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The present paper addresses the development and demonstration of a numerical approach to study the characteristics of radio
wave scattering by a solid object in space covered by a charged particle or plasma layer. The plasma conditions near the surface
of the object are totally different from those of a pristine plasma in space, due to various types of ionization processes occurring at
the plasma—body interface. This sometimes results in the formation of a dense plasma layer around the surface, which significantly
alters the electromagnetic properties of the object. Such processes are relevant to a broad range of in-space radio applications such as
radar observations of space debris, meteors, small dust grains, and re-entry objects. This paper proposes a new numerical approach
of applying the particle-in-cell simulations to the scattering analysis. PIC is a well-established first-principles model that provides
a kinetic description of a plasma by following the trajectories of an ensemble of charged particles in self-consistent electromagnetic
fields. It is advantageous to include plasma kinetic effects as well as nonlinear behavior of the plasma in a straightforward manner.
A number of numerical techniques such as improved treatments for conducting object surfaces and the field decomposition capability
are implemented for the present study. The proposed method is applied to a simple situation of wave scattering from a conducting
object covered by a dense electron layer. The simulation reveals an antenna-like behavior of the electron layer swayed by an incident
wave, and its contribution to the differentiated wave scattering properties.
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Nomenclature 1. Introduction
a radius Solid objects placed or moving in space are subject to the for-
B magnetic field mation of non-uniform charged particle (or plasma) layers near
¢ speed of light their surfaces due to object-plasma interactions as well as var-
e elementary charge ious processes such as photo-, secondary, and thermal ioniza-
E electric field tion. These layers potentially alter the electromagnetic scatter-
I electron current ing properties of the objects. The degree of change is frequency
I initially released electron current dependent and will be significant near and below plasma res-
J plasma current density onant frequencies with imposed electromagnetic oscillations.
k Boltzmann constant The scattering properties of the objects covered with charged
m particle mass particle layers are of particular interest in the context of in-space
e electron density radio wave applications (e.g., radar detection of space debris,
Mesf electron density at PEC surface meteors, small dust grains, and re-entry objects).'™
q charge carried by particle The properties of wave scattering by plasma-covered objects
r particle position have been extensively studied in both theoretical and numeri-
? time cal approaches.*” Plasma is a dispersive, anisotropic, dissi-
T. electron temperature pative, and nonlinear medium, depending on the conditions of
v particle velocity applied magnetic field, collisions, temperatures, and the ampli-
€0 permittivity of vacuum tude of applied fields. Previous works have employed different
€ electron kinetic energy levels of complexity of dielectric representations for a plasma.
Ho permeability of vacuum The characteristics of radio wave transmission and reflection
p charge density through such a dielectric medium have been studied for a one-
Oe radar cross section with electron layer dimensional slab model.>® 1In higher dimensions, the elec-
ot radar cross section in free space tromagnetic scattering by cylindrical and spherical objects has
D electric potential been examined using the finite-difference-time-domain (FDTD)
Dpec potential of PEC simulations, combined with a plasma dielectric model.!%-'?

Superscrllpts o The problem-specific plasma modeling and approximations
i0 incident wave have been applied to the research topic with considerable suc-
i0 field amplitude of incident wave cess. Meanwhile, efforts to develop a self-consistent kinetic
se scattered field by PEC object plasma model may also be of potential value. Such first-

N scattered field by electron layer

principles plasma modeling has been put to practical use in the
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study of fundamental plasma processes such as shocks, turbu-
lence, and various nonlinear phenomena. When applied to the
radio scattering problems, however, the approach would also
have drawbacks. As the kinetic model must resolve a Debye-
scale plasma structure for numerical stability, the computational
cost of simulating a cold (but finite temperature) plasma is gen-
erally high, which prohibits us from assuming realistic phys-
ical conditions. Despite this aspect, the development and in-
principle verification of the approach is worth pursuing, as some
advanced plasma kinetic models would be a promising solution
to the open problem.'®

In the present study, we employ the particle-in-cell (PIC)
model and its in-house implementation called EMSES.'¥ PIC
is a well-established first-principles model that provides a ki-
netic description of a plasma by following the trajectories of an
ensemble of charged particles in self-consistent electromagnetic
fields.'> Tt is advantageous to include the plasma kinetic effects
as well as the nonlinear behavior of the plasma in a straightfor-
ward manner. We have developed a number of numerical tech-
niques such as improved treatments for conducting objects as
well as a field decomposition technique of incident and scat-
tered fields at an object surface and within a plasma layer.

