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INVESTIGATION OF SPACECRAFT SURFACE CHARGING FOR A
TELECOMMUNICATION SATELLITE AT GEOSYNCHRONOUS ORBIT

SUMMARY

Spaceage andbneoft he most ¢ o mmo n impthisragdsagbeguswptaa c e r a
thelaunch ofSputnik1 by USSRin 4 October 195Avhich is the first artificial satellite

senttot h e Eoabitty husnankindFrom that point, there has been more than 8000
satellitedaunchedo spaceup to now In the early space age, there were not too much
information ont he Eart hdés space environment t ha
magnetosphereonospherandhow they affectspacecraft subsysterand electronic
equipmentsAs the number of satellites increastgseeffectswere observed on the

satellite systems arttleyhadcrucialimplications on spacecrattissions and satellite
componentonboard These effectgan be briefly listechs spacecraft internal and

surface charging, total ionizing dose oaattonic components, displacement damage,

single event effectainly. Satellitesoperatingn orbit encountetethal anomaliesas

a result ofthe increased density of the high energy partidesl increased space

radiaton during thehigh solaractivities.

The keyandturningpointon the understanding of the space environment efteitte
exploration and observatioof the inner and outeMan Allen radiation belts
surrounding the Earthy Explorer 1 spacecraftvhich was sent to space by the USA
The studies on the radiation belts slkeovihatthese belts ardynamically altered by
solar wind andacti viti es of t he Sun, t he Eart
Magnetosphere andpace weather conditions general, arecontrolled by the
phenomendriven by solar activiessuch as solar flares, coronal mass ejections; high
speed streamdVlagnetospheric coupling with solar wingroducesgeomagnetic
storms andsubstorms During the storms and substorrhigh energypatrticles such

as electrons and iorere injected towards the Earfftom the magnetotaili.e. the
midnight sector of the geosynchronous ottajectories The results of thenagnetic
storms and substornegn be observed by the scientific and communication satellites
which mainy orbits around the out&an Allen electron belt.

Telecommunication satellitesencounter with high density energetic plasma
environment during these events and some major anomalies could arise in the forms
of surface and deep dielectric charging concépts.anomalies which develop in the
spacecraft in orbit may affect the power and data subsystems, can change the
spacecraft attitude in terms of orientation, can modify satellite operational modes and
prevent the satellite operators to conduct regular ipagwhich may lead to
catastrophic failures inight. There are numerous incidents which have previously
been encountered by satellite operators on geosynchronous orbit during space weather
events that have lead to system and subsystem level spacecratft failures.
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In this study, irorder to investigate the spacecraft surface charging events which occur
frequentlyon geostationary satellites, firste give a brief overview of the space
environment around Earth, namely magnetosphere and its regmuoding inner
magnetosphere and radiation belts. We also provide information on the solar flares,
CMEs, sunspots and other solar driven phenomena that change the magnetospheric
configuration and cause variations in the magnetic field, density and eofetigy
particles namely amount of ions and electrons and their eneagegell as the plasma
within the magnetosphereOn geosynchronous orbit, where telecommunication
spacecrafts are operateylthe governments and commercial compamresn drivers

of the electrons are theagnetospheric storms and substorms that injechecelerate
themthrough the plasmsaheet regiomn the midnight sector. The protons are mainly
drivenby the hard and soft Xay radiationled by the solar flares that are originated
from the active regions (AR) on the solar cor¢Rapaioannoet al.,2016. Within

an hour of the onset of the flare the Earth is bathed in a stream of near relativistic
protons accelerated by flare.

Following the introduction othe space environment, nextetoncepts related to the
plasma interactiomith spacecraft surfacesxplored One of the most studied effect
between the plasma environment and the psacecraft surface is the spacecraft surface
charging Previous works and observations on spacecraft surface charging indicate that
dense and high energy electron populationthe plasmajenerate surface charging
phenomendepending on the spacecraft material that the plasma interactBwiiting
eclipse, the photemission is not applied on the surfacésis mechanism creates an
environmental condition for the spacecmitfacego charge with negativpotentials

on alarge scaleand the absolute potentials could reach as high as several negative
kVs. Furthermore, lhe photeemission effect limits theurface charg buildupthrough
incident photondy emitting electrons from thatoms ofcharged surface, thereby
reducing the net chargehich is commonly observedith an inverted potential
gradient with respect to ground potential solar cellsAnother major phenomena is
SecondaryElectronEmission (SEE)which can either be influenced by the electrons
(SEEB or protons (SEEPWhen energetic charged particfemm the ambient plasma
bombard thespacecraft surface, the particles knock out additional electrons which
results in the release of secondary elect(bliskles, 1998)

After introducing the space environmeaftvers(i.e. solar phenomengatheir effects

on t he Eart hods magnet osphere,acgemerc effects
telecommunication spacecraft 3D model is crebie@MSHsoftwareandSpacecraft
Plasma Interaction Software (SPIS)used to study the surface charging for this
spacecraft. SPISimulations ar@erformed fowarious space environmernditions

A parametric studppproachon the typical properties of thelasmais employedon

density and energhgvels of electronsSunlitand eclipse conditionsereconsidered

for ourtelecommunication spacecrafhichis located on the midnight section (00:00
magnetic local time)Our study shoved thatluring the eclipse phases, spacecraft
absolute surface potentials could reach up to several negative tens of kVs. Surfaces
with different materials such as coatings, paistisface and spacecratructures can
charge separatelgepending ortheir electrical propertieand surface areas which
expose to incoming solar flux and plasma environmdite conductor surface
elements such as black Kaptonulti-layer insulation blanket (ML]) Kapton
GermaniumMLI, Titanium single layer insulation (SLl)carbon fiber reinforced
polymer (CFRP}tructurescould charge to the same potentials if they are connected

to the same ground node. However, the dielectric materials such as sojar arra
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coverglass, optical solar reflector deds conductiv&aptonsurface elements mine
chargeddifferently and could create differential potential between the ground node
and the surface node, which may generate inverted potential gradient and other surface
currents.

Moreover, through investigation of the surface charginthbyarametric study which

is applied, a research on the werase space environments is also carriedfaut
further investigation of differential chargingltage depthSeveral worstase space
environments defined on the literatune considered in the analysis approachS-

6, ECSS (single and double Maxwellia@BALAXY 15, LANL -KIT, MIL -STD-1809,
NASA, SCATHA 1 (single and double MaxwelliangCATHA 2, SCATHA 1979
plasma environments are gstigated by the terms of spacecraft surface charging with
3D realistic SPIS simulations and a benchmark database for surface charging for 00:00
MLT are obtainedor eclipse and sunlit cas8electedvorstcase environments are
basedont he sat el | i tcase space environménsal emcountsrs during its
their lifetime (such as LANL and SCATHA missiongpacecraft manufacturing and
testing standardésuch as NASA, ECSS and I1S@hd realelectrostatic discharge
events (such as GALAXY 15 and AT&sincidents).Environments are sorted with
respect tahe results ofichieved absolute and differential charging potentials for all
surface material$or eclipse, transition and sunlit configuratiobased referring to
SPIS simulation outpat

Surface charging on geosynchronous orbit should be monitored continuouskly by in
situ measurements and realistic modklghis context, a simplestimationapproach

IS proposedy driving a 3D particlen-cel (PIC) simulation with a realistic electron
and protonpopulations with innemagnetospherenodel. Comprehensive Inner
Magnetosphere lonosphere (CIMI) Modeldsnner magnetosphere model which
develops electron and ion fluxes up toR®behind the Earth on the nightsidenis
model isa time dependent model whichdsiven with the solar wind observations
made by Lagrange 1 (L1) spacecrafts such as ACE and WINDsdohas the particle
transport principles considering advanced adveditfusion equation for solving
particle phase distribution functiofy)( As a result of CIMI simulations, severagjor

MLT locations (00:00, 06:00, 12:00 and 18:00) are chosesttmly the spacecraft
surface charging. |Bctron and proton density and enedpta were obtained from
CIMI for sdected thredarge geomagnetic storms everigivember 2003, May 2005
and March 2015 substorm$hese model outputs later are used as inputSRIE
simulatons to obtain spacecraft charging levels for our hytpotehtical spacecraft at
geosyncronous orbhifor 21 November 2003 09:59 UT, 15 May 2005 19:49 UT and
19 March 2015 16:44 UT, electron and proton populations are fitted into- triple
Maxwellian and mondMaxwellian distributions respectively and SPIS simulations are
produced with these plasma propertidsgamed from CIMI simulation results
Realistic solar declination angle is introduced with respect to day of year and varying
solar array configuration with respect to spacecraft attitwith corresponding
Magnetic Local Time NILT) orientation of the Earth pointing telecommunication
satellite is considered in simulation®or improved accuracyn surface charging
estimation results

The study show$iow main plasma parameters, population energies and densities,
affect the surface charging phenomena; moreover, telecommunication satellites in
GEO orbit experiencing the electron belt could be charged up to several negative tens

of kVés of f rda mep ptod eséevatal akVds of di
dielectric surface material€Eclipse conditions are quite dangerous for surface

XXVil



charging phenomena to occur since the absolute and differential potential values
develop even furtheheworstcase environmental investigation approaes used

for the extreme case study simulations implemented in SPIS with the same satellite
configuration. The result®f this experimentshowed thatthe worstcase space
environmentsreate appropriate conditions for highrface potentials on the critical
materials. CMG material builds an absolute potential up to ar&uki for reasonable
space envimements and differential potential up to around 3 kV which is over the
critical arcing and discharge threstwldhe realisticsurface chargingestimation
proposal wa analyzed as well for three selected storm cases where the surface
potential of dielectrics could develop quite negative values around local midnight
through dawrsectorswhich is expected and validated by the simulation restiits.
satellite flight configuration could change the surface charging slightly due to the fact
that incoming solardix will create a differential and unequal satellite charging as the
spacecraft fly on its trajectory with respect to the sun.

In this study, the CIMI modebutputs areused for the first timeas SPIS program
charging simulatiomputs Widely used and humerous worsise space environments
were analyzed together for comprehensive and diverse investigation of surface
charging phenomen&y changing the orientation of solar panels according to the
MLT configuration, the accuracy of analyzes was increased and the effects of the main
MLT sector locations of surface charging were examined.
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1. INTRODUCTION

Solarwind and radiationcoming from the Sun has several physical and electrical
effects on space systems. Thermal, ionizing radiatdnse effects,ultraviolet
radiation, electrostatic dischar¢feSD), internal and external surface chargeffgcts

are some major effects of solar radiation on satellites. Considering the fact that the
communication satellitegvhich are operatedn geostationary orbit (GEO) reside
inside the magnetosphere, they can be affected by the solar aotiityg to the
energeticparticlesinjected intothe magnetosmre as a result ofmagnetospheric
reconnection These high energy particlasetrappedn the inner and outer radiation
belts known as Van Allen Radiah Belts Once trapped, particlesake bounce and
gyration motion along the magnetic field lines and interact with the very low frequency
(VLF) and ultra low frequency (ULF) electromagnetic waaestheir energies can

further energegized this way.

Spacecraftsurface charging is a phenomenon which occurs whspaeecrafsystem

or materialiccumulates positive or negativelectric charge other exteriorsurface.

This charge accumulation can be influenced by various factors, includialpttecal

and structuraproperties of the material, the presence of nearby objetiie satellite
perimetery satellite configuratiorand the surroundinglasmaenvironmentlIn brief,
estimating and understanding surface charging is crtmiahany disciplinesuch as
electrostatics, materials science, semiconductor manufacturing, and space erploratio

aspects

The study of surface charging is essential for several reasons. Einglgf the most
crucial point is thait affects the performance and reliability of electronic devares
board satelliteand leads to power system failures in equipment and systemlscale
the past, xcessive surface charging lead to malfunctiontal data loss, or even
permanent damage in sensitive electronic componemider severe space
environmental conditionas result olvery high energetic particle concentratioe.
high energyelectrons and ionsSecondly, inthe age ofspace exploration, surface

charging can pose a significant risk to satellites and spacedeafirical power



subsystem«Charged particles in space can calsetromagnetimterference, disrupt
communication systems, and degrade the performance of onbkeasdbrs and
scientific instruments. Therefore, accurate estimation and management of surface

charging iskeyto ensure the safety and longevity of space missions.

Estimating surface charging involves analyzing the distribution and magnitude of
electric charges on the surface of an objemhsidering theplasma populations
densities antheir thermaknergiesThis can be challenging due to the complex nature

of the charging process and the numerous factors that influence it. Researchers and
engineersvorking on these subjectsnploy various techniques and models to estimate
surface charging, including theoretical calculationgnericalcomputer simulations,

and expamental measurementgith very specific dedicated test setupsorder to
simulate the environmenthese methods aim to predict the charge accumulation and
distribution on a surface under differeahvironmental and physicalonditions,
enabling the identification of potential issues and the developmewharing

mitigation strategiefor satelliteanomalies

Furthermore, surface charging estimation is closely related to the study of ESD and
electromagnetic compatibility (EMC). ESD occurs when accumulated charges on a
surface are rapidly dischargeudhich may resulin a sudden release loigh energy. It
is a common problem in industries where electronic devices are handled, such as
manufacturing, assembly, and testing. Understanding surface chatgngmena
plays a vital role in preventing ESD events, protectand isolation ofsensitive
electronic componesf and ensuring product reliability work under the worstase

space environment

In conclusion, the estimation of surface charging is a crucial aspect of various fields,
including electronics, materials science, and space exploration. Accurately predicting
and managing surface charging is essential for maintaining the performance,
reliability, and safety of electronic devices and systems. Through the use of theoretical
calculations, simulations, and experimental techniques, researchers and engineers can
gain valuable insights into surface charging phenomena and develop effective
strateges to mitigate its adverse effedsreduce the space weather thre8ts that,

surface chargingstimationfrom the modelling perspectivieas critical status due to

the fact that accurate estimation could be beneficial to operate satellite under severe

environments and examine recduse of anomalies encountered during flight.



1.1 Purpose of Thesis

Main purpose of the thesis is to investigate the plasma parameter effects on surface
charging and to understand the material interaction principles with plasma. Another
concern is to analyze and identify the warase space environments by means of
surfa@ potential evolution. Estimation of surface charging with realistic simulations
with robust radiation belt and surface charging model by consideringdbming

solar irradiance angle in GEO, with different satellite solar array configurations
through stellite trajectory by means of practical and rational id=asbe listed as the

other key objectives of the thesis on surface charging topics. Other than that, CIMI
model is used for the first time here in spacecraft surface charging analysis.

In order to investigate spacecraft surface charging cases, one must consider the usage
and take the advantage of high power computation and current technological state by

precise modelling of the case and simulation environment.

The analysisand estimation of spacecraftsurfacechargingthat cause satellite
anomaliess quitecomplexbecauset requires to model the environment as close as
possible to the realaseand determine the environmental paramatersdhaesthe
spaecraft chargingEspecially, on geostationary orbit, the effectgaufiation belts
are quite dominant in terms of surface chardmetpw 50 keVplasma temperature

conditions

The literature studies on spacecraft charging are mostly basadeammworst case
scenarios of the recorded spacecraft failufdge main purpose of this thesis is to
investigate the spacecraft surface charging using available models, e.g. Spacecraft
Plasma Interaction Software (SPIfey spacecraft chargingnd an environmeat
numerical model Comprehensive Inner Magnetosphere lonosphere (GdMI)
simulating the environment It is aimed to emphasize and reveal the space
environment 0s aftohlarging.o That ts whpCIMi male eutputs are

used as inputs for SPIS model that calculates the spacecraft charging based on these

environmental data.

In addition, the environmental parameters that affect the spacecraft charging are given
in detail. We introduce and explain spaccraft charging, solar and magnetospheric
concept.Following these, we onduct si mul ati onghargimg det er

behaviour under differergpaceplasma environment@and spacecraft configurations



under parametric stigk including the worstcase space environments attekn
estimatesurface charging bysing a realistianagnetospheriplasma environment
model (CIMI) that include the physical processes that occur within the magnetosphere,
especially within the radiation beltsddrive thesurface chargingoftware (SPIS)

with these moreealistic model outputs

A simplified broadand realistic telecommunication spacecraft 3D model is created in
GMSH software with precise surface materials on its surface. In order to analyse the
surface charging phenomena, first general parametric analysis study is implemented
on geostationary tetemmunication satellite orbitography for investigation of the
effect of main plasma parametetsch as electron and ion density and energy levels

of these plasma populatian$heprimary effectsof the environmental parametens

our model spacecraft are investigated in terms of absolute and differential surface
charging implementing scenario casesing Spacecraft Plasma Interaction Software
(SPIS). Then, the préefined worstcase space environmesanditiors are described

and surface charging estimations are conduftiethese harsh and energetic space
environment scenarios which are extracted from real spacecraft anomalies and hazards
occured irthe past and recorded in the literatus a result, a benchmark dbgse of
surface chaing are obtainedor generic satellite under the worsise charging
environments In the lastpart of the study, a spacecraft surface chargitegt
perspectivas proposed tassue the risks for the current space weather conditions for

satellite operators based on the estimatiodiftérential surface charging

1.2 Literature Review

Historical background of surface charging events are quiteantt records are
significantly high in numbersSeveral dramatic events occured in ffaston the
spacecraft surface charging phenome@ne of the most popular case iget
TELSTAR 401 incideh TELSTAR 401 spacecraft is a satellite that was launched on
January 15, 1993, by a European Ariane 4 rocket. The spacecraft was designed to
provide a range of telecommunications services, including television broadcasts and
data transmissions, to custammén Europe and North Americ&n May 11, 1997, a
power system malfunction occurred aboard TELSTAR 401, leading to the complete
loss of the satellite. The cause of the failure was later determined to be a short circuit



in the satellite's powesystem resulting in the loss of all communication with the
ground control station.

The failure of TELSTAR 401 had significant implications for satellite
communications at the time. The satellite’s malfunction caused disruptions in various
services, including television broadcasts and data transmissions across Europe and
North America. Cmpanies andorganizations relying on the satellite for their
operations experienced downtime and loss of reveiiine. TELSTAR 401lincident

also highlighted the importance of redundancy and backup systems in satellite
communications. As a result, subsequent satellite designs and missions placed a
greater emphasis on backup systems and redundancy to minimize the risk of

catastrophic failureghich endangers satellite operations

Satellites in geostationary orbit, such as the GOES (Geostationary Operational
Environmental Satellite) series, can experience charging evensechaegingevents

occur when the satellite moves through different regions of spsecially outer
radiation belt which is populated with trapped energetiectrons and encounters
varying plasmalensities and radiation levels. The charging can result in the buildup

of static electricity on the spacecraft's surfaces.

This charging can have several effects on the satellite's operation. It can interfere with
sensitive electronic components, cause discharges that can damage onboard systems,
or affect the accuracy of sensor readings. To mitigate the risks associated with
spacecraft charging, satellites are typically equipped with various measures such as
grounding techniques, shielding, and specialized materials to dissipate or control the

electrical charges.

Another spacecraft surface charging event is stated as Galaxy 15 failure. The Galaxy
15 satellite anomaly refers to a significant incident involving the Galaxy 15
communication satellite in 2010. Galaxy 15 was a geostationary satellite operated by
Intelsat providing communication services to customers in North Ame@raApril

5, 2010, Galaxy 15 experienced a major anomaly that caused a loss of control over the
satellite. The anomaly was triggered by a s@i&e event, which led to an onboard
anomaly n the satellite’s control processor. As a result, Galaxy 15 stopped responding
to ground commands and began transmitting an unmodulated carrier signal, interfering

with adjacent satellites in the geostationary belt.



One of the primary concerns with the Galaxy 15 anomaly was the potential for signal
interference. As the satellite continued to transmit an unmodulated carrier signal, it
risked interfering with the signals of other satellites in the same frequency range,
impacting communication services for other operators. This interference prompted the
satellite industry to work collaboratively to find solutions and minimize the impact on
customer servicesTo mitigate the interference, satellite operators adjusteddinve
satellite systems and implemented various measures. Ground stations and receiving
equipment were modified to minimize the effect of the unmodulated carrier signal
from Galaxy 15. The satellite was then moved to a graveyard orbit, a designated orbit
for decommissioned satellites, to prevent any further interference with operational

satellites.

The Galaxy 15 satellite anomaly served as a reminder of the complexities and
challenges involved in operating and managing satellites in space, especially when
unexpected events ocdarflight. It highlighted the importance of coordination among
satellite operators and the need for contingency plans to minimize the impact of such
anomalies on the overall satellite communication infrastruethiwieh can be roughly

made of billions of dollars of investment

There are significan¢videncesvhich show that the anomalies are related with the
corresponding space weather events and occurred during geomagnetic substorms
Many d the spacecraftharging eventare seen to be connected to a solar activity on
the Sun such a CME; a HSS (High Speed Stream) or a shock in the isolaBwace
weathereventsare recorded by the spacecraft located at the Lagnagian point which is
1 billion km away from the Earth and used to observe space weather events occuring
on the SunSome of thesatellite anomalies associated mainly with space weather and
solar activities encountered in history on geosynchronous orbit inBIS@GS Il1and

B7, ATS6, GOES 4, sand7, MARECSA, METEOSAT, TDRS, INSAT2D and

more can be founoth Ko o n s 6 s (Koorts etdhl., 8999).These cases are just the

major surface charging problems.

