46th AIAA Aerospace Sciences Meeting and Exhibit AlAA 2008-1394
7 - 10 January 2008, Reno, Nevada

EFFECTIVENESS OF AN ELECTROMAGNETIC
MITIGATION SCHEME FOR REENTRY TELEMETRY
THROUGH PLASMA

Minkwan Kim'
University of Michigan, Ann Arbor, MI, 48109

Michael Keidar®
George Washington University, Washington, D.C, 20052

and

lain D. Boyd®
University of Michigan, Ann Arbor, MI, 48109

During hypersonic re-entry flight, the shock heated air generates a weakly ionized
plasma layer. Since the plasma layer has a high plasma number density, it causes an
important systems operation problem. When the plasma frequency of the plasma layer is
higher than a radio wave frequency, the radio wave signals to and from the vehicle are
reflected or attenuated. The vehicle loses voice communication, data telemetry, and GPS
navigation. This situation is known as communications or radio ‘blackout’. Because the
plasma frequency is mainly related to the plasma number density of the plasma layer,
reducing the plasma number density could be a solution to the radio blackout problem. An
electromagnetic ExB field approach is proposed to reduce the plasma density. One-
dimensional and two-dimensional analysis methods are applied which suggest that an ExB
field can be used to allow transmission of the communication signals through the plasma
layer. An alternative method is also introduced to reduce the plasma density which is based
on an electrostatic plasma sheath.

Nomenclature

B = magnetic field, [T]

c = speed of light, [m/s]

E = electric field, [V/m]

e = electron charge, [C]

fe = plasma frequency, [Hz]

S = radio wave frequency, [Hz]

Jj = current density, [A/m’]

k = Boltzmann constant, 1.38x10™ [J/K]
m = mass, [kg]

n = plasma number density, [m™]
n, = electron number density, [m™]
n; = ion number density, [m]

P = pressure, [N/m’]

S = sheath thickness, [m]

T = temperature, [eV]
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U = voltage across the sheath, [V]

14 = velocity, [m/s]

Z; = ion mean charge number

P = Hall parameter

& = permittivity of vacuum, 8.5419x10™? [F/m]
K = signal attenuation, [dB/m]

U = refractive index

Ve = ion collision frequency, [s"]

Vie = jon-electron collision frequency, [s']
Vin = ion-neutral collision frequency, [s™']
Vei = electron-ion collision frequency, [s']
Ven = electron-neutral collision frequency, [s"]
Ve = electron collision frequency, [s™']

o = conductivity, [S/m]

] = plasma potential, [V]

W, = electron Larmor frequency, [rad/s]
Wradio = radio wave frequency, [rad/s]
Subscripts

e = electron

i = ion

n = neutral

0 = initial value

. Introduction

he communication radio blackout problem is an important issue for hypersonic re-entry and cruise vehicles.

When a spacecraft enters the Earth’s atmosphere or when a vehicle travels through the atmosphere at
hypersonic velocities, communication may be lost with ground stations or GPS satellites due to radio blackout. The
blackout occurs when the frequency of the plasma around the vehicle exceeds the radio wave frequency f,, which is
used in communication between a ground station and the vehicle or between a satellite and the vehicle. The plasma
frequency is related to the electron number density of the plasma layer around the vehicle as follows:

w 1 n s
f=—"=— = ~8.7987-n," [Hz] (D
27 2m \em

The plasma layer is generated by the weakly ionized air around the vehicle, and the electron number density of the
plasma layer is about 10'° to 10" m™, which is high enough to cause radio blackout'.

Since the vehicle is flying at hypersonic velocity during the communication blackout, it can arrive anywhere in
the world within a few hours. In this case, a continuous real-time telemetry monitoring becomes very important.
However, little progress has been made toward solving communication blackout in a reliable and an acceptable
manner during the last 40 years. Most approaches for solving the radio blackout are based on the shape of the
leading edge geometries, the use of a high radio wave frequency, or the use of a magnetic field. However, all those
approaches cause some disadvantages on the aerodynamic performance, implementation costs, or the system weight"
?_ Therefore, alternative solutions were recently proposed. One of these solutions is communication through plasma
via a Raman(3-wave) scattering process”. This method works well in a laboratory experiment, but it is not applicable
to actual plasma layers with collisional damping, sensitivity to plasma parameter non-uniformities, and a very short
range of resonance for three wave interactions. Therefore it is necessary to develop other strategies to solve the radio
blackout problem in a reliable and an acceptable method.