The remainder of the paper is organized as follows: In Sec-
tion 2., we review the plasma formulation and the additional
functions used in the PIC computations. In Section 3., the pro-
posed numerical method is demonstrated in its application to
two-dimensional simulations of wave scattering processes from
a circular object (which is equivalent to a cylinder in three di-
mensions) covered by a dense electron layer. The discussion
and conclusions are then given in Section 4..

2. Numerical Modeling

EMSES was originally designed for the study of plasma
and electromagnetic processes emerging near solid surfaces.
Its basic algorithm for solving a coupled system of particle
dynamics and electromagnetics follows the conventional PIC
method.!®!” The electromagnetic field is represented as Eu-
lerian variables defined discretely on the computational grid
points, whereas the plasma is represented as a bunch of charged
Lagrangian particles, each representing many real plasma par-
ticles, distributed over a computational domain. The computa-
tional sequences and field component assignments of EMSES
are summarized in Fig. 1. The two sets of governing equations
are coupled with each other, through computational phases of
the field interpolation and the particle momentum (or current)
scattering. These numerical procedures also provide an inter-
conversion algorithm between the Lagrangian (particle) and Eu-
lerian (field) variables. The field and particle variables are then
advanced in the time domain by solving the Maxwell’s equa-
tions, and Newton’s equations of motion, respectively, by em-
ploying the finite difference scheme.!8?9 The electromagnetic
field components are assigned on a staggered grid based on the
Yee scheme.?) A charge density and the vector components of
a current density are assigned such that the components confirm
the finite difference scheme used to update the electromagnetic
field.

The functional feature of EMSES is the numerical treatment
of solid surfaces in contact with plasma. EMSES is capable
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Fig. 1. (a) Computational sequences of EMSES. In each computational
cycle, the particle positions and velocities are advanced in time by solv-
ing the equations of motion, and the electromagnetic fields are updated by
solving Maxwell’s equations. The Lorentz field interpolation and plasma
current deposition provide an interconversion algorithm between the La-
grangian (particle) and Eulerian (field) variables. A set of procedures for
solid surfaces and parallel computation is also included in the cycle. (b)
Assignment of field vector components and charge density around a cubic
unit cell based on the Yee algorithm.

of incorporating perfectly conducting or insulating structural
objects into electromagnetic particle computations. The ob-
ject surfaces are represented as internal boundaries that satisfy
appropriate conditions for both particles and field components.
Once a charged particle collides with a solid structure, the parti-
cle is regarded as being captured by the surface and is no longer
processed as a “free particle”. EMSES keeps monitoring par-
ticle positions and eliminates captured particles from a list of
active particles. Some applications require particle release pro-
cesses from a surface. In this case, EMSES loads new particles
with appropriate positions and velocities according to the phys-
ical models considered.

An electric charge carried by a particle colliding with the ob-
ject is accumulated on its surface. This physical process is im-
plicitly reflected in an (longitudinal) electric field, which is up-
dated based on the Ampere-Maxwell equation. Thus, we do not
need any special treatment in a numerical aspect, which is a dis-
tinct feature from the standard electrostatic PIC simulations.??
The same argument applies to a particle release process. In this
case, the electric field is updated so that the surface acquires an
opposite charge to that of the released particle.