In order to understand these spacecraft anomalies and potentiakelossestered in

orbit, there were different methods and approaches for simulation of ESDs, internal
and surface charging phenomesgace plasma effects on spacecraft surfaces, particle
flux and influence of the inner and outer radiation @@ie mainindicator parameters

for surface chargingan be listed akp index,the speed of solar wind, interplanetary



magnetic field and density of solar windwhich affect the magnetospheric
configuration and increasae tioa and electron flux in GE@anushkina et al., 2021)

and the statistical research shows that the events are more likely to occur during
declining phase of solar cycklthough the charging phenomena occurs in all seasons,
the probability increases during the spring and fall equinokes.surfaceabsolute
potentialvoltage value®f the solar array can be quite high both in eclipse and the
sunlit confgurations under the worsase environmentsith comparison to then

ground testand the inverted potential gradi@ould be high enough to create an ESD
risk (Mat ®o e¥&.] 201 Satellite surface potential depends on the material
properties as well t he material s surface bul k re
surface charging (Fulford et al., 2ZD2which can be altered in spagevironment by

aging and thermal aspects

In generalpreviousstudieson surface charging simulations are from the perspective
of case studielsased on real satellite observations (Fennell et al., 188&nation of

the worstcase surface charging threshblg standard environment models (such as
NASA, ISO, ECSS etc.)prediction of satellite potentials froplasma parameters
(Ganushkina et al., 2021 arida t-®® | & al.,, 2018)and coupled modelling
approachesy integration several models such as IMPTAMERB (du Montcel et

al., 2022)in orderto estimate satellite differential charging leseh surface elements
by coupling an innemagnetosphereradiation beltand magnetohydrodynamic
(MHD) model simulations(Nagatsuma et al., 2021yith an integration ofthree
dimensional particle in cell solver modéds real cases in order to estimate the surface

absolute and differential potentials

1.3 Hypothesis

Previous knowledge on surface charging states that photoemission phenomena
decreases surface charging potential as it creates a potential barrier on surfaces when
compared to shadowed surfaceslaactivity, such as coronal mass ejections and

solar flares and subsbrms lead to enhanced plasma energy and density inside
magnetospher@.hese chargegdlasma particles could decrease spacecraft differential
potential up t o s e vcharge buildwyaon matesidisiamitical may | e
electrostatic scharge eventsn the surface material€onsidering the fact that the

Earth eclipse for telecommunication satellites are around 70 minutes at maximum, the



surface potentials decrease up to sever al k V
surface charging depth in terms of voltagée probability of satellite discharge

anomalies indicate that from the midnigB0:00 magnetic local timahrough the

dawn secto(06:00 magnetic local timejoncentrating around the local midnight

equinox season®r GEQ satellite electrical power system errors and irregularities

mostly occur on this special zoor geosynchronous orb®n our simulation results,

thee conditions are also considered, simulated, compared and the outputs strongly

correlate with previous remarks.



2. SPACE WEATHER ASPECTSAFFECTING NEAR EARTH ORBITS
2.1 Solar Wind

Solar wind referso the continuous flow of charged particles, predominantly electrons
and protons, that are emitt]dm the Surand propagate through space. It is a stream
of high-energyparticles that are ejected from the Sun's upper atmosphere, known as
the coronaThe solar wind is created by the expansion of the high temperature of the
Sun's corona.The corona generates the fasbving particles that make up the solar
wind. The solar wind is comprised of charged particles that have been ionized by the
intense heat dhe corona on the orders of million degrees celdibsse particles are
furtheraccelerated by the Sun's intense magnetic éirttlescape into space through
holes in the corona's magnetic structure, known as coronal (Bakset al. 2023)

These patrticles flow outward in all directions, filling the solar system and interacting
with the magnetidields of planets, moons, and other objects they encounter.

The speed of the solar wind can vary, typically ranging femweral hundredto
thousands okilometers per secondepending on the coronal temperatifewever,
during periods of high solar activity, such as solar flares or coronal mass ejections
(CMEs), the speed and density of the solar wind can increase significantly.

Space weather events, suh solar flares and coronal mass ejections (CMES), can
cause disturbances in the solar wind and result in more intense interactions with the
Earth's magnetosphere. These disturbances can potentially disrupt satellite
communications systems electronics, pogrids on EartliBoteler, 2019)

The solar wind plays a crucial role in shaping the space environment of the solar
system. As it flows past planets, including Earth, it exerts a force on their
magnetospheres, causing phenomena such as the auroras. It also affects interplanetary
space andan have an impact on spaceckaitsolar system as wellScientists use

various spacecraft, such as NASA's Solar and Heliospheric Observatory (SOHO) and
the Parker Solar Probe, to study the properties and dynamics of the solar wind, helping

us better unerstand the Sun and its effects on our planet and beyond.



The solar wind theory was proposed by Eugene Parker (Parker, 1958 alhek e r 6 s
solution of supersonic flow of isothermal subsonic solar wind is given in the equation
2.1wherev/\v is solar wind Mach numbewhich is named as sonic spg#ue critical

pointof solarwind to be sonik Solution of this equation foroconal expansion of the

solar wind to supersonic speasdslescribed in Figure 2.1.

NV \T‘l i .,
T T (2.1)

C‘lc‘
1
-

The Parker spiral, is a theoretical model that describes the shape and structure of the
magnetic field of the solar winaks it propagates outward from the Sun. According to
Parker's spiral model, the solar windos
takes a spiral shape due the rotation of the Sun. The Sun rotates differentially,
meaning that its equator rotates faster than its poles. As a result, the magnetic field
lines of the Sun, which are anchored in its surface, become twisted and form an

expanding spiral pattern interplanetary space.
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Figure 2.1 : Left: Isothermal transonic outfloand accreation diskflow solutions
of the equationd.1), the point r/c = 1 represents where the solar wind
becomesupersonic and reaches the velocity of speed of sound (1
Mach). Right: The frame on the righs theright-handside of the
equation wheimntegration constant) is selected ak3 accordingto
Par ker 6s sofaowindt i on of

As the solar wind is composed of charged parti¢ieestly consist of electrons,
protons and alpha particles is constrained and guided by the Sun's magnetic field
lines(Parker Spiral)There are twalasses of solar wind: fast solar wiwtlichis due

to open magnetic field linesnd slow solar windiue to closed magnetic field lines
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ma g n



Origin of fast solar wind is the coronal holasd open magnetic field lineghile the
slow solar wind is originated mainly from the closed magnetic field line drems
the corongMcComas et al 1998) Generally, thedst solar winds originated from
the polar regionsvhere magnetic field lines are not closed the slow solar wind is
originated from the equatorial regions of the $ased on the observations by Ulysses
satellites

ConsideringParker's spiral model, the solar wind starts off with a relatively slow speed
near the Sun's equator and gradually accelerates as it moves outward. This acceleration
is attributed to the increasing distance from the Sun's gravitational pull. The spiral
structure of the solar wind becomes more pronounced as it propagates through the solar

system.
Parkeroéds i sot her meohsideremitraTeoronaw LXAEK. s ol ut i on |
T Model 6s di stance i s Il i mited to 10 AU

beyond Saturn.

1 The spiral structure of solar wind is based on frepefiux theorem where
interplanetarymagnetic field is translated with angular rotation of corona and
velocity term of solar wind is calculated from the curve fit extracted from the
Parker 6s swd=0xttkon for T

“w pr@wliv og (2.2)

Solar wind speed is modeled wilquation2.2 where y is solar wind speed in (km/s)

and x is theR/Rsundistance This formula is projected from 1 to 215@.Rin orderto

obtain solar wind solutions beyond distance of Saturn. Apart from the fact that the
solar wind speed isonsidereds it is dynamically expanding withsR, the velocity

is not constant along the radial axis. Hence, the spiral is curvy at around distance of
Mars (Vswis slower) and smoother at around orbit of Jupiter and Safng faster).
Equations to calculate spirals shape is giwéth equation2.3and 2.4as radial0 )

and azimutha{¢ ) component of B field

6 07 — (2.3)
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(2.4)

a for plotting spiral s (asafoueseparate i) ¥as 0,
the angular velocity of Sun around equator is given as 2.6 xatlls. B magnetic
field at base of corona &hosen to b& Gauss. The resultirfgarkerspiralsplottedin

cylindrical coordinates are givem Figure 2.2.
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Figure2.2:Par ker 6 s Spir al Model of Sol ar

The interplanetary magnetic field I|ines
angular rotation and creates an Archimedian spiral. The spiral is inclined between
around455 0e on Ear t h §te ahgledbetveeandhe radidl aminuthal
component of the interplanetary magnetic fielthe Parker spiral model has been
validated by observations from spacecraft such as the Ul{Bae® et a] 1992 and

the Solar and Heliospheric Observatory (SOKI@)mingo et al 1995. It provides a
frameworkfor understanding the behavior of the solar wind and its interactions with

the planets and other celestial bodies in the solar system.
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In the context of accretion disks around black holes and other compact objects, which
i's another solution of Parkeros equation,
surrounding disk or a nearby companion star spitialwardo due to the gravitational

attraction of the central object.

The infalling matter forms a didike structure, known as an accretion digkpund

the central object. This disk consists of gas, dust, and other particles that are in orbit
around the central mass. As the material in the accretion disk orbits around the central
object, it gradually loses angular momentum through various mecharssich as
viscosity and magnetic torques. This loss of angular momentum allows the material to
spiral inward toward the central object. As the infalling matter spirals closer to the
central object, it experiences increasing gravitational potential erlgngyenergy is
converted into heat and radiation, causing the accretion disk to emit intense radiation
across the electromagnetic spectrum, includirgys and gammeays. The matter in

the accretion disk eventually reaches a point where it is clos@lenoithe central
object to be captured by its gravitational pull. The infalling material is then accreted
onto the central object, releasing additional energy in the process. Accretion inflow is
a fundamental process in astrophysics and plays a crulgahrearious phenomena,

such as the growth of black holes, the formation of stars, and the emission of radiation.

2.1.1Solarflares

Solar flares are intense bursts of electromagnetic radiation and energetic particles that
are released from the Sun's surface. They are sudden and explosive eruptions of energy
that occur in the Sun's atmosphere, primarily in the region around sudspdtsthe
magnetic reconnection phenomenahnich is a basic annihilation principle apposite

signedmagnetic field lines

Solar flares are caused by the rapid release of magnetic energy stored in the Sun's
corona. The energy release is triggered by the reconnection of magnetic field lines,
where twisted magnetic fields suddenly realign and release a tremendous amount of

enery due to themagnetic reconnectiqif-letcher et al., 2011)

The energy released during a solar flare is emitted across a wide range of wavelengths,
from radio waves to gamma rays. The most intense emissions are often observed in X

rays and ultraviolet (UV) light. Solar flares can have a wide range of sizes and

13



intensities, from relatively small events to large, powerful eruptggsificantly
increase théigh energyproton fluxin magnetosphere

Solar flares are classified based on thena)( intensity using the scale known as the
X-ray solar flare classification, or simply the flare classes. The classes range from A,
B, C, M, to X, with each class being ten times more intense than the previous one. X
class flares are the most powerful, and they can have significant impacts on Earth's

space weather.

The energy released during a solar flare can have various effects on Earth and the space
environment. Some of the effects include release of a burst okhigrigy radiation,
including X-rays and UV light. This radiation can interfere with radio
communicabns, could disrupt satellite operations, and pose risks to astronauts in
space. Solar flares are often associated with the ejection of large amounts of plasma
and magnetic fields known as coronal mass ejectaomscan cause geomagnetic
storms on Earthesulting in auroras, disturbances to power grids, and disruptions to
satellitebased systems. Solar flares can cause sudden ionospheric disturbances,
leading to radio blackouts ktwer frequenciesAn example for arX-class solar flare

visuals can be seen from the Figure 2.3 below.

Figure 2.3 : Two views of an Xclass solar flare, 10 September 20@burtesy of
NASAOGs Sol ar Dyngamics Observator

2.1.2Coronal Mass Ejections (CMES)

These are powerful eruptions of magnetized plasma from the Sun's corona, the

outermost layer of the solar atmosphere. They are releases of solar matéuidihg
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charged particleshrough magnetic fields, and plasma, which are accelerated and
ejectedinto space at high speedsth magnetic cloudTypical InterplanetaryCME
structure and electron content can be seen in Fiydrbelow
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Figure 2.4 : lllustration of the morphology of a CME as revealed by radionding
experiments(in courtesy of ESA/AOES Medialab

Morphology andlt e st r u ct uhassevaral disthdlEstiaisle pantghich is
clearly seen in Figur2.5from the observationsl'ypically, CME structure consists of
bright leading edge, dark cavity and brighter core (llling & Hundhausen, 1985).

2000/02/27 01:54 ™ 2000/02/27 07:42

Figure25: SOHO6s LASCO C2 and C3 coronagraph
( G- nHerzero et al., 2008).

At the center of a CME, there is a dense and coherent mass of plasma. This core
typically consists of a twisted bundle of magnetic fields and the accompanying ejected
material. The core moves away from the Sun, carrying a substantial amount of plasma

and m@netic energy Surrounding the core, there is a leadauge front that expands
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outward in a radial direction. This front is often called the "CME front" or "leading
edge"or A s h o & karks theoboundary between the material being ejected and
the surroundi ng Thianmdoniecharacterizen byaadarkeri lawer.
density area that appears as a void or depression within the overall CME stiitteture
cavity within a CME cloud is typically associated with a magnetic structure called a
magnetic flux rope. A flux rope is a twisted configuration of magnetic field linat

can form within the Sun's corona. When a CME is initiated, the flux rope is expelled
from the Sun, carrying with it a substantial amount of plasma and magnetic energy.
This cavity region is also called as CME sheath, which has turbuletdwaraensity

plasma flow inside.

CMEs arehighly associated with intense magnetic activity. The twisted and disrupted
magnetic fields from the Suare carried along with the plasma during the ejection.
These magnetic fields can have a complex and dynamic structure within the CME
cloud, contributing to various phenomena observed during their interaction with

planetary magnetic fields.

Some CMEs may appear as a relatively simple bdif®#estructure, while others can
exhibit more complex shapes, such as twisted or spiral structures. The study and
understanding of CMEs are crucial for space weather forecastitigey can cause

geomagnetic storms

Several physical processes are involved in formation of CMEs. CMEs are often
associated with intense solar flares or eruptive prominences, which are sudden releases
of energy and magnetic fields in the solar atmosphere. These events can be triggered
by magetic reconnection, a process where magnetic field lealsgn,and release

energy stored in the Sun's atmosphere.

When a triggering event occurs, a tremendous amount of energy is released, causing a
portion of the Sun's corona to be expelled. Ftense magnetic fields in the region
play a crucial role in driving and shaping the eruption. The released plasma and

magnetic fields expand rapidly, forming a large bubibe structure.

As the CME expands, it accelerates particles and magnetic fields away from the Sun.
This acceleration is believed to be driven by a combination of magnetic forces and the
outward pressure of the expanding plasma. The CME can reach speeds ranging from

a fewhundred to over 2,000 kilometers per second
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Once the CME is launched into space, it moves through the interplanetary medium,
including the solar wind. As it propagates, the CME sweeps up and interacts with the
solar wind, compressing and distorting the magnetic field lines. When the CME
reaches Eahnt or other planets, it can cause various space weather effects, such as
geomagnetic storms, auroras, and disruptions to communication and navigation
systemss charged particle energy and density during substorms inarehsegeracts

with magnetosphere

CMEs are of significant interest due to their potential impact on space weather and
their influence on Earth's magnetosphere and ionosphere. Monitoring and studying
CMEs help scientists predict their arrival time, direction, and potential effects on
techndogical infrastructure. Spacecraft such as the Solar and Heliospheric
Observatory (SOHO) and the Solar Dynamics Observatory (SDO) provide crucial
observations and measurements to better understand the formation, dynamics, and

behavior of coronal mass ejexts.

A halo CME (Coronal Mass Ejection) is a specific type of CME that appears as a
circular structure expanding around the Sun. It is called "halo" because it appears to

surround the Sun like a crown, or halo, when observed from certain perspectives.

Unlike regular CMEs that are typically ejected in specific directions away from the
Sun, a halo CME is characterized by its ability to expand in multiple directions. This
means that the ejected material from a halo CME can propagate outward in a wide

rangeof angles, encompassing a significant portion of the sky surrounding the Sun.

Halo CMEs are of particular interest and concern because they have a likelihood of
impacting EarthAs it is seen from the Earth as a halo and tb their wide expansion,

the trajectory of a halo CME directed toward our planet. When a halo CME arrives

at Earth, it can interact with the magnetosphere and produce stronger geomagnetic
storms compared to CMEs that are not directed tosvidneEarth.
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C2: 2003/10/28 11:30  EIT: 2003/10/28 11:24
Figure 2.6 : Halo CMEdetected by SOHO/C2 coronagragidX-ray solar flare

observed by¥xtreme Ultraviolet Imaging Telescope (EIdn 28
October 2003Krauss et al., 2012).
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C2: 2005/05/13 17:22 _EIT: 2005/05/13 17:07

Figure 2.7 : Halo CME detected by SOHO/C2 coronagragjacted on 13 May
2005, leading to a Solar energetic particle e¢€ourtesy of
SOHO/LASCO consortiuin
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2.1.3High Speed Streams (HSSs) anbronal holes

Sunspobr coronal holewumbers exhibit a periodicity known as the solar cycle, which

is the approximately t§ear cycle of solar activity which corresponds to Schwabe
cycle (Frick et al 1997). There is also ~18@ar cycle of solar activity which is
named as Gleissberg cy¢@leissberg, 1967 hesecycles arecharacterized by a rise

in sunspot numbers, followed by a decline and then a subsequent rise again. The cycle
starts with a minimum in sunspot numbers, known as solar minimum, and reaches a

maximum, known as solar maximum, before returning to another minimum.

During solar maximum, the number of sunspots and solar activity is generally higher,
and during solar minimum, the number of sunspots decreases, and solar activity is
generally lower. It's important to note that the length and intensity of each solar cycle

can vary, with some cycles being shorter or longeraatigethan others.

High-speed streams, also knownhagh-speed solar wind streams, are {tsiving
streams of solar wind that origindtem coronal holes on the Sun's surface. Coronal
holes are regions of the Sun's corona where the magnetic field is open, allowing solar
material to stream out more free§tructure of HSS can be seen from the Figure 2.8
(Guo et al., 2016)

When a coronal hole rotates to face Earth, it can release gl stream of solar
wind that travelsalong the IMFE These streams typically have speeds exceeding the
average solar wind speed, whictbetweeraround 300 to 900 kilometers per second

High-speed streams can reach speeds of over 800 kilometers per second or even higher.

Alfvén waves'originating from'the Sun excite
gravity waves in the Earth's thermosphere

4
s f Stre

High-speed stream

Figure 2.8 : Schematic of igh-speed stream (HSS) originated from coronal holes on
the surface of the Sun (Guo et 2016).

19



The arrival of a higlspeed stream at Earth can have various effects on our planet's
magnetosphere and space weather. Some of the effects include geomagnetic storms,

intensified solar wind, ionospheric effects and so on.

High-speed streams can cause disturbances in Earth's magnetosphere, leading to
geomagnetic storms. These storms can trigger vibrant auroras on high latitudes, disrupt
satellite communications on low frequency bahgshifting the polarization angles,
create scintillationand affect power grid¥.he increased speed of higheed streams
results in highedensity solar wind impacting Earth. This can compress the
magnetosphere and enhance interactions with the magnetosphere's particles and
magnetic fields, it may even cause magnetopause crossimgsevecuring on
geostationary orbit arc exposing communication satellites to energetic particles. High
speed streams can also influence the ionosphere as well, which is the upper part of
Earth's atmosphere. They can generate ionospheric storms, caustogtiuns in

radio signals and affecting satelibased navigation systems.

To monitor highspeed streams and their potential impacts, scientists rely on space
based observatories, such as the Advanced Composition Explorer (ACE), WIND and
the Deep Space Climate Observatory (DSCOVR) including various plasma sansors
L1 point of the EarthThese instruments provide réamhe measurements of the solar
wind properties, including speed, density, and magnetic field strength, helping to

forecast space weather and mitigate any potential disruptions.

2.1.4Helmet streamers

A helmet streamer is a type of solar corona structure that appears as a large, elongated
loop or arch extending from the Sun's surface into the outer corona. It resembles the
shape of a pointed helmet, hence the nhame "helmet streamer." Helmet streamers are
associated with regions of intense magnetic activity on the Sun, often found near active
regions, such as sunspots or solar flafdsese structureare formed due to the
complex interplay between the Sun's magnetic field and the plasma in the corgna. The
are composed of highly twisted and sheared magnetic field linesstfadm the solar

surface and arc outward, creating a lebaped structure.