We propose the electromagnetic ExB layer as a strategy for propagating telemetry through a plasma layer. The
concept of the ExB layer is very simple and reliable. When an ExB field is applied near the antenna, the plasma will
be accelerated past the antenna and the number density of the accelerated plasma will decrease to satisfy mass
conservation. The reduced plasma density can create a “window” in the reentry plasma layer through which radio
waves can be transmitted. During the process of creating the window, the plasma density distribution will be
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affected by the magnitudes and profiles of the magnetic and electric fields. Numerical simulations can help to
estimate this effect and determine the optimal ExB field configuration for creating the strongest electron number
density reduction in the plasma layer.

In this paper, two different modeling approaches, involving one-dimensional and two-dimensional
configurations, are applied to analyze the plasma density reduction in the ExB layer. In the one-dimensional
approach, two different regimes are considered, namely the plasma-optic and magneto-hydro-dynamic regimes. In
the two-dimensional approach, it is demonstrated how far the ExB layer can effectively reduce the plasma number
density from the vehicle body surface. Two approaches will demonstrate an effectiveness of the ExB layer as
method for solving the communication blackout problem. An alternative method is also suggested for solving the
radio blackout problem which uses an electrostatic sheath to generate a plasma “hole”.

The paper is organized as follows. In Sec. 2, communications blackout is introduced including the relation
between signal attenuation and plasma number density. The plasma density reductions in an ExB layer are analyzed
by using one-dimensional and two-dimensional approaches in Sec. 3 and Sec. 4, respectively. In Sec. 5, an
electrostatic mitigation scheme is described as an alternative solution method.

I1. Signal attenuation

When communication blackout happens, the radio wave signals are attenuated in the plasma layer of a vehicle.
In this case, the radio wave attenuations are high enough to lose the communication between the ground station and
the vehicle. The radio wave attenuation is mainly related to the plasma angular frequency, w, which is related to the
plasma number density. When the plasma frequency becomes higher than the radio wave frequency, the radio wave
signal suffers infinite signal attenuation. To transmit the radio wave signal in the plasma, the plasma frequency
should be less than the radio wave frequency which is used in the communication. The maximum plasma density of
the plasma layer is restricted by this limitation, because the plasma frequency is related to the plasma number
density. Table 1 shows commonly used radio wave frequencies and limits for the maximum plasma number density
for the communication through the plasma layer.

Band Name Frequency Plasma density limit [m™] Example uses

VHF 30~300 MHz 2.8x10"" ~2.8x10" Aviation communication

UHF 300~3000MHz 2.8x10" ~2.8x10" GPS

L band 1 ~2 GHz 3.1x10™ ~ 1.3x10" Military telemetry

X band 8~12 GHz 2.0x10" ~ 4.5x10" Satellite communication

K, band 27~40 GHz 2.3x10"7 ~ 5.0x10" Radar and experimental communication

Table 1. Commonly used radio wave frequencies and their limits for the maximum plasma number
density’® '

Even when the plasma number density is lower than the limit based on the radio wave frequency, the radio wave
signals still may be attenuated. In this case, the radio wave attenuation can also be expressed in terms of the plasma
number density of the plasma layer. For a plasma with collision frequency v, the radio wave attenuation can be
expressed as

e 1 nv
x =8.69 — — [dB/m] 2
2eme p o +V

radio

where n is the plasma number density, @,.q4, is the radio wave frequency which is used for the communication, v is
the plasma collision frequency, and u is the refractive index. Figure 1 shows the index of refraction for the plasma
frequency and the collision frequency. The collision frequency v can be assumed proportional to the plasma density
under typical conditions of reentry flight.

Signal attenuations mainly depend on the plasma number density, because both the plasma frequency and the
collision frequency are related to the plasma number density. Figure 2 shows the radio wave attenuation at 1.57 GHz
frequency which is generally used in GPS navigation. As the plasma number density decreases, the radio wave
attenuation decreases. As one can see in Fig. 2, a lower plasma number density gives a smaller attenuation. Low
attenuation will allow transmission of the communication signals through the plasma layer. Therefore, reducing the
plasma number density is one possibility for solving the radio blackout problem.
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I11. Application of an ExB layer: One-dimensional approach

In the next two sections, we introduce the electromagnetic ExB layer to reduce the plasma number density. The
considered configuration of the electromagnetic field (ExB layer) is shown schematically in Fig.3. To demonstrate
the plasma density reduction in the ExB layer, analyses are presented using one-dimensional and two-dimensional
approaches. The one-dimensional ExB layer is studied in this section.