The Perfect Electric Conductor (PEC) condition is a key fac-
tor for high-fidelity reproduction of scattered electromagnetic
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fields from an object surrounded by a layer of charged parti-
cles. At the surface of the PEC, the tangential electric field
must be zero at all computational time steps. A requirement
that differs essentially from the standard FDTD formulation'®
is that the total field solution should also satisfy an equipoten-
tial condition held over the surface of the structure. To satisfy
this key requirement, EMSES has a dedicated numerical routine
to formulate an electrostatic induction. The routine uses Pois-
son’s equation as an auxiliary solver for an electric potential.
Based on potential values obtained at the surface of the struc-
ture, the routine redistributes electric charges over the surface
so that the new charge distribution produces an equipotential on
the PEC surface. Such a charge distribution is obtained from
a pre-calculated capacitance matrix,'” which associates poten-
tial values with charge densities at all grid points defined on the
PEC. Once the electrostatic field cleaning is complete, a resid-
ual electric field on the PEC surface is purely transverse. At this
stage, EMSES can correct the transverse field by simply adding
an electric field that cancels out the residual tangential field out.

The numerical algorithm outlined above conforms the de-
composition analysis of incident and scattered fields. The elec-
tric field added to cancel out the residual tangential field serves
as a source of a self-propagating wave field. This can be ex-
tracted for the detailed analysis of the scattered field by the
PEC. The latest version of EMSES is capable of decomposing a
total field into an incident field, a field component scattered by
the PEC, a field component scattered by charged particle popu-
lations, and the electrostatic field.

The PIC method must handle a huge number of Lagrangian
particles, corresponding to a total problem size of a few ter-
abytes. Such large-scale problems require high-performance
parallel computing. EMSES has been parallelized using the
domain decomposition approach. A challenging issue in paral-
lelizing PIC computations is the possible severe computational
load imbalance associated with plasma inhomogeneity due to
the presence of solid structures. EMSES employs the OhHelp
dynamic load-balancing algorithm to cope with this issue and
can maintain good scalability for computations using thousands
of MPI processes.?>2%

3. Numerical Simulation

3.1. Simulation setup

The numerical method is demonstrated in its application to a
two-dimensional radio wave scattering problem, which comes
with a dense electron layer attached to a perfect conductor. The
electron density profile is a key component of the investiga-
tions. In previous works, the profile is generally treated as one
of the predetermined parameters of the simulations.'®"'? How-
ever, the density profile is now no longer predetermined, but
self-consistently reproduced by solving the particle dynamics.
Thus, the numerical analysis consists of two successive simula-
tion phases. The first simulation phase focuses on the processes
of electron emission and recollection by a PEC surface to ob-
tain a steady-state solution of an electron density profile. In the
second simulation phase, we apply an incident radio wave to
the object accompanied by the electron layer and evaluate the
electromagnetic scattering characteristics. This approach has
both advantages and disadvantages, which will be discussed in

—_—
—
5mm ™.
g i
E PEC ob_fject with
o electr.?h emission
Electron layer
e
e
y Incident plane wave
PMLIZ mm
x 512 mm
Fig. 2. Simulation configuration.
Table 1. Simulation parameters.
Items Values
Maximum electron density 10" /cc
Electron temperature 2 keV
Grid width 0.1 mm
Time step width 0.17 ps
System size 5122 mm?
Simulation time (1st phase) 1.7 ns
(2nd phase) 17 ns
Section 4..

Figure 2 shows the simulation configuration analyzed herein.
The circular PEC object with a radius of 5 mm is placed in the
center of the two-dimensional simulation domain with a side
length of ~ 0.5 m. This allows us to virtually consider radio
waves scattered by a cylindrical conductor in three dimensions.
The outer edges of the simulation domain are terminated by
standard perfect matching layers (PML) against a free-space
impedance. The layers can absorb outgoing waves because the
electron density near the outer boundaries of the simulation is
supposed to be very low. The spatial grid and the temporal step
widths are set to 0.1 mm and 0.17 ps, respectively, in the simu-
lations.

Thermal electrons are kept emitted from the PEC surface of
the object throughout both phases of the simulation analysis.
The current density and temperature of the emitted electrons are
preset so that the density and temperature of the resulting elec-
tron population would be ~ 10" /cc and 2 keV, respectively.
The parameters are also chosen to produce an electron layer
thickness being in the order of mm. Based on these parameters,
EMSES determines the number of electrons emitted within one
simulation step as well as the initial velocities of the electrons.
The initial positions are randomly distributed in azimuth on the
cylindrical surface.