The bright, luminous part of a helmet streamer is primarily composed of coronal
plasma that follows the shape of the magnetic field lines. The plasma is significantly
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hotter and denser than the surrounding corona, making it visible in extreme ultraviolet

(EUV) and Xxray wavelengths.

Helmet streamers play a significant role in the phenomenon known as coronal mass
ejections (CMEs). When the magnetic fields within a helmet streamer become unstable
or undergo reconnection, they can release large amounts of solar material and energy
into Pace, resulting in a CMBbserved visual of helmet streamers are seen in Figure
2.9 below.

2001/11/03 05:35-

Figure29:Hel met streamers observed by SOHOGQC
2001/11/03 at 05:35 UT, near the solar maximum of solar cycle 23
(Courtesy of SOHO/LASCO consortigm

22Eart hés Charged Particle Environment: R

Plasma environment around the orbit of the Earth is such a complex place to model
due to the fact it is quite dynamic with multiple microscale and macroscale drivers.
Charged particles such as ions, protons
bdts which are also known as Van Allen Belts. These charged particles carrying
radiation come from the Solar Wind which translates solar energetic particles (SEP),
the main source of the charged particles, and galactic cosmic rays (GCRs) coming
from extern&solar system objects (from the stars, supernovas explosioag jxrsts,

alpha particles, pions, muons, neutrinos etc.) including heavy ions (having energies >
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100 MeV). These particles have great impact on spacecraft electronic components and
they may lead to failures in orbit due to the internal and external electrostatic surface
charging phenomena. There are several other radiation effects of space environment
on spacecraft such as total radiation dose and single event effects. The dynamics of
radiation belts and charged particle effects on spacecraft electronics are briefly
discussed.

2.2.1Van Allen radiation belts

The radiation belts are regions of the close environment of the earth where charged
particles (electrons and protons) are trapped in the terrestrial magnetic field. Their
discovery dates from the sending of the first satellite into space. From historical

perspective, the discovery of radiation belts follow a chronologic order as:

1 1958: Launch of the Explorer 1 American satellite on which was placed a

Geiger counter on request from Van Allen.
1 1959: First mapping of belf¥an Allen, 1959)

1 1962: Starfishanucear tesbomb of 1.4 M had anexplosion ataround400

km of altitude creating an artificial radiation béBeall et al., 196}
o Artificial aurora in New Zealand
o Honolulu plunged into darknessmaging the electric grid,

o Transit4B, Telstar, Cosmos 5 and Ariel 1 satellites were damaged by
explosion and radiation, power loss asehsitiveelectronic failures

occurred leading to loss of satellites after a few maofibsrlin, 1976)

1 1962: The NASA launches Explorer XV for studying the artificial belt created

by Starfishnuclear bomb detonation

The radiation belts are located between 300 to 40000 km, at latitudes falling between
60AN to 60AS. There are 2 regions where par
outer radiation belt. They are belts; of electrons: plasnesgy< 7 MeV, of protons:

plasmaenergy< 500 MeV.

The particle energy is expressed in electron Volt (eV). One eV is the kinetic energy
that an electron acquires when submitted to a voltage of one volt. For example; TV

electron tube has electrons having energy of 30 keV, air molecules having thermal
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energy of 0.025 eV. For magnetospheric partiaesierallykeV or MeV units are
used for scaling their plasma energy. In radiation bettsrgy level of particles vary.
Electrons have enerdgyom severalkeV up to7 MeV and protonsiave energy from
severakeV and 300 MeV.

Radiation belts consists of 2 separate belts which are not stationary, however the inner
belt is more stable than the outer electron radiation Dedtse trapped radiation belts

in magnetosphere can be seen in Figure ZyPical properties of inner belt are:
It starts around 300 to 1000 km which strictly depends on latitude.

1 It may reach above 10000 km altitude.

1 Itis made of ions (mainly protons) and electrons.
1 Itis very stable in terms of radiation flux temporally.
)l

It is characterized by a heavy flux of high energy protons (alseveral
hundreds oMeV), the maximum flux of protons with energy above 10 MeV
being located at 6000 km.

71 It is dominated by the presence of South Atlantic Anomaly (SAA) which is

located at the internal border of this belt, affecting low latitudes.

Radiation belts are formed by the trapping of kéglergy charged particles, primarily
electrons and protons, in the magnetic fields surrounding celestial bodies. The most
well-known example of radiation belts is the Van Allen radiation belts that encircle
the Earth.

The formation of radiation belts involves several key proce3$esprimary source
of particles in radiation belts is the solar wind, which consists of charged particles
emitted by the Sun. As the solar wind interacts with a planet's or celestial body's
magnetic field, it can accelerate some of these particles to dnighgies. This
acceleration occurs through various mechanisms, including electromagnetic waves

and shock waves.

The magnetic field of a planet or celestial body plays a crucial role in forming radiation
belts. Charged particles, particularly electrons and protons, are guided and trapped by
the magnetic field lines. As the particles move along the magnetic fiet] ey can

become trapped in specific regions, creating concentric belts around the celestial body.
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Charged particles trapped in radiation belts exhibit a property called the magnetic
moment, which is related to their gyrating motion along the magnetic field lines. The
magnetic moment of a particle is conserved, meaning it remains constant as long as
the particle stays within the magnetic field. This conservation causes the particles to

move in spiraling paths along the magnetic field lines, leading to the formation of belts.

Within the radiation belts, the trapped particles interact with each other and with the
surrounding environment. These interactions can lead to processes such as particle
scattering, loss, and energization. For example, particles can collide with each othe

transfer energy, and change their trajectories.

The specific characteristics of radiation belts, such as their size, shape, and intensity,
depend on various factors including the strength and structure of the magnetic field,
the energy and composition of the particles, and the properties of the surgound

plasma and electromagnetic waves.

Radiation belts are of significant scientific interest as they can pose hazards to
spacecraft and human space exploration. Understanding their formation and dynamics
helps scientists develop strategies to mitigate the potential risks associated with these

high-energy particle environments.

Wave-particle
Interactions

Interplanetary,
shock

- i)

Diffusion f

Convection ) Interplanetary
shock

Figure 2.10 : Detailed nagnetosphere and radiation kelith crosssectionthe
Earth isseen from the 18:00 ML&nd from the NortliLi and Hudson,
2019.
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The primary source of protons and electrons is the disintegration phenomena of
neutrons. These neutrons are generated by the interaction of cosmic rays with

terrestrial high atmosphere.

The outer radiationbelt moslty consist of electrons, it extends up to ) \Wth
maximum flux of electrons (E > 1 MeV) aroundr4. This region is not stable and it
follows the fluctuations of magnetosphere. It is filled by injection of particles from the
magnetospheric tail, principally during magnetic stodmigen by solar activitiesThe
particles may remain trapped in the belts from a few months to several hundred years,
before being precipitated into atmosphere. The main source of electrons inside the
outer radiation belt are solar wind and ionosphere which have comparably lower
erergies.Figure 2.11 indicates the slot region, inner and outeramelttheir general

propertiegegarding to space weather

Slot Region Space Weather Concerns:
» Low- and medium energy electrons
» Filling by multi-MeV electrons

» Strong solar energetic particle events

Inner Belt Space Weather Concerns:
» Intense protons: trapped and transient
» Possible electron belts at low L-shells
» Heavy ion content:

- Galactic cosmic ray trapping

- Solar particle trapping

» Long-term electron dose effects
» Surface and deep-dielectric charging

Figure 2.11 : Inner and outeradiation beltsvith slot regionformation schematic
and correspondingystemeffects on space weather concedaker et
al., 2017).

Bet ween the two belts, there is a gap cal
on the magnetospheric and solar conditions, the numbkersofegioncould change
(Baker et al., 2014

The radiation belts are regions of the terrestrial environment where the protons and the
electrons are trapped. The low orbit is characterised principally by a large flux of
protons, which is highly asymmetrical (more concentrated due to the SAA) whereas,
the flux in geostationary orbit is dominated by the trapped electrons and the fluxes

fluctuate with the magnetic activity. The models AE8 and AP8 allow evaluating the
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average fluxes of particles for a given orbit. These models do not express the dynamic

of the magnetosphere which is dynamically changed by the substorms.

2.2.2Dynamics ofradiation belts

The charged particles in the geomagnetic field have several types of movement

which are described below and summarized on the Figure 2.12

1 Gyration around thenagnetidield lines generating a spiral trajectory,
1 Bouncing between 2 mirror poingsojected on the Earth
9 Drift around the Earth.

MIRROR POINT

OF > S

VN _TRAJECTORY
TRAPPED PARTICLE

Drift of
electrons

MAGNETIC FIELD LINE ~_

Drift of
ions

~/\\7_ oo

v 8. . \/j/ GyroMotion  Bounce Motion Drift Motion
U\’/\*‘/ T \'/\ Invariants
M J (]
Figure2.12:Char ged particle motion in a dipol e ma
adiabatic invariants respectivelyith gyro (M), bounce (J),andir i f t ( «)

motions. Drift motion of electrons eastwardand ions is westward
(Jursa1985.

Coronal Mass Ejections (CMEs) and the solar wind have impact on the magnetosphere
and lead to plasma instabilities on the magnetospheric waves such dswiltra

frequency, very low frequency and extremely low frequency waves.

2.3 Effects of Radiation Environment on Spacecraft Electronics

Effectsoff adi ati on environment trapped in Earthos
spacecraft charging, single event effects and total ionizing dose effects. Spacecraft
charging includes both surface charging and internal deep charging. In this part, we

will discuss and concentrate more on spacecraft charging phenomena.
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Table 2.1 : High influencing radiation effect on specific space missions

Scenariacase of space mission Phenomena
High altitudes (GEO) - Electrostatic discharges due
to internal and external
chargephenomena.
Large structure moving in low orbit - Phenomenon of electrostatit
wake

- Discharges induced on the
power systems

PolarEarthorbit - Wake and surface charge
- Discharges induced on the
power systers

2.3.1Internal charging (deepdielectric charging)

Internal deep charging is the buildup of electric charges inside the spacecraft due to
the penetration of electrons with energies greater than 10 keV. Internal charging is not
generally considered as a threat in low Earth orbit due to the relativelyegpbogure

times and low flux of electrons with energies of a few MeV encountered in typical
orbits. However, during spacecraft equipments structural design phase it is considered
that because the deep dielectric charging phenomena depends on shieldimesshick

of the spacecraft, material properties especially conductivity of materials. It directly

effects cost, mass and volume issues.

The high energy electrons can go through the external surfaces of the satellite
(structure, MLI) and charge the internal dielectrics of the satgiaeé€r circuit boargd

etc). The internal charge phenomena are also sources of ESD. Unlike the external
charge, the accumulation of charges may take several months before triggering an
ESD. The means of prevention and analysis are far more complex than the internal
charge.

High-energy (E > 100 keV) electrons magve a possibility tgenetrate into the

deeper layers of theatellite, and establish negative potential on isolated parts such as
dielectric materials andloating conductors. The electrons may become trapped
(buried) in dielectric materials. Kapt@nand Teflo: are dielectric materials used
extensively on spacecraft (as thermal blankets) which poorly distribute electric charge.

The internal electric field will build up if the charge leakage rate is less than the charge
collection rate. A fluence of 107 10'el ect rons/ cm] (over a ti

the dielectric leakage rate) would builg a sufficient charge for arcirfgeung et al.,
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1986) The resulting arcing will appear as a pulse on the cabling and circuit board.
Pulse widths are usually in the tens of nanoseconds. Also, printed circuit boards with
islands of metallization will charge up like a capacitor. If a sufficient potential is

reached, arcing may result in upset or burnout of nearby semiconductor devices.

2.3.2External or surface charging

Surface charging is another concern for spacecraft missions. Surface charging is

caused by the interaction of spacecraft surfaces with the plasma environment, solar

radiation, highenergy electrons and magnetic fields. Comparing with MEO or GEO

environmentin terms of surface charging, the LEO environment is less dangerous.

Effect of this phenomena occurs when in the auroral zones where electrons are

accelerated down magnetic field lines. The inclination is an important parameter for

surface charging for sige missions as well. While significant charging cannot occur

at low inclination angle, the stsynchronous orbit environment can lead to significant
charging due to the fact that the inclinatioc
polar oriented. Cane quent | vy, t he most affected orbit

inclination, but the effect is negligible compared to other radiation.

Interaction of the surrounding plasma results in the charging of different surfaces of
the satellite at potentials that may be very high (several thousands of Volts) and this
high potential difference values between surface structures results in ESbBcgdlec
arc).As an indicator, most of geosynchronous satellite anomalies occur on midnight
to dawn sector (Lai & Cahoy, 2016) seen from Figlified

Such discharge phenomena may affect the satellite behavior which can be described

as:
1 Alteration of an equipment that may lead to the loss of the satellite,

1 In-flight anomaliedy change in the

There is a risk of electrostatic discharge whiea differential potential (difference
between the surface potential and the satellite potential) exceeds critical values such
as V > +500 V or V <1000 V. Or, when the field within a dielectric cross a critical
value that is E > 20 MV/m.

The charge phenomena are complex and depend both on the properties of materials

and on the environment. The studies of discharge on dielectric materials subjected to
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bombardment by a beam of electramsre initiated by the loss @f satellite system
functions the analysis osuchevens generallyconcluded that there was a charge

followed by the discharge on one®fa t e kcdmponents. s
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Figure 2.13 : Spacecraft anomaly records which are observed on geosynchronous
orbit (Lai & Cahoy, 2016).

There are two types of chang in the context opotentialof surfaces

1 Absolute charging Potential developed on the structure of the satellite, used
as reference. It is the equilibrium potential when the sum of electrical

exchanges with outside is null.

9 Differential charging: Difference of potential between a dielectric and the
structure of the satellite. When the dielectric is located inside the satellite, one

refers to an internal charge.

Absolute charging occurs when the satellite potential relative to the ambient plasma is
changed uniformly. Differential charging occurs when parts of the spacecraft are
charged to different potential relative to one another. Absolute charging is ong¢he ord

of microseconds. Differential charging typically occurs over seconds to minutes
because of capacitance considerations. The absolute charging of spacecraft surfaces
(relative to ambient plasma) is not generally detrimental; rather it is the possible
discharge effects from differential charging which can disrupt satellite operations.
Most of the undesired effects of charging are due to the discharge arcing, and include
physical materials damage and electromagnetic induction (EMI) generation (and

resultanttransient pulses). Ardischarges occur when the electric fields created by

29



differential charging exceed breakdown potentials. The arcs arewatbiohthe frame

of ~ nanoseconds) and-agrange charge distribution by purttitough (internal
dielectric breakdown), and by flashover between surfaces or between surfaces and
space. Shaet al. demonstrated that the average satellite discharge rate increases with
increasing geomagnetic activi(@hae et al., 1976pischarge consequences include
noise in both data and wiring. Arcing, although seen as the primary mechanism by
which spaecraft charging disturbs mission activities, is not the only consequence of
spacecraft charging. Other negative effects include sputtering and attraction of

chemically active species.

For the eclipse conditions, during the absence of photons, it is enough for spacecraft
to charge to extreme negative potentials even with modstaten and plasma
conditions(K; < 6) (Rubin and Garrett, 1979).

The space weather conditions for the Telstar 401 satellite incident can be seen in the
Figure 2.14 represented beloviere the electron density is significanlty increased.
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Figure 2.14 : GOES9 Space Environment Monitor data during January 1997 related
with TELSTAR 401 satellite failure due to energetic electrons (Courtesy
of NOAA).
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3. FUNDAMENTALS OF SPACECRAFT SURFACE CHARGING

Spacecraft surface charging refers to the accumulation of electric charge on the surface
of a spacecraft when it interacts with the space environment. This phenomenon is
particularly important in space because the space environment is filled with charged
particles, such as electrons and ions, as well as intense radidfioen a spacecraft
moves througlits orbit in spaceit can encounter these charged particles, which can
collide with the spacecraft's surface. These collisions can result in the trahsfer
electric charge to or from the spacecraft, leading to surface charjirtge
accumulated charge on the spacecraft's surface becomes too high, it can create an
imbalance of electric potential. When this imbalance is discharged suddenly, it can
generate a higknergy electrical discharge known as electrostatic discharge. ESD

events can potentially damage or disrupt sensitive onboard electronics.

Charged particlesmainly the electrons and ionsan interact with the spacecraft's
surface materials, causing degradation over time. The interaction can lead to surface
erosion, changes in material properties, and the creation of defects that may affect the
spacecraft's performance and longeviyirface charging can create electrical currents

on the spacecrdlike a circuitry, and these currents can interfere with the spacecratft's
attitude control systenf a sensor or actuator onboard satellite readsrroneous
information or a noise generated by these interference sigtitatade control system
perturbations may result in unintended changes in the spacecraft's orientation,

requiringan operational mode changescorrective maneuvers.

To mitigate the risks associated with surface charging, spacecraft designers employ
various strategies, including@pplying conductive materials or coatings to the
spacecraft's surface helps to dissipate or redistribute electric charge more effectively,
reducing the potential for surface chargifese surface materials are often specified
with high surface conductivitfGarrett & Whittlesey, 2012)
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Attaching conducting tethers to the spacecraft and allowing them to extend into the
space environment can provide a path for charge dissipation. The tether acts as a

conductor, allowing charges to flow along its length and away from the spacecraft.

Designing the spacecraft with shielding materials can help to minimize the flux of
charged patrticles reaching the spacecraft's surface. Shielding materials can absorb or
redirect charged particles, reducing the potential for surface charging.

Establishing proper grounding and bonding techniques within the spacecraft's internal
systems can help to prevent or mitigate surface charging effects. This involves
connecting conductive elements within the spacegtaftal ground points provide

a lowresistance path for electric charge.

Some spacecraft employ active systems that generate controlled electric currents to
neutralize or balance the spacecraft's charge. These systems can help maintain a stable

chargeenvironment and minimize the risks associated with surface charging.

Overall, understanding and managing spacecraft surface charging is crucial for
ensuring the reliable operation and longevity of spacecraft in the challenging space
environment. Main physical concepts behind the spacecraft surface charging are
briefly; photoemission, secondary emission from ambient plasman(y electrons

and protons)absolute andlifferential chargingconsidering plasmanteractions with

satellitesurfacesvhich will be discussed in this section.

3.1 Surface Charging and Current Balance

The primary challenge faced when placing a satellite in space is its charging process.
The satellite's surface is coated with various materials, including conducting layers or
dielectrics, which can lead to the accumulation of electrical charges duertxiitns

with the surrounding environment. According to the findings of Langmuir (1960) and
Chen (1965), when a spacecraft structure is exposed to a plasma, it behaves similarly
to a Langmuir probe. This means that the surface of the spacecraft cotbitsita
charges, causing the electrostatic potential of the probe to change in response to these
currents. The spacecraft potential is considered to be floating relative to the plasma
potential, which is assumed to be zero at a great distance from thitesadelce a
satellite starts accumulating charges, it enters a state known as spacecraft charging.

Various forms of charging have been identified in this context:
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C Surface Charging: This process can create a surface electrostatic potential
pattern that may vary across the satellite's surface and differs from the potential
achieved through absolute charging. Such a situation arises when the surface
elements of the spacraft are electrically isolated from the internal circuit or
when dielectric materials are present on the satellite's surface. In the case of
dielectrics, the charges can be located on the surface of the dielectric material

or within its volume.

o Absolute Charging: It is mainly considered as a structures or materials
surface potential itself induced by surrounding plasma and driven by
material properties.

o Differential Charging: Differential charging occurs when there are
discrepancies in surface potential across the charged pattern on the
satellite's surface. These discrepancies can reach high levels, often in
the range of thousands of volts, depending on the properties of the
materials involved and the presence of a-naiform environment.

Such high potential differences can lead to destructive surface arcing.
The potentials generated over a strongly charged surface material can
spread to less charged elements of the spacearsking the

surrounding electrostatic environment more complex.

C Internal ChargingInternal charging refers to the accumulation of charges
within elements inside the spacecraft body, even if they are shielded. These
charges are typically caused by highly energetic particles, particularly those
with energies exceeding 100 keV. These ipi@t can penetrate dielectric
materials or isolated conducting surfaces, posing a potential hazard when they

lead to breakdowns in insulators or electrical circuits.

Space plasma which is driven by energetic charged particle fluxes can either be
coll ected or emitted by the spacecraftos
and the net current is found as 0. The equaBidrrepresents this current balance

concept below.
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Where;
. = Overall pacecraft surface potentiallf around satellite configuration
le= Electron net current from primary electrons on surface,
li=lon net current due to ions on surface,
Ise= Net current due to secondary electron emislioalectrons
Isi= Net current due to secondary electron emission by ions,
Ibe= Net current due to backscattered electrons,
Iph= Net current due to photelectrons,
Ib= Net current due to active current sources such as ion beam, plasma thrusters etc.,
Is= Net surface current through other surfaces.