In the one-dimensional approach, two different limiting cases are considered: the plasma-optic regime and the
magneto-hydro-dynamic (MHD) regime. The plasma-optic regime involves a partially magnetized plasma which
means ions are unmagnetized and electrons are magnetized. In the MHD regime, both the ions and the electrons are
magnetized. The regimes occur under different plasma number density conditions’. The ExB drift is the main
acceleration factor in the plasma-optic regime. The main issue of this regime is the maintenance of a strong electric
field across the magnetic field. At a relatively dense plasma condition, ion acceleration is still possible but requires a
stronger magnetic field. In this case, ion-neutral coupling becomes more important such that ions and neutrals act as
one fluid. In this case, we need to consider magnetized ions. This is called the MHD regime, which is considered at
a relatively dense plasma condition. The main acceleration mechanism of the MHD regime is the JxB drift.

The plasma acceleration of both the plasma-optic and MHD regimes is similar to that in a Hall-effect thruster. To
describe the plasma-optic and MHD regimes, we employ a hydrodynamic model which was first developed for a
Hall-effect thruster’. The applied hydrodynamic model is described as follows:

V-(Vn)=0 (3
mini (\/t .V\/z) = eni (E +\/x X B)_VPI _menivie (\/x _Ve) _minivm (\/1 _Vn (4)
0=—en (E+V,xB)~VP —mny, (V. ~V)-mny, (V.- V,) (5)

Equation (3) describes ion mass conservation and Eqgs. (4)-(5) describe ion and electron momentum conservation,
respectively. As shown in Fig. 3, we apply two different directions for the plasma-optic and MHD regimes.
Equations (3)-(5) can be simplified using the following general assumptions:

(1) The ExB layer is quasi-neutral

(2) The neutrals are at rest

(3) There is no ionization in the ExB layer

(4) T, is constant

(5) The magnetic field has only a z-direction component, B=B,
The assumption that neutrals are at rest maximizes the effect of the ion-neutral drag term. Because the ion
temperature is relatively small compared with the electron temperature, the ion pressure term of Eq. (4) is negligible.
In the MHD regime, we assume that the ion and electron velocities are the same, because there is no current
generation due to the ExB drift.

In the one-dimensional approach, altitudes of 81km, 61km, and 41km are considered. At each altitude, different
plasma and neutral density conditions are assumed as listed in Table 2.

Altitude [km] | Initial plasma density [m®] | Neutral density [m™]
81 1.0x10" m” 10" m”
61 1.0x10" m™ 10 m’
41 3.0x10" m” 10 m?

Table 2. Initial plasma and neutral density dependent on the altitude® % #

The 81km altitude condition represents a relatively rarefied plasma, and the 41km altitude condition represents a
relatively dense plasma. For the three different altitudes, Eqgs. (3)-(5) are solved by using the Runge-Kutta method in
both the plasma-optic and MHD regimes.

The calculated plasma density reductions for the two regimes are shown in Figs. 4 and 5, respectively.
Comparison between Figs. 4 and 5 indicates that the MHD model predicts nearly the same result as the plasma optic
approximation at the high altitude conditions. Both regimes (plasma-optic and MHD) give significant plasma
density reduction at relatively high altitude condition (61-81 km). Figures 4 and 5 also indicate that the plasma-optic
regime does not provide effective plasma density reduction at low altitude conditions whereas the MHD regime
involves a much stronger plasma density reduction. At 41km with the plasma-optic regime, the density reduction is
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very small even at the 0.5T magnetic field, whereas the MHD limit shows a significant reduction of plasma density,.
This fact tells us that the collision term becomes important at relatively dense plasma conditions and the JxB drift is
an effective way to achieve plasma density reduction in this case.

IV. Application of an ExB layer: Two-dimensional approach

The one-dimensional approach estimates the reduced plasma density ratio for both the plasma-optic and MHD
regimes. However, the one-dimensional approach cannot determine the effectiveness area of the electric field. In
practical application, the created plasma “window” should be larger than the size of the antenna for the
communication and must extend far enough from the surface to affect the plasma density peak. The RAM-C flight
test indicated that the peak plasma density occurs at 1-2 cm above the vehicle surface. To determine how far the
electric field can affect the plasma, it is necessary to use a two-dimensional approach for analysis of the applied ExB
layer.

