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Energetic electron beams have been proposed for tracing magnetic field lines from the
magnetosphere down to the ionosphere, in active experiments aimed at diagnosing
mechanisms at play in the coupling between magnetosphere and ionosphere. It is
recognized however that in the absence of an efficient mitigation technique, this approach
would lead to unacceptably large spacecraft charging and positive potential buildup,
which would result in environmental hazard for the spacecraft. This problem would be
particularly acute in low density regions of the magnetosphere of interest in the study
of magnetic field reconnection and substorm dynamics. A solution to this predicament
could consist of creating a plasma contactor whereby a gas puff would be ionized,
leading to the evacuation of positive charges and collection of cold electrons, thus
compensating for the charges lost in the electron beam. A possible alternative is
presented here, which consists of attaching a large passive conducting surface to the
spacecraft, a “tethered capacitor”, from which negative charges would be drawn to
compensate for those lost from the beam. This capacitor would then charge to a large
positive potential, leaving the spacecraft and electron gun at a lower, acceptable positive
potential. The tethered capacitor could have a relatively small mass; consisting only of
a thin conducting surface that would be “inflated” as a result of repulsive electrostatic
forces. This charge mitigation concept, as applied to active electron beam experiments,
is explored using three dimensional particle-in-cell (PIC) simulations from which scaling
laws can be inferred for the spacecraft and tethered capacitor potentials under proposed
electron beam operations.

Keywords: charge mitigation, charge collection enhancement, teneous magnetospheric plasma, magnetosphere-
ionosphere coupling, spacecraft charging, electron beam, tethered capacitor

1. INTRODUCTION

Electron guns have been used on several satellites to perform a variety of active experiments,
including controlling the floating potential (Whipple and Olsen, 1980; Koons and Cohen, 1982;
Pedersen et al., 1984), and diagnosing distant parts of the magnetosphere along magnetic field
lines (Hendrickson et al., 1975; Wilhelm et al., 1980; Winckler, 1980, 1992; Nemzek et al., 1992;
Grandal and North, 2012). An interesting proposal to elucidate the long-standing problem of
magnetosphere-ionosphere coupling and, more generally, of what creates auroral forms, involves
the injection of energetic electrons along field lines (i.e., in the loss cone), from satellites in near
geostationary orbits. By monitoring light emitted by atoms excited by these electrons entering
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the upper atmosphere, this approach would map unambiguously
the ionospheric footpoint of the magnetospheric spacecraft.
Combined with suitable measurements of the magnetospheric
and ionospheric state, it would determine what magnetospheric
conditions are related to the wide variety of auroral forms.
The approach considered here consists of emitting 1 MeV
electron pulses along magnetic field lines from a satellite in
elliptic near geostationary orbit, sampling the magnetosphere at
altitudes between 30,000 and 50,000 km. The orbit inclination
and argument of the perigee would be such as to maximize the
time spent over the TREx array in Canada (Donovan, 2015a,b).
Electrons would be injected in a succession of 0.5 s pulses, each
comprising 100, 10 mA minipulses of duration 0.5 ms followed
by a 4.5 ms rest period. Following each 0.5 s pulse, there would
be a half second of rest to allow for batteries to recharge, and
the process would be repeated. The average electron current
emitted over the 0.5 s period would then be 1 mA. This pulsed
operation of the electron beam would enable the detection of
the beam spot in the atmosphere through blinking against a
bright auroral background. One technical difficulty is that owing
to the low plasma density in the region of interest (n, ~
10° m™3), neutralization from collecting background electrons
alone would not be sufficient to prevent the spacecraft from
reaching unacceptably large positive potentials. Indeed, with
space parameters of interest here, assuming balance between
background electron collection and the 1 mA average current
emitted during the first 0.5 s of each pulse, a simple orbital-
motion-limited (OML) (Mott-Smith and Langmuir, 1926; Sudit
and Woods, 1994; Allen et al., 2000) estimate of the floating
potential leads to a value of the order 45 kV. Not only these
values are unacceptably large for spacecraft safety but they would
also cause energetic electrons to strike spacecraft components,
requiring careful consideration from the perspective of internal
charging. A promising solution proposed to avoid the buildup
of such large potentials consists of using a “plasma contactor”
whereby a relatively dense plasma cloud would be created near
the spacecraft. As the spacecraft potential increases, electrons
from the plasma would be attracted to the satellite while ions
would be repelled (Delzanno et al., 2015; Lucco Castello et al.,
2018), thus maintaining the floating potential at a lower value
through emission of significant ion currents by the contactor
cloud. Plasma contactors or hollow cathodes have proven their
effectiveness in laboratory (Stenzel and Urrutia, 1990; Williams
and Wilbur, 1990) and space (Olsen, 1985; Patterson et al.,
1993; Katz et al., 1994; Comfort et al., 1998; Safrankova et al.,
2002) for controlling satellite floating potentials. In addition,
ion beam emission (Schmidt et al., 1995; Torkar et al., 2001)
and the release of neutral gas (Gilchrist et al., 1990) have also
been used to mitigate satellite charging in space. The alternative
considered here consists of attaching a large tethered passive
surface capacitor, from which electrons would be drawn as
needed by the active spacecraft in order to maintain its floating
potential to an acceptable level. This capacitor could consist of an
electrostatically “inflatable” conducting foil held by a boom at a
fixed distance from the satellite. During the emission of electron
pulses, as negative current would be drawn from the capacitor, its
potential would increase to large positive values until on average,