The different currents involved in equatidil can be estimated based on the
environmental conditions and properties of the satellite. The initial currents to be taken
into account are those related to the collection of ambient pl&ghen the spacecraft
potentials are maintained at constant values, the plasma potentials and currents adjust
themselves accordingly to eliminate any net current. In certain situations such as in
geostationary orbits or radiation belts, the potentials ok#tellite can in@ase to
several kilovolts due to the influx of energetic particles. This can lead to electrical
arcing between different components of the spacecraft structure, causing severe
damage to its elementnt GEO space envionment and under sever substorm cases,
net currents due to electron populations are quite dominant. Even under sunlight with
photce mi ssi on effect, spacecraft can be

potential due to the high plasrdansity and thermal energy.
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3.1.1Debye Length

The Debye length, also known as the Debye screening length, is a concept in plasma
physicsand electrochemistry. It is named after the Dutch physicist Peter Debye. The
Debye length represents a characteristic length scale over which charged patrticles in a

plasma or electrolyte solution interact with each other.

In a plasma or an electrolyte solution, charged particles such as ions or electrons are
surrounded by a cloud of oppositely charged partigiag;h creates an electric field.

This electric field affects the motion and interactions of the charged patrticles.
However, as we move away from a charged patrticle, the influence of its electric field

diminishes.

The Debye | engt h, oauantfiesele distance bvierevhichyhenb o |
electric field strength decreases by a factor of e (the base of the natural logarithm) from
its value at the particle's location. Mathematically, the Debye length is givar2 by
(Bryant, 1996)

g 0 (32)

where:

2 is the Debye length,

G is the permittivity of free space (approximately 8.854 X4@/ ( N). m
ks is the Boltzmann constant (approximately 1.381 X211K),

T is the temperature in Kelvin,

nis the number density of charged particles (ions or electrons), and
eis the elementary charge (approximately 1.602%11).

If the equation is simplified when the constapermittivity of free spaceld,
Boltzmann constantks and elementary chargee) above and written in 3.2 the
formula the simplified equatiobecomess 3.3 below
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The Debye length representstaracteristic distance scale for the screening of electric
fields. If the separation between charged particles is larger than the Debye length, their
interactions are weak due to the screening effect of the surrounding charged patrticles.
However, if the eparation is smaller than the Debye length, the interactions are not

significantly screened, and lomgnge Coulombic forces dominate.

In plasma physics, the Debye length is often used to characterize the behavior of
plasmas, including properties such as plasma shielding, plasma sheaths, and wave
propagationUnder assumption of 10 keV electron population with particle number
density of 1 #/m the calculated debye length is 744.37 m, for 25 keV electron
population with particle number density of 0.5 #nihe calculated debye length is
1664.47 m. During solar substorms, both electron flux and energy levels inétease
constant electroflux and number densityonditions, the debye lengihcrease with
increasing thermal speed or average energy of plasma popwatamesulin much

greater debye length with respect to spacecraft dimensions in GEO telecommunication
satellite case. Thigrocesgesulsi n negat i v esurfacéptentias boslld | ut e
develop in certain environmental conditions (Sims, 19%Jr eV to Kelvin

conversion, 1 eV is assumed torbaghly11604.5 K.

3.1.2Maxwellian Distribution

In generalMaxwell-Boltzmann distribution is a probability distribution that describes
the speeds of particles in a gas at a given temperature. It is named after James Clerk
Maxwell and Ludwig Boltzmann, who made significant contributions to the kinetic
theory of gass. It applies to an ideal gas, which is a theoretical model of a gas
consisting of a large number of norteracting particles. It assumes that the particles
obey classical mechanics and do not interact with each other, except for occasional
elastic collisions. The distribution describes the probability of finding a particle with

a certain speed within a given range. The shape of the distribution depends on the
temperature of the gas. Tapproximatediistributionfunction for the isotropic plasma

is given by the following equatioB.4 in the concept of basic plasma the¢fjon &

Wu, 1979)
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In this equatiori(v) represents the probability density function (PDF) for the speed v,

m is the particle massgkk s t he Boltzmannds constant
temperature in KelvinThe distribution shows that at a given temperature, the most
probable speed (peak of the distribution) is related to the temperature and inversely
related to the mass of the particles. As the temperature increases, the distribution
becomes broader, indicag) a wider range of speeds. Higher temperatures result in a
greater proportion of pacles with higher speedgs the particle mass decreases, the

the most probable spead the particles increas@he approximatednost probable

speed of the patrticles is represente@tdand found with global maximum point by

derivation off(v) with respect tor:

Y’y

T (3.5)

The average speed of the partiabesideal Maxwellian distribution ifound by 3.6.
The formula for the average speed can be derived by integrating the Maxwellian
distribution over all possible speeds and finding the mean value. The resulting equation

3.6 represents the average speed of the particles in the gas at a given temperature

gy Y
0

0 OF 0L QO (36)
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Figure 3.1 :Isotropic Maxwellian velocity distribution function, the picture on the

right represents the contours of constainttwo-dimensional velocity
space (Koskinen & Kilpua, 2022).
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3.2 Mechanism of Spacecraft Charging

Plasma is considered as neutral assuming that the electrons and protons are considered
having the same density. Due to the lighter electron mass, electrons velocity if much
larger than protons velocity and as a result the current of electrons is muchHharge

current of ions. The processaifrfacecharging is describeid Figure 3.2 andbelow:
1 Charging begins due to unequal ions and electrons current over surface.
1 Charge accumulates:
o Negative charges are decelerated reducing their current.
o Positive charges are accelerated.

1 Surface reaches its equilibrium potential when net current is zero.

©
/% (/A/O (/OO
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—0 —~ 0 o
e 9 —~®
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Figure 3.2 : Process of chargindue to the environment i charging over surface
due to slightly more negative charge concentratiangl2arge
accumulation towards potential differencé, Gharging continues until
the current balance is reached on surfagth negative potential in
this case

The charge phenomenon mostly depends on:
1 The environment (plasny@opulationdensity and temperature),
1 Theincomingsolarphotonsand the angle of incidence between the surface

1 The properties of materials (conductioesistivity, capacitance, material area
etc),

1 The éectrical architecture (groundimgetwork typé,

1 The geometnand configuratiorof the satellite.
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It is based on the balance of currents received and emitted from the surfaces. These
currents depend on the potential of surfaces. The equilibrium potential is reached when
the sum of currents is cancelled. The charge generally occurs during geomagnetic
storms or substorms characterized by the injection of electrons in the tail of the

magnetospherar(idnightsolar local hour 90:00.

The charge of the satellite is induced by an incident current of electrons and ions and
an outward current of electrons and ions of secondary emission depending on the

satellite potential. Process is displayedrigure 3.3and Figure 3.4elow:

Electrons (Ie)

Ise

Isi

In eclipse Ions (I1)

Ca

Figure 3.3 : Balance of currents caused by external charging, when the satellite is in
eclipse, ph=0.

Bal ance of currents descri bed 37helowhe f i g,

0 Qw
Qo

© 0 00 O m (37)

Spacecraft design rulder spacecraft charging includes the use of known materials
qualified for the problems of electrostatic charge. Very strict design rules exist to

produce a spacecraft with resilient for spacecraft surface charging such as:
No floating conductive surface (not connected to the ground),
No floating dielectric of large dimensions,

Rules regarding grounding,

- == =_ =4

Electrical design resistance to E8ients
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Figure 3.4 : Typical surface charging conceptsting on a spacecrdfguillemant,
2014).

In geostationary orbit, numerous observations were made over about 20 years:

1 The charge levels may rea€20 kVsin eclipse and may reach severd V 6 s

in sunlight.
1 Risk of discharge when the differential potentials exceed a few (0.5 to 5) kV.

1 The charge process may be either short teynscale of minutegsurface
chargeeffectg or long termby scale of days and weekmternal charge
effects.

9 The risk is maximum during periods of intense geomagnetic actiigh

may lead tayjuite high number density anenergies o€lectrons.

Typical charging mechanisms for geostationary telecommunication satellite is

visualized in Figure 3.5.
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Figure 3.5 : Typical spacecraft charging environment for GEO drbM a {V®d et z
al., 2013)represented by the saddle configuration due to inverted
potential gradient, the front side of the spacecraft is sunlit while the rear
side of thesatellite is not illuminated (shaded).

3.2.1Photo-electric Effect

The photoelectric effect is a phenomenon in physics that refers to the emission of
electrons from a material when it absorbs electromagnetic radiation, such as light
(Einstein, 1905) The effect was first observed and explained by Albert Einstein in

1905, for which he received the Nobel Prize in Physics in 1921.

Each material has a specific threshold frequency, which is the minimum frequency of
light required to initiate the photoelectric effect for that material. Below the threshold

frequency, regardless of the intensity of the light, no electrons are emitted.

When a photon (a particle of light) interacts with an atom or a solid material, it can
transfer its energy to an electron in the material. If the energy of the photon is sufficient
(greater than or equal to the energy required to overcome the binding en¢hng
electron), the electron can be ejected from the material.

In this case of the photelectric effect, ected electronfrom the material atomare
referred to as photelectrons. The kinetic energy of the phetectrons depends on

the energy of the incident photons minus the binding energy of the electrons in the
material.
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According to the conservation of energy, the total energy of the incident photon is
equal to the sum of the work function (the minimum energy required to remove an

electron) and the kinetic energy of the emitted electron.

The intensity (brightness) of the incident light affects the number of yettrons
emitted per unit time, but it does not affect their maximum kinetic energy. Increasing
the intensity of the light increases the current (rate of electron emission) but not the
energy of individual electron#n the case of geosynchronous satellites and the Earth
orbits, the incidentisible photons havapproximately2 eV of energyn averageat a
distance of 1 AU

The photoelectric effect has numerous applications, including photovoltaic cells (solar
cells), which convert light energy into electrical energy, and photoelectron

spectroscopy, a technique used to study the energy levels of atoms and molecules.
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Figure 3.6 : Clear view of the saddle poiriotthe spacecraft but the solar array
wing) with the barrier potential (arounid2865 V)and the inverted
potential gradient over the solar array coverg(@dG) and rear side
of the structure panel (CFRBf)owed by isosurface contours of plasma
potential visual is created in the Paravignogramfrom simulation
outputs

A saddle point refers to a point on a surface or in a function where the curvature in one
direction is positive (concave) and in another direction is negative (convex). As a

result, the saddle point is neither a local maximum nor a local minimum but rggrese

a critical point where the function changes from increasing to decreasing or vige versa
the configuration of potential barrier can be seen in Figuree3tfacted from

simulation results
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Graphically, a saddle point can be visualized as a point on a surface where the surface
curves upward along one axis and curves downward along another axis. It resembles

the shape of a horse's saddle, which gives rise to its name.

A barrier potential refers to the potential energy barrier that can build up on the surface
of a material, particularly in situations involving charged particles or electric fields.
When a material comes into contact with a plasma arnaironment with charged
particles, it can acquire a net charge. This charge accumulation leads to the formation
of an electric field near the surface of the matetia$ electric field creates a barrier
potential that affects the behavior of charged particles in the viditthermore, the
charged particles approaching the surface may experience repulsive forces due to the
electric field generated by the surface charge. If the energy of the particle is not
sufficient to overcome the barrier potentialyill be reflected or scattered away from

the surface.

The barrier potential can affect the energy distribution of charged particles near the
surface. The presence of the electric field alters the potential energy of the patrticles,
which can lead to changes in their kinetic energy and subsequent behavigarridre

potential can affect the charging dynamics of the surface. For instance, in a plasma
environment, ions and electrons can interact with the charged surface, leading to

charge exchange processes and modifications in the surface potential.

3.2.2Secondary Electron Emissior(SEE)

Secondary electron emission (SEE) is an important phenomenon in spacecraft surface
charging. When charged particles, such as electrons or ions, impinggpanegraft
surface, they can cause the ejection of additional electrons from the surface through
the SEE effect.

Charged particles, typically electrons or ions, approach the spacecraft surface. These
particles may be present in the space environment due to solar wind, cosmic rays, or
other sources. The incident particles strike the spacecraft surface, transfermangfso

their energy to the surface material. This energy transfer can result in the ejection of

secondary electrons from the surface.

When an incident particle strikes the spacecraft surface, it can cause the ejection of
secondary electrons through several mechanisms. These mechanisms include the

kinetic energy transfer from the incident particle to surface electrons, eletdiciron
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interactions, and electrgshonon interactions within the material. The secondary
electrons ejected from the surface are typically negatively charged. If the spacecraft
surface is electrically insulated or has limited conductivity, these secondary edectron
may be trapped or accumulate on the surface, resulting in the charging of the

spacecratft.

The accumulation of secondary electrons on the spacecraft surface can lead to various
charging effects. For example, if the spacecraft is negatively charged, it can repel other
negatively charged particles, creating an electric field around it. Thisielesitt can

affect the trajectories of charged particles in the vicinity of the spacecraft and
potentially interfere with the operation of sensitive spacecraft systems.

To mitigate the effects of surface charging due to SEE, spacecraft designers employ
various techniques. These may include using conductive coatings or materials on
spacecraft surfaces to enhance electrical conductivity, incorporating discharge devices
(sudh as electron emitters or conductive tethers) to neutralize the charge, and designing
shielding or grounding systeraasuring there is no floating et@minimize charging
effects.The yield of secondary electron and proton emission varies with the ihciden
particle energy, and has a maximum value at a specific energy Rossible results

of SEE are the surface discharge and electric arc phenavhe&taarehe high voltage

difference between dielectrics and condugtaisich can be seen from the Figure 3.7.

Figure 3.7 : Consequence of solar array cell sustained arcing due to hot electrons
(Courtesy of ESA).
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4, PARAMETRIC STUDY ON SPACECRAFT SURFACE CHARGING

In order to examine surface charging using SPIS, 4threensional (3D) simulation

tools should be used practically and iteratively in satellite conceptual design processes
in solving surface electrification problems. A telecommunication spacecraft located
on GEO orbit is modelled and meshed with GMSH geometry definitioroadad SPIS
considering a high capacity telecommunication satellite platform with dedicated
electricpower source (solar arrays). Version of software used is 6.1.0 with a release
date 23Jun2021.

4.1 Spacecraft Plasma Interaction Software

Spacecraft Plasma Interaction Software (SPIS) is a simulation tool which is used to
model the interactions between a spacecraft and the surrounding plasma environment.
The software core is based on a partioleell (PIC) algorithm, which is a type of
solver algorithm used to simulate the behaviour of plasmas. The PIC algorithm models
each plasma species (e.g. electrons, ions) as a collection of individual particles, and
uses these particles to represent the behaviour of the plasma as a whole. The particle
are tracked through the simulation domain, and their motion is determined by the
forces acting on them, such as electric and magnetic fields. The algorithm also
accounts for interactions between the particles, such as Coulomb collisions, which is
important for the correct simulation of the plasnfiégure 4.1, 4.2 and 4.3 represents

the SPIS modelling flow, electrical circuit and numerical solfiogycharts dedicated

for spacecraft and experimengalrface charging studies.

In addition to the PIC algorithm, SPIS also includes other numerical solvers and
models to account for different physical processes and effects that are important for
spacecrafplasma interactions. This can include models for the spacecraft's surface,
electric and magnetic fields, and the plasma itself. The software also includes a
graphical user interface for setting up and running simulations, and for visualizing the

results.
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SPIS is an operource software, which is widely used by academic and industry
research groups for studying the interactions between spacecraft and the space
environment. It can be used to model a wide variety of spacg@tasfna interactions,
including gacecraft charging, plasma thrusters, and the effects of the space

environment on the performance of sensors and communication systems.

It uses finite difference method, finite element method, and boundary element method.
it's compatible with different operating system such as Windows, Linux, MacOS and

its main program background is written in java.

SPIS is based on a variety of physical models and numerical methods to solve the
equations governing the plasma environn{®uaussel, 2001)The specific equations

that SPIS solves include:

1 Poisson's equation: This equation relates the electric potential to the charge
distribution in the plasmaSpecifically, the Poisson equation is a key
component of one of the Maxwell's equations known as Gauss's law for electric
fields. Gauss's law for electric fields states that the divergence of the electric
feld(E) at any point in space i s proportione

point. Mathematically, it can be expressed4s) & (4.4)
N T (4.2)

wherenfEi s t he divergence of the electric field
electric constant (also known as the permittivity of free space). The Poisson equation

for the electric potential is a partial differential equation that relates the chagiyde

to the electric potential. It allows us to determine the electric potential throughout

space when the charge distribution is known.

Solving the Poisson equation for the electric potential, along with the other Maxwell's
equations, allows us to describe and understand various electromagnetic phenomena,
such as the behavior of electric fields, the propagation of electromagnetic wales, an

the interaction between charges and fields.

1 Continuity equation: It describes the conservation of charge and current flow
in the plasmait is obtained by the integration of Boltzmann equation for zero
order momentd®V). It expresses the conservation of electric charge and relates

the behavior of electric current to the charge density.
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This equation essentially states that electric charge cannot be created or destroyed
within a given region of space. It implies that any change in the charge density at a
particular point must be accompanied by a flow of electric current into af dloét

point. This final form of the continuity equation states that the time rate of change of
the charge density plus the divergence of the electric current density is equal to zero.
It signifies that charge is conserved, and any changes in chargty geagbalanced

by the flow of electric current.

1 Momentum equation: This equation governs the motion of charged particles in
an electromagnetic fieldlt is obtained by the integration of Boltzmann
equation for first order momefultiply Boltzmann by and integratde over
d®v). It is a fundamental equation that relates the change in momentum to the
electromagnetic forces acting on charged patrticles. In its general form, the
momentum equation accounts for both the motion of charged particles and the
interaction between the eleatnagnetic fields and thearticles.

. . R , m e .
Grtp = @820 Ng 0 &p0® W (4.3)

By combining the momentum equation with the other Maxwell's equations and
appropriate boundarmgonditions, we study a wide range of phenomena, including the
motion of charged particles in electric and magnetic fields, the interaction of
electromagnetic waves with matter, and the behavior of electromagnetic devices and

systems.

1 Maxwell's equations: These equations describe the behaviours of
electromagnetic fields, including the electric and magnetic fields produced by

the spacecraft and the plasma.

Poisson equatioftom equation4.1:
"I (4.4)

Faraday equatiofor electromagnetic inductionritten inequatiord.5.
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The equation states that a thwarying magnetic field induces an electric field. The

curl (9 of the electric fieldE) is equal to the negative rate of change of the magnetic

field (B) with respect to time.

GaussoO6s Law f o rBdiresggneesequation equatod@s o r
280 T (4.6)

This equation states that the magnetic fi@lgi$ divergencdree, meaning that there

are no magnetic monopoles. Tinagnetic flux through any closed surface is zero.

Amp r e evgitenartequatiord.7:

6ot - W
wo® A b 5 4.7)

where A represents magnetic constant (permeability of free spate).curl of
magnetic field has direct relation to the electric current density and the rate of change
of electric field with respect to time.

1 Boltzmann equation: This equation is used to describe the statistical behaviour
of the plasma particles arttleir distribution functionThe equatior4.8 is
costly considering computational aspectsrgoright hand side of the equation

could be assumed as 0 for very low or zero collision frequency.

Vlasov equatiomepresented bghe equatiort.9 below.

e
=

o %% a, O PP T (49)

Q-
=y

48



i Particle kinetic equation: The equatimpresented bgquation4.10goverrs

the evolution of the particle distribution functions and account for processes

such as particle collisions, ionization, and recombination.
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Figure 4.1 : SPIS modelling chain schen@a(Thiebault et al., 2005

SPIS primarilyfocuses on solving plasma physics equations rather than electrical

circuit equations. However, when studying the interaction between a spacecraft and its

electrical circuit in a plasma environment, SPIS can consider some aspects of the

electrical circuit.In this context, SPIS incorporates a simplified representation of the

spacecraft's surface elements with electrical circuit to account for the electrical

interactions between the spacecraft and the plasma. This allows for the analysis of

effects such as gpecraft charging, sheath formation, and electrostatic discharges

simulations.
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The spacecraft's electrical circuit is typically modelled as a combination of resistors

(R), capacitors (C), voltage biases (V) and current sources (I). The values of these

circuit elements are specified based on the spacecraft's design features armhaperat
characteristics. SPIS uses a network solver, often based on the Finite Element Method

(FEM) or other numerical techniques, to solve the resulting system of equations.
Commonly a few tens kqb6és of resistmrs are in
in order to reduce the potential gradient between (Barde et al., Zidn&idering our

tel ecommunication spacecraft model , 50 kq b
between the solar array wings and spacecraft global gr@etaieen the solar array

front and back side, theeer e 30 Mqg r e s itogetherwith 2.85pEofi nt egr at e
capacitor to filtetransient noiseffects which is advised (Barde et al., 2015@neric

diagram of spacecraft circuit schematic is seen from Figurieeloiv.
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Figure 4.2 : Spacecraft generic electrical circuit schemé@Baillemant, 2014)
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The interactions between the plasma and the spacecraft's electrical circuit are then
accounted for through the plasma physics calculations performed by SPIS. The plasma
environment can induce charging on the spacecraft's surfaces, modify the currents
flowing through the circuit, affect the electrical potentials and electric and magnetic

fields formed around the spacecratft.

