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In this special assignment, the accuracy of a fully—kinetic particle-in—cell simulation
model is studied through the dispersion of electromagnetic waves in plasma. This
special assignment describes the simulation model and the physical theories behind
the simulation platform. The number of possible applications for the simulation
platform are noticeably increased with the addition of an absorbing boundary
condition for electromagnetic waves.

The obtained dispersion relation for waves in nonmagnetized plasma agree well
with the theory. Dispersion of EM waves is also studied in plasma with an external
magnetic field, where the obtained dispersion relations describe the essential
behaviour and closely resemble the dispersion relations predicted by theory. The
macroparticle count and the addition of external magnetic field are shown to have
a significant effect on the stability of the simulation.
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Téassé erikoistyossa tarkastellaan taysin kineettisen hiukkanen—laatikossa simulaa-
tiomallin tarkkuutta tutkimalla sdhkomagneettisten (EM)-aaltojen dispersiota
kylmaéssa plasmassa. Tama erikoistyd kuvaa simulaatiomallin toimintaperiaatteita
ja simulaatoon taustalla olevaa fysiikkaa. Simulaatiomallin mahdollisia sovellus-

kohteita on lisdtty huomattavasti lisddmalla simulaatioon absorboivat reunaehdot
EM-aalloille.

Simuloidut dispersiorelaatiot aalloille plasmassa ilman ulkoista magneettikenttaa
vastaavat tarkasti teorian ennustamaa dispersiota. Plasmassa ulkoisen magneet-
tikentdn kanssa, simulaatioista lasketut dispersiorelaatiot ovat saman suuntaisia,
kuin teorian ennustamat, mutta eroavat teorian relaatioista jonkin verran. So-
lussa olevien makropartikkelien méaéran ja ulkoisen magneettikentén osoitetaan
vaikuttavan suuresti simulaation stabiilisuuteen.

Avainsanat: Dispersio, Kylmé plasma, Hiukkassimulaatio







Symbols and abbreviations

Symbols
Symbol Unit Explanation
qs C Charge of a charge species s
my kg Mass of a charge species s
N m=3 Number density of a charge species s
U ms? Bulk velocity of a charge species s
Wps rads—! | Plasma frequency of a charge species s
Wes rads™' | Gyro frequency of a charge species s
B T Magnetic flux density
E Vm~! | Electric field strength
J A Current
w rads™' | Angular frequency
k=2m/X\ | m™! Amplitude of a wave vector
c ms~! Speed of light in vacuum
n=ck/w|l Index of refraction
K - Dielectric tensor
o - Resistivity tensor
Abbreviations
Abbreviation | Explanation
FMI Finnish meteorological institute
PIC Particle in cell
EM Electromagnetic
X-mode Extraordinary wavemode
O-mode Ordinary wavemode
FDTD Finite-difference time-domain
PML Perfectly matched layer
FC Interpolation from face values to cell values
EC Interpolation from edge values to cell values
CN Interpolation from cell values to node values
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able to pass the source.This is problematic, especially with plane wave sources that
have equal width with the simulation box and thus prevent reflected waves from
escaping the simulation box on the side of the source. The problem was alleviated
by adding a different variable for a forced electric field source. The change of the
magnetic field is calculated as the curl of the normal electric field and the source
electric field

88]? = —V x (E + Eyource)- (72)

Multiple new electromagnetic wave sources were added, most notable being an
elliptically polarized point source called "sinEPolarized", which takes phase difference
between F, and E, as a parameter.

The electric field was previously interpolated from cell edges to cell nodes for the
propagation of the magnetic field. The magnetic field is now calculated directly from
the electric field values at the edges of the cells. Previously, the electric field was
interpolated from cell nodes to cell center for particle propagation. Now, the electric
field is interpolated directly from the cell edges to the cell center. The electric field -
component at the cell center is calculated as the mean of the electric field values of the
cell’s four edges in x-direction. In total, all 12 cell edges are used for the interpolation
of every electric field calThe ttothecellcenter.y and z-comcomponenponents of the
electric field are calculated in the same manner, The cell edges now have a location
coordinate and resistivity 7, which can be used to implement relative permittivity
according to a predetermined resistivity profile.
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Figure 3: Tllustration of a single simulation time step. The green, red, and blue color boxes
correspond to functions that are connected to particles, the magnetic field, or the electric field,
respectively. The upper part of the figure represents the higher level structure of one time step.
The steps that propagate the fields, calculate new particle velocities, and finalize the time step are
opened in more detail. Some of the more complex operations have a further description in their own
boxes. Boxes below the Fieldpropagate correspond to operations that are needed to propagate the
electric and magnetic fields one time step forward. Arrows starting from these operations represent
a function call required to perform that operation. Most of the boxes have a function call with a
similar name in the actual simulation. FC, FC, and C'N are short hands for different interpolations
(see abbreviations).
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Figure 6: The illustration of the Electric field components that have an effect on the boundary
conditions. The Electric field calculated at the edge (blue line) is calculated from all other edges.






