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INVESTIGATION OF SPACECRAFT SURFACE CHARGING FOR A 

TELECOMMUNICATION SATELLITE AT GEOSYNCHRONOUS ORBIT  

SUMMARY  

Space age and one of the most common phrase ñspace raceò in this age has begun with 

the launch of Sputnik-1 by USSR in 4 October 1957, which is the first artificial satellite 

sent to the Earthôs orbit by humankind. From that point, there has been more than 8000 

satellites launched to space up to now. In the early space age, there were not too much 

information on the Earthôs space environment that covers solar wind, bow shock, 

magnetosphere, ionosphere and how they affect spacecraft subsystems and electronic 

equipments. As the number of satellites increases, these effects were observed on the 

satellite systems and they had crucial implications on spacecraft missions and satellite 

components onboard. These effects can be briefly listed as spacecraft internal and 

surface charging, total ionizing dose on electronic components, displacement damage, 

single event effects mainly. Satellites operating in orbit encounter lethal anomalies as 

a result of the increased density of the high energy particles and increased space 

radiation during the high solar activities. 

The key and turning point on the understanding of the space environment effects is the 

exploration and observation of the inner and outer Van Allen radiation belts 

surrounding the Earth by Explorer 1 spacecraft, which was sent to space by the USA. 

The studies on the radiation belts showed that these belts are dynamically altered by 

solar wind and activities of the Sun, the Earthôs nearest source of energy. 

Magnetosphere and space weather conditions in general, are controlled by the 

phenomena driven by solar activities such as solar flares, coronal mass ejections, high-

speed streams. Magnetospheric coupling with solar wind produces geomagnetic 

storms and substorms.  During the storms and substorms, high energy particles such 

as electrons and ions are injected towards the Earth from the magnetotail, i.e. the 

midnight sector of the geosynchronous orbit trajectories. The results of the magnetic 

storms and substorms can be observed by the scientific and communication satellites 

which mainly orbits around the outer Van Allen electron belt.  

Telecommunication satellites encounter with high density energetic plasma 

environment during these events and some major anomalies could arise in the forms 

of surface and deep dielectric charging concepts. The 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 operations which may lead to 

catastrophic failures in flight. 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 spacecraft failures. 
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In this study, in order to investigate the spacecraft surface charging events which occur 

frequently on geostationary satellites, first, we give a brief overview of the space 

environment around Earth, namely magnetosphere and its regions including 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 energy of the 

particles, namely amount of ions and electrons and their energies, as well as the plasma 

within the magnetosphere. On geosynchronous orbit, where telecommunication 

spacecrafts are operated by the governments and commercial companies, main drivers 

of the electrons are the magnetospheric storms and substorms that inject and accelerate 

them through the plasma sheet region in the midnight sector. The protons are mainly 

driven by the hard and soft X-ray radiation led by the solar flares that are originated 

from the active regions (AR) on the solar corona (Papaioannou et 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 on the space environment, next, the concepts related to the 

plasma interaction with spacecraft surfaces explored. 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 populations in the plasma generate surface charging 

phenomena depending on the spacecraft material that the plasma interacts with. During 

eclipse, the photo-emission is not applied on the surfaces. This mechanism creates an 

environmental condition for the spacecraft surfaces to charge with negative potentials 

on a large scale and the absolute potentials could reach as high as several negative 

kVs. Furthermore, the photo-emission effect limits the surface charge buildup through 

incident photons by emitting electrons from the atoms of charged surface, thereby 

reducing the net charge which is commonly observed with an inverted potential 

gradient with respect to ground potential on solar cells. Another major phenomena is 

Secondary Electron Emission (SEE), which can either be influenced by the electrons 

(SEEE) or protons (SEEP). When energetic charged particles from the ambient plasma 

bombard the spacecraft surface, the particles knock out additional electrons which 

results in the release of secondary electrons (Nickles, 1998).  

After introducing the space environment drivers (i.e. solar phenomena), their effects 

on the Earthôs magnetosphere, the effects on spacecraft surfaces, a generic 

telecommunication spacecraft 3D model is created by GMSH software and Spacecraft 

Plasma Interaction Software (SPIS) is used to study the surface charging for this 

spacecraft. SPIS simulations are performed for various space environment conditions. 

A parametric study approach on the typical properties of the plasma is employed on 

density and energy levels of electrons. Sunlit and eclipse conditions were considered 

for our telecommunication spacecraft which is located on the midnight section (00:00 

magnetic local time). Our study shoved that during the eclipse phases, spacecraft 

absolute surface potentials could reach up to several negative tens of kVs. Surfaces 

with different materials such as coatings, paints, surface and spacecraft structures can 

charge separately depending on their electrical properties and surface areas which 

expose to incoming solar flux and plasma environment. The conductor surface 

elements such as black Kapton multi-layer insulation blanket (MLI), Kapton 

Germanium MLI , Titanium single layer insulation (SLI), carbon fiber reinforced 

polymer (CFRP) structures could charge to the same potentials if they are connected 

to the same ground node. However, the dielectric materials such as solar array 
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coverglass, optical solar reflector and less conductive Kapton surface elements may be 

charged differently 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 charging by the parametric study which 

is applied, a research on the worst-case space environments is also carried out for 

further investigation of differential charging voltage depth. Several worst-case space 

environments defined on the literature are considered in the analysis approach; ATS-

6, ECSS (single and double Maxwellian), GALAXY 15, LANL -KIT, MIL -STD-1809, 

NASA, SCATHA 1 (single and double Maxwellian), SCATHA 2, SCATHA 1979 

plasma environments are investigated by the terms of spacecraft surface charging with 

3D realistic SPIS simulations and a benchmark database for surface charging for 00:00 

MLT are obtained for eclipse and sunlit case. Selected worst-case environments are 

based on the satellite missionôs worst-case space environmental encounters during its 

their lifetime (such as LANL and SCATHA missions), spacecraft manufacturing and 

testing standards (such as NASA, ECSS and ISO) and real electrostatic discharge 

events (such as GALAXY 15 and ATS-6 incidents). Environments are sorted with 

respect to the results of achieved absolute and differential charging potentials for all 

surface materials for eclipse, transition and sunlit configurations based referring to 

SPIS simulation outputs.   

Surface charging on geosynchronous orbit should be monitored continuously by in-

situ measurements and realistic models. In this context, a simple estimation approach  

is proposed by driving a 3D particle-in-cel (PIC) simulation with a realistic electron 

and proton populations with inner-magnetosphere model. Comprehensive Inner-

Magnetosphere Ionosphere (CIMI) Model is a inner magnetosphere model which 

develops electron and ion fluxes up to 10 RE behind the Earth on the nightside. This 

model is a time dependent model which is driven with the solar wind observations 

made by Lagrange 1 (L1) spacecrafts such as ACE and WIND, then solves the particle 

transport principles considering advanced advection-diffusion equation for solving 

particle phase distribution function (fs). As a result of CIMI simulations, several major 

MLT locations (00:00, 06:00, 12:00 and 18:00) are chosen to study the spacecraft 

surface charging.  Electron and proton density and energy data were obtained from 

CIMI for selected three large geomagnetic storms events; November 2003, May 2005 

and March 2015 substorms. These model outputs later are used as inputs for SPIS 

simulatons to obtain spacecraft charging levels for our hytpotehtical spacecraft at 

geosyncronous orbit. For 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 mono-Maxwellian distributions respectively and SPIS simulations are 

produced with these plasma properties obtained 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 attitude with corresponding 

Magnetic Local Time (MLT) orientation of the Earth pointing telecommunication 

satellite is considered in simulations for improved accuracy in surface charging 

estimation results.  

The study shows how 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 kVós of frame potentials and up to several kVôs of differential potentials on 

dielectric surface materials. Eclipse conditions are quite dangerous for surface 
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charging phenomena to occur since the absolute and differential potential values 

develop even further. The worst-case environmental investigation approach was used 

for the extreme case study simulations implemented in SPIS with the same satellite 

configuration. The results of this experiment showed that the worst-case space 

environments create appropriate conditions for high surface potentials on the critical 

materials. CMG material builds an absolute potential up to around -5 kV for reasonable 

space environments and differential potential up to  around 3 kV which is over the 

critical arcing and discharge thresholds. The realistic surface charging estimation 

proposal was analyzed as well for three selected storm cases where the surface 

potential of dielectrics could develop quite negative values around local midnight 

through dawn sectors which is expected and validated by the simulation results. The 

satellite flight configuration could change the surface charging slightly due to the fact 

that incoming solar flux 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 model outputs are used for the first time as SPIS program 

charging simulation inputs. Widely used and numerous worst-case space environments 

were analyzed together for comprehensive and diverse investigation of surface 

charging phenomena. By 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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JEOSENKRON Y¥R¦NGEDEKĶ BĶR HABERLEķME UYDUSU Ķ¢ĶN 

Y¦ZEY ELEKTRĶKLENMESĶNĶN ĶNCELENMESĶ  

¥ZET  

Uzay ­aĵē olarak tanēmlanan g¿n¿m¿zde kullanēlan en yaygēn tabirlerden biri olan 

ñuzay yarēĸēò, SSCB tarafēndan 4 Ekim 1957'de D¿nya'nēn yºr¿ngesine gºnderilen ilk 

yapay uydu olan Sputnik-1 ile baĸlamēĸtēr. O tarihten bug¿ne kadar 8000'den fazla 

yapay uydu uzaya gºnderilmiĸtir. Uzay ­aĵēnēn erken dºnemlerinde manyetosfer, 

plazma etkileri ve al­ak D¿nya yºr¿ngesindeki uzay ortamē ve bu ortamēn uzay aracē 

alt sistemleriyle elektronik bileĸenlerini nasēl etkilediĵi hakkēnda hen¿z ­ok fazla bilgi 

birikimi yoktu. D¿nya ve diĵer gezegenlerin yºr¿ngesinde bulunan uydular, uzay 

radyasyonu ve g¿neĸ aktiviteleri ile tetiklenen y¿ksek enerjili par­acēk akēsēndaki artēĸ 

ve artan plazma yoĵunluĵu nedeniyle pek ­ok kritik sistem anomalisi ile karĸēlaĸmēĸtēr. 