the capacitor and the spacecraft collect sufficient background
electrons to balance lost electron beam charges. The feasibility of
this concept is assessed quantitatively in the following sections.

In section 2, we first present a simple estimate of the
conditions required for current balance for the spacecraft-
capacitor system when collected currents and voltages are
assumed to be constant. These results are then used to derive an
empirical scaling law for the current collected by the capacitor
under various operational scenarios. The following section
considers the time dependence of the voltages and collected
currents when the electron beam is in operation. This is then
followed by section 4 in which a simple analytic model is
presented to estimate the peak potential and collected currents at
the end of 0.5 ms of beam emission. A summary and conclusions
are presented in section 5

2. STEADY STATE CURRENT BALANCE

Our goal is to find a satellite-tethered-capacitor configuration
that satisfies current balance during the 0.5 s when the electron
accelerator is operated, such that the satellite and capacitor
potentials remain at an acceptable level. To start with, we
consider steady state conditions, in which the spacecraft and
capacitor are at fixed potentials, and calculate the currents
collected under different conditions. For the purpose of the
estimate, a simple geometry is assumed for the assembly. It
consists of a cubic satellite bus with side length Isc = 2 m,
a thin tether of length Iy to which a spherical conducting
sphere of radius ac,p is attached, as illustrated in Figure 1. The
spacecraft surface is assumed to be equipotential at voltage Vsc =
1 kV, while the tether and capacitor are assumed to be at the
same voltage Vc,p. For simplicity, a pure fully ionized non-
drifting electron-proton plasma background is assumed, and the
magnetic field is assumed to be zero. Our calculations are based
on fully kinetic Particle In Cell (PIC) simulations made with
PTetra (Marchand, 2012; Marchand and Resendiz Lira, 2017),
an explicit electrostatic code which uses unstructured tetrahedral
meshes to discretize the simulation domain. In the simulations
we consider tether lengths [y varying from 5 to 10 m, and
capacitor voltages Ve,p from 10 to 25 kV. In all cases, including
the time dependent solution considered in section 3, the emitted
electron beam is not included in the simulations. The charge lost
in the beam is accounted for indirectly by subtracting the emitted
charges from the capacitor at each simulation time step. That
is, the electron gun mounted on the spacecraft is assumed to
draw all its current from the capacitor. The simulation domain is
discretized with a mesh consisting of approximately 3.5 million
tetrahedra and 600,000 vertices. Approximately 200 million
macro-particles are used to represent electrons and ions in the
PIC simulations. In all cases the simulation domain is delimited
by a spherical boundary of radius Rpoundary = 100 m where the
potential is assumed to be zero. The radius of the outer boundary
must be sufficiently large for the incoming electron flux at the
boundary to be significantly larger than the average 1 mA that
must be collected by the spacecraft-capacitor assembly. If the
outer boundary is not far enough and the incoming flux is <1
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FIGURE 1 | lllustration of the spacecraft, tether, and spherical capacitor geometry assumed in the simulations. The colors on the sphere show the component of the
electric force surface density along z, computed at t = 5.5 ms in the time dependent simulation.
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TABLE 1 | Physical and simulation parameters considered in the simulations.

ion species 100% H* Isc 2m
Ne=ny+ =n 108m—3 heth 5 7,10m
Te=T;=T 1 keV acap 2,3, 4m
AD 166 m Rpoundary 100 m

mA, the entire simulation becomes nearly depleted of electrons,
the spacecraft potential increases without bounds, and no steady
state solution can be found. Assuming a background Maxwellian
distribution, in order for the electron flux at the outer boundary
to match the required current, the following condition must be
satisfied (Laframboise, 1966):