The numerical experiments are performed in the absence of a
static magnetic field. Since we employ a dense local plasma, its
electron cyclotron frequency is significantly lower than the lo-
cal plasma frequency, even if we assume a geomagnetic field in
the Earth’s ionosphere. In this situation, the electron gyroradii
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Fig. 3. Time history of electric current magnitudes carried by released and
recollected electrons.

should be much greater than the electron layer thickness, and
thus the magnetic field would have no appreciable impact on
the electron dynamics within the layer. Also, the present anal-
ysis focuses only on the wave scattering by an electron popula-
tion, and ignores any effects of ions. This is justified by the fact
that ions, which are heavier than electrons, could not respond
to high-frequency incident waves due to their greater inertia.
If one were to focus on the scattering properties for lower fre-
quency incident waves, ion dynamics would also be important.
This aspect is, however, beyond the scope of the present study.
3.2. Electron layer formation

The first simulation phase is dedicated to the construction
of a stable electron layer without applying any incident waves.
We run a simulation until the time, in which a steady-state den-
sity profile is obtained. The total simulation time is 1.7 ns. A
time history of the electric current magnitudes carried by re-
leased and recollected electrons is shown in Fig. 3. In contrast
to a constant rate of electron emission, an increasing number of
electrons are recollected by the object. The electron emission
leaves positive electric charges on the surface of the object. The
object attaining a positive potential exerts an attractive force on
the surrounding electrons, which enhances the number of elec-
trons that are attracted back to and recollected by the object. In
the final stage, 99.6% of the emitted electrons are recollected
by the object, and the remainder is accounted for by the high-
energy fraction of the Maxwellian electrons escaping from the
simulation domain. This confirms the completion of a steady-
state electron layer formation.

Figure 4 shows the two-dimensional profiles of electron vol-
ume density and electric potential obtained at the last stage of
the first simulation phase. Reflecting the axisymmetric nature
of the simulation configuration, both density and potential pro-
files exhibit concentric structures. The electron density reaches
its maximum value of 1.6 x 10!' /cc just outside the cylindri-
cal body and decays sharply with distance from the body sur-
face. The electric potential also has its maximum value within
the cross section of the cylindrical body. It also decays with
distance from the surface, but at a moderate rate compared to
that of the electron density. This potential well contributes to
the confinement of emitted electrons within the near-field re-
gion of the charged object. The different decay rates between

20

ion density:

20 10 0 10 20
X (mm)

Fig. 4. Two-dimensional profiles of (a) electron volume density and (b)

electric potential at the final stage of the first simulation. The centered
circle represents the volume occupied by the object.

density and potential are attributed to the energy distribution
of the thermal (i.e., Maxwellian) electrons. The fraction of
thermal electrons with kinetic energies greater than e scales
as exp((—e)/(kT.)). It follows that the density also decays as
N, ~ Negr €xple(¢p — dpec)/(kTe)). In the state of dynamic equi-
librium, the force balance is established between an inward
electrostatic force and an outward pressure gradient force, the
latter arising in the non-uniform electron population.
3.3. Radio wave scattering

The electron distribution outlined above is taken over by the
second simulation phase, in which EMSES applies an incident
plane electromagnetic wave propagating in the +x direction.
We focus on the wave scattered by the cylindrical object cov-
ered by the non-uniform, self-consistently produced electron
layer. The incident wave has the waveform of a single Gaussian
pulse along the x axis and is suitable for studying the broad-
band properties of electromagnetic scattering. We assume a
linear polarization of the incident wave. Its electric field E
and magnetic field B' are aligned with y and z directions, re-
spectively. The total simulation time of the second simulation
phase is 17 ns. The duration is chosen to cover the converged
responses of the low-frequency wave components.