A. Mathematical model formulation

Figure 6 shows a schematic diagram of the two-dimensional simulation domain. In the two-dimensional
approach, we will simulate the x-z plane of Fig. 6. A two-dimensional steady state fluid model is used which is
based on the two-dimensional Hall thruster model. In the two-dimensional approach, we use a y-direction velocity
as a drift velocity and the rest of the assumptions in this model are the same as the MHD regime of the one-
dimensional approach.

In the one-dimensional approach, because the current density has only one direction, current density
conservation is not important. However, the two-dimensional approach needs to consider the current density
conservation. Mathematically, the two-dimensional model can be expressed as follows:

V- (Vn)=0 (6)

mn(V -VV.)=en(E+V xB)-mnv V. (7)
0=-en(E+V. xB)-kTVin-mnv (V. -V) (8)
V.j=0 )

Vg=-E (10)

Equations (6) and (7) describe the ion transport and Eq. (8) describes the electron transport. Under the known
magnetic field condition, the potential distribution can be calculated from current density conservation, Eq. (9). In
this case, current density can be calculated from the generalized Ohm’s law, which includes the Hall Effect.

jxB

e en

_ kT
j=0(E+ “Vinn- +(\4,XB)j (11)

In this work, it is assumed that the applied magnetic field has only a z-direction component B=B,. Since the ExB
drift does not generate any current, the y-direction current density j, is negligible. Equation (11) may be written in
component form in rectangular coordinates as follows:

kT O0lnn
j,=o| E +— -V B, (12)
; e Ox )
kT o0lnn
j=0c| E.+—= (13)
) ) e 0Oz
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where ¢ is the electron conductivity, E, and E, are the x-direction and z-direction components of the electric field,
and j, and j, are the x-direction and z-direction components of the current density, respectively. The drift velocity in
the ExB direction is

(14)

where . is the electron cyclotron frequency and B, is the Hall parameter.

Equations (9), (12), and (13) can be used to express the equation for the electric field in an explicit form.
Because the coulomb logarithm is only weakly dependent on the plasma number density n, the electron collision
frequency is proportional to the plasma number density as follows:

v, = constant - n (15)

Using Eqgs. (9), and (12)-(15), the following expression is obtained for the potential distribution ¢:

1 &g o'¢ 2° olnn|dp _10n olnnY
Tt T o o | Lt
1+8 ox° oz (1+ﬁ2) Ox | Ox n 0z oz

25 olmnY T 10n T (élnY
- - 2]:’ - ; 2_ 2+ - 2 :0
(1+ﬂ2) ox 1+ noz 1+p \ ox

Equation (16) describes the potential distribution of the two-dimensional approach in the form of a general Poisson
equation. The system of Egs. (6), (7), and (16) describe the mathematical model of the two-dimensional approach.

(16)

B. Boundary conditions and numerical method

The inflow boundary condition is applied for the left side of the simulated domain. It uses the initial plasma
number density and the constant neutral number density. In this case, the bulk plasma velocity is assumed to be 1000
m/s and has only an x direction component. The right and upper side boundaries of Fig. 6 use the outflow boundary
condition and no potential variation across the boundary is assumed. The bottom boundary of Fig. 7 uses the
dielectric boundary condition. No ions are neutralized at the dielectric wall, which means that the wall fully absorbs
ions.

An iterative scheme is applied to obtain the steady-state solution of the system of Egs. (6), (7), and (16). In the
first step, the ion transport equations, Eqgs. (6) and (7), are solved by using the finite volume method with the HLLC
Riemann solver' '®. In this step, an initial guess of the potential for the electric field is obtained by solving the
Poisson equation and applying the definition of the electric field. The obtained ion density and velocity distribution
are used as coefficients in Eq. (16) to obtain the new potential distribution that is solved with the ADI method® '°.
The new potential distribution is then used for the second iteration. After several iterations, the potential distribution
converges with sufficient accuracy.

C. Results

The plasma density reduction of the ExB layer is studied using Egs. (6), (7), and (16) with the dielectric wall
boundary condition. The results use the normalized ion number density to show the plasma density reduction. The
ion number densities are normalized by the plasma bulk density, ny and are called the reduced ion density ratio.