Bu etkiler, kēsaca uzay aracē i­ ve y¿zey elektriklenmesi, elektronik bileĸenler 

¿zerindeki toplam iyonlaĸtērēcē doz, yer deĵiĸtirme hasarē, tekil olay etkileri olarak 

sēralanmaktadēr ve listelenen bu etkiler gerekli koĸullar altēnda uzay aracē bileĸenleri 

¿zerinde kritik durumlara neden olabilir.  

Uzay ara­larēnda gºr¿len kaynaĵē belirsiz bu anomalilerin tespit edilmesindeki tarihi 

dºn¿m noktasē, D¿nya'yē ve yakēn yºr¿ngeleri ­evreleyen i­ ve dēĸ Van Allen 

radyasyon kuĸaklarēnēn NASAônēn 1958 yēlēnda uzaya gºnderdiĵi ilk uydu olan 

Explorer 1 uzay aracē tarafēndan kaydedilip keĸfedilmesi ve devam eden s¿re­te de 

ºzellikle inceleme ama­lē gºnderilen uzay ara­larē ile bu bºlgelerde hapsolan 

par­acēklarēn gºzlemlenmesiydi. Radyasyon kuĸaklarē ¿zerine yapēlan ­alēĸmalar, 

D¿nya'nēn en yakēn enerji kaynaĵē olan G¿neĸ'in faaliyetleri ve G¿neĸ r¿zgarē ile bu 

kuĸaklarēn dinamik olarak deĵiĸtiĵini gºstermektedir. Manyetosfer konfig¿rasyonu ve 

genel olarak uzay ortamē koĸullarē, g¿neĸ patlamalarē, ta­k¿re k¿tle atēmē (TKA) 

olaylarē, y¿ksek hēzlē akēmlar gibi g¿neĸ aktiviteleri tarafēndan, ve genellikle G¿neĸ 

r¿zgarē ï manyetosfer dinamo etkisi olarak da adlandērēlan etkileĸimler ile 

deĵiĸmektedir. G¿neĸ r¿zgarē ile manyetosferin etkileĸimi jeomanyetik fērtēna ve 

mikrofērtēnalarēn oluĸmasēna ve jeosenkron yºr¿ngede manyetosferin kuyruk bºlgesi 

ve plazma katmanē boyunca gece yarēsē sektºr¿nden elektronlar ve iyonlar gibi y¿ksek 

enerjili par­acēklarēn girmesine neden olur. Bilimsel ama­lē uydular ve haberleĸme 

uydularē tarafēndan rahatlēkla gºzlemlenen g¿neĸ-r¿zgarē-manyetosfer dinamo etkisi 

sonucunda uydular esas olarak dēĸ Van Allen elektron kuĸaĵēndaki y¿ksek enerjili 

par­acēk akēlarēnēn artēĸēna ve y¿zey elektriklenmesi anomalilerine maruz kalmaktadēr.  

Haberleĸme uydularē, bu olaylar sērasēnda y¿ksek enerji ve yoĵunluĵa sahip plazma 

ortamēyla karĸēlaĸtēĵēnda uydu alt sistemlerinde y¿zey ve derin dielektrik 

elektriklenme gibi kritik  sayēlabilecek anomaliler ortaya ­ēkmaktadēr. Uydularda 

meydana gelen bu anomaliler, g¿­ ve veri alt sistemlerini etkileyebilmekte, uzay 
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aracēnēn yºnelim a­ēsēndan oryantasyonunu deĵiĸtirebilmekte, uydunun ­alēĸma 

modlarēnē deĵiĸtirebilmekte ve uydu operatºrlerinin d¿zenli operasyonlar yapmasēnē 

engelleyerek u­uĸta ciddi arēzalara yol a­abilmektedir. Uzay havasē olaylarē sērasēnda 

jeosenkron yºr¿ngede uydu operatºrleri tarafēndan daha ºnce karĸēlaĸēlan ve sistem ve 

alt sistem d¿zeyinde uzay aracē arēzalarēna yol a­an kaydedilmiĸ pek ­ok ºnemli 

anomali olayē vardēr. 

Jeosenkron uydularda meydana gelen y¿zey elektriklenmesi olaylarēnē araĸtērmak i­in, 

ºncelikle manyetosferin i­erisinde bulunan radyasyon kuĸaklarēnda meydana gelen 

bozucu uzay ortamē etkileri hakkēnda temel etkenler incelenmelidir. ¢alēĸmamēzēn ilk 

bºl¿m¿nde manyetosferik konfig¿rasyonunu, manyetik alanēnē ve manyetosferdeki 

ion ve elektron yoĵunluĵunu ve enerji seviyelerini etkileyen g¿neĸ alevleri, TKAôlar, 

g¿neĸ lekeleri ve diĵer g¿neĸ kaynaklē etmenler a­ēklanarak manyetosferik durum ve 

radyasyon kuĸaklarēndaki etkileri anlatēlmēĸtēr. Telekom¿nikasyon uydularēnēn 

bulunduĵu D¿nyaônēn merkezinden 6.61 RE uzaklēĵēnda bulunan jeosenkron 

yºr¿ngede, elektronlarēn enerji ve yoĵunluĵundaki artēĸē tetikleyen temel etken, 

D¿nyaônēn gece tarafēnda  yer alan manyetik kuyruĵun merkezindeki plasma ºrt¿ 

bºlgesinde g¿neĸ r¿zgarē ile manyetosferin etkileĸimi sonucunda oluĸan 

manyetosferik mikrofērtēnalardēr. Protonlardaki benzer bir etki ise ta­k¿re ¿zerindeki 

aktif bºlgelerden (AR) kaynaklanan g¿neĸ alevlerinin neden olduĵu X-ēĸēnlarē 

sonucunda gºr¿l¿r. G¿neĸ alevi oluĸumuyla birlitke birka­ saat i­erisinde yakēn uzay 

ortamē ­ok y¿ksek hēzlē ve y¿ksek enerjili gºreceli (rºlativistik) protonlar tarafēndan 

bombardēmana uĵramaktadēr. 

¢alēĸmamēzēn bir sonraki bºl¿m¿nde ise uzay ara­larēndaki y¿zey elektriklenmesi 

olaylarēnē ind¿kleyen plazma etkileri ele alēnarak temel y¿zey elektriklenmesi 

mekanizmalarē incelenmiĸtir. Y¿zey elektriklenmesi ile ilgili ge­miĸte yapēlan 

araĸtērmalar, ­alēĸmalar ve uydu gºzlemleri, elektron bakēmēndan zengin plazma 

ortamlarēnēn, yoĵun ve y¿ksek enerjili elektron pop¿lasyonlarēnēn, belirli 

malzemelerle etkileĸiminin y¿zey elektriklenmesi olaylarēnēn temellerini 

oluĸturduĵunu gºstermektedir. Uydularēn D¿nyaônēn gºlgesinde bulunduĵu tutulma 

sērasēnda, y¿zeylerde foto-iyonizasyon, foto-emisyon ve foto-elektrik olay gibi 

mekanizmalar mevcut deĵildir. Tutulma olarak tanēmlanan bu durum uydu 

y¿zeylerinin b¿y¿k ºl­ekte negatif y¿kle y¿klenmesi i­in ­evresel bir koĸul olarak 

tanēmlanmaktadēr. Foto-emisyon etkisi, g¿n ēĸēĵēndaki uydu y¿zeyinin atomlarēndan 

elektronlarēn gelen fotonlar aracēlēĵēyla koparēlmasē prensibine dayanmaktadēr ve 

negatif y¿zey elektriklenmesini sēnērlar. Bºylece g¿neĸ paneli h¿crelerinde yaygēn 

olarak gºzlemlenen net elektriklenmeyi azaltēr. Diĵer bir ºnemli olay, elektronlar 

(SEEE) veya protonlar (SEEP) tarafēndan tetiklenen ikincil elektron emisyonudur 

(SEE). Elektronlar ve iyonlar olarak tanēmlanan y¿ksek enerjili y¿kl¿ par­acēklar uzay 

aracē y¿zeyiyle temasta bulunduĵunda, par­acēklar ikincil elektronlarēn salēnmasēyla 

sonu­lanan ek elektronlarēn a­ēĵa ­ēkmasēna neden olur.   