_3 ) 8 kT
IO =107"A = neeRboundary 7,
e

1

where k is the Boltzmann constant, and m, is the electron mass.
With the space-plasma parameters considered here this gives
a radius of approximately 10 m. Different radii have been
considered including 50, 75, and 100 m. Only the latter has been
used throughout as being sufficiently far from the spacecraft-
capacitor assembly. A summary of the plasma and simulation
parameters is given in Table 1

Collected currents were computed with different values of
tether lengths /i, capacitor radius ac,p and capacitor potentials
Veap- Table 2 lists the currents collected by the spacecraft bus,
the capacitor, and the total collected current computed with the
different configurations considered. The range of parameters was
selected so as to yield a total collected current close to the Iy =
1 mA objective, and from which a simple analytic fit can be

TABLE 2 | Steady state currents collected by the spacecraft and the tethered
capacitor for the different configurations considered.

lieth (M) acap (m) Vecap (kV) Isc (MA)  Icap (MA) liotal (MA)
5 2 15 —0.039 —0.645 —0.684
5 2 20 —0.041 —0.852 —0.893
5 2 25 —0.042 —1.066 —1.108
7 3 8 —0.036 —0.799 —0.835
7 3 10 —0.038 —0.984 —1.022
10 2 15 —0.038 —-0.713 —0.751
10 2 20 —0.039 —0.945 —0.984
10 2 25 —0.038 —1.180 —-1.218
10 4 15 —0.038 —2.594 —2.632
10 4 20 —0.038 —3.423 —3.461
10 4 25 —0.038 —4.240 —4.278

In all cases the spacecraft potential is Vsc = 1 kV.

constructed. The table shows that in all cases considered, most of
the collected current is from the spherical capacitor. Thus guided
by the OML expression for the electron current collected by a
positive conducting sphere, we fitted the total collected current
with

, [8mkT

Tiotal = TeMelcyy

1% Y
X (o + Blien) (1 + m) . (2)

e

where e is the unit charge and T,y is the temperature in eV.
In Equation 2 fitting parameters o, S, and y are set to best
approximate simulation results. For an isolated sphere, idealized
OML theory would predict 1,0, and 1 for &, B, and v, respectively.
Deviations from these values are allowed to account for the

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

December 2018 | Volume 5 | Article 42


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Marchand and Delzanno

Tethered Capacitor Charge Mitigation

presence of the nearby spacecraft, the length, and bias voltage of
the tether. This expression is fitted to the data in Table 2 so as
to minimize the maximum relative error. The result, « = 0.983,
B = 0.050, and y = 1.000, fits all data points with a maximum
relative error of 6.6%. This analytic fit can also be used to find
conditions under which a given current will be collected at steady
state, for satellite and tethered capacitor parameters in the range
of those considered in Table 2. For example, a 7 m tether witha 3
m radius capacitor biased to 10 kV should be adequate to balance
the average 1 mA current lost while emitting electron pulses on
the “Magnetosphere-Ionosphere Observatory (MIO)” (Borovsky,
2002; Delzanno et al., 2016). From the fit and Table 2, it is also
clear that different electron currents could be collected from
background plasma, with modified configuration parameters.

3. TIME-DEPENDENT SOLUTION

The results presented so far have focused on currents collected
assuming constant spacecraft and capacitor voltages. From
Table 2 and the analytic fit 2 it appears that under these
conditions it should be possible for the spacecraft-capacitor
assembly to collect the 1 mA current required to balance the
average current lost during the 5 ms period of a minipulse (i.e.,
0.5 ms of electron gun operation at 10 mA followed by 4.5 ms
without emission). The steady state currents for given voltages
would be applicable to the actual experiment provided that the
spacecraft and capacitor voltages remain approximately constant
during a full 5.0 ms of a minipulse. This in turn would be
valid if the relaxation time of the system were larger than 5.0
ms; that is, if the voltages didn’t change significantly during
the 4.5 ms beam rest period. However, simulations indicate
otherwise. The relaxation times for the voltage and collected
currents are found to be of order 2 ms, which implies that
while the estimates obtained assuming steady state potentials
are indicative of how collected currents relate to voltages under
the assumed geometries, they cannot be seen as quantitatively
accurate. This is apparent in Figures 2, 3 for the time evolution
of the voltages and collected currents, assuming a 10 m tether and
a 4 m spherical capacitor. These results were obtained assuming
a uniform plasma and zero potential on all components at time
t = 0. In the simulation, the full current of the electron beam is
assumed to come from the sphere. Any charging of the spacecraft
is from the impact of surrounding plasma particles. During the
first 0.5 ms when electrons are being fired, the capacitor and
spacecraft voltages increase almost linearly to 12.3 and 4.66 kV,
respectively. This is accompanied by a nearly linear drop in the
collected current reaching —2.23 and —0.12 mA for the sphere
and spacecraft, respectively. In the following 4.5 ms rest period
both voltages and currents relax quasi-exponentially toward an
equilibrium. The first 0.5 ms of the following minipulse was also
simulated to ascertain whether differences in the initial condition
would result in significant changes in the time evolution of the
system. At time 5.5 ms, the spacecraft voltage is 3.47 kV and that
of the capacitor, 13.0 kV, while the collected currents are —0.10
and —2.3 mA, respectively. These values being relatively close to
the ones found at t = 0.5 ms, we conclude that the time evolution

