
well represents the observation data [1]. (Observation
data in ref. [1] and [10] were obtained during the
period from 1992 to 1998, not averaged data during

potential on

magnetosphere

the 1l-year solar cycle.) We adopted single
temperature PEE model mentioned before for
simplicity.

Figure 3 shows the floating potential of the
conductor cube as a function of the photoelectron
temperature. The red solid line with open circles
shows the computation result.

Here, the net current for Vs > 0 is obtained by the
current balance between ambient electrons and ions,
and photoelectrons as follows [8],

jne/ (‘/s) = jOe(l + e‘/s /kTe) - jOi exp(_e‘/s / kT‘:)
= Jmoexp(=eV, [ kT, )1 +eV, | kT,,)

)

We have the solution from j,.=0 for V, > 0,
considering T, < kT, [8].

kT
Vo= =20l (14 eV, /KT, 1 ©)
e
From this equation, it can be supposed that V, ~

kT, le.
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The black solid line in Fig. 3 shows the linear
line fitting the numerical results over 6 eV. The
floating potential shows linearity in photoelectron
temperature in this region. On the other hand, for V, <
6 eV, as the photoelectron temperature becomes low,
the floating potential becomes smaller than the linear
value plotted in Fig. 3. For kT /e = 1.0 eV, V= 0.15
V, that is almost one-order smaller than the expected
order of the floating potential by Eq. (9).

Figure 4 shows the spatial profiles of the
electric potential on the zx-plane for kT, /e = 1.0, 3.0
and 10.0 eV. Photoelectrons were emitted from the
positive x-plane on the cube in the simulations. In
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Fig. 4 Spatial distributions of the electric potential with
photoelectron emission at 0.84 ms, (a) in the case for
kT, /e=1.0eV (above), (b) kT,,/e =3.0eV (middle) and (c)
kT, /e =10.0 eV (below), respectively.
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case of kT,,/e = 1.0 €V, it is recognized from Fig. 4-a
that the electric potential near the surface where
photoelectrons leave is lower than the space potential
around because the diffusion speed of the
photoelectrons is low to escape from the surface. The
space charge of the photoelectrons themselves forms
potential barrier to the emitting photoelectrons with
lower kinetic energy than the potential depth. We
recognized similar potential barrier in front of the
emission surface for kT,,/e from 1.0 eV to 4.0 eV, and
the depth of the potential barrier decreased as the
photoelectron temperature increased, as shown in Fig.
4-b. On the other hand, for k7 ,,/e from 5.0 eV to 10.0
eV, such potential barrier not significantly
recognized. In these cases, the photoelectrons are
considered that they have enough diffusion speed
from the emission surface. Figure 4-c shows the
profile of the electric potential not forming the
potential barrier for k7,,/e = 10. 0 eV.

Considering these results, the space charge of
the photoelectrons near the emission surface could
form the potential barrier to the photoelectrons, which
result in the increase of the return current of them. In
the end, that decreases the net current onto a
spacecraft. The temperature of the photoelectrons is
of importance to determine the electric potential
profile around the spacecraft and the current
collection onto it.

is

Conclusion

We have developed a  three-dimension
electrostatic full Particle-In-Cell code to analyze the
spacecraft-plasma interactions. In order to evaluate
the electric field measurement in real environment as
possible, we have extended the code by including the
photoelectron emission that is crucial for spacecraft
charging under the ambient plasma
environment. Fundamental physical functions are
validated such as current collection, computation of
the electric potential including the floating potential
of a conductor model.

We first evaluated these functions in GEO
environment under the ambient plasma environment
by comparing the thick-sheath limit theory, i.e., OML
theory. The numerical and theoretical results were in
good agreement about the saturation value of the
floating potential and the time constant for the
saturation.

Next, in GEO environment, dependence of the
floating potential on the photoelectron temperature
was numerically studied as the first step to the
evaluation of electric field measurement on-board
spacecraft. The result showed that the photoelectrons
with low energy could form the potential barrier near

4.

tenuous
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the emission surface. That could increase the return
current of the photoelectrons and the diffusion of
photoelectrons toward the spacecraft. These results
show the importance of the model of the
photoelectron temperature adopted in the simulation.

As a future work, we will install more than two
conductors into the numerical space, and simulate the
probe for potential measurement on-board spacecraft,
and the electric circuit model. We will also study the
appropriate photoelectron temperature model by
comparing the observation data.
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