Tezin ilk iki bºl¿m¿nde uzay ortamē, ortamēn manyetosfer, ve uzay aracē y¿zeyleri 

¿zerindeki etkilerini irdeledikten sonra, Gmsh yazēlēmē ile bir telekom¿nikasyon 

uydusu 3B modeli oluĸturularak bu uydunun maruz kalacaĵē y¿zey elektriklenmesi 

i­in analiz ­alēĸmalarē y¿r¿t¿lm¿ĸt¿r. Daha sonra Uzay Aracē Plazma Etkileĸim 

Yazēlēmē (SPIS) ¿zerinde ­alēĸēlarak ­eĸitli uzay ortamē varsayēmlarēnda sim¿lasyonlar 

ger­ekleĸtirilmiĸtir. Telekom¿nikasyon uydusunun manyetosferin gece yarēsē 

kesiminde (00:00 manyetik yerel saat) bulunduĵu kabul edilerek, g¿neĸ ēĸēĵē ve 

tutulma koĸullarēnda, tipik plazma ºzellikleri kullanēlarak parametrik bir ­alēĸma 

yaklaĸēmē ger­ekleĸtirilmiĸtir. Bu ­alēĸma, tutulma evreleri sērasēnda, uzay aracē 
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mutlak y¿zey potansiyellerinin ï10 kV mertebesinden daha d¿ĸ¿k seviyelere kadar 

ulaĸabileceĵini gºstermektedir. Y¿zey kaplamalarē, boyalar gibi farklē malzemelere 

sahip y¿zeyler, y¿zey ve uydu yapēlarē, elektriksel ºzellikleri ve gelen g¿neĸ akēsē ve 

plazma ortamēna maruz kalan y¿zey alanlarē baĵlē olarak farklē elektriklenme sonu­larē 

elde edilmektedir. Siyah Kapton ­ok katmanlē yalētēm battaniyesi (¢KYB), Kapton 

Germanyum ¢KYP, Titanyum TKYB (SLI), karbon fiber takviyeli polimer (CFRP) 

yapēlarē gibi iletken y¿zey elemanlarē, aynē toprak hattēna baĵlanērlarsa aynē 

potansiyellerde elektriklenme ºzellikleri gºsterebilir. Bununla birlikte, g¿neĸ paneli 

h¿cresinin camē, optik g¿neĸ reflektºr¿ (OSR) ve daha az iletken Kapton y¿zey 

elemanlarē gibi yalētkan (dielektrik) malzemeler farklē ĸekilde elektriksel olarak 

y¿klenebilir ve topraklama noktasē ile y¿zey arasēnda ters voltaj gradyanē ve diĵer 

y¿zey akēmlarēnē ¿retebilen diferansiyel potansiyel oluĸturabilir. 

Ayrēca, uyguladēĵēmēz parametrik ­alēĸma ile elde ettiĵimiz y¿zey elektriklenmesini 

kullanarak, diferansiyel elektriklenmeye neden olacak kºt¿ koĸullarēn araĸtērēlmasē 

i­in ñen kºt¿ uzay ortamlarēò araĸtērmasē yapēlmēĸtēr. Literat¿rde ve uzay end¿strisinde 

analiz edilen pek ­ok ñen kºt¿ uzay ortamē durumuò mevcuttur; ATS-6, ECSS (tek ve 

­ift Maxwellian), GALAXY 15, LANL-KIT, MIL -STD-1809, NASA, SCATHA 1 

(tek ve ­ift Maxwellian), SCATHA 2, SCATHA 1979 bunlardan bir ka­ēdēr. Bu 

­alēĸmamēzda, 3B ger­ek­i SPIS sim¿lasyonlarē ile, tutulma ve g¿neĸli durum i­in 

00:00 MLT konfig¿rasyonunda y¿zey elektriklenmesi incelenerek bir veri tabanē 

oluĸturulmuĸtur. Se­ilen ñen kºt¿ uzay ortamē durumlarēò, uydu gºrevinin ºmr¿ 

boyunca uzayda karĸēlaĸtēĵē en kºt¿ durum ortamlarēna (LANL ve SCATHA uydu 

gºrevleri gibi), uzay aracē ¿retim ve test standartlarēna (NASA, ECSS ve ISO gibi) ve 

ger­ek elektrostatik deĸarj olaylarēna (ºrneĵin, GALAXY 15 ve ATS-6 olaylarē gibi) 

bakēlarak belirlenmiĸtir. Belirlenen plazma ortamē parametreleri SPIS sim¿lasyon 

­ēktēlarēna gºre tutulma, ge­iĸ ve g¿neĸli konfig¿rasyonlar i­in t¿m y¿zey malzemeleri 

a­ēsēndan elde edilen mutlak ve diferansiyel elektrikenme potansiyellerinin 

sonu­larēna gºre sēralanarak y¿zey elektriklenmesi incelenmiĸtir. 

Jeosenkron yºr¿ngedeki y¿zey elektriklenmesi, yerinde ºl­¿mler ve fiziksel yani 

ortamē daha iyi tanēmlayan ve davranēĸēnē inceleyen modeller kullanēlarak 

incelenmelidir. Bu ĸekilde ortam modelleri geliĸtik­e, yani ger­eĵe daha yakēnlaĸtēk­a, 

y¿zey elektriklenmesinin daha iyi anlaĸēlacaĵē ve buna karĸē tedbirler 

oluĸturulabileceĵi a­ēktēr.  Bu baĵlamda, ­alēĸmamēzda fiziksel bir elektron ve proton 

tahmin modeli ile 3D h¿cre i­inde par­acēk (PIC) sim¿lasyonu ile birlikte ­alēĸtērēlarak 

basit bir tahmin ve deĵerlendirme yaklaĸēmē ºnerilmiĸtir. Comprehensive Inner-

Magnetosphere Ionosphere (CIMI) Modeli, D¿nyaônēn gece tarafēnda, 10 RE mesafeye 

kadar elektron ve iyon akēlarēnē veren bir i­ manyetosfer modelidir. Bu model, ACE 

ve WIND gibi Lagrange 1 (L1) yºr¿ngesinde bulunan uzay ortamē gºzlem uydularē 

tarafēndan yapēlan g¿neĸ r¿zgarē gºzlemleriyle y¿r¿t¿len, daha sonra par­acēk faz 

daĵēlēm fonksiyonunu (fs) ­ºzmek i­in geliĸmiĸ adveksiyon-dif¿zyon denklemini 

dikkate alarak par­acēk taĸēma ilkelerini ­ºzen zamana baĵlē bir modeldir. 

¢alēĸmamēzda CIMI modeli 3 adet ĸiddetli ger­ek jeomanyetik fērtēna se­ilerek 

(Kasēm 2003, Mayēs 2005 ve Mart 2015), birka­ ana MLT konumda (00:00, 06:00, 

12:00 ve 18:00) ­alēĸtērēlmuĸ ve belirlenen vakalar i­in elektron ve proton enerji ve 

yoĵunluk deĵerleri elde edilmiĸtir. CIMI sim¿lasyonlarē sonucunda elde edilen toplam 

elektron ve toplam proton akēlarē ile farklē enerji seviyeleri i­in yoĵunluklarē 

hesaplanmēĸ, elde edilen plazma pop¿lasyonlarē sērasēyla ¿­l¿ Maxwell (e-) ve tekli  

Maxwell (p+) daĵēlēmēna oturtulduktan sonra ortalama pop¿lasyon enerjileri 

belirlenmiĸtir. Uyduda meydana gelebilecek olan elektriksel anomalilerin diĵer bir 
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kaynaĵē ise g¿neĸ panelinin yºr¿ngedeki deĵiĸken konfig¿rasyonu olarak ele 

alēnabilir, zira 3 eksen kontroll¿ jeosenkron haberleĸme uydularēnda alt sistemlere 

elektrik g¿­ saĵlayan bu panel s¿rekli olarak g¿neĸi takip ederek uydu gºvdesi 

D¿nyaôyē takip ederken devamlē dºnmektedir. Bu nedenle dinamik g¿neĸ paneli 

konfig¿rasyonu tercih edilerek uydu konfig¿rasyonu farklē MLT noktalarēnda buna 

gºre modellenmiĸtir. CIMIôden elde edilen plazma parametreleri ile farklē uzay 

ortamlarē ve uydu konfig¿rasyonlarē i­in SPIS sim¿lasyonlarē ¿retilmiĸtir. Ger­ek­i 

g¿neĸ sapma a­ēsē, yēlēn hangi g¿n¿nde bulunulduĵuna gºre hesaplanarak 

sim¿lasyonlarda dahil edilmiĸ ve y¿ksek doĵruluk i­in D¿nya'yē iĸaret eden 

telekom¿nikasyon uydusunun oryantasyonuna gºre deĵiĸen g¿neĸ paneli 

konfig¿rasyonu ile MLT yºnelimine karĸēlēk gelen y¿zey mutlak ve diferansiyel 

elektriklenme tahmin sonu­larē y¿zeyler i­in belirlenerek karĸēlaĸtērēlmēĸtēr.  