By combining the plasma physics calculations with the simplified electrical circuit
representation, SPIS provides a comprehensive analysis of the spguesrat
interaction, including the effects on the spacecraft's electrical behaviour. However, it's
important to note that SPIS does not provide detailed circuit analysis or solve complex

electrical circuit equations typically found in electrical engineering applications.
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courtesy Stanislas Guillemant
(IRAP, ONERA)
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Figure 4.3 : SPIS numerical simulation principles: E field, particnsport, plasma
i surface interactions and potential calculations with circuit solver
(Guillemant, 2014)

By solving these equations, SPIS can provide insights into various phenomena,
including spacecraft charging, plasma sheaths, electron and ion distributions,
spacecraft wake formation, and other plaseiated effects that may affect spacecraft

operations ad performance.

4.2 Telecommunication Satellite Model

The main reasons why SPIS program is preferred by many space environment and
electrification analysis guidelines are the easier modeling of different environmental
conditions, the integration of detailed th@ienensional satellite models into the
software and the broad surface material database which are used in satellites.

In our study, the spacecraft surfaces are modelled exactly as in a telecommunications
satellite positioned on geosynchronous owdiich can be seen from the Figure.4.4

The 3D structural reduced model of a higdpacity communication satellite in GEO

orbit was prepared withthen®&sh2 . 8. 5 program in fA. GMLO an
and based on a typical communication satellite dimensioning. The modeled
communication satellite has thragis stabilization control, 5 solar panel sections in

the northand soht wi ngs al ong t h eroud74 nd)i witketdplei on  ( t

junction (Cerium Doped Mgicoated) solar celkoverglas on the surface (+af
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equipment surfacam or mal ) . There are payload reflecto
direction. The satellite body structural panel surfaces are superficially and electrically

coated with a black and yellow kapton mudtyer insulation blanket. ThHeZ normal

surfaces of solar panel sections are defined by carbon fiber reinforced polymer (CFRP)

for both strength and | ight weight design co¢
the communication satellite are covered with optical surface reflectorR)(@®

thermal and radiative control. The Eafthicing +Z surfaces of thpayloadantennas

are covered with Kapte@ermanium insulation blanket to increase the elestiamtic

and thermeelastic pointing accuracy, while the aatirthi Z surfaces and edges of the

antennas are insulated with black kapton. The thin panel method was not used in the

solar panel and antenna section models, and the edge thickness was added to the

surface of the panels during the dimensioning of tttéasurfacesvhich are modeled

in 3D. Thesurfacematerial types and their electrical properties modelled on spacecraft

surfaces are given in the Talld below.

Figure 4.4 : Spacecraft surface material allocation visualized in SPIS, looking from
+Z direction (top), and fronZ direction (bottom).
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Spacecraft ground node is defined as the titanium single layer insulator locad on
side while the total spacecraft capacitance is set to a typical value to 1000°H.(10

In Fig. 1, and in the satellite model, although the satellite surface elements are seen not
completely in physical contact with each other, all surface elements are electrically
connected to the an#iarth-Z surface, which is defined as the groundnagle in the

SPIS electrical circuit identification environment. The absolute piateralues that

the surfaces will reach are subtracted from the absolute electric potential formed on
tshis surface, which is defined by Titanium, and the differential potential values of the

surfaces are obtained bguatior4.11
YT Bl m: Fréoltgm «<THw: 0aMag: < +u (4.11)

The simulation environment of treatellite is defined as the coordinate axes local
vertical i local horizontal (LVLH) axeswhich is displayed in Figurd.5 where H
vector is in +X, Kector is in +Y, Qvector is in +Z directiomepresentetly Figure 4.5
below.

- Fe = Earth-centered
Fu = Hill's Inertial Frame

Frame

A

(/

7 6x

FL=LVLH
Frame

J

Figure 4.5 : Local Vertical Local Horizontal coordinate axis representaiored
coordinate framevith redindicator vectorgWeiss et al 2018).

In this axis setting, the +X axis points to the position vector of the orbit, the +Z axis
faces the center of the Earth in the orbit, the +Y axis direction is perpendicular to the
orbital plane and is positioned in the opposite direction with the angalarentum
vector, and these three vectors are orthogonal to each other. LVLH and szuellite

configuration can be seen in the image inuFeg4.6below.
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Figure 4.6 : LVLH coordinate axes for the communication satellite. In the figure, the
X-axis is the orbital position vector, theaXis is toward Earth at 0@0
MLT, and the ¥Yaxis is in the opposite direction to the angular
momentum vectorQ. The + vector for the-gxis is in the south
direction in the satelliteodyframe

4.3 Spacecraft Surface and Material Properties

The structural and electrical properties of the surface materials assigned for the
selected satellite surface parameters are as indicated in thelTlabid=igure4.4, the
onstationflight configuration of the satellite and the types of materials assigned to the
surfaces can be seéhe electrical parameters given in Tabl& summarize some of

the structural and electrical properties of the materials applied on the 3D satellite
model surfacesSurfaces with values oft10 in bulk conductivity and susce
resistivity parameters (Kapton Germanium & Black Kapton MLIs, CFRP & Titanium)
are conductive materials. The conductivity performance of other surfacesogblar

coverglassOSR Kapton 2K is lower than these sudes.

There are numerous abbreviations of main SPI
conducti vi-t1dg,b f avrcondubtor§ (&tartfum, CFRP, Black Kapton and

Kapton Ger mani um) . APEEO is primary el ectron
maxi mum SEE yield. Al PEO is the incident proc
the maxi mum SEE vyieldsi $iSIREOt Y sinhehmau.r fiakE
photoelectron current (in A/fnfor normally incident sunlight (~2 eV photons for our

case). ARRRRAOaade range parameters which al
maximum (absolute) potential attainable before discharge occurs over corresponding

materi al in Vol ts. AATNO i s the atomic numb
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Table 4.1 :Material and electrical properties of spacecraft model surface materials.

Unit Param Titanium  SA CFRP OSR Kap- Kapton Kapton
(-2) CMG (-2) ( NY ton  Germ 2K
(+2) Black  (+2) ( NX
(ohm.m)> BUC -1 10%7 -1 1077 -1 1 1016
kg/m®  Density 4510 2000 1000 2000 1201 1200 1201
keV PEE 0.28 1 0.3 05 0.5 0.4 0.15
keV IPE 230 230 135 140 140 140 140
Oohn? SRE -1 101 -1 10 ~l -1 106
A/m? PEY 4x10°  2x10° 7.2x10° 2x10° 5x10° 2x10°  2x10°
ingst RPR2 220 156.1 300  183.1 3121 400 312.1
Volt MAP 10000 10000 10000 10000 10000 10000 10000
ingst RPR1 154 77.5 110 1163 71.48 80 71.48
NA ATN 22 10 6.34 10 5 6 5
NA MSEY 0.9 5.8 0.7 3.3 2.1 1 2.1
Volt MPD 11000 2660 11000 2660 1600 2000 1600
NA RCP 1 1 1 1 1 1 1
keV SEY 0.244 0244 0.413 0.455 0455 0.46 0.455
NA RPN1 0.8 0.45 1.9 081 06 2 0.6
(ohm.m)> RCC 10" 0 10™3 0 0 101 0
NA RPN2 1.76 1.73 1.04 186 1.77 1.5 1.77
NA RDC 1 3.8 1 4 3.5 1 3.5
m DTM 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001

The mesh and modelling environment feature of the designed satellite model, which

are optimizedvith the NETGEN algorithm (Geuzairde Remacle, 2009) in order to

save simulation time and increase the accuracy of the simulation environment, are as
follows. The average cell quality is calculated as 0.7496574, which is sufficient for the
large satellite model (recommended mesh quality .&7)0for surface charging
simul at i-W&l| e @VI2013RGenerated satellite model has mesh properties

listed below.

M1 # of tetrahedra: 219838,

1 # of faces: 451309,
1 # of edges: 274205,
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1 # of vertices: 42753.

Satellite model has conductor and dielectric materials on the surface listed in the Table

4.1 The conductor and dielectric material surface areas are as follows; for the sunlit

(iluminated) configuration on 00:00 MLT zone, the spacecraft hasri=3ds surface

area with dielectric material which is CERS covergtaggther with the Kapton (2K)

(6.67 nf) on the top floorg a t e IEarth deekpssirface, the total surface area with

dielectric material on illuminated satellite is calculated as 80.27The conductors

illuminated by the sunlight and solar photons are the antenna surfaces with +Z normal

(24.06 n?), the overall conductor area calculated2&06 m?. Thus, the overall

illuminated satellite surface is calculated as 104.31For the same satellite and solar

flux configuration, the conductors on the shadowed part of the satellite are(BERP

m?) and Kapton (black}24.06 nf) and Titanium SLI (6.67 R materials.The total

conductor material surface area on shadowed zones of satelateutated as 113.93

m>~The shadowed parts of the satellite are coc
South panels) (23.29n and Kapton (2K) coVeThetdalon NX sur
surface area covered by dielectric materials on shadowed parts are calculated as 41.6

m?. The total surface areatisen calculated a259.84 m.

The total surface area covered with conductor materials are 113.9&rm the
shadowed parts ar##.06 nt from the illuminated parts which results in 138 of
conductor areaConsidering the dielectric materials on satelliteCERS, OSR and
Kapton (2K), the total surface area is calculated?4s8m? in overall. These surface
area valuesepresenthe eclipse configuration on 00:00 MLT as well since the satellite
is not illuminated by photonsn t h e E a inthdédmidnight deciaho w

4.4 Space Environment Propertiedor Parametric Study

The communication satellite configuration was selected according to th@0"00
Magnetic Local Time (MLT) relative to the Suwhich is defined as the midnight
sector magnetosphergnder these conditions, the satellite can be modeléxbtim

sunlit and eclipse configurations under realistic environmental conditions and
simulation parameters. This time zone is defined as the satellite's local midnight or
midnight sector, and it is where GEO satellite is subjected to most of the spacecraft
surface chargingwing to high speed moving ions and electrons in the central plasma

sheet region as a result of geomagnetic storm.
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Figure 4.7shows thenagnetosphere atdLT and sectonomenclature. In the figure,

the Sun is on the left and the solar wind is pictured as it moves towards Earth. The
large red dots show the MLTs, that is, the Magnetic Local Time, and the black, blue,
yellow and orange colored regions within the Earth @&dbnter show the magnetic
sectors as midnight sector, morning sector, noon sector, and evening sector
respectively. The large black dots represent the GEO satellitelaR&.8he green

line represents a closed magnetag@awhile the red line is the bow shock layer. Also,
while the purple is the inner radiation belt, the brown represents the outer radiation
belt. The inner side of the green line is the entire magnetosphere region. On the day
side, the magnetopause is l@mhtat 10 R under the mean solar wind conditions.
However, when solar activities increase, the magnetopause can approach the Earth up
to 3 R, leaving the GEO satellite in the magnetosheath solar wind pld$nsecase

is dangerous for telecommunicatiortediites operating in the GEO belt due to the

exposition of energetic particles.

Magnetopause

1331111

Figure 4.7 : Schematic of the space environment at GEO orbit that provides MLT
and sector definitiongheEarth in the center is not to the scale. View
from the north.

For the GEO orbit, the magnetic field value, the orbital velocity of the satellite relative

to the particles, and the drift velocity of the charged particles relative to the satellite
are neglected in order to observe the effect of primary plasma paraagtéensity

and energy levels. Satellite surface charging was tested in two different scenarios, with
different ambient plasma parameters, both ursielit and in eclipse conditions.

When under sunlight, the phegmnission tag is switched and set to théfrom the

global parameters tab, and in the eclipse scenario, this tag is closed and the photo
emission event is stopped. The average energies of photons from the sun to spacecraft

are defined as 2 eV. The time to reach the equilibrium potential sirthaations was
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defined as 2000 sx(ound33 min.), all of the simulations converged to a stable surface
potential solution during this timaterval(Nakamureet al., 2018).

For the conditions with and without phedmission, first of all, plasma energies were
parameterized by keeping the plasma density in the environment constant. Then, in the
same physical conditions, this time the plasma energies were defined as condtant, a
the parameterization method was applied to the densities of the plasma populations.
Both electron and ion populations are chogetording tasingle Maxwellian plasma

properties

Kinetic energies of particles for a fixed electron and ion enevgfiguration; at 0@0O

MLT, it is fixed at 20 keV for electrons and 40 keV for idns for theeclipsestate.
Density values for electrons and ions required for simulation are defined between 0.5
#/cc and 2 #/cc (0,3.0, 1.5, 2.0 #/cc) for eclipse. Here cc is émand # is the number
densityof particles.

Kinetic energies of particles for a fixed electron and ion energy configuration; it is
defined as 20 keV for electrons and 40 keV foidts for thesunlitcondition at 00

MLT. Density values for electrons and ions required for simulation are defined
between 1.5 #/cc (#/cihand 30 #/cc (1.5 2.0, 2.5, 3.0 #/cc) forsunlit

In simulation scenarios where stable electron and idi plisma populations are
considered, the density of particles is defined as 1.5 #/cc sodkrconditions and
1.0#/cc undekeclipseconditions. In these scenarios, the energiasingfie Maxwellian
electron populatiors are defined at 2P5-30-35-40 keV energy levels irsunlit
scenarios, while simulations are performed witHl520-25-30 keV electron energies
in eclipse scenarios. In these simulations, the kinetic energies of thgHb6n)

populations were defined as 2 X(Ti = 2 x Te) (Nagatsumat al, 20217).

The statistical distributions of plasma populations in the environment were defined as

NGl obal Maxwelliando (singleTpapkimagooO3i hole
population) distribution for Hions, in which Liouville's theorem is applied (Sarrailh

et al., 2015)The plasma populations used for simulationssam@marizedn Table

4.2 and 4.3 below.
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Table 4.2 :Plasma parameters used in simulations with fixed energy levels

Ee (keV) Eo' (keV)  Ne(#cn?f) Ny (#cn)
Eclipse 20 40 0.5, ;8 1.5, 1.5
Sunlit 20 40 1.5, §8 2.5, 1.5

Table 4.3 :Plasma parameters used in simulations with fixed number density. levels

Ee (keV) E (keV)  Ne(#cm?) Ny (#end)
Ecipse  10.15,20,25 20,30,40,50, 10 1.0
30 60
sunli 20, 25, 30, 35, 40,50, 60,70, 1.5 1.5
40 80

4.5 Simulation and Analysis Results ofParametric Study

In this part of the study, the comparative examination of the simulation results and
their visualization are presented and analysis of the results are discussed. As an
example, simulation outputs feclipseand sunlit configurations are visualized and
presented in the figures below. The differential potential threshold limit value, which
can be called critical, is determined as approximatelypk\2 for the surface glass of

the cerium (Ce) doped Mgleoated solar paneoverglassin differential potentia
scenarios above this threshold, it is likely that a charge accumulation sufficient to
generate an electric arc will occur around the coverglass on the surface of the solar
panel (Ferguson et al., 2017). Secondary arcs may also occur in electronis witttuit

high differential potential difference (Cho et al., 20@5) surface structuresAn
example of converged surface absolute and differential potential evolution in electrical
nodes over time are given kigure 4.8 The simulation configuration in thgraph is
obtained when the phemission flag is on. The absolute potential is negative due to
the high energy level in the medium and the density of the electrons. \Wedwes
observed higher in theclipse(photoemissionis off) simulation performed under the
same ambient conditions because phestossion effects are present. While the
absolute surface potential value is a direct output from the simulation, the differential
surface potential is calculated by the subtractiogrounding node absolutefential

from the electrical node absolute surface potential as giv&ri in

The curvefit equations in the absolute and differential potential result figures were

created by accepting the mgaotentialvalues of the cerium doped silicon with MgF
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coating solar cell (CERS) coverglass (blue colored lines in the resultfitnise 4.9,
Figure 4.10, Figure 4.11 andFigure 4.12) in order to estimate average absolute
charging depth and differential charging thresholds which are obtained and computed

from the output of the simulations.

S/C Absolute Potential Evolution

-
o
2000 D‘-_‘ 1000 1500 200

Absolute Potential (V)

Simulation Time (s)

==@==Titanium 5L1 -7 ==@==S5A CERS MgF2 +Z OSR 2K Y =—@==Kapton 2K X

S/C Differential Potential Evolution

Differential Potential (V)

Simulation Time (s)

Figure 4.8 : Time variation of absolute (top) and differential (bottom) pote(al
under 20 keV electron energy in daylight configuration for a constant
electron densityre = 1.5 #/cc).

Absolute anddifferential potential evolution of spacecraft ground, OSR, surface
insulations on the surfaces of spacecraft platform and CERS solar ariayveetlas

are represented figure 4.8at the end of the simulation (2000 seconds ~34 minutes)
and the absolute potentials continues to decrease quite slowly. It is observed that the
differential potential evolution is stabilized and converged to a constant voltage values
at the end for surfacmaterials except insulations. The gradient potential of materials
(ground, solar cells, OSR) are quite identical, differential voltage on solar arrays are
positive on all simulation outputs which is a phenomenon defined as inverted potential
or voltagegradient(IPG1 IVG).

In Figure 4.9panels present the simulation resultsddipseconditions and for fixed
electron (20 keV) and ion (40 keV) energy configuration. In the top panel, it is seen

that the absolute potential of the surface decreases with a nonlinear trend as electron
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density increases. A simple curve fit for the mean surface potential evolution gives the
relation asy ¥ 315.92% + 2109.4%1 5945.5xi 2058.7 where y is the surface floating
potential and x is the electron number densitych drives theotentials on surfaces

From this figure and the absolute potential value at the grounding surface, the change
in differential potential is given in the bottom panekivd Figure 4.9As seen in the

panel, here too, a nonlinear differential potential trend was obtained with the increasing
electron density. When a similar curve fitting was applied, it can be obtained as y =
201.98%1 1161.1% + 2953.1x + 291.24. The differential potential threshold value of

2 kV, which is critical for the satellite solar panel in dofipse(Ferguson et al., 2017),

is seen on average at an electron density of about 0.8 #/cc. In environments above this

electron density, the risk of electstatic discharge for the solar panel also increases.
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Figure 4.9 : Variation of absolutéloating (top) and differential (bottom) surface
potentials(V) of CERS Mgk coverglass with electron and ion densities
for eclipseconfiguration (photeemission off). Note in the figure, the
vertical scales are different
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Figure 4.10 :Variation of absolutdéoating (top) and differential (bottom) surface
potentials of CERS Mgicoverglass with electron and ion densities
for sunlitconfiguration (photeemission on). Note in the figure, the

vertical scales are different.

Changes in surface absolute potential and differential potential of solar panel
depending on electron number density obtained when the communication satellite is
in sunlitconfiguration (photeemission flags on) were visualized in panets Figure
4.10respectively. These values show a significant linear variation compared to the
eclipse configuration and the relationship between the solar panel surface potential and
the plasma density can be approximated simply with a linear fit asy881.9xi

904.83. Similarly, the solar panel differential potential variation with density in the
bottom panel indicates a linear relationship as well and can be obtained as y = 650.18x
+ 668.38. In the simulation results, where the electrons with 20 keV energy in the
environment are above @#/cc, the differential potential value exceeds 2 kV and this
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increases the possibility of electric arcs that may occur in the solar paneie(4.10
bottom panel). This intensity value is equivalent to approximately 2.5 timeslthse
configuration. This is one of the most significant and important difference between the

eclipseandsunlit configurations.
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Figure 4.11 :Variation of absolutdéoating (top) and differential (bottom) surface
potentialyV) of CERS MgFk coverglass with electron energies for
eclipseconfiguration (photeemissionflag is off). Note in the figure,
the vertical scales are different.

The variation of the surface absolute potential and differential potential with electron
energies undegclipseconditions (in which photaonization effects are neglected) is
given inFigure 4.111n this figure, in the simulation, the plasma population densities

of the space environment were kept constant@#/tc foreclipse and 1.5 #/cc for
sunlitand electron densities were changed. The figure indicates that while the absolute
potential decreases somewhat nonlinearly with increasing electron energies and the
simple curve fitting for this variation gives the relation as y = 0.19432.985X -

93.337x- 776.63. The differential potential plot given in the bottom panel, on the other
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hand, shows a neimear increasing relationship with the increase in electron energy

levels and the relationship can be modeled by the equatianOy4684% + 25.147%

I 283.76x + 2059.9. Undeclipseconditions, 16 keV electron energy and above is
determined as the critical threshold value for the solar panel to surfiak¥ f

di fferential surface charging since one of
for 2.0kV is 16 keV and energy distributions above this value increase the differential

surface potential above 2 kV and the risk of arcing probability.
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Figure 4.12 :Variation of absolute (top) and differential (bottom) surface potentials
(V) of CERS MgFE coverglass with electron energies $omnlit
configuration (photeemission on). Note in the figure, the vertical
scales are different.