14
12 :
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FIGURE 2 | Spacecraft and capacitor voltages over a 5.5 ms time period.

0 S o : y T
Spacecra
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FIGURE 3 | Collected current by the spacecraft, the capacitor and the sum of
the two, over a 5.5 ms time period.

of the potentials and collected currents calculated in the first 5.0
ms provide a good representation of what would be found within
subsequent minipulses. It follows from the rapid decay, occurring
on a time scale of order 2 ms, that both satellite and capacitor
would equilibrate with space environment within 20-50 ms. This
is longer than the 4.5 ms separating successive minipulses, but
sufficiently short for an equilibrium to be reached during the 0.5
s rest period separating different pulses.

It is noteworthy that toward the end of the 5 ms cycle, the
spacecraft potential becomes negative. This is due in part to
the decrease in the capacitor potential, and to the collection of
a fraction of the electrons attracted to the capacitor. Finally,
the force between the spacecraft bus and capacitor has been
calculated by integrating the force surface density; that is, the
force per unit surface area, over both surfaces, as

R 1
F://dsfeoEzﬁ, (3)
S 2
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where the integration is carried out over the entire surface
of a given object, € is the free space permittivity, E is the
magnitude of the electric field at the surface, and # is the unit
vector perpendicular to the surface pointing outward. The z
component of the force surface density exerted on the spherical
capacitor computed at time 5.5 ms is illustrated in Figure 1. The
figure shows an approximate cos(6) profile, where 6 is the angle
between the direction along the tether and the radial position on
the sphere, with an offset of approximately 4.5 x 107® Nm~2. The
computed net force along the z direction is F, ~ 3.4 x 107 N,
corresponding to a repulsive force with respect to the satellite.
The force between the spacecraft and the sphere, while small,
would likely become attractive during part of a 5.0 ms period;
in particular when the spacecraft becomes negative while the
sphere remains positive. If the average force were to be attractive,
a possible solution would be to use a tether with sufficient rigidity
to keep spacecraft and capacitor apart.

4. ANALYTIC APPROXIMATION

The time dependent results just considered suggest a simple
analytic model to capture the essential of the system response to
the emission of electron beam pulses. Assuming that the potential
at the spacecraft is due mainly to the influence of the nearby
capacitor, the spacecraft potential should be

Acap

Ve ~ Vegp —— .
“r Lieth + Acap + Isc/2

(4)

Considering the large Debye length in this environment, the
capacitor voltage is approximated as for a sphere in vacuum:

Q
Vegp = ——, 5)
4w enacap
where, assuming zero initial charge,
Iplasma(t)
Q= (_Ibeam + pus%) £, (6)

is the negative of the charge emitted in the beam in time ¢,
plus the charge collected from incident background electrons.
In this expression, use is made of the fact that, during the 0.5
ms period when the electron beam is fired, Iyjma(t) increases
approximately linearly with time. Omitting the explicit time
dependence in Ijs5mq for brevity and assuming V' > 0, we then
approximate Ipjs5mq With the OML theory, which yields

8w kT eV,
~ 2 cap
Iplasma = —enag,, ,Te <1 + T )

2 8TkT <1 _ e(Ipeam — Iplasma/z)t>

~ —ena
P\ m, 471 €0capkT
—eng?  [87KT (1 _ __elbeamt _
enacap Me ( 4meacapkT

(7)

1+ nacp  [smkT t
2 me 4meokT

Substituting 7 in 6, and evaluating the numerical values of
physical constants, equation 5 becomes