Sonu­ olarak bu ­alēĸma, jeosenkron yºr¿ngedeki bir haberleĸme uydusu i­in temel 

plazma parametrelerinin, par­acēk pop¿lasyonu enerji ve yoĵunluk deĵerleri, y¿zey 

elektriklenmesi olayēna etki ettiĵini gºstermektedir. Artan enerji d¿zeyi ve yoĵunluk 

deĵerleri parametrizasyonu ile yapēlan sim¿lasyonlar doĵrultusunda artēĸ gºzlenmiĸtir. 

Benzer ĸekilde fotoiyonizasyonun olmadēĵē tutulma durumlarēnda uydu y¿zeyleri 

g¿nēĸēĵē kondisyonuna gºre olduk­a negatif y¿klenmektedir, bu durum uydu ĸasisi i­in 

olumsuz bir durum oluĸturmazken dielektrik materyaller i­in daha fazla diferansiyel 

potansiyel farkē doĵurup kritik eĸik durumunda elektrostatik deĸarj ve elektrik ark gibi 

olaylarēn meydana gelebileceĵini de gºstermektedir. En kºt¿ durum koĸullarēnda 

yapēlan sim¿lasyonlarda g¿neĸ h¿cresi kaplamasē materyalinde parametrik analiz 

sonu­larēyla benzer kritik durumlar gºr¿lmektedir. Elde edilen sonu­larda g¿neĸ 

paneli h¿cresi malzemesi ºzelinde -5 kVôluk y¿zey potansiyel deĵerlerine eriĸilirken, 

aynē malzeme kimi uzay durumlarēnda diferansiyel potansiyel bakēmēndan 3 kV 

mertebesine eriĸmektedir, bu da kritik potansiyel deĵerinin olduk­a ¿zerindedir ve 

elektrik ark ile elektrostatik deĸarj gibi olaylarēn doĵmasēna neden olabilir. Ger­ek­i 

vaka analizi sonu­larēndaki diferansiyel elektriklenme deĵerlerine bakēldēĵēnda 00:00 

ï 06:00 arasēnda kalan bºlgede ve ºzellikle 06:00 MLT bºlgesi ­evresinde y¿ksek 

seviyede y¿zey elektriklenmesi oluĸturabilecek potansiyel deĵerleri gºzlenmiĸtir. 

Yapēlan sim¿lasyonlarda bu durum tutulma senaryosu olan Mart 2015 vakasē i­in daha 

kritik d¿zeylerde olduĵu gºr¿lmektedir. 

Bu ­alēĸmada, CIMI i­ manyetosfer uzay ortamē modeli ­ēktēlarē literat¿rde ilk kez 

SPIS programē girdisi olarak y¿zey elektriklenmesi sim¿lasyonlarēnda kullanēlmēĸtēr. 

Literat¿rdeki pek ­ok ñen kºt¿ uzay ortamlarēò bir araya getirilerek daha kapsamlē bir 

analiz metodolojisi y¿r¿t¿lm¿ĸt¿r. G¿neĸ panelleri MLT konfig¿rasyonuna gºre 

deĵiĸtirilerek analizlerin doĵruluĵu arttērēlmēĸ ve ana MLT sektºrlerinin y¿zey 

elektriklenmesine etkileri incelenmiĸtir.  
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 INTRODUCTION  

Solar wind and radiation coming from the Sun has several physical and electrical 

effects on space systems. Thermal, ionizing radiation, dose effects, ultraviolet 

radiation, electrostatic discharge (ESD), internal and external surface charging effects 

are some major effects of solar radiation on satellites. Considering the fact that the 

communication satellites which are operated on geostationary orbit (GEO) reside 

inside the magnetosphere, they can be affected by the solar activity owing to the 

energetic particles injected into the magnetosphere as a result of magnetospheric 

reconnection.  These high energy particles are trapped in the inner and outer radiation 

belts known as Van Allen Radiation Belts. Once trapped, particles make bounce and 

gyration motion along the magnetic field lines and interact with the very low frequency 

(VLF) and ultra low frequency (ULF) electromagnetic waves and their energies can 

further energegized this way.  

Spacecraft surface charging is a phenomenon which occurs when a spacecraft system 

or material accumulates a positive or negative electric charge on their exterior surface. 

This charge accumulation can be influenced by various factors, including the electrical 

and structural properties of the material, the presence of nearby objects in the satellite 

perimeter, satellite configuration and the surrounding plasma environment. In brief, 

estimating and understanding surface charging is crucial for many disciplines such as 

electrostatics, materials science, semiconductor manufacturing, and space exploration 

aspects.  

The study of surface charging is essential for several reasons. Firstly, one of the most 

crucial point is that it affects the performance and reliability of electronic devices on-

board satellites and leads to power system failures in equipment and system scale. In 

the past, excessive surface charging lead to malfunctions, vital data loss, or even 

permanent damage in sensitive electronic components under severe space 

environmental conditions as result of very high energetic particle concentration, i.e. 

high energy electrons and ions. Secondly, in the age of space exploration, surface 

charging can pose a significant risk to satellites and spacecraft electrical power 
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subsystems. Charged particles in space can cause electromagnetic interference, disrupt 

communication systems, and degrade the performance of onboard sensors and 

scientific instruments. Therefore, accurate estimation and management of surface 

charging is key to 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 object considering the plasma populations 

densities and their thermal energies. This can be challenging due to the complex nature 

of the charging process and the numerous factors that influence it. Researchers and 

engineers working on these subjects employ various techniques and models to estimate 

surface charging, including theoretical calculations, numerical computer simulations, 

and experimental measurements with very specific dedicated test setups in order to 

simulate the environment. These methods aim to predict the charge accumulation and 

distribution on a surface under different environmental and physical conditions, 

enabling the identification of potential issues and the development of charging 

mitigation strategies for satellite anomalies. 

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 discharged, which may result in a sudden release of high energy. It 

is a common problem in industries where electronic devices are handled, such as 

manufacturing, assembly, and testing. Understanding surface charging phenomena 

plays a vital role in preventing ESD events, protection and isolation of sensitive 

electronic components, and ensuring product reliability to work under the worst-case 

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 

strategies to mitigate its adverse effects or reduce the space weather threats. So that, 

surface charging estimation from the modelling perspective has critical status due to 

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

environments and examine root-cause of anomalies encountered during flight.  
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 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 worst-case space environments by means of 

surface potential evolution. Estimation of surface charging with realistic simulations 

with robust radiation belt and surface charging model by considering the incoming 

solar irradiance angle in GEO, with different satellite solar array configurations 

through satellite trajectory by means of practical and rational ideas can be 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 analysis and estimation  of spacecraft surface charging that causes satellite 

anomalies is quite complex because it requires to model the environment as close as 

possible to the real case and determine the environmental paramaters that drives the 

spacecraft charging. Especially, on geostationary orbit, the effects of radiation belts 

are quite dominant in terms of surface charging below 50 keV plasma temperature 

conditions.   

The literature studies on spacecraft charging are mostly based on a few worst case 

scenarios of the recorded spacecraft failures. The main purpose of this thesis is to 

investigate the spacecraft surface charging using available models, e.g. Spacecraft 

Plasma Interaction Software (SPIS) for spacecraft charging and an environmental 

numerical model Comprehensive Inner Magnetosphere Ionosphere (CIMI) for 

simulating the environment.  It is aimed to emphasize and reveal the space 

environmentôs role on the spacecraft charging.  That is why, CIMI model outputs 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 conduct simulations to determine satelliteôs charging 

behaviour under different space plasma environments and spacecraft configurations 
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under parametric studies, including the worst-case space environments and then 

estimate surface charging by using a realistic magnetospheric plasma environment 

model (CIMI) that include the physical processes that occur within the magnetosphere, 

especially within the radiation belts and drive the surface charging software (SPIS) 

with these more realistic model outputs. 

A simplified broad and 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 telecommunication satellite orbitography for investigation of the 

effect of main plasma parameters such as electron and ion density and energy levels 

of these plasma populations.  The primary effects of the environmental parameters on 

our model spacecraft are investigated in terms of absolute and differential surface 

charging implementing scenario cases using Spacecraft Plasma Interaction Software 

(SPIS). Then, the pre-defined worst-case space environment conditions are described 

and surface charging estimations are conducted for these harsh and energetic space 

environment scenarios which are extracted from real spacecraft anomalies and hazards 

occured in the past and recorded in the literature. As a result, a benchmark database of 

surface charging are obtained for generic satellite under the worst-case charging 

environments. In the last part of the study, a spacecraft surface charging alert 

perspective is proposed to issue the risks for the current space weather conditions for 

satellite operators based on the estimation of differential surface charging.  