Figure 7 shows the calculated reduced plasma number density ratio in the x-z plane. A -100V potential drop is
applied in this case. The anode and cathode are 5Smm in length and are located at x= Ocm and 10cm, respectively. A
constant one dimensional magnetic field is used along the negative z direction and it has 0.1T strength. The
background neutral density is set at 10*’m™ throughout this study which corresponds to a pressure of about 3 mTorr.
The contours of reduced plasma density ratio show the location of the lowest plasma number density in the ExB
layer that provides the optimal location for the antenna. The two-dimensional approach shows how far the electric
field can affect the density reduction in Fig. 7. The effects of density reduction decrease with distance from the wall.
As shown in Figs. 7-8, the density reductions of the applied ExB layer become ineffective at 4 cm from the wall. It
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should be pointed out that the plasma density peak in the RAM-C flight is at about 1-2 cm from the vehicle surface’.
Figures 7 and 8 show that the applied ExB field can effectively reduce the plasma density up to approximately 3cm
from the electrode according to the two-dimensional model.

The ion density distribution of Fig. 7 shows some increased density near the cathode. The area behind the
cathode has a 0V potential because it has a vacuum condition and it gives a huge negative electric field along the x-
direction. Figure 9 shows the potential distribution in the ExB layer. It shows that the potential sharply drops just
after the cathode. The sharp drop in potential causes the huge negative electric field. Therefore, the ions are
decelerated due to the negative electric field and which creates negative ion flow near the cathode. The ion velocity
of the x-direction component is shown in Fig. 10. As one can see, the ion flow changes direction at the front of the
cathode. The ions stagnate near the cathode which gives the increased ion number density. This feature does not
appear in the one-dimensional analysis because in that case the potential is calculated from the electron transport
equation.

V. Alternative method: Electrostatic sheath

As an alternative method to reduce electron density in the plasma layer, we consider the electrostatic plasma
sheath. When a negative voltage is applied to a cathode in a plasma, a plasma sheath is formed. Because electrons
are depleted from the sheath, the sheath generates a region of depleted electron density, a “hole”. Such a ‘hole”
gives a possibility of communication through the plasma layer. The size of the plasma hole is important for this case
since it must contain the physical size of the transmission and/or reception antennae. In this section, we consider two
different types of electrodes which are L-shaped electrode and cylindrically shaped electrode. Schematic diagrams
of the two electrode types are shown in Figs. 11 and 12.

In the one-dimensional steady state case, the sheath thickness can be estimated according to the Child-Langmuir

law?.
4 \(2ze)" U™
s=|—¢, — 17)
9 m, (eznV)

where V' is the ion velocity at the sheath edge, U is the voltage across the sheath, s is the sheath thickness, & is the
permittivity of vacuum, Z; is the ion mean charge number, » is the plasma density at the sheath edge, and m; is the
ion mass. It is obvious that the steady-state sheath thickness is determined by plasma density and ion velocity at the
sheath edge for a given bias voltage. Figure 13 shows the calculated sheath thickness as a function of the applied
voltage with plasma density as a parameter for the simple one-dimensional sheath case. One can see that under
certain conditions, the sheath thickness may be large enough to allow radio signal reception by the antenna.
Therefore, the combination of the ExB layer will maximize the sheath thickness and it will give more possibility for
communication during the radio blackout.

A steady state two-dimensional fluid sheath model is considered which is based on the time-dependent fluid
sheath model. Two main assumptions are applied in the collisional sheath modeling. First, it is assumed that the
sheath has a uniform background neutral density and the ions are cold. The uniform background neutral density
introduces collision drag terms into the two-dimensional fluid sheath model. The ion pressure term of the ion
momentum equation is negligible due to the cold ion assumption. Next, the electrons are assumed to satisfy the
Boltzmann relation in the sheath model which can be coupled with Poisson’s equation for the electric potential. The
steady state two-dimensional collisional sheath can be described by:

v.(nu)=0 (18)
miV-(nt_u,ui):ent_(E+u, XB)—VCm[_nI_Ui (19)
n =n exp(egé/kTe) (20)
Vig=—ele,(n—n) (21)
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The equations (18)-(21) are solved numerically. An iterative scheme for obtaining the steady state solution
begins with an assumed initial potential distribution. The ion number densities and velocities are then obtained from
the ion transport equation with the finite volume method. The electron number densities are calculated by using the
Boltzmann relation. The calculated electron and ion number densities are used for the second iteration. Poisson’s
equation gives a new potential distribution and this gives a new electric field for the next iteration step. After a
sufficient number of iterations, a steady state solution is obtained with sufficient accuracy.