In the case of constant electron and proton density (1.5 #/cc), the mean surface absolute
potential in the daylight configuration exhibits a linear behavior with varying electron

energieseen from the Figure 4.1P)sing curve fit approach, the solar panel surface
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potential can be modeled linearly as y 216.23x + 1366.1 line. The differential
surface potential exceeds thé RV threshold for 25 keV electron energy levels,
increasing the risk of arcing that may occur in the solar paingl reminding the tips

of the wing expose to higher differential surface potentiald-igure 4.12bottom

panel, the change in differential potential, which increases linearly with increasing
electron energy, can be estimated by y = 88.98143.04. With a linear estimation,

it can be deduced that electrons with an average energy of 1.6 keV are at the potential
to create a differential electrification difference on the surface (solvedutive fit
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Figure 4.13 : The surface floating potenti@V) of the materials reached as a result
of 2000 s simulation under the conditions of constant electron and ion
density (1.5 #/cc) and electron energy €120 keV) insunlit (upper)

and eclipse (lower) configurations for absolute charging.

In Figure 4.13the satellite visualgdicate the potential differences betwesatipse
andsunlit configurations distinctively when the ambient conditions maintain electron
number density and temperature at 1.5 #/cc and Te = 20 keV). In the casgditof
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satellite the surfacehavemore positive potential than the ecligslwn to about

2500 V for Figire 4.13top panel). In the eclipse state, since the pleotgssion is
absent, the peak surface potential seemushlower (approximately 6400 V for the

solar spanel onFigure 4.13bottom panel) as there is no mechanism to limit the
negatively progressingurface potentialThe resulting simulation visuals of the
parametric study can be seen from the Figure 4.14 for the fixed energy levels and
varying electron number density in eclipse and from the Figure 4sLhlit, for fixed
number density levels and vargielectron and ion energy levels seen on Figure 4.16

in eclipse and on Figure 4.17snnlitconditions.
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Figure 4.14 : Surface potentiglV) evolution with constant plasma population
energy levelgind increasing electron densityeclipse configuration
0.5 #/cc (a), 1.0 #/cc (b), 1.5 #/cc (c), 2.0 #/coefdrtron density
levels

In Figure 4.13from the simulation configurations shown in the eclipse (bottom) and
sunlit (top), it is seen that the surfaces of the solar panel wings close to the body of the
satellite platform have more negative absolute floating potential, while the wing parts
far from the satellite have a higher surface absolute floating electric potential. In fact,
this is due to the reason that the surface plasma potentials of the completely conductive
black kapton, CFRP, Titanium materials on the satellite platfwody section side

surfaces and kapton germanium materials on the antenna surfaces remain in the lower

66



order of surface absolute charging in sunlit and eclipse conditions. As a result, surfaces
close to the listed materials (for example, the first section of the north/south solar panel
wing close to the platform) have similar surface potentials close tductine
surfaces. Such surface areas have the maximum absolute potential (in terms of
negative sign) on the corresponding satellite surface node perspective. For the solar
panel, this value is defined by the red curve shown imabis®lute potentialesult

curves the top panels of Figure 4.9, Figure 4.10, Figure 4.11 and Figurg Ad.2

result, it is seen that differential charging and electric arc formation on these surfaces
are less likely than other solar panel surface parts. The risk of electric arc in the solar
panel also increases with distance from the platform, becauabdblite potential of

the surface and the potential difference with respect to the grounding node in these
regions is higher than the part of the solar panel close to therplaffherefore, the
differential potential value increases at the solar array wing tips. However, such solar
array areas can be in the shadow of satellite body during the spksticds and these
surfaces may reside in the constant shadow multiple times during these solstice times

which occur twice per year.
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Figure 4.15 :Suface potential evolutiof\V) with constant plasma population
energy leveland increasing electron densitysunlit configuration,
1.5 #/cc (a), 2.0 #/cc (b), 2.5 #/cc (c), 3.0 #/coefditron density
levels
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Figure 4.16 :Surface potential evolutiofy) with constant plasma population
density for electrons and ions, ion energy level and variable electron
energy levels in eclipse configuration, 10 keV (a), 15 keV (b), 20
keV (c), 25 keV (d), 30 keV (e) electron energy levels.
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Figure 4.17 :Surface potential evolutiofv) with constant plasma population
density for electrons and ions, ion energy level and variable electron
energy levels in sunlit configuratio®) keV (a),25 keV (b),30 keV

(c), 35 keV (d),40 keV (e) electron energy levels.

Seen from the Figure 4.16 above that,
potential than the inner sections in the eclipse configuratindshe outer panels on
each individual solar array wing have greater surface potential rather than the first
panels near the spacecraft platform bdthe inner cell strings for the panels are under
risk of higher potential difference between the cell node and ground, and this situation

is more dangerous for the outer panels.
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5. THE WORST- CASE STUDY ON SURFACE CHARGING

In this chapter, the worstase scenarios defined in the context of vairous space weather
and surface chargingventsencountered bgatellites are described and analysed in
terms of determination of worstse surface chargirmpth in eclipse, transition and
sunlit scenariosNumerous spacecraft production and test guidelines propose that
satellites should be analyzed in terms of internal and surface charging within the worst
case environment contetd examine the boundaries of voltages and how much they
could evolveat most Some of the main concerns to know and analyse about is that the
solar array cell coverglasmverted potential gradienand the eclipse to sunlit
transitions.The IPG should not exceed the critical values for the evolution of primary
and secondary arcs, this phenomena is also driven with the transition since the
coverglass differential potentials could increase quite rapidly between the eclipse and
sunlit configiration. So that, specific transition scenarios for the woeste
environnent analysis is conducted as well as the eclipse and sunlit scembao®ext

topics are to analyse the worstse environment scenarios in the context of surface

charging.

5.1 SpaceEnvironment Conditions for the Worst-case Study

The worstcase space environment conditiamsl simulation studiesn literature are
summarized in th&able 5.1 belowHere, theECSS**, SCATHAL1** and MIL-STD
worstcase environments have two populations for each particle species (double
Maxwellian). The generic worstase charging environments in the satellite industry
are the ECSS, NASA andthe ISO (which is also named as SCATHAL1** here in this
study) standardd/alues of particle numbers in columns indicate the number density

of the corresponding electrons and ions p&r m
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Table 5.1 :Worstcase space environment plasma properties sumfitarindicates
environments with singi®axwellian plasma distribution (odd index),

fi** 0 indicates environments with doukiéaxwellian plasma distribution
(even index) for corresponding wotsdse environment.:Nepresents the

number density (# of particlesi?®) for electrons and ionshe energy is

in keV.
#lcm? | keV For Single Maxwellian For Double Maxwellian
Environments Environments
Worst-case #ofe #of Tofe Tof #ofe #of Tof Tof
Environment H* H* H* e H*
Nie Na,i Tie Tai N2e N2,i Toe Toii
ECSS* 1.2 1.3 27.5 28 0 0 0 0
ECSS** 1.2 1.3 27.5 28 0.2 0.6 0.4 0.2
NASA 1.12 0.236 12 29.5 0 0 0 0
GALAXY 15 0.0458 0.1 55.6 75 0 0 0 0
ATS-6 1.2 0236 16 29.5 0 0 0 0
SCATHA1* 2.5 2.9 22.8 128 0 0 0 0
SCATHA1** 2.3 1.3 248 28.2 0.2 1.6 0.4 0.3
SCATHA2 2.5 2.8 16.6 11.6 0 0 0 0
SCATHA1979 1.4 1.9 23.6 19.3 0 0 0 0

MIL -STD 0625 1.2 25.1 28 2.36 0.6 3.1 0.2
LANL -KIT 5 0.25 135 5 0 0 0 0

The same satellite configuration, 3D model and mesh structures with onboard
materials on the surfaces with the Chaptaretused in these simulation environments
as well to compare the benchmaeésuls obtained00:00 MLT position and satellite
solar array configuration has been selected, simulated and anatyzedns of
absolute and differential potentials special orbital transition from eclipse sanlit
configuration simulation is run undéhe same environmental conditionSeveral
studies on thevorstcase charging concluded that the LAKLT and SCATHAL*
environment is the worst one out of these since the number density is more than two
times the nearest environment which leads to the minimum grounding potantlals
great differential potentialboth in eclipse and sunlit scenaridgga t-®® | et al.,

2014 &Nakamura et al., 2018l is as well validated in our study that the simulation
outputs show about these environments are the swas&ts both in sunlit and the

eclipse conditions.

5.2 Simulation and AnalysisResultsof the Worst-case Study

Titanium ground potential was key factor for differential surface charging, the ground

absolute potential evolution can be seen in the table below for all of the worst case
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environmentsFollowing tables have the wortstase charging scenar

results in terms of absolute and differential potentials of surface materials of
telecommunication spacecraft moddtor the GALAXY 15 case, the sunlit
configurationof the simulation did not converge dueviery low number density of

ambient plasma population and the photons led to positive surface charging of satellite.

For the eclipse cases, since all of the cases represent the extreme space environments,
the satellite charged up to several negative &¥s result of hot electrons and ions
under eclipseFigures A.1, A.3, A5 and A7 indicate the surface absolute and
differential potential values for the eclip$@r the absolute potentials, the coverglass
potentials could reach arounti4 kV for the LANL-KIT environment at maximum

and reach arouneB.4 kV for the MILSTD environmentin between the resultant
absolutepotentials are sorted from the highest to the loi@sthe average potentials

LANL -KIT (-14.1 kV), ECSS*{12.2 kV), SCATHA2 {11.2 kV), SCATHA* (10.9

KV), GALAXY -15 (10.8 kV), ATS6 (-9.5 kV), SCATHA1979 (8.6 kV),
SCATHA** (-8.0 kV), ECSS** (6.9 kV), NASA5.8 kV) and MIL-STD (3.5 kV).

For the differential potentials, the coverglass material of solar cell could reach around
6.9kV for the LANL-KIT environment at maximum and could reach aro@rickV

for the MIL-STD environment at minimumn between the resultant differential
potentials are sorted from the highest to the loviestthe maximum potentials

LANL -KIT (6.9 kV), SCATHA2 (.4 kV), SCATHA* (5.3 kV), SCATHA** (4.3

kV), SCATHA1979 4.0 kV), ECSS* B.4kV), ATS-6 (3.35kV), ECSS** (3.3kV),

NASA (29 kV) and MIL-STD (2.1 kV). The dfferential potential of GALAXY 15

case did not generate a reasonable differential potential at the simulation end (which
is 150 \).

For the sunlit cases, the situation on the potentials are a bit diffenecs
photoemission is on during the charging simulatitims satellite charged up to several
negative kVs as a result of hot electrons and ions under eclipse, Figures2AA.4A

and A6 indicate the surface absolute and differential potential values for the eclipse
for Titanium, CERS CMG, CFRP and KaptoRor the absolute potentials, the
coverglass potentials could reach arou®d kV for the LANL-KIT environment at
maximum and reach aroundl.1 kV for the MIL-STD environment. In between the
resultantabsolutepotentials are sorted from the highest to the loasthe average
potentials LANL-KIT (-8.4 kV), SCATHA* (-6.2 kV), SCATHA** (-4.6 kV),
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ECSS*(-4.2KV), SCATHA2 (-4.0kV), SCATHA1979(-3.7KV), ECSS**(-3.1kV),
ATS-6 (-3.0 kV), NASA (-1.8kV) and MIL-STD (1.2kV).

For the differential potentials, the coverglass material of solar cell could reach around
5.4kV for the LANL-KIT environment at maximum and could reach arotr@kV

for the MIL-STD environment at minimum. In between the resultant differential
potentials are sorted from the highest to the loviestthe maximum potentials
LANL -KIT (5.4 kV), SCATHA* (4.1kV), SCATHA** (3.2kV), ECSS*(2.9 kV),
SCATHA 2(2.86kV), SCATHA1979(2.55kV), ECSS**(2.2kV), ATS-6 (2.19kV),

NASA (1.5 kV) and MIL-STD (1.0 kV). The differential potential of GALAXY 15

case did not generate a reasonable differential poteaditde simulationdid not
converge.

SA CMG MgF2 +Z Differential
Charging

6000

5000
—8—ATS6

ECSS Single
4000 ECSS Double
GALAXY 15

3000 —8—NASA

Potential (V)

i/

—@—SCATHA1 Single
—8—SCATHA2
—8—5CATHA1979
1000
—&— MIL-STD

—@— LANL-KIT
0

1000 1050 1100 1150 1200
Simulation Time (s)

Figure 5.1 : Solar array cell coverglass differential potenf\) evolution during
transition phase between 1000 and 1200C

The Figure 5.1 shows tleoser look oftransition from the eclipse to sunlit case for

the worstcase environments, where differential potential of the cell coverglass could
charge a little morby introducing the photemission The overshoot potentials could

be seen from the Table 5.2 shown below. It indicates the ECSS* case could lead to
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charge the coverglass material by around ~130 Volts, the second one is the
SCATHA** as the overshoot potential is around ~110 Volts and the LKNLand
SCATHA* are the third place for the overshoot potential which is areound ~35 Volts.
Those slight increment in differential potential could lead to reverse cuoeritse

electric circuits of the solar array stringben the solar cells experience the UV light.

Table 5.2 :Differential potentialVV) overshoot values according to Figure 5.1.

Environment PV Ma»
ATS-6 22
ECSS* 127
ECSS** -
NASA 5

SCATHA1* 33

SCATHAL1** 106

SCATHA2 -

SCATHA1979 19
MIL -STD -
LANL -KIT 34

The tables represented in tRRINEX, Table A.1 to A.7, describe the surface average,
minimum, maximum absolute potentials, differential potentials for the surface
materials solar array covergla€SMG), Kapton2K, OSR andTitanium. The OSR
material surface potentials could increase in the context of inverted potgatant
under the sunlit case for some environmenBALAXY 15, MIL-STD and
SCATHA1**) where the differential potential of this material is slightly positue

to bulk conductionand surface resistanpeoperties
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6. ESTIMATION OF SURFACE CHARGING USING CIMI AND SPIS

In this chapter, a more detailed proposed spacecraft surface chasgingation
methodology will be explained by investigation of CIMI model, simulation cases and
driving SPIS program with CIMI simulation output® predict absolute and

differential surface charging levels under hgsismaenvironmentases

Surface charging due to charge accumulation on spacecraft surface is one of potential
causes of spacecraft anomalies. High levels of differential potential may lead to ESDs
which may couple to spacecraft electronics and damage electronic componerits. Initia
ESDs may also trigger the generation of secondary arcs on high voltage systems
(Ferguson et al., 20).7Several occurrences of permanent solar array power loss in
space are believed to be related to such phenomena. For the next sections modelling
of a tdecommunication spacecraft in geostationary orbit, simulation setup will be

described and results are going to be discussed.

GEO satellite orbit slots are mostly under the effect of low energy electrons which are
trapped in the outer Van Allen radiation belts. It is in the very dynamic course which
is driven by the solar activity. In geostationary orbit, numerous observatiaes we
made over about 20 years and some of the findings from these observations include

followings:

1 The spacecraft charging events are quite long in outer Van Allen Belt in terms

of electron lifetime, which can be roughly ~100 dégkudepierre, 2099

1 Duringthe~7 2 mi nut es of Ear tpoténsal carcdecrepsse e t i

up to minus tens of kilovolts (kVs),

1 CME events take place up to several daybjch affect the duration of

electrons within the magnetosphere
1 Risk of discharge when the differential potentials exceed a few kVs,

1 The risk is maximum during periods of intense geomagnetic activity which

leads to high energies of electron injectibrough midnight sector
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1 Most of the surface charging anomalies are related with power issues that affect

the solar array subsystem which is a very critical component of satellite.

In the following sections, we first describe the models used in the prediction of the
spacecraft surface charging and then give the results. Since CIMI is the realistic model
of the inner magnetosphere, we drive SBilSulationsusingthis modelsoutputsby
obtainng magnetic local time (MLT)electron and protordistributiors of the

spacecraft surface charging events that occurred during a selected geomagnetic storm.

6.1 Comprehensive InnerMagnetosphere lonosphere Model

The Comprehensive Inndlagnetosphere lonosphere (CIMI) Model is a computer
model used to simulate the physical processes that occur within the inner
magnetosphere, the region of Earth's magnetic field that extends from the Earth's
surface up to about 1GEh radii. Magnetospheric configuration, Van Allen Radiation
belts and Earthés ring current can be invest
electron distributions in the magnetosphere, plasmasphere density, convection
currents, convection potenitend precipitation in ionosphe(eok et al. 2021 by this
numerical model. The inner magnetosphere model is subject to a variety of physical
processes, including the interaction of the solar wind with the Earth's magnetic field,
the acceleration and transport of charged particles, and the generation of
electromagnetic waves. Output of CIMI simulations can be extracted in different
formats such as XY (on equatorial plane) or RadiusMagnetic Local Time (MLT)

plots for single energy level or an enegpectrum range, and they can be listed in text
files or plotted with different colour palettéfsdesired. Radius of plots can be from

1.05 Re and extended up to 18 &d MLT can be varied from O to 24 in units of
hours. The quantities of energetic ions and electrons are taken as a simulation outputs
and taken from the simulations asnnidirectional total fluxes {Fe_toto &
fiFH+_tod output parameters) on geostationary orbit located on &@&h&includes

all the particles in all calculated pitch angles CIMI model The Figure 6.1 shows

the CIMI model numerical grid seen from the pole.

The CIMI model is basically an advanced version of Comprehensive Ring Current
Model (CRCM) (Fok et al., 2001) In the computational background, the model
couples the CRCM and Radiation Belt Environment (RBtK et al., 2011jnodel

in order to reach the high energy ion (between 0.1k&Z0 keV) and high energy
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electron (between 1 keV4.5 MeV) distributions, field aligned currents, potentials of
ionosphere and density of plasmasphere. There are 24 default energy levels of
energetic ions and electrons as an output of simulations which are displayed in the

Table 6.1shownbelow listed from lower to higher energy.

Table6.1:CI MI 6s default el ect r(ked)franthd i on f
simulation outputs.

Energy level Energetic lons Energetic Electrons
# (keV) (keV)
1 0.11942 1.23878
2 0.17029 1.90069
3 0.24284 2.91527
4 0.34630 4.46906
5 0.49383 6.84550
6 0.70422 10.4729
7 1.00424 15.9933
8 1.43207 24.3577
9 2.04217 36.9501
10 2.91220 55.7373
11 4.15288 83.4240
12 5.92212 123.581
13 8.44511 180.706
14 12.0429 260.217
15 17.1736 368.411
16 24.4899 512.510
17 34.9231 700.863
18 49.8010 943.343
19 71.0170 1251.90
20 101.271 1641.22
21 144.412 2129.54
22 205.928 2739.53
23 293.646 3499.41
24 418.720 4444 .29

The CIMI model is important for several reasonse CIMI model allows scientists

to study the complex interactions between the solar wind, the Earth's magnetic field,
and thecharged particles in the inner magnetosphere. This helps us understand how
the inner magnetosphere responds to changes in the solar wind, and how the
magnetosphere affects the behaviour of the charged particles within it.

The model can be used to predict the behaviour of the inner magnetosphere under
different conditions. This can help us predict space weather events, such as
geomagnetic storms, which can have significant impacts on human technology and

infrastructureThe model uses an advanced adveetidfusion equation (described in

79



equation 6.1jor solving particle phase distribution functidg) (Fok et al., 2014 and
Fok & Moore, 1997.
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Figure 6.1 : CIMI simulation grid and GEO satellite position located oY X
coordinates in R(Fok et al., 2021).
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The model can be used to predict the conditions that satellites will encounter in the
inner magnetospheias wel| allowing mission planners to design satellites that can
operate safely in this environmemurthermore, itcan be adapted to simulate the
dynamics of the inner magnetosphere of other planets with magnetic fields, giving

insight about the characteristics and behaviour of other planet's magnetosphere.

The CIMI model can be used to study the Earth's magnetic field and its variation over
time. This helps us understand how the magnetic field has changed in {Hepaist
propagetesand how it may change in the future according to model outputsall,

the CIMI model is an important tool for understanding the Earth's inner magnetosphere
and for studying the effects of space weather on the Earth and human technology.

In this project, in order to determirad predictthe depthand levelof spacecraft
surface charging otelecommunication satellite geostationary orbit, CIMI model is
preferred for generating electron and ion distributions for selected times of solar events
encountered in the past. Considering the electron distribution to determine surface
charging, the first @ out of 24 energy levels untdl2.5keV (level ¥ is included)

from the electron energy flux values are chosen to be fitted in the Maxwellian
distribution in order to generate the average energies and corresponding electron
densities encountered in geostationary orbit. Out of 24 energy levels, 24 of them are
selected for protons (for ‘Hons) to create a Maxwellian distribution fit to obtain

average energy level and proton density.