 Literature Review 

Historical background of surface charging events are quite old and records are 

significantly high in numbers. Several dramatic events occured in the past on the 

spacecraft surface charging phenomena. One of the most popular case is the 

TELSTAR 401 incident.  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 customers in Europe and North America. On 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 
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in the satellite's power system, 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. Companies and organizations relying on the satellite for their 

operations experienced downtime and loss of revenue.  The TELSTAR 401 incident 

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 failures which endangers satellite operations.  

Satellites in geostationary orbit, such as the GOES (Geostationary Operational 

Environmental Satellite) series, can experience charging events. These charging events 

occur when the satellite moves through different regions of space especially outer 

radiation belt, which is populated with trapped energetic electrons, and encounters 

varying plasma densities 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 America.  On April 

5, 2010, Galaxy 15 experienced a major anomaly that caused a loss of control over the 

satellite. The anomaly was triggered by a solar flare event, which led to an onboard 

anomaly in 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. 
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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 services.  To mitigate the interference, satellite operators adjusted their own 

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 occur in flight. 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 infrastructure which can be roughly 

made of billions of dollars of investment.  

There are significant evidences which show that the anomalies are related with the 

corresponding space weather events and occurred during geomagnetic substorms.  

Many of the spacecraft charging events are seen to be connected to a solar activity on 

the Sun such a CME; a HSS (High Speed Stream) or a shock in the solar wind.  Space 

weather events are 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 Sun. Some of the satellite anomalies associated mainly with space weather and 

solar activities encountered in history on geosynchronous orbit include DSCS II and 

B7, ATS-6, GOES 4, 5 and 7, MARECS-A, METEOSAT, TDRS, INSAT-2D and 

more can be found in Koonsôs studies (Koons et al., 1999).  These cases are just the 

major surface charging problems.  

In order to understand these spacecraft anomalies and potential losses encountered in 

orbit, there were different methods and approaches for simulation of ESDs, internal 

and surface charging phenomena, space plasma effects on spacecraft surfaces, particle 

flux and influence of the inner and outer radiation belt. The main indicator parameters 

for surface charging can be listed as Kp index, the speed of solar wind, interplanetary 
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magnetic field and density of solar wind which affect the magnetospheric 

configuration and increasae the ion and electron flux in GEO (Ganushkina et al., 2021) 

and the statistical research shows that the events are more likely to occur during 

declining phase of solar cycle. Although the charging phenomena occurs in all seasons, 

the probability increases during the spring and fall equinoxes. The surface absolute 

potential voltage values of the solar array can be quite high both in eclipse and the 

sunlit configurations under the worst-case environments with comparison to the on-

ground tests and the inverted potential gradient could be high enough to create an ESD 

risk (Mat®o V®lez et al., 2019). Satellite surface potential depends on the material 

properties as well, the materialôs surface bulk resistivity is the key parameter on 

surface charging (Fulford et al., 2021), which can be altered in space environment by 

aging and thermal aspects.  

In general, previous studies on surface charging simulations are from the perspective 

of case studies based on real satellite observations (Fennell et al., 1983), estimation of 

the worst-case surface charging threshold by standard environment models (such as 

NASA, ISO, ECSS etc.), prediction of satellite potentials from plasma parameters 

(Ganushkina et al., 2021 and Mat®o-V®lez et al., 2018) and coupled modelling 

approaches by integration several models such as IMPTAM ï VERB (du Montcel et 

al., 2022) in order to estimate satellite differential charging levels on surface elements 

by coupling an inner-magnetosphere, radiation belt and magnetohydrodynamic 

(MHD) model simulations (Nagatsuma et al., 2021) with an integration of three 

dimensional particle in cell solver models for 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 surfaces. Solar activity, such as coronal mass ejections and 

solar flares, and substorms lead to enhanced plasma energy and density inside 

magnetosphere. These charged plasma particles could decrease spacecraft differential 

potential up to several kVôs which may lead to charge build up on materials and critical 

electrostatic discharge events on the surface materials. Considering the fact that the 

Earth eclipse for telecommunication satellites are around 70 minutes at maximum, the 
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surface potentials decrease up to several kVôs quite rapidly, leading to strong negative 

surface charging depth in terms of voltage. The probability of satellite discharge 

anomalies indicate that from the midnight (00:00 magnetic local time) through the 

dawn sector (06:00 magnetic local time) concentrating around the local midnight in 

equinox seasons for GEO, satellite electrical power system errors and irregularities 

mostly occur on this special zone on geosynchronous orbit. On our simulation results, 

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

correlate with previous remarks.   
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 SPACE WEATHER ASPECTS AFFECTING  NEAR EARTH ORBITS  

 Solar Wind 

Solar wind refers to the continuous flow of charged particles, predominantly electrons 

and protons, that are emitted from the Sun and propagate through space. It is a stream 

of high-energy particles that are ejected from the Sun's upper atmosphere, known as 

the corona. The solar wind is created by the expansion of the high temperature of the 

Sun's corona.  The corona generates the fast-moving particles that make up the solar 

wind. The solar wind is comprised of charged particles that have been ionized by the 

intense heat of the corona on the orders of million degrees celsius. These particles are 

further accelerated by the Sun's intense magnetic field and escape into space through 

holes in the corona's magnetic structure, known as coronal holes (Bale et al., 2023). 

These particles flow outward in all directions, filling the solar system and interacting 

with the magnetic fields of planets, moons, and other objects they encounter. 

The speed of the solar wind can vary, typically ranging from several hundreds to 

thousands of kilometers per second depending on the coronal temperature. However, 

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, such as 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, power grids on Earth (Boteler, 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 and can have an impact on spacecraft on solar system as well.  Scientists 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 understand the Sun and its effects on our planet and beyond. 
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The solar wind theory was proposed by Eugene Parker (Parker, 1958).  The Parkerôs 

solution of supersonic flow of isothermal subsonic solar wind is given in the equation 

2.1 where v/vc is solar wind Mach number which is named as sonic speed (the critical 

point of solar wind to be sonic). Solution of this equation for coronal expansion of the 

solar wind to supersonic speeds is described in Figure 2.1. 
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The Parker spiral, is a theoretical model that describes the shape and structure of the 

magnetic field of the solar wind as it propagates outward from the Sun.  According to 

Parker's spiral model, the solar windôs magnetic field is not a straight line but instead 

takes a spiral shape due to 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 in interplanetary space.  

 

 Left: Isothermal transonic outflow and accreation disk inflow solutions 

of the equation (2.1), the point r/rc = 1 represents where the solar wind 

becomes supersonic and reaches the velocity of speed of sound (1 

Mach).  Right: The frame on the right is the right-hand side of the 

equation when integration constant (C) is selected as ï3 according to 

Parkerôs solution of solar wind. 

As the solar wind is composed of charged particles (mostly consist of electrons, 

protons and alpha particles), it is constrained and guided by the Sun's magnetic field 

lines (Parker Spiral). There are two classes of solar wind: fast solar wind which is due 

to open magnetic field lines and slow solar wind due to closed magnetic field lines. 
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Origin of fast solar wind is the coronal holes and open magnetic field lines while the 

slow solar wind is originated mainly from the closed magnetic field line areas from 

the corona (McComas et al., 1998). Generally, the fast solar wind is originated from 

the polar regions where magnetic field lines are not closed and the slow solar wind is 

originated from the equatorial regions of the Sun based on the observations by Ulysses 

satellites.  

Considering Parker'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. 

Parkerôs isothermal solar wind solution is considered with Tcorona = 1x106 K.  

¶ Modelôs distance is limited to 10 AU considering the Solar wind reaches 

beyond Saturn. 

¶ The spiral structure of solar wind is based on frozen-in-flux theorem where 

interplanetary magnetic field is translated with angular rotation of corona and 

velocity term of solar wind is calculated from the curve fit extracted from the 

Parkerôs solution for Tcorona = 1x106 K. 

ώ ρπσȢυτzÌÎὼ σχȢτ         (2.2) 

Solar wind speed is modeled with equation 2.2 where y is solar wind speed in (km/s) 

and x is the R/RSun distance. This formula is projected from 1 to 2150 RSun in order to 

obtain solar wind solutions beyond distance of Saturn. Apart from the fact that the 

solar wind speed is considered as it is dynamically expanding with RSun, the velocity 

is not constant along the radial axis. Hence, the spiral is curvy at around distance of 

Mars (VSW is slower) and smoother at around orbit of Jupiter and Saturn (VSW is faster). 

Equations to calculate spirals shape is given with equations 2.3 and 2.4 as radial (ὄ) 

and azimuthal (ὄ ) component of B field.  

ὄ ὄᶻ
ὶ

ὶ
 (2.3) 
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ὄ ὄᶻ
‫ Ὑz

ὠ
 (2.4) 

 

ū for plotting spirals are chosen as 0, 90, 180 & 270ę (as four separate spirals). "ɤS" 

the angular velocity of Sun around equator is given as 2.69 x 10-6 rad/s. B0 magnetic 

field at base of corona is chosen to be 5 Gauss. The resulting Parker spirals plotted in 

cylindrical coordinates are given in Figure 2.2. 