Figure 5 displays the spatial profiles of the B, components
of the waves scattered by the PEC object (B:°) and the elec-
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Two-dimensional profiles of (a) the magnetic field component B}° of the waves scattered by the object, (b) the magnetic field component B5° of the

waves scattered by the object, not covered by an electron layer, (c) the magnetic field component B3® of the waves scattered by the electron layer, and (d) the

electron volume density, at # = 0.033 ns after the impact of the incident wave pulse. The magnetic field values are normalized to the field amplitude Bizo of

the incident wave.

tron population (B°) at 0.033 ns after the impact of the in-
cident wave pulse. For reference, we also show a result ob-
tained from a separate simulation without any electron emission
(Fig. 5b). Note that we use different color scales between B3°
and B} for visibility. As for the B;°, the result with the electron
layer (Fig. 5a) is almost identical to the case without the layer
(Fig. 5b). The reason for the appearance match would be that
the intensity of the multiply scattered field is much smaller than
that of the primary scattering. The clear signature of wave scat-
tering is identified, which arises primarily at the PEC surface
of the object. This is evident from the fact that the B3® profile
is almost identical to that computed without an electron layer,
which is non-trivial as B:° potentially contains a multiply scat-
tered component between the object surface and the surround-
ing electrons. Although the Gaussian-shaped incident wave has
a broadband spectrum, its pulse width in use is comparable to
the object radius. Thus, the features of the Rayleigh and Mie
scattering® are identifiable in the resulting pattern of B°.

The simulation also reveals the structure of a scattered field
B caused by an electron layer. The field is much smaller in
magnitude than B;°, and its spatial pattern is asymmetric be-
tween the backward (—x) and forward (+x) sides of the object.

On the forward side, the scattered fields Bf® and B}° mutually
reinforce each other, implying an electron layer effect that en-
hances the forward scattering. The implication of an electron
layer contribution to backward scattering is more complex, as
B:° exhibits the sign-inverted field structure. We will revisit this
aspect by showing the monostatic radar cross section (RCS) in
a wavenumber domain.

The nature of the identified scattering process should be con-
sidered in terms of an electric current induced by electron mo-
tions affected by the incident wave. As the incident wave
passes, its electric field E'y pushes the electron population within
the wave envelope. The wave magnetic field is virtually irrele-
vant in the present small amplitude regime; the average gyrora-
dius of the electrons is sufficiently greater than the spatial extent
of the electron cloud. The consequence of altered electron mo-
tions is illustrated in an electron density profile at the moment
of wave passage (Fig. 5d), which shows that an electron density
structure is slightly shifted. It will be shown later that this dis-
placement is associated with a downward motion of the electron
layer at t = 0.033 ns. Since the electrons are anchored to the
charged object by an electrostatic force of attraction, the elec-
tron population returns to its original position after the passage
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Fig. 6. The electron layer behavior analogous to a radiating dipole an-
tenna. The electric current induced by the motion of the electron popula-
tion is associated with the magnetic field component of the radiated wave .
The white arrows in the upper panel represent the directions of the global
current induced by the electron layer oscillation.

of the incident wave.

The outlined scattering process can be interpreted as the re-
radiation of electromagnetic waves from a moving electron pop-
ulation under the action of the incident wave. Figure 6 il-
lustrates the relationship between an induced current within
the electron population and the spatial profiles of the radiated
waves. At ¢t = 0.033 ns, the electron population undergoes
a downward force from the incident wave, which produces a
current J, > 0 within the electron population. The small dis-
placement of the electron layer as seen in Fig. 5d is the con-
sequence of this downward motion. After the passage of the
incident waves, e.g., at ¢t = 0.20 ns, a reverse current J, < 0
develops in association with the restoring motion of the elec-
tron population. At each phase, the opposed magnetic field in
the z direction is produced on both sides of the current structure
and radiated outward. This electron layer action, analogous to
a dipole antenna, contributes to the alternation of the scattering
properties of the core PEC object.

We close the section with the evaluation of a monostatic RCS
o for the object covered by the electron layer. The comparison
of o, with the RCS o without an electron layer is shown in
Fig. 7. We use the total backscattered signal, i.e., B + B*®
for the computation, and thus the obtained RCS is relevant for
radar observations of such objects. The effect of the electron
layer can be summarized as follows: (1) In a low wavenumber
range, the electron layer significantly enhances the RCS. (2)
In the medium wavenumber range, the electron layer reduces
the RCS. (3) In the high wavenumber range, the RCS of the
electron-covered object converges to that of the electron-free
object.