Threedifferent space environments based on solar events are selected in order to
simulate the radiation belt environment, then the electron and proton flux outputs of
the simulations are converted to differential energy density3(kév) spectrum

which is then converted to electron and ion denditiethe corresponding energy level

and fitted into Maxwellian distribution. It is then calculated by the fact that the
Maxwel l ian distributionds average values
calculatedand particle densities are interpolated for corresponding energy levels. For
the electrons, the Maxwellian distributions are computed considering theteege
different electrompopulations with different energies and densities, which is caled
Maxwellian distribution and for the ions, the distribution fit is computed by single
Maxwellian distribution, since the ions can be fitted into one single Maxwellian
population from the CIMI simulation proton outputs. However, the Maxwellian

distributionshape can not be fitted on the electron density spectrum since all the energy
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spectrum can not be covered with single Maxwell distribudiomto thepositiveskew

of theelectron flux andlensity output with respect to energyel. So that, there are

threedifferent Maxwellan distributionfitting curvesfor electron populations, one for

the lower energy electronsne for the medium energy electr@ml one for the higher

energy electrons.

6.2 Space Weather Simulation Cases

Solar storms and their associated space weather events can pose risks to satellite
operations, communication systems, and power grids. Scientists and researchers

continue to study solar activity to better understand these phenomena and develop

ways to mitgate their potential impact$hree real storm conditions are simulated

investigate surface charging phenomevith CIMI through the CCMC portal of
NASA which aredetaiked andtabulated in Tablé.2 below, DST graphs of these

eventsaand L1 satellite solar wind observations are seen from the Figure 6.2 and Figure

6.3 respectivelyAll these three space weather events are associatednaghetic

connectionsolar flares and high speed CMEs.

According to the Table 6.@nd Figure 6.2epresented below, he Dst ranges of these

solar storms (betwee@50 and450 nT) severe and quite intense geomagnetic activity

wasdet ected on

magnetic field is observed

periods of

sever al

days,

Table 6.2 :Space weather event short list for CIMI simulation cases.

Event Case Start Stop L1 Max Kp Max Dst
Spacecraft
2003 19 25 WIND 9- @20 -422 nT
November Nov 1518 @20 Nov
UTC 22-23:00
2005 May 12 19 ACE 8+ @15 =247 nT
May 912 @15 May
UTC 09:00
2015 March 16 23 WIND 8- @17 -234 nT
Mar 1518 @17 Mar
UTC 23:00
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Figure 6.2 : DST (nT) grapls of selectednonths duringstorm conditions, image
taken from Final DST Archive World Data Center for Geomagnetism,
Kyoto (Nose et al., 2015).
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6.2.12003 Novembemhalloweenstorms

On 18 November 2003, a full scale halo CME occured on 08:50:05 UT near the source
location NGBE18 region. The appearent velocity was 1659 k{199 km/s space
speed)andfollowed several M class solar flare evenise CME ejecta (shown in
Figure 6.5was associated with the active region (AB%01 between 07:36 and 09:00

UT which develop M clasX-ray flares shown irFigure 6.40bserved M class solar
flares have a magnitude of 3.2 and 3.9, between 70886 UT and 08:12 08:59

UT respectivelySrivastava, 2005)

07:57U0T

08:31 UT

Figure 6.4 : Flares observed in i§between 07:34 and 08:@h 18 November 2003
UT occured on AR 10501

GOES X-Rays: 2003/11/18 10:26
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C2: 2003/11/18 10:26  EIT: 2003/11/18 10:24 08:00 10:00 12:00 14:00

Figure 6.5 :Halo CME occured on 18 November 2003 08:50derved by
SOHO LASCO C2 coronograpthe ejecta shown on the left and the M
Class solar flares are presented on the rightourtesy of Lockheed
Martin Solar and Astrophysics Laboratory
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On 20 November 2003, another full halo CME is observed on 08:06:05 UT having 669
km/s appearent speed (1173 km/s space spattd), M9.6 class solar xay flare

which is observed between on 07:36 and 08:12 UT. The flare again originated from

the AR 10501 active regionith an eruptive magnetic flux romructure(Grechnev
et al., 2014)The SOHO LASCO C2 observation can be seen frorfithee 6.6.
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Figure 6.6 : Halo CME occured on 20 November 2003 @&05UT observed by
SOHO LASCO C2 coronograph, the ejecta shown on the left and the
M9.6 Class solar flares are presented on the rightourtesy of
Lockheed Martin Solar and Astrophysics Laboratory
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From the observations of GOES 10 satelliteasurements seen from the Figure 6.7
above electron (E > 0.6 MeV) flux increase on GEO orbit startbmMNovember
2008, having an increase &dur order of magnitude from #@o 1 e/(cn?s sr) flux
levels during2l May and stays at high level unidlecemberAs seen from the figure
above, the main driver of proton flux increase is ti&@&olar flare observed az0
November08:06:05UT. The event duration is arourll5 days in terms of high

energetic electron flugersistence on GEO orbit

6.2.22005 Maysolar proton event

On 13 May 2005, a halo CME is observed on 17:12X05having a 1689 km/s of
appearent speed (2171 km/s of space sgead)ng to solar energetic proton (SEP)
event.An M class solar Xay flare was observed just before the event on 16:13 UT

having a magnitude of M8.0. The CME ejecta and theflares are displayed on

Figure 6.8 below.

GOES X-Rays: 2005/05/13 17:22
T T T T T T T

N

Y

M 1 . 1 : 1
C2: 2005/05/13 17:22  EIT: 2005/05/13 17:07 16:00 18:00 20:00

Figure 6.8 : Halo CME occured on 13 May 2005 17:12:05 UT observed by SOHO
LASCO C2coronograph, the ejecta shown on the left and the M8.0
Class solar flares are presented on the rightourtesy of Lockheed
Martin Solar and Astrophysics Laboratory
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Figure 6.9 : GOES10 space weather monitor summary efay, eand g fluxes
and magnetifield sensor measurement recordsrfamthMay 2005.

From the observations of GOES® &atelliteseen from the Figure 6.9 abgwdectron

(E > 06 MeV) flux increase on GEO orbit starts o May 2005, having an increase
of threeorder of magnitude from £@ 1 e/(cn?s sr) flux levels during@May and
stays at high level until2ZMay. As seen from the figure above, the main driver of
proton flux increase is th#18.0 solar flare observed or8May 16:13 UT and the
magnetic cloud arrivalThe event duration is arouddlaysin terms of high energetic

electron flux

6.2.32015 Marchflux ropeevent

On 10 March 2015a halo CME is observed on 03:36:05 UT, having 1040 km/s of
appearent speed (1156 km/s of space speed), originated from the S15E40 location by
solar Xray flare with an intensity of M5.1 observed on 03:19 Ufe flare and the

CME can be seen in the Figure 6.10 below.
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Figure 6.10 :Halo CME occured on 10 March 2015 17:12:05 UT observed by
SOHO LASCO C2 coronograph, the ejecta shown on the left and the
M5.1 Class solar flares are presented on the,rigltiourtesy of
Lockheed Martin Solar and Astrophysics Laboratory

On 15 March 2015, a halo CME observed 01©1:48:05 UT having 719 km/s of
appearent speed (932 km/s of space speeidjnated from the S22W25 location by
solar Xray flare with an intensity of C9.1 observedstarting time01:15 UTleading

to flux ropeeventwhich can be clearly seen in the Fig6rel.

GOES X-Rays: 2015/03/15 02:36
1073F T T T T T T T
X
M
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C w(\}\/’
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el
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Figure 6.11 :Halo CME occured on 15 March 2015 01:48:05 UT observed by
SOHO LASCO C2 coronograph, the ejecta shown on the left and the
C9.1 Class solar flares are presented on the, iiigloburtesy of
Lockheed Martin Solar and Astrophysics Laboratory
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Figure 6.12 : GOES13 space weather monitor summary efay, eand g fluxes
and magnetifield sensor measurement recordsrfmnthMarch 205.

From the observations of GOES 13 satelligen from the Figur@12 abovedectron

(E > 0.8 MeV)flux increase on GEO orbit starts on 17 March 2015, having an increase
of two order of magnitude from @ 1 e/(cn?s sr)flux levels during 18 March

and stays at high level until 26 Mardks seen from the figure above, the main driver
of proton flux increase is the C9.1 solar flare observed on 15 March 01:46dJhe
magnetic cloudrrival. The event duration is around 9.5 daygerms of high energetic

electron fluxwhich is quite long in terms of geomagnetic activity

6.3 CIMI Simulation Run Results

CIMI outputs for 00:00, 06:00, 12:00 and 18:00 MLT are illustrated inreig\.1 to
Figure A.12where the electron flux values are displayed on (a) and proton flux values
are displayed on (b) panels with time as the horizontal axis in the figureeda th
figures, we see the variation of the electron (a) and proton (b) fluxes with different
energy levels shown in colour during the geomagnetic stolRoeémber 21, 2003,
May 15, 2005 antMarch 17, 2015. If we look at the electron flux levels very carefully,

we can see that although electron density fluxes at all energy levels increased during
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the last part of the figure that corresponds to the main pludisthe geomagnetic
storms, especially electrons with energies less than 24 keV energy levels increased
considerably with respect to their levels during the previous days. This is very
important resuland need to be inspected carefligcause it is very well known that

the spacecraft surface charging is especially caused by the low energetic electrons with
energies less than 50 keV. In contrast, in the bottom pameéach figurevhere the

proton fluxes at different energy levels is shown, we see that the proton fluxes at all
energy levels show a steady decrease throughout the storm interval and especially
decreased to very low levels during the main phase of the storm. For surface charging
analysis, simulation point at the tin# November 2003 09:59 UTC, 15 May 2005
19:49 UTC andl9 March 201516:44UTC wereselected as input to drive the SPIS

3D model at four GEO orbgectionlocations with different satellite configurations
since it is tle highest level of flux with the lowemergy during the simulated time
interval. Thesetime slotsalso corresponds to the quite highu&lue.

For each CIMI simulation case, the midnight and dawn section electron and ion flux
are quite high as seen frdangure A.1 toFigureA.12 relative to the noon and dusk
sections.It is as well seen from the the electron flux snapshots in the pfane
displayed on Figures A.13, Figure A.15 and Figure A.17 that between the energy levels

of 4.47 and 6.85 keV is concentrated between the midnight and the dawn regions.

From here, the effect of satellite body and solar array configurahoBEO orbit
which dramaticallyaffects surface chargindue to the fact that the solar array
coverglass materials are positively charged under sunlight withjeinaission case,

will be introduced as inverted potential gradient from the ground potential since it will
be creating a differential potential whichrelatively positive to other surface materials
on satellite surface€Qther surfaces of the satellite, such as spacecraftfmtbls, are

the parts which rotate with respect to the photons coming from the Sun.

6.4 CIMI Post-Processing andlri -Maxwellian Distribution Fitting

After obtaining the simulation resuligr the four MLT sectionfrom the CIMI model
grid, theoutput values such as electron and proton fluxes are converted to density and
energy values through Maxwellian environment fitting psscFor electrons; triple
Maxwellian plasma environment is chosen to be fit in order to separate the SPIS

plasma populations into three different energy levels; low, middle and higheyenerg
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levels For protons; a monblaxwellian plasma environment is chosen to be fit due to
the fact that it suits well for the distribution of CIMI proton population outputs. In
order to convert the total electron and proton flux values to density and energy levels,

first the differential density spectrum is calculatedth equation6.2 represented

below
Te %00
o % p
wp —5 (6.2)
ado P

Where c is represented as speed of light? is represented as electron rest energy, E
is corresponding energy level and s yepresented as the total electron flux for this
energy level, which is time and location dependent plasma value af-arekach
default energy level represented in Tabld, energy differential density values
(#/keV) are calculatedAfter obtaining the avalues from 1 tb12.5 keV energy
interval the density distribution of electrons is separately fitted into tkiabewellian
plasma environment with therobability density function RDF) function with

equation 6.»elow. Example of Maxwellian disbution can be seen in FiguBel3.
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After calculation of the trMaxwellian environment plasma properties, the average
Maxwellian plasma population energy is calculated veitjuation 6.4represented
below. Calculating the average population density value in keV, the particle number
density value is interpolated between the densities between two energy levels and it is
performed for all electron populations. The procedure is same as weiefprotons
however, the rest energy of protons is updated ittt this time. The general data

flow is represented ifrigure6.14.

. q
O C =, €P® WY (6.4)

Theequatior6.4results in theverage energy of given population, from this parameter
we introduce the particle number density 6f @opulatiors by linear interpolation
betweentwo consecutiveenergy levelsThis calculated average energy is directly

given to SPIS as an input for surface charging simulation condition.

- V:L,,L\‘Lif A ,JJ

CIMI Model Inputs T A

-> 3D Magnetic Fields

-> lonospheric Electric Potentials

-> lonospheric quiet-time & auroral
conductances

-> Salar Wind velocity, density, B field,
Dst, AE, AL @ L1 point

CIMI Model Qutputs

Electron &t Proton fluxes

1.23 - 125 keV for electrons
0.1 - 420 keV for protons

Post-processing

Fitting Maxwellian Distribution
Tri-Maxwellian for electrons
Mono-Maxwellian for protons

SPIS PIC Simulation in 3D
e ™)
Driven with outer radiation belt plasma
model data extracted from CIMI
-> Plasma population densities and
energies

Surface charging is simulated with
plasma data calculated for midnight,
dawn, noon and dusk sectors

Figure 6.14 :Data flow chart and processing fmupled CIMISPIS simulation
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For 19 March 2015 6:44 UTC datesthe trtMaxwellian plasma populations are
calculated according tequations 6.2, 6.3 and 6which can be seen iRigure 6.15

and single Maxwellian population densities are shown in Figure 6.16 for2ans.
November 2003 09:59 UTC, 15 May 2005 19:49 UfESults can be seen in the
Appendix A sectionAlso, Table 6.3resents the properties of the plasma populations
in detail.As an exampletis seen from th&igure 6.1%hat all plasma populations are
very well represented by the-taxwellian plasma ditributionand Figure 6.16 that

all of the ion distributions are quite well distributed for 2015 case sthidye,
especially for the midnight (00:00 MLT) point, the plasma populations density values
are quite high with respect to other MLT locations. At such simulation time, it is as
well seen fromFigure A.1 to Figure A.12n the panel (a) and (b), there are quiet
increasing and higher flux levels of high energetic electrons meanwhile the energy

levels of protons are decaying starting from the early tionesl of the events

The resuts of this process and obtained outpartsboth electrons and ionare
described in the figures belowhe plasma parameters can as well be seEigires
6.156.16 A.19, A.20, A.21, A.2and Table6.4, A.8 and A.9
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Figure 6.15 :Obtained results of Maxwellian fitting procdss electrondor March
2015 cas€19 March 2015 16:44 UTCELIMI electron density (#/cf)
curves (blue) and taxwellian fit population density curves (Idgw
mid i high) for midnighti 00:00 MLT (a), dawn 06:00 MLT (b),
nooni 12:00 MLT (c) and dusk 18:00 MLT (d).
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Figure 6.16 :Obtained results of Maxwellian fitting process for protons for March
2015 cas€19 March 2015 16:44 UTCELIMI proton density (#/cq)
curves (red) and morilaxwellian fit population density curves (blue)
for midnighti 00:00 MLT (a), dawn 06:00 MLT (b), noori 12:00
MLT (c) and dusk 18:00 MLT (d).

Table 6.3 :Plasma parameters calculated for 19 March 2015 16:44 UTC from CIMI
outputs prepared for SPIS simulations.

00:00 MLT €1 €2 €3 p*
Density (#/m) 590431 228440 159156 691484
Energy (keV) 7.978 23.936 95.746 28.085

Si gma 5 15 60 17.6

06:00 MLT
Density (#/m) 517432 267805 173848 356212
Energy (keV) 6.861 36.862 122.874 24.734

Si gma 4.3 23.1 77 15.5

12:00 MLT
Density (#/nd) 114245 162610 161080 282151
Energy (keV) 6.702 135.640 186.704 24.734

Si gma 4.2 85 117 15.5

18:00 MLT
Density (#/m) 190895 144976 94237 572027
Energy (keV) 4.468 82.979 180.321 35.106

Si gma 2.8 52 113 22
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Figure 6.17 :Communication satellite solar array configuration with respect to
MLT.

Considering telecommunication spacecraft
GEO during an orbital period, four different places are determine@0Qa@LT

(midnight side), 0®0 MLT (dawn side), 120 MLT (noon side) and 180 MLT

(dusk side). I n order t o mreasey withsrgspecte cr a f
to Sun especially the solar array configuration, solar arrays are rotagge©6 hours

as the frontal side ddrrays pointing towards the Sun on GMSH software, since the

solar array tracks the Sun in the frame of angular information provided by-aesbi

sun sensors onboard with threex i s st abi li zed satellite

rotated solar array cowgfurations are represented in #igure 6.17.

Solar Declination

30
20
10

-10
-20

-30
0 60 120 180 240 300 360

Day of Odd Year

Declination angle
o

Figure 6.18 :Solar declination angl@) with respect to day of the year.

InNntroducing a satellitebds attitude with r
realistic Sun angle is calculated with following process by determining the solar
declination angle at a given dafRoy et al, 1989) Firstly, the day number is

calculated in radians for the day yearnumber(J) by equation 6.5then the solar
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declination angle is obtained by equatié®. The solar declination angle varies
bet ween3t h®e Nobetwaertwa solgtieenin winter and summer
¢“0 p
T ooU (6.5)
1 TBIMTO I wwuplcdd 18t x ™ QB
mum e A r 8 OEgt

T TT ¢ PAU) X&F
mrnp 1QEdT i OQQOE i

(6.6)

Table 6.4 :Calculated solar declination anglgad. and) for simulation dates.

Day of the year Day Angle Declination Declination

(DOY) (radian) a (r a ua (e
78 (19 March) 1.3254 -0.0149 -0.8562
135 (15 May) 2.3067 0.3259 18.6736
325 (21 November) 5.5946 -0.3487 -19.9809

The Table 6.4above indicates that there are three different solar declinations with

respect to satellite, theolar declination in thdirst row (for DOY 78 which is 19

March) indicates the satellite model is in eclipse seasdnch is dated as 2P1

March,si nce the solar declination is near arou
simulation is un for 19 March 2015. On the second r@far DOY 135 which is 15

May), the soladeclination is quite positive and neway the maximum (+238 e As

the solar declination is positive, satellite receives the solar photons from the north

panel(from -Y direction)since theEarthproceed to reach the summer solstice, which

is specificallydatedas20-21-22 June. As presented in the third r¢fer DOY 325

which is 21 Novembey)solar declination is quite negative aroudO e . Il n this cas
the spacecraft gets the solar photons from the southern parts (from +Y direction) as

the Earth appro&es to winter solstice dated @@-22 December.

On SPIS, the incoming solar flux is represented in simulation runs asYaZ X
directions by defining aolar fluxunit vector. This vector is calculated for given DOY

datesas presenteih the Table 6.5
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Table 6.5 :Solar declinatiorvectorcomponentsnd its orientation.

DOY cos (0 si n( 0 Orientation
of Solar
Declination
78 (19 March) 0.9998 -0.0148 Southern
135 (15 May) 0.9473 0.3201 Northern
325 (21 November) 0.9398 -0.3416 Southern

The satelliteandtheunés configuration with respect
in theFigure 6.19 andFigure6.20 acording to the solar declination calculations and

vector components in horizontal and vertical daisthe 15 May (DOY 135) and 21
November (DOY 325) dateShere is no third axis component of the solar declination

in major MLT locations (00:00, 06:00, 12:00 and 18:00); however, it could be
introduced when a simulation is considered to be run in between these major MLT
points such as 03:00 or 09:Dueto the fact that the March event is in the equinox

period, it is not visualized owing to small vertical sun vector component.

B

Figure6.19:Sat el |l iteds configuration with res:s
2003, 00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (d)8:00 MLT (d)
the solar declinationis1 9. 9 8 e an dyYvecwrinelWlitHe d i n
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Figure6.20:Sat el |l i teds configur atbiMay@dds5wi t h respec
00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (c), 18:00 MLT (the

solar declination is +18.67¢ and orie

For all of the simulation casedhe horizontal component of solar flux is aligned
through A+Z0 for the 00: 00 MLT configuratic

component i's aligned through #A+X0 direction
component i s add gaed t &rVaTh dpidigurdti@n; the
horizont al component of t h-X0 sekatorfl unddrs

assumption of LVLH coordinatesvhich is a body centered orbital frame

The orientation of the vertical component of the solar flux depends on the solar
declination angl eds v erablei6d Bor 19dMarahp26015e nt di s pl
case, the vertical compon¥&pnt vettohesismtc¢art |
configuration of the sol ar de(duthpaae)i on i s ne
wall of the satellite under the eclipse season. For 15 May 2005 case, the solar

declination is positive and solar photons reach orii¥é (north panelwall on the

satellite, the vertical component of solar flux is throfigkovector.For 21 November

2003 case, the solar declination(souh negati ve
panelwal I on the satellite, the w¥atviecatlorc.ompo!
Remember, the northern pifat aodmspandaledn mdmaam

panel 6s nor maTlheveicHXax wvesctiiotryor.epresents the

satellite, the fA+2Z0 v estattirgromthecentdnaofmasg h geocen
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ofsatellite Last !l vy, the A+YO vector is through

("Q vector, which is towards south panel of spacecraft model

6.5 SPIS Simulation Run Results with CIMI Inputs

Here in this part, SPIS plasma interaction simulation run results will be discussed with
relation to their surface absolute and differential potential levels and visuals will be
presented3D surface absolute potential values (V) are plotted with same axis scaling.
The outputs of SPI'S simulations are save
of the simulations in order to visualize the results on batieolute potentiadcaling

in Paraview progranthree events are visualized in different displ&ygure6.21 for

the November 2003, Figu6e2?2 for the May 2005 and Figuée23 for the March 2015

casesvhich are displayed belaw

The results shown in Tab&e6 to Table 6.%re numerical outputs of surface charging
simulations that are driven by CIMI model grid outputs from four different MLT
zones. These numerical values are interpreted as a differential charging indicators
considering three different alarm levels; norngae€n dot), warning (orange dot) and
risky (red dot). Green dot indicates that there will not be a surface charging anomaly
from the surface charging aspects since that the differential potential values are quite
low (< 1000 V) for the CMG material. Thesdts indicating there will be no surface
charging anomaly are 00:00 and 18:00 MLT for 21 November 2003 case and the 00:00
for the 15 May 2005 case.