 

 Parkerôs Spiral Model of Solar wind beyond Saturn. 

The interplanetary magnetic field lines along the Sunôs ecliptic are dragged due to 

angular rotation and creates an Archimedian spiral. The spiral is inclined between 

around 45-50ę on Earthôs distance (1 AU), the angle between the radial and azimuthal 

component of the interplanetary magnetic field. The Parker spiral model has been 

validated by observations from spacecraft such as the Ulysses (Bame et al., 1992) and 

the Solar and Heliospheric Observatory (SOHO) (Domingo et al., 1995). It provides a 

framework for 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 

is another solution of Parkerôs equation, accretion inflow occurs when material from a 

surrounding disk or a nearby companion star spirals ñinwardò due to the gravitational 

attraction of the central object.  

The infalling matter forms a disk-like structure, known as an accretion disk, around 

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 mechanisms, such 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 energy. This energy is 

converted into heat and radiation, causing the accretion disk to emit intense radiation 

across the electromagnetic spectrum, including X-rays and gamma-rays. The matter in 

the accretion disk eventually reaches a point where it is close enough to the 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 crucial role in various phenomena, 

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

2.1.1 Solar flares 

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 sunspots due to the 

magnetic reconnection phenomenon which is a basic annihilation principle of opposite 

signed magnetic 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 

energy due to the magnetic reconnection (Fletcher 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 
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intensities, from relatively small events to large, powerful eruptions significantly 

increase the high energy proton flux in magnetosphere.  

Solar flares are classified based on their X-ray 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 of high-energy radiation, 

including X-rays and UV light. This radiation can interfere with radio 

communications, 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 ejections and can cause geomagnetic 

storms on Earth, resulting in auroras, disturbances to power grids, and disruptions to 

satellite-based systems. Solar flares can cause sudden ionospheric disturbances, 

leading to radio blackouts at lower frequencies. An example for an X-class solar flare 

visuals can be seen from the Figure 2.3 below. 

 

 Two views of an X-class solar flare, 10 September 2014. (Courtesy of 

NASAôs Solar Dynamics Observatory). 

2.1.2 Coronal 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 material, including 
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charged particles through magnetic fields, and plasma, which are accelerated and 

ejected into space at high speeds with magnetic cloud. Typical Interplanetary CME 

structure and electron content can be seen in Figure 2.4 below. 

 

 Illustration of the morphology of a CME as revealed by radio-sounding 

experiments, (in courtesy of ESA/AOES Medialab). 

Morphology and the structure of CMEôs has several distinguishable parts which is 

clearly seen in Figure 2.5 from the observations. Typically, CME structure consists of 

bright leading edge, dark cavity and brighter core (Illing & Hundhausen, 1985).  

 

 SOHOôs LASCO C2 and C3 coronagraph images of 27 February 2000 
(G·mez-Herrero 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 magnetic energy.  Surrounding the core, there is a leading-edge front that expands 
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outward in a radial direction. This front is often called the "CME front" or "leading 

edge" or ñshock frontò. It marks the boundary between the material being ejected and 

the surrounding ñambientò solar wind.  This region is characterized by a darker, lower-

density area that appears as a void or depression within the overall CME structure. The 

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 lines that 

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 turbulent and low-density 

plasma flow inside.  

CMEs are highly associated with intense magnetic activity. The twisted and disrupted 

magnetic fields from the Sun are 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 bubble-like structure, while others can 

exhibit more complex shapes, such as twisted or spiral structures. The study and 

understanding of CMEs are crucial for space weather forecasting as they 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 magnetic reconnection, a process where magnetic field lines realign, 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. The intense 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 bubble-like 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 few hundred 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 Earth or other planets, it can cause various space weather effects, such as 

geomagnetic storms, auroras, and disruptions to communication and navigation 

systems as charged particle energy and density during substorms increase and interacts 

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 

technological 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 ejections. 

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 

range of 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 Earth. As it is seen from the Earth as a halo and due to their wide expansion, 

the trajectory of a halo CME is 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 towards the Earth.  
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 Halo CME detected by SOHO/C2 coronagraph and X-ray solar flare         

observed by Extreme Ultraviolet Imaging Telescope (EIT) on 28 

October 2003 (Krauss et al., 2012). 

 

  Halo CME detected by SOHO/C2 coronagraph ejected on 13 May 

2005, leading to a Solar energetic particle event (Courtesy of 

SOHO/LASCO consortium). 
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2.1.3 High Speed Streams (HSSs) and coronal holes 

Sunspot or coronal hole numbers exhibit a periodicity known as the solar cycle, which 

is the approximately 11-year cycle of solar activity which corresponds to Schwabe 

cycle (Frick et al., 1997). There is also ~100-year cycle of solar activity which is 

named as Gleissberg cycle (Gleissberg, 1967). These cycles are characterized 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 longer and active than others.  

High-speed streams, also known as high-speed solar wind streams, are fast-flowing 

streams of solar wind that originate from 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 freely. Structure 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 a high-speed stream of solar 

wind that travels along the IMF. These streams typically have speeds exceeding the 

average solar wind speed, which is between around 300 to 900 kilometers per second. 

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

 

 Schematic of high-speed stream (HSS) originated from coronal holes on 

the surface of the Sun (Guo et al., 2016). 
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The arrival of a high-speed 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 bands by shifting the polarization angles, 

create scintillation, and affect power grids. The increased speed of high-speed streams 

results in higher-density 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 crossing events occuring 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, causing fluctuations in 

radio signals and affecting satellite-based navigation systems.  

To monitor high-speed 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 sensors on 

L1 point of the Earth. These instruments provide real-time measurements of the solar 

wind properties, including speed, density, and magnetic field strength, helping to 

forecast space weather and mitigate any potential disruptions. 

2.1.4 Helmet 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 name "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 flares. These structures are formed due to the 

complex interplay between the Sun's magnetic field and the plasma in the corona. They 

are composed of highly twisted and sheared magnetic field lines that rise from the solar 

surface and arc outward, creating a loop-shaped 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 X-ray 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 space, resulting in a CME. Observed visual of helmet streamers are seen in Figure 

2.9 below. 

 

 Helmet streamers observed by SOHOôs LASCO coronagraph on 
2001/11/03 at 05:35 UT, near the solar maximum of solar cycle 23 

(Courtesy of SOHO/LASCO consortium). 

 Earthôs Charged Particle Environment: Radiation Belts 

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 and electrons lay trapped in Earthôs radiation 

belts 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 external solar system objects (from the stars, supernovas explosions, x-ray bursts, 

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.   

2.2.1 Van 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:  

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

Geiger counter on request from Van Allen. 

¶ 1959: First mapping of belts (Van Allen, 1959). 

¶ 1962: Starfish, a nucear test bomb of 1.4 Mt had an explosion at around 400 

km of altitude, creating an artificial radiation belt (Beall et al., 1967): 

o Artificial aurora in New Zealand,  

o Honolulu plunged into darkness damaging the electric grid, 

o Transit-4B, Telstar, Cosmos 5 and Ariel 1 satellites were damaged by 

explosion and radiation, power loss and sensitive electronic failures 

occurred leading to loss of satellites after a few months (Hoerlin, 1976). 

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

by Starfish nuclear bomb detonation.  

The radiation belts are located between 300 to 40000 km, at latitudes falling between 

60ÁN to 60ÁS. There are 2 regions where particles are trapped: inner radiation belt, 

outer radiation belt. They are belts; of electrons: plasma energy < 7 MeV, of protons: 

plasma energy < 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 particles, generally keV or MeV units are 

used for scaling their plasma energy. In radiation belts, energy level of particles vary. 

Electrons have energy from several keV up to 7 MeV and protons have energy from 

several keV 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 belt. These trapped radiation belts 

in magnetosphere can be seen in Figure 2.10. Typical properties of inner belt are: 

It starts around 300 to 1000 km which strictly depends on latitude. 

¶ It may reach above 10000 km altitude.  

¶ It is made of ions (mainly protons) and electrons. 

¶ It is very stable in terms of radiation flux temporally. 

¶ It is characterized by a heavy flux of high energy protons (above several 

hundreds of MeV), the maximum flux of protons with energy above 10 MeV 

being located at 6000 km. 

¶ 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 high-energy 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 processes. The primary 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 high energies. 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 field lines, they 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 other, 

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 surrounding 

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.  

 

 Detailed magnetosphere and radiation belts with cross-section, the 

Earth is seen from the 18:00 MLT and from the North (Li 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 radiation belt moslty consist of electrons, it extends up to 10 RE, with 

maximum flux of electrons (E > 1 MeV) around 4 RE. 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 storms driven by solar activities. The 

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 

energies. Figure 2.11 indicates the slot region, inner and outer belt and their general 

properties regarding to space weather. 