A plasma of molecular nitrogen is considered in this work. The initial ion inflow velocity is not known for a
collisional plasma sheath regime. However the physical maximum of the ion inflow velocity will be at or below the
Bohm velocity. The electron temperature is assumed constant as 1.5 eV and bulk electron density is 10'®m™ that
corresponds to 61km altitude. Because the applied voltage is large compared with the electron temperature, the
electrons are depleted near the negative electrode and the main question is the spatial extent of the depleted region,
the “hole”.

Figures 11 and 12 show the calculated distribution of the electron density and potential near the two types of
electrodes. The electron number densities are normalized by the bulk electron density n,. The electron density
distribution shows the depleted region, the “hole”. The “hole” region indicates the area of almost zero electron
density. It illustrates a possibility for solving the radio blackout problem with a two-dimensional shaped cathode. An
ExB layer will increase the plasma density reduction and it will lead to larger cathode sheath thickness. When the
cathode sheath thickness becomes comparable to the antenna size, then radio wave communication should be
possible through the reentry plasma layer.

VI. Conclusion

It is proposed that the application of electric and magnetic fields can lead to significant reduction of the plasma
density allowing radio communication through a plasma layer. Specifically, an ExB crossed field configuration is
proposed and studied. The one-dimensional approach in the MHD regime shows that the applied ExB layer can
significantly reduce the plasma density at the relatively dense plasma condition. Therefore the applied ExB layer
suggests a possible way to transmit a radio wave signal through the plasma layer. To communicate using the ExB
layer, the region of effectiveness of the ExB layer should be larger than the size of the antenna. The two-dimensional
approach shows the effectiveness area of the ExB layer. According to these simulations, the plasma number density
can be effectively reduced up to approximately 3cm from the dielectric wall by the ExB field. The one-dimensional
and two-dimensional approaches show that the ExB layer can reduce the plasma number density of the plasma layer.
The suggested ExB layer introduces a method for the communication during the radio blackout. As an alternative
method, the electrostatic sheath formation is also analyzed and it is found that the electrostatic sheath can be another
mitigation scheme for the reentry communication. Therefore, the combination of an ExB layer and a two-dimension
shaped cathode will maximize the possibility of the reentry telemetry.
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Figure 1. Refraction index variation with plasma frequency and collision frequency
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Figure 2. Radio wave attenuation for various plasma number densities. The radio wave frequency is
1.57GHz which is commonly used in GPS and a neutral number density, 10°° m,used.
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Figure 4. Plasma number density reduction in the plasma-optic regime for the three different altitude
conditions. In 81km altitude condition, it has 1.0x10""m plasma density and 10°'m™ neutral densities. In 61km
altitude condition, it has 1.0x10"m™ plasma density and 10”m? neutral densities. In 41km altitude condition, it

has 3.0x10"m” plasma density and 10°*m™ neutral densities.
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Figure 5. Plasma density reduction in the MHD regime for the three different altitude conditions. /n 81km
altitude condition, it has 1.0x10""m” plasma density and 10°'m™ neutral densities. In 61km altitude condition, it
has 1.0x10"m™ plasma density and 107m” neutral densities. In 41km altitude condition, it has 3.0x10"%m’
plasma density and 10°*m™ neutral densities.
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Figure 6. A schematic of the ExB layer for the two-dimensional approach. In this approach, we simulate the
x-z plane which is the light blue area.
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Figure 7. The reduced plasma number density ratio distribution in the ExB layer. The bulk plasma density
is 10" m™ and its velocity is 1000 m/s. The background neutral number density is 10°° m”.
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Figure 8. The reduced plasma number density ratio along the z-direction at several x locations.
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Figure 9. The distribution of the potential of the ExB layer with 0.1T magnetic field. The applied potential
drop between the anode and the cathode is -100V. The anode is located at x=0cm with Smm length and the

cathode is located at x=10 cm with 5mm length
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Figure 10. The distribution of ion velocities in the x-direction. The bulk plasma velocity is 1000 m/s
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Figure 11. The potential and electron number density distributions of the U-shaped electrode including a
schematic of the electrodes. The bulk plasma density, ny is 10"*m™ and the neutral background density, n, is
10°’m™. The cathode is at -1000V potential.
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Figure 12. The potential and electron number density distributions of the cylindrically shaped electrodes
including a schematic of the electrodes. The bulk plasma density, ny is 10"*m™ and the neutral background
density, n,is 10°’m™. The cathode is at -1000V potential.
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Figure 13. The calculated sheath thickness for the simple electrode from the Child-Langmuir law.
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