A number of discrepancies are identified in the present study
with previous related works. The previous works mostly em-
ployed a uniform-density electron column model with a certain
thickness12). The RCS in the low wavenumber limit was re-

ported to be identical to that of the coalesced structure of the
core conductor and the plasma column. This is in contrast to
the situation and the result considered herein. This interesting
aspect would be attributed to the widespread electron density
profile. Electromagnetic waves propagating in a plasma of in-
creasing density are reflected at a point with a so-called “critical
density”, which is an increasing function of the wave frequency.
This implies that incident waves of different wavenumbers (i.e.,
frequencies) will be reflected or scattered at different positions.

Another feature of the present result is that the obtained RCS
does not exhibit any resonance signature between the low and
medium wavenumber regimes. Although such a resonant nature
is referred to as being observed at the Tonks-Dattner resonant
frequency,”® it is difficult to identify such a specific frequency
here due to the spatial variation of the electron density. What-
ever the frequency (wavenumber) is, some sort of dissipation
mechanism would be required to justify the non-resonant fea-
ture in the computed RCS. Although the present simulations do
not include the effects of electron-neutral collisions, the con-
version of electromagnetic energy into some form of electron
kinetic energy can be cited as an alternative dissipative process.
In addition, all the electrons simulated herein undergo repeti-
tive emission and recollection processes at the surface of the
solid object. Such process is regarded as one form of inelas-
tic collisions. These processes can be identified as a potential
dissipative factor. However, detailed investigations of this in-
teresting aspect are beyond the scope of this paper, and will be
elaborated in the future.

4. Discussions and Conclusions

‘We have proposed a new approach for the study of radio wave
scattering by an object covered with a layer of charged particles.
The proposed approach is based on the standard particle-in-cell
method, but some additional dedicated functions, such as the
field decomposition capability, are added for its application to
the wave scattering problem. The developed code is applied to
the two-dimensional computation simulating a rather simplified
case where a cylindrical object is covered with an electron layer
in an axisymmetric manner. The two separate simulation phases
are devoted to the self-consistent formation of an electron den-
sity structure and the analysis of radio wave scattering for the
target object. Despite the demonstration purpose, the simula-
tion produces some interesting results exhibiting an antenna-
like behavior of the electron layer swayed by an incident wave,
and its contribution to the differentiated wave scattering proper-
ties.

In this study, the three-way interactions between a charged
particle population, a conducting object, and electromagnetic
waves have been taken as a case study for the application of
the developed method. In principle, the developed approach
would also be applicable to fundamental wave scattering pro-
cesses emerging in the ionospheric environment, such as the
interference between plasmas and neutrals. The implementa-
tion of a collision model between charged and neutral particles
in the simulator and the numerical analysis based on it would
be a good candidate for further benchmarking of the developed
approach.

The proposed approach is distinguished from previous FDTD
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and without an electron layer. The horizontal axis represents the wavenum-
ber normalized using the object radius a.

simulations, which are based on the dielectric representation of
a plasma, in the treatment of the charged particle distribution.
The distribution is treated as a prescribed model in the previous
study, whereas the PIC approach basically "reproduces” the dis-
tribution through self-consistent simulations of charged particle
kinetics. Both approaches have their advantages and disadvan-
tages. The present method can be free from a priori assump-
tions about the charge density distribution, but it also demon-
strates the difficulty of employing arbitrary configurations of
charged particle configurations as input parameters of the anal-
ysis. In addition, its high computational cost and numerical sta-
bility constraints often limit the applicability of the approach in
parameter space, and the analysis demonstrated in this study ac-
tually assumes a very high electron density. This indicates that
in practice, some scaling process is often necessary to adapt the
obtained numerical results to the target problems. In summary,
the combined use of these complementary approaches would be
beneficial for a better understanding of the plasma-based wave
scattering processes.
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