 

 Inner and outer radiation belts with slot region formation schematic 

and corresponding system effects on space weather concerns (Baker et 

al., 2017). 

Between the two belts, there is a gap called as a ñslotò region. Furthermore, depending 

on the magnetospheric and solar conditions, the number of this region could 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. 

2.2.2 Dynamics of radiation belts 

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

which are described below and summarized on the Figure 2.12: 

¶ Gyration around the magnetic field lines generating a spiral trajectory, 

¶ Bouncing between 2 mirror points projected on the Earth, 

¶ Drift around the Earth. 

 

 Charged particle motion in a dipole magnetic field line; (b) M, J, and ű 
adiabatic invariants respectively, with gyro (M), bounce (J), and drift (◖) 

motions. Drift motion of electrons is eastward, and ions is westward 

(Jursa, 1985). 

Coronal Mass Ejections (CMEs) and the solar wind have impact on the magnetosphere 

and lead to plasma instabilities on the magnetospheric waves such as ultra-low 

frequency, very low frequency and extremely low frequency waves.     

 Effects of Radiation Environment on Spacecraft Electronics 

Effects of radiation environment trapped in Earthôs radiation belts can be described as 

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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 High influencing radiation effect on specific space missions. 

Scenario case of space mission Phenomena 

High altitudes (GEO) - Electrostatic discharges due 

to internal and external 

charge phenomena. 

Large structure moving in low orbit - Phenomenon of electrostatic 

wake 

- Discharges induced on the 

power systems 

Polar Earth orbit - Wake and surface charge 

- Discharges induced on the 

power systems 

2.3.1 Internal charging (deep dielectric 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 relatively short exposure 

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 shielding thickness 

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 satellite (power circuit board, 

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 may have a possibility to penetrate into the 

deeper layers of the satellite, and establish negative potential on isolated parts such as 

dielectric materials and floating conductors. The electrons may become trapped 

(buried) in dielectric materials. KaptonÊ and TeflonÊ 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 1010 ï 1011 electrons/cmĮ (over a time period relative to 

the dielectric leakage rate) would build-up a sufficient charge for arcing (Leung 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. 

2.3.2 External 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, high-energy electrons and magnetic fields. Comparing with MEO or GEO 

environment in 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 space missions as well. While significant charging cannot occur 

at low inclination angle, the sun-synchronous orbit environment can lead to significant 

charging due to the fact that the inclination is around 98.4ę and such orbitography is 

polar oriented. Consequently, the most affected orbit will be the orbit at 98Á of 

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  ESD (electrical 

arc). As an indicator, most of geosynchronous satellite anomalies occur on midnight 

to dawn sector (Lai & Cahoy, 2016) seen from Figure 2.13. 

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

as: 

¶ Alteration of an equipment that may lead to the loss of the satellite, 

¶ In-flight anomalies by change in the . 

There is a risk of electrostatic discharge when the 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 electrons were initiated by the loss of a satellite system 

functions, the analysis of such events generally concluded that there was a charge 

followed by the discharge on one of satelliteôs components. 

 

 Spacecraft anomaly records which are observed on geosynchronous 

orbit (Lai & Cahoy, 2016). 

There are two types of charging in the context of potential of surfaces: 

¶ 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. 

¶ 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 on the order 

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 

resultant transient pulses). Arc-discharges occur when the electric fields created by 
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differential charging exceed breakdown potentials. The arcs are rapid (within the frame 

of ~ nanoseconds) and re-arrange charge distribution by punch-through (internal 

dielectric breakdown), and by flashover between surfaces or between surfaces and 

space. Shae et al. demonstrated that the average satellite discharge rate increases with 

increasing geomagnetic activity (Shae et al., 1976). Discharge consequences include 

noise in both data and wiring. Arcing, although seen as the primary mechanism by 

which spacecraft 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 moderate storm and plasma 

conditions (Kp < 6) (Rubin and Garrett, 1979).  

The space weather conditions for the Telstar 401 satellite incident can be seen in the 

Figure 2.14 represented below where the electron density is significanlty increased. 

 

 GOES-9 Space Environment Monitor data during January 1997 related 

with TELSTAR 401 satellite failure due to energetic electrons (Courtesy 

of NOAA). 



31 

 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 radiation.  When a spacecraft 

moves through its orbit in space, it can encounter these charged particles, which can 

collide with the spacecraft's surface. These collisions can result in the transfer of 

electric charge to or from the spacecraft, leading to surface charging. If the 

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 high-energy electrical discharge known as electrostatic discharge. ESD 

events can potentially damage or disrupt sensitive onboard electronics. 

Charged particles, mainly the electrons and ions, can 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 longevity.  Surface charging can create electrical currents 

on the spacecraft like a circuitry, and these currents can interfere with the spacecraft's 

attitude control system if a sensor or actuator onboard satellite reads a erroneous 

information or a noise generated by these interference signals. Attitude control system 

perturbations may result in unintended changes in the spacecraft's orientation, 

requiring an operational mode changes or corrective maneuvers.  

To mitigate the risks associated with surface charging, spacecraft designers employ 

various strategies, including applying conductive materials or coatings to the 

spacecraft's surface helps to dissipate or redistribute electric charge more effectively, 

reducing the potential for surface charging. These surface materials are often specified 

with high surface conductivity (Garrett & 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 particles 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 spacecraft global ground points to provide 

a low-resistance 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 

charge environment 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; photo-emission, secondary emission from ambient plasma (mainly electrons 

and protons), absolute and differential charging considering plasma interactions with 

satellite surfaces which will be discussed in this section.  

 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 due to interactions 

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 collects ambient 

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 the satellite. Once 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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Č 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 spacecraft 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 non-uniform 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 spacecraft, making the 

surrounding electrostatic environment more complex. 

Č Internal Charging: Internal 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 particles 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 

collected or emitted by the spacecraftôs outer surfaces until a current balance is reached 

and the net current is found as 0. The equation 3.1 represents this current balance 

concept below.  
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Where; 

Ɇʟ = Overall spacecraft surface potentials all around satellite configuration,  

Ie = Electron net current from primary electrons on surface, 

I i = Ion net current due to ions on surface, 

Ise = Net current due to secondary electron emission by electrons, 

Isi = Net current due to secondary electron emission by ions, 

Ibe = Net current due to backscattered electrons, 

Iph = Net current due to photo-electrons, 

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 equation 3.1 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 plasma. When 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 of the satellite can increase 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 elements. In GEO space envionment and under sever substorm cases, 

net currents due to electron populations are quite dominant. Even under sunlight with 

photo-emission effect, spacecraft can be charged up to several negative kVôs of 

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

The Debye length, also known as the Debye screening length, is a concept in plasma 

physics and electrochemistry. It is named after the Dutch physicist Peter Debye. The 

Debye length represents a characteristic length scale over which charged particles 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 particles, which creates an electric field. 

This electric field affects the motion and interactions of the charged particles. 

However, as we move away from a charged particle, the influence of its electric field 

diminishes. 

The Debye length, denoted by the symbol ɚD, quantifies the distance over which the 

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 given by 3.2 

(Bryant, 1996): 

ʇ
‐ὯὝ

ὲ Ὡ
 ά  (3.2) 

where: 

ɚD is the Debye length, 

Ů0 is the permittivity of free space (approximately 8.854 x 10-12 C2/(NĿm2), 

kB is the Boltzmann constant (approximately 1.381 x 10-23 J/K), 

T is the temperature in Kelvin, 

n is the number density of charged particles (ions or electrons), and 

e is the elementary charge (approximately 1.602 x 10-19 C). 

If the equation is simplified when the constants (permittivity of free space: Ů0, 

Boltzmann constant: kB and elementary charge: e) above and written in 3.2 the 

formula, the simplified equation becomes as 3.3 below: 
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The Debye length represents a characteristic 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 particles. 

However, if the separation is smaller than the Debye length, the interactions are not 

significantly screened, and long-range 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 

propagation. Under assumption of 10 keV electron population with particle number 

density of 1 #/m3, the calculated debye length is 744.37 m, for 25 keV electron 

population with particle number density of 0.5 #/m3, the calculated debye length is 

1664.47 m. During solar substorms, both electron flux and energy levels increase. For 

constant electron flux and number density conditions, the debye length increase with 

increasing thermal speed or average energy of plasma population and result in much 

greater debye length with respect to spacecraft dimensions in GEO telecommunication 

satellite case. This process results in negative kVôs absolute surface potentials  could 

develop in certain environmental conditions (Sims, 1991). For eV to Kelvin 

conversion, 1 eV is assumed to be roughly 11604.5 K.  