Tpeamt — 10_7‘1TkeV

t, (8)
t4+2x 104n1a1Tie/‘2,:|

V~9x 10%;&, |:—Ibmm +
where V, acap, Ipeams and t are in SI units, and Ty is the
temperature in keV. With the parameters considered in the time
dependent simulation, a = 4m, Ije, = —0.01 A,and T = 1
keV, the predicted capacitor potential from 8 at time t = 5 x 10~*
sis V. ~ 10 kV. Using this estimate for V in the top part of
Eq. 7, we find Ipjggmq ~ 1.9 mA. Finally, the spacecraft potential
estimated with 8 at t = 0.5 ms is Vg¢c ~ 2.67 kV. Compared with
computed values, these estimates are of course approximate, with
relative errors ranging from ~ 20% for the predicted capacitor
voltage and collected current from background plasma, to ~
50% for the spacecraft potential. While approximate, this simple
model should be useful in exploring parameter space and finding
optimal conditions for the proposed approach to be applied.

5. SUMMARY AND CONCLUSION

An alternative to plasma contactors has been presented as a
possible means of mitigation for spacecraft charging occurring
when electron beams are emitted in a tenuous plasma. The
solution consists of attaching a capacitor with a large conducting
surface area to a spacecraft from which current can be drawn
to compensate for the current injected by the electron beam.
As a result, the capacitor becomes strongly positively charged,
thus reducing positive increases in the spacecraft potential, and
mitigating possibly adverse effects. For the parameters considered
here, with a collecting surface area larger than that of the
spacecraft, the conducting capacitor can collect sufficient electron
current from background plasma to balance an average electron
beam current of order 1 mA, while maintaining a potential of
order 10 kV. Assuming constant voltages for the spacecraft and
capacitor, scaling laws were derived for the collected current
which suggest that it might be practical to apply this approach
to mitigate spacecraft charging in active electron beam emission
experiments. A simulation has also been made to explore the
time evolution of the voltages and collected currents. Three time
periods have been considered, including the 0.5 ms of beam
emission, followed by a 4.5 ms when the electron beam is turned
off, and a subsequent 0.5 ms of beam emission. Voltages and
collected currents exhibit significant variations in time, with
extrema at the end of 0.5 ms period of beam emission, with
an approximate exponential decay during the following 4.5 ms
rest period. The average values found for the collected currents,
however, are consistent with results obtained in the steady state
approximation. A simple analytic model was constructed that
can capture the dependence of the tethered capacitor voltage
and collected current as a function of time and other physical
parameters. Predictions made with this model can only be viewed
as approximate, but they should prove useful, in conjunction with
kinetic simulations, to explore and optimize system parameters.
In this paper, we have focused on the conditions where the
spacecraft charges to values of order of 1 kV. This is acceptable
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from the perspective of the emission of the electron beam (since
the beam energy is much larger than 1 kV) and for spacecraft
safety (provided that the spacecraft platform is designed to avoid
differential charging and the risk of electrostatic discharges).
However, kV potentials can perturb local plasma measurements,
meaning that one would then have reliable measurements only
in-between (0.5 s) pulses. One could increase the tether length
and/or the capacitor size to decrease the spacecraft potential.
Furthermore, in a real mission the main spacecraft carrying
the electron gun could be accompanied by daughter spacecraft
sufficiently far not to be affected by perturbations resulting
from the beam emission, and from which plasma environment
parameters and their gradients would be measured (Borovsky,
2002; Dors et al., this issue).

Clearly, for this approach to be practical, it would be necessary
for on-board electronics to draw negative current from the
capacitor when it is at voltages well above that of the spacecraft.
Assuming a 10 kV potential difference, the energy needed to
extract a charge of —10 mA x0.5 ms from the spheres should
be of order 0.05 J, which is much less than the 10 mA x 0.5 ms x 1
MV =5 J energy in each electron pulse. We recall that several
simplifying assumptions have been made in this work. The
spacecraft, tether, and capacitor have been somewhat idealized,
and several physical effects such as photo-electron emission and
secondary electron emission have been neglected. Considering
the typically large positive voltages of the assembly and the low
energy of photo or secondary electrons (a few eV) however, any
emitted electron would almost certainly be accelerated back to
the emitting surface. One point to consider is the possibility that
a fraction of the background incident energetic electrons, with
thermal energy 1 keV plus the energy of ~ 10 kV gained when
reaching the capacitor, would go through it if the material that
the capacitor is made of does not have sufficient stopping power.
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