Considering that the differential potential vary between the 1000 and 2000 V are
indicated as orange dot which may cause a risk for the CMG coverglass material and
create aarc, the 15 May 2005 18:00 MLT and 19 March 2015 00:00 vesesisky.

Other than that, the 06:00 and 12:00 MLTs for November 2003 and May 2005 cases,
the eclipse (00:00), 06:00, 12:00 and 18:00 MLTs for the March 2015 cases indicate
that the coverglass differential potent.i

critical value for generation of a sustained arc phenomena.
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Figure 6.21 :21 Novembef003 case SPIS simulatisarfaceabsolutepotential (V)
results for 00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (c), 18:00 MLT
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Figure 6.22 :15 May2005 case SPIS simulatignrfaceabsolutepotential (V)
results for 00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (c), 18:00
MLT (d).
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Figure 6.23 :19 March2015 case SPIS simulatisarfaceabsolutepotential (V)
results for 00:00 MLTeclipse caséa),00:00 MLT sunlit case (b),
06:00 MLT (), 12:00 MLT ¢), 18:00 MLT ¢).
For the dher simulation casegjenerally he maximum differential potential is
observed on the tips of the solar array wings and on the last section of the solar array
due to the fact that most of the spacecraft body (the box) is made of conductive
materials which indicate negative differential potenfittie results are shown in the

Figure 6.6 below

Table 6.6 :Simulation results for corresponding dates indicating warnings and
possible charging anomalies may occur for given magnetic local time
zones.

Date\ MLT (Eclipse) 00:00 06:00 12:00 18:00
21 November 2003 - [ ] ® ® [ ]
15 May 2005 - . . .
19 March 2015 . . . .

Values inside the Table 6.7 show that the ground potentials of the Titanium SLI

indicate theminimum for 06:00 MLT among other simulation locatiofar all three

case study simulation8part from the grounding node, the surface absolute potential
for the CMG is the minimum on 06:00 MLT location for all three simulation cases as
well. For differential potential of the CMG, the 06:00 MLT again shows critical values
on all cases since is ithe highest among other MLT points as seen from the Figure
6.9.As seen from the Figures 6.15, A.19 and A.20, the triple Maxwellian distribution
for electron populations show that there is slight shift from low to high energies
between the 00:00 and 06:0ALT zones displayed on the a and b subplatsich
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indicate that the surface charging depth is slighly lowered due to more energetic
electrons on the 06:00 MLT point. It is also a topic to address that the solar array wing
configurations are not static in each MLT point, which also creates potential gaps

between the ground and the illuminated nodes between different configurations.

Table 6.7 :Surface bsolute potentialV) results ofTitanium SLIground nod€-Z)
of simulation cases.

MLT Minimum Average Maximum

2015March case 00:00 -11380.8 -11380.8 -11380.8
00:00 -2111.24  -2111.24 -2111.24

06:00 -12582.4  -12582.4 -12582.4

12:00 -9100.36  -9100.36 -9100.36

18:00 -8582.51  -8582.51 -8582.51

2005May case 00:00 -1128.45  -1128.45 -1128.45
06:00 -11227.7  -11227.7 -11227.7

12:00 -5805.58 -5805.58 -5805.58

18:00 -2236.35  -2236.35 -2236.35

2003November case 00:00 -553.605 -553.605 -553.605
06:00 -13250.5 -13250.5 -13250.5

12:00 -9100.54 -9100.54 -9100.54

18:00 -1033.37  -1033.37 -1033.37

Table 6.8 :Surface absolute potenti@l) results ofCMG (+Z) of simulation cases.

MLT Minimum Average Maximum
2015March case 00:00 -9824.66 -8190.86 -7247.57
00:00 -1734.56 -1164.28 -867.686
06:00 -9625.26 -7596.45 -6004.42
12:00 -8335.2 -5824.93 -4316.03
18:00 -6944.79 -5108.48 -3778.19
2005May case 00:00 -887.216 -673.863 -574.96
06:00 -8565.68 -7086.98 -6226.79
12:00 -5057.65 -3692.58 -2892.2
18:00 -1537.81 -1211.88 -918.107
2003November case 00:00 -434.788 -332.946 -283.314
06:00 -10753.6 -8632.74 -7642.77
12:00 -8288.31 -6057.22 -4815.79
18:00 -681.484 -523.972 -363.471
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Table 6.9 :Differential potential(V) results ofCMG (+Z) of simulation cases.

MLT Minimum Average  Maximum

2015March case 00:00 1556.096  3189.899  4133.189
00:00 376.681 946.9607  1243.555

06:00 2957.146  4985.962  6577.987

12:00 765.1523  3275.422  4784.326

18:00 1637.723  3474.025  4804.323

2005May case 00:00 241.2387 454.592 553.4941
06:00 2661.972 4140.67 5000.866

12:00 747.9372 2113.001 2913.388

18:00 698.5396 1024.475  1318.248

2003November case 00:00 118.8164 220.6592  270.2906
06:00 2496.939 4617.8 5607.771

12:00 812.2306  3043.315 4284.745

18:00 351.8871 509.3993  669.9001

The Table A.10 to Tablé.15 show the absolute and differential potential values for

the other nodes for simulation cases in different MLT zones and spacecraft

configurations Seen from th&able A.10 and-igureA.13 that the surface absolute

potential values for CFRP nodes are quite similar to the Titanium ground node absolute

potential values, thited to quite small differential surface potentials for the CFRP

which is behind of the solar array wings and always in the shadtver than that,

the Table A.14 shows the differemtl

potenti al

of OSR

(NY)

quite high in the frame of surface charging for the 2003 November and 2005 May

cases. These cases indicate that the solar declination vectors are not towards the Z

directiononly, but they have components in Y direction as well seen from the Table

6.5, Figure 6.19 and Figure 6.2Due to the solar declination, the shadowed parts of

the Y walls on the spacecraft have less surface absolute potential tilantimated
walls seen from the Figure 6.21 and Fey6.22 for the 2003 November and 2005 May

casesThus, the illuminated parts of the OSR have higher surface potential with respect

to the shadowed OSR which results in the great amount of differential surface potential

as inverted voltage gradient
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7. CONCLUSIONS AND RECOMMENDATIONS

In this study, surface charging simulations of a Higioughput communications
satellite at GEO orbit at 00:006:00, 12:00 and 18:0®agnetic local time (MLT)

were analyzed under different plasma environment parameters (different eleatron
densities and energy levelahd eclipseand sunlit configurations. Variations in the
absolute and differential surface potentials with time and with different electron and
ion densities as well as with different electron energies examined Also, the
differences obtained under these conditions between the absolute and differential
surface charging were revealed and disaliasel several resslare obtained that local
midnight and local dawn and the locations in between are crucial for the surface
charging and in the eclipse, it is directly proportional to the plasma density and.energy
Differences in absolute and differential surface charging uedgseand sunlight
conditions were exposed and discusseich that the photemission cut®ff the
extreme surface charging on albacecraft surfacesihe difference between the
absolute and differential chargistudiesclearly shows that the diérential charging

on the dielectric materials could have risk on the sitanm eventsThe SPIS model
outputs clearly indicates that, the absolute and differential electrification depends on
the energy levels of the plasma populations in the environment, and their densities for

determined spacecraft materials

Another key aspect is thalhptoemission greatly affects the negative surface charging
which is expectedOn the parametric study caskstween the eclipse and sunlit cases,
the electron density affects the surface absolute and differential surface charging
significantly during there is photoemission in linear scale, eclipse cases can be
interpolated with notlinear equationsThey show opposite behavior for CERS solar
cell coverglass with increasing electron/ion density and increasing electron energies
for both eclipseand sunlit conditions again the eclipse conditions are much more
negative in terms of absolute and differential potenti@smparisons are made
between the sunlit and eclipse cases with variations in the absolute and differential

surface potentials with time and with different electron and ion densities as well as
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with different electron energie®hile the absolute surface charging shows negative
values, differential surface charging stays positive throughout the simulation duration
due to the inverted potential gradient. Both absolute and differential charging indicates
a nonlinear behavior undtite eclipseconditions, both show linear behavior under the
daylight conditions. Electron energy and electron/ion density limits for arc occurrence
were discussedvithin the context of parametric study and differentiabrging
potentials are estimate@ihe rate of reaching to the equilibrium potential, and absolute
and differential charging orders are directly related mainly to the conduction
performance and electrical properties of the surface materials. These results also
emphasize that the environnal conditions have utmost importance in determining
the levels of the surface charging once the spacecraft properties are known. In the
future stages of the research, the satellite model will be updated with a moréerealist
surface model and the model will be run using more realistic environmental conditions

at different MLT locations in addition to increasing the accuracy of the simulations.

On the worsttase charging analysis, even though there are environments which get
the highest score on differential charging, some space environments could be in the
aspect ovedesign since forexample, LANLKIT and SCATHA2 environments
develop quite high amount of surface potential on some surface elements (may not be
realistic in this case)Some standards generate inverted potential gradient on OSR
surfacessuch as GALAXY 15, MI:-STD and SCATHA1** The worstcase
environments are generally used for the system level surface and internal charging
applications and analysis purpose to be sure about the surface ma&taatkards

such as ECSS, NASA, ISO (also named as SCATHA1**) generally betesblfmr

System level analysis from the manufacturer point of view.

A telecommunication spacecraft surface charging analysis has been carried out by
SPIS with realistic magnetospheric simulation data which isgrosessed to be fit in

the software with accurate satellite surface materials, space environment and satellite
attitude configurations. The main finding is the usage of CIMI inner magnetosphere
model results together with SPIS simulation. This study shows that the method used
in this research can be a significant improvement for spacecraft surface charging and
canbe used for the purpose of satellite operational analysis by telecommunication
operators for the representation of tfeal space weather conditions where the

satellites operate. CIMI model has the right energy levels to analyse radiation belts
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plasma data and to observe satellite surface charging scemssiam example,
considering the @ March 2015 case, it is observed that 1644 UTC could be an
alarming date to generate potential arcs on solar array surface on 00:00, 06:00 and
18:00 MLT locations. The method to fit €axwellian plasma distribution suits
significantly well for modelling the CIMI electron number density outpdise
obtained results on the surface charging estimations can be used for spacecraft
operations, risky space @mnment scenarios, environmental effects and space
weather analysis purposes when the simulations are run for several time steps for a day
with different satellite configurations to investigate further the differential surface
charging timeseries and clgarg trend for nowcasting and forecasting approaches.

7.1 Practical Application of This Study

Hazardous satellite anomalies aften not dissolved in terms of determining the root
cause of errors since the spacecrafts are quite complex stru¢hegsoposed model

can be used to determine the communication satellite surface charging by simulating
the realistic environment and satellite together in the SPIS prdgraisk mitigation

The outputs of simulation give surface absolute and differential potential estimations
of surface materials in different time zones of magnetosphere at an ifmsftitning
resolution can be improved by running the simulations several times a day in order to
predict the charging evolution in time within MLT proximity or propagating the
satellite through time by the MLT zones. Since the modelled satellite is quji&es

and generisincecommon modelling approach was focusée model proposed can

be applied on various satellite TwsBnufact
modelling principle can as well be adapted to the spacecraft surface charging scenarios

for the satellites on LEO space environment by proper satellite and simulation models.

7.2 Future Work to Do

Spacecraft model proposed and used on the simulasogsite simple and basic;
however, he simplified model has some drawbacksrealistic modelling case. The
surface features on solar array and other satellite structures may be modelled with more
detail. Such details can include solar cell interconneatarshe surfaceantenna
booms, different OSR surfaces that are partially covered with MLI blankets. If these

features are added on satellite, the surface charging simulation can be more realistic
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on the other hand, time duration will increasg additional material plasma
interactions Simulation cases for CME scenarios can be conducted with other precise
radiation belt models such as IRENEERB and IMPTAM for realistic plasma
environments for comparison. The simulations can as well be implemented on
different charging analysis tools such as NASEA®and MUSCATand the results
obtained can be compared with SPIS outplite effect of plasma thrusters such as
hall effect and grid ion can be intiggted further by modelling the ion engines on

spacecraft body.
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APPENDICES

APPENDIX A: Worstcaseenvironmentharginganalysis(Table A.1 to Table A.7)
CIMI model case study simulatiofBigure A.1 to Figure A.22, Table A.8 and Table
A.9) and case study charging estimation simulation re¢ldtisle A.10 to Table
A.15).
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APPENDIX A

Table A.1 : Titanium absolute potential evolutigW) for the worstcase scenarios.

Scenario Sunlit case Eclipse case
ATS-6 -4636.97 -12237.77
ECSS* -6378.24 -15165.95
ECSS** -4665.07 -9471.32

GALAXY -15 (Not converged) -11012.26
LANL -KIT -12565.14 -19379.17
MIL-STD -1936.18 -5055.22
NASA -2863.03 -7974.59
SCATHA1* -9259.06 -15033.54
SCATHA1** -7003.97 -11255.25
SCATHAZ2 -6199.53 -15324.17
SCATHA1979 -5589.84 -11690.82

Table A.2 : SA CMG CERS absolute and differential potenfiél evolution on
sunlit cases for the worstise scenarios.

Average Min. Max. Score  Maxi Score

Ground  Max.

ATS-6 -2996.1 -3944.9 -2447.35 8 2189.62 8
ECSS * -4210.58 -5453.04 -3506.78 4 2871.46 4
ECSS ** -3026.25 -3991.48 -2470.90 T4 2194.16 7
GALAXY -15 - - - - - -
LANL -KIT -8398.46 -10506.4 -7111.18 1 5453.96 1
MIL-STD -1154.74 -1594.49 -914.17 10 1022.01 10
NASA -1763.01 -2402.96 -1383.48 9 1479.54 9
SCATHAl1*  -6180.41 -7783.4 -5200.45 2 4058.60 2
SCATHA1**  -4605.92 -5819.34 -3817.28 3 3186.68 3
SCATHA 2 -4030.7 -5189.79 -3338.43 5 2861.10 5
SCATHA1979 -3657.13 -4782.16 -3038.27 6 2551.56 6

Table A.3 : SA CMG CERS absolute and differential potenfiél evolution on
eclipse cases for the woishse scenarios.

Average Min. Max. Score  Max.1 Score

Ground  Max.

ATS-6 -9516.43 -10658.1 -8933.52 6 3304.26 8
ECSS * -12215.5 -13271.4 -11757.7 2 3408.22 6
ECSS ** -6904.4 -7892.26 -6126.9 9 3344.42 7
GALAXY -15 -10862.2 -10865.9 -10848.7 5 163.58 11
LANL -KIT -14137.7 -16296.2 -12430.7 1 6948.46 1
MIL-STD -3465.12 -4089.39 -2974.67 11 2080.55 10
NASA -5785.94 -6667.77 -5092.72 10 2881.87 9
SCATHA1*  -10926.4 -12468.3 -9699.03 4 5334.51 3
SCATHA1 **  -8003.93 -9151.49 -6968.62 8 4286.63 4
SCATHA 2  -11159.7 -12726.5 -9911.71 3 5412.46 2
SCATHA1979 -8624.75 -9880.13 -7651.45 7 4039.37 5
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Table A.4 : OSR absolute and differential poten{(e) evolution on sunlit cases for
the worstcase scenarios.

Average Min. Max. Score Average Score

i Ground Max.

ATS-6 -7872.23 -7909.93 -7845.31 6 -3235.26 5
ECSS * -11093.2 -11140.9 -11048.5 3 -4714.95 1
ECSS ** -7834.41 -7903  -7763.71 7 -3169.33 6
GALAXY -15 - - - - - -
LANL -KIT -16718.5 -16789.8 -16681.1 1 -4153.35 2
MIL-STD -2112.56 -2194.46 -2037.22 10 -176.37 10
NASA -4049.92 -4098.63 -4020.91 9 -1186.89 9
SCATHA1*  -13011.1 -13075.6 -12955.9 2 -3752.05 3
SCATHA1**  -8994.97 -9094.26 -8914.17 5 -1990.99 7
SCATHA 2 -7830.01 -7927.27 -7766.11 8 -1630.47 8
SCATHA1979 -9192.9 -9267.76 -9119.12 4 -3603.06 4

Table A.5 : OSR absolute and differential poten{jé) evolution on eclipse cases
for the worstcase scenarios, seen from the values that some cases can
have inverted potential gradient.

Average Min. Max. Score Average Score

Ground  Max.

ATS-6 -13471.1 -13495 -13448.8 5 -1233.31 10
ECSS * -16204.7 -16239.6 -16186.2 2 -1038.70 9
ECSS ** -9506.87 -9579.58 -9428.66 9 -35.55 4
GALAXY -15 -10812.9 -10819.1 -10806.4 8 199.40 3
LANL -KIT -21069.4 -21139.4 -21004.1 1 -1690.17 11
MIL-STD -4804.82 -4915.88 -4686.51 11 250.40 2
NASA -8198.39 -8286.56 -8106.44 10 -223.79 6
SCATHA1*  -15182.9 -15329.2 -15023.7 4 -149.35 5
SCATHA1 **  -10831.6 -10908.5 -10742.1 7 423.64 1
SCATHA 2 -15548 -15679.9 -15415.9 3 -223.86 7
SCATHA1979 -12242.6 -12332.6 -12152.6 6 -551.79 8

Table A.6 : Kapton absolute and differential poten{i&) evolution onsunlit cases
for the worstcase scenarios.

Average Min. Max. Score Averagei Score

Ground  Max.

ATS-6 -15050.4 -15078.7 -15022.7 6 -10413.45 4
ECSS * -18183.2 -18249.7 -18112 3 -11804.94 2
ECSS ** -13214.7 -13365.7 -13081.5 8 -8549.64 7
GALAXY -15 - - - - - -
LANL -KIT -27837.9 -27867.7 -27810.4 1 -15272.77 1
MIL-STD -7073.91 -7273.87 -6884.25 10 -5137.72 10
NASA -10715.1 -10752 -10683.5 9 -7852.07 8
SCATHA1*  -20616.2 -20747 -20472.1 2 -11357.18 3
SCATHA1 **  -14108.2 -14297.4 -13920 7 -7104.21 9
SCATHA 2  -15573.3 -15800 -15352.7 5 -9373.78 6
SCATHA1979 -16001.8 -16080.5 -15890.7 4 -10411.96 5
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Table A.7 : Kapton absolute and differential potenifél) evolution on eclipse cases
for the worstcase scenarios.

Average Min. Max. Score Average Score
I Ground Max.
ATS-6 -18700.8 -18765.1 -18637.7 5 -6462.9 2
ECSS * -21112.1 -21131.5 -21087.5 3 -5946.5 3
ECSS ** -13184.2 -13381.6 -13025 8 -3712.9 8
GALAXY -15 -11327.3 -11511.1 -11134.8 10 -315.0 11
LANL -KIT -29503.9 -29607.3 -29401.9 1 -10124.7 1
MIL-STD -7334.3 -7502.6 -7197.5 11 -2279.1 10
NASA -13048.6 -13104.1 -12992.4 9 -5074.0 7
SCATHA1* -21008.4 -21283.7 -20751.9 4 -5974.8 5
SCATHA1**  -13925.1 -14172.2 -13690.9 7 -2669.8 9
SCATHA 2 -21386.8 -21613.5 -21193.9 2 -6062.6 4
SCATHA1979 -17285.9 -17406.9 -17177.3 6 -5595.1 6
i B
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Figure A.1 : 2003 November case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 00:00 MLT position.
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Figure A.2 : 2003November case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 06:00 MLT position.
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Figure A.3 : 2003 November case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 12:00 MLT position.
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Figure A.4 : 2003 November case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 18:00 MLT position.
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Figure A.6 : 2005May case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 06:00 MLT position
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Figure A.7 : 2005 Maycase CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 12:00 MLT position.
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Figure A.8 : 2005 May case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 18:00 MLT position.
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Figure A.9 : 2015March case CIMI model simulation timeseries results for total
electron (a) and proton (b) flux [cffs/sr/keV] outputs extracted from
the grid for 00:00 MLT position.

127



















