3.1.2 Maxwellian Distribution  

In general, Maxwell-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 gases. It applies to an ideal gas, which is a theoretical model of a gas 

consisting of a large number of non-interacting 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. The approximated distribution function for the isotropic plasma 

is given by the following equation 3.4 in the concept of basic plasma theory (Tjon & 

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

m is the particle mass, kB is the Boltzmannôs constant and the T is the plasma 

temperature in Kelvin. The 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, indicating a wider range of speeds. Higher temperatures result in a 

greater proportion of particles with higher speeds. As the particle mass decreases, the 

the most probable speed of the particles increase. The approximated most probable 

speed of the particles is represented by 3.5 and found with global maximum point by 

derivation of f(v) with respect to v: 

ὺ  
ςὙὝ

ὓ
    (3.5) 

The average speed of the particles on ideal Maxwellian distribution is found 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: 

ὺ  ὺӶ ὺ Ὢὺ Ὠὺ
ψὙὝ

“ὓ
 (3.6) 

 

Figure 3.1 : Isotropic Maxwellian velocity distribution function, the picture on the 

right represents the contours of constant f in two-dimensional velocity 

space (Koskinen & Kilpua, 2022). 
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 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 much larger than 

current of ions. The process of surface charging is described in Figure 3.2 and below: 

¶ Charging begins due to unequal ions and electrons current over surface. 

¶ Charge accumulates: 

o Negative charges are decelerated reducing their current. 

o Positive charges are accelerated. 

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

 

Figure 3.2 : Process of charging due to the environment; 1 ï charging over surface 

due to slightly more negative charge concentration, 2 ï charge 

accumulation towards potential difference, 3 ï charging continues until 

the current balance is reached on surface, with negative potential in 

this case. 

The charge phenomenon mostly depends on: 

¶ The environment (plasma population density and temperature), 

¶ The incoming solar photons and the angle of incidence between the surface, 

¶ The properties of materials (conduction, resistivity, capacitance, material area 

etc.),  

¶ The electrical architecture (grounding network type), 

¶ The geometry and configuration of 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 sub-storms characterized by the injection of electrons in the tail of the 

magnetosphere (midnight solar local hour = 00:00). 

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 displayed in Figure 3.3 and Figure 3.4 below: 

 

Figure 3.3 : Balance of currents caused by external charging, when the satellite is in 

eclipse, Iph = 0. 

Balance of currents described in the fig¿re above is given by the equation 3.7 below: 

ὅὨὠ
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Spacecraft design rules for 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, 

¶ Electrical design resistance to ESD events. 
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Figure 3.4 : Typical surface charging concepts acting on a spacecraft (Guillemant, 

2014). 

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

¶ The charge levels may reach -20 kVs in eclipse and may reach several ï kVôs 

in sunlight. 

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

¶ The charge process may be either short term by scale of minutes (surface 

charge effects) or long term by scale of days and weeks (internal charge 

effects). 

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

may lead to quite high number density and energies of electrons.  

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 orbit (Mat®o-V®lez et 

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 the satellite is not illuminated (shaded). 

3.2.1 Photo-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 energy of the 

electron), the electron can be ejected from the material. 

In this case of the photo-electric effect, ejected electrons from the material atoms are 

referred to as photo-electrons. The kinetic energy of the photo-electrons 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 photo-electrons 

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 electrons. In the case of geosynchronous satellites and the Earth 

orbits, the incident visible photons have approximately 2 eV of energy in average at 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. 

 

Figure 3.6 : Clear view of the saddle point (not the spacecraft but the solar array 

wing) with the barrier potential (around ï 2865 V) and the inverted 

potential gradient over the solar array coverglass (CMG) and rear side 

of the structure panel (CFRP) showed by isosurface contours of plasma 

potential, visual is created in the Paraview program from 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 represents 

a critical point where the function changes from increasing to decreasing or vice versa, 

the configuration of potential barrier can be seen in Figure 3.6 extracted 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 or an environment 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 material, this electric field creates a barrier 

potential that affects the behavior of charged particles in the vicinity. Furthermore, 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 potential, it will 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 particles, 

which can lead to changes in their kinetic energy and subsequent behavior. The barrier 

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. 

3.2.2 Secondary Electron Emission (SEE) 

Secondary electron emission (SEE) is an important phenomenon in spacecraft surface 

charging. When charged particles, such as electrons or ions, impinge on a spacecraft 

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, transferring some of 

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, electron-electron 
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interactions, and electron-phonon 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 electrons 

may be trapped or accumulate on the surface, resulting in the charging of the 

spacecraft.  

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. This electric field 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 

(such as electron emitters or conductive tethers) to neutralize the charge, and designing 

shielding or grounding systems ensuring there is no floating end to minimize charging 

effects. The yield of secondary electron and proton emission varies with the incident 

particle energy, and has a maximum value at a specific energy level.  Possible results 

of SEE are the surface discharge and electric arc phenomena which are the high voltage 

difference between dielectrics and conductors, which 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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 PARAMETRIC STUDY ON SPACECRAFT SURFACE CHARGING  

In order to examine surface charging using SPIS, three-dimensional (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 definition add-on in SPIS 

considering a high capacity telecommunication satellite platform with dedicated 

electric power source (solar arrays). Version of software used is 6.1.0 with a release 

date 23-Jun-2021.  

 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 particle-in-cell (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 particles 

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 plasma. Figure 4.1, 4.2 and 4.3 represents 

the SPIS modelling flow, electrical circuit and numerical solving flowcharts dedicated 

for spacecraft and experimental surface 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 

spacecraft-plasma 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 open-source 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 spacecraft-plasma interactions, 

including spacecraft 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 environment (Roussel, 2001). The specific equations 

that SPIS solves include: 

¶ Poisson's equation: This equation relates the electric potential to the charge 

distribution in the plasma. Specifically, 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 

field (E) at any point in space is proportional to the charge density (ɟ) at that 

point. Mathematically, it can be expressed as (4.1) & (4.4): 

​ᴆὉᴆ  ” Ⱦ ‐ (4.2) 

where ɳ  ẗ E is the divergence of the electric field, ɟ is the charge density, and Ů  is the 

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 charge density 

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 waves, and 

the interaction between charges and fields. 

¶ Continuity equation: It describes the conservation of charge and current flow 

in the plasma. It is obtained by the integration of Boltzmann equation for zero 

order moment (d3v). 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 or out of that 

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 charge density are balanced 

by the flow of electric current. 

¶ Momentum equation: This equation governs the motion of charged particles in 

an electromagnetic field. It is obtained by the integration of Boltzmann 

equation for first order moment (multiply Boltzmann by v and integratde over 

d3v). It is a fundamental equation that relates the change in momentum to the 

electromagnetic forces acting on charged particles. In its general form, the 

momentum equation accounts for both the motion of charged particles and the 

interaction between the electromagnetic fields and the particles. 
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By combining the momentum equation with the other Maxwell's equations and 

appropriate boundary conditions, 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. 

¶ 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 equation from equation  4.1: 

​ᴆȢὉᴆ  ” Ⱦ‐ (4.4) 

Faraday equation for electromagnetic induction written in equation 4.5: 
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The equation states that a time-varying magnetic field induces an electric field. The 

curl (​ᴆ) of the electric field (E) is equal to the negative rate of change of the magnetic 

field (B) with respect to time. 

Gaussôs Law for magnetic fields or B divergence equation in equation 4.6: 

​ᴆ Ȣὄᴆ π  (4.6) 

This equation states that the magnetic field (B) is divergence-free, meaning that there 

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

Amp¯re equation written in equation 4.7: 
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where А represents magnetic constant (permeability of free space). The curl of 

magnetic field has direct relation to the electric current density and the rate of change 

of electric field with respect to time. 

¶ Boltzmann equation: This equation is used to describe the statistical behaviour 

of the plasma particles and their distribution function. The equation 4.8 is 

costly considering computational aspects so the right hand side of the equation 

could be assumed as 0 for very low or zero collision frequency. 
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Vlasov equation represented by the equation 4.9 below: 
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¶ Particle kinetic equation: The equation represented by equation 4.10 governs 

the evolution of the particle distribution functions and account for processes 

such as particle collisions, ionization, and recombination. 

Ὂ ή ȢὉ ή Ȣὺ ὼ ὄ (4.10) 

 

Figure 4.1 : SPIS modelling chain schematic (Thiebault et al., 2015). 

SPIS primarily focuses 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 spacecraft 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 and operational 

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 kɋôs of resistors are introduced between the solar array sections 

in order to reduce the potential gradient between (Barde et al., 2017). Considering our 

telecommunication spacecraft model, 50 kɋ bleed resistors are introduced directly 

between the solar array wings and spacecraft global ground. Between the solar array 

front and back side, there are  30 Mɋ resistors are integrated together with 2.85 pF of 

capacitor to filter transient noise effects which is advised (Barde et al., 2017). Generic 

diagram of spacecraft circuit schematic is seen from Figure 4.2 below. 

 

Figure 4.2 : Spacecraft generic electrical circuit schematic (Guillemant, 2014). 

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 spacecraft. 

By combining the plasma physics calculations with the simplified electrical circuit 

representation, SPIS provides a comprehensive analysis of the spacecraft-plasma 

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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Figure 4.3 : SPIS numerical simulation principles: E field, particle transport, plasma 

ï 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 plasma-related effects that may affect spacecraft 

operations and performance.  

 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 three-dimensional 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 orbit which can be seen from the Figure 4.4. 

The 3D structural reduced model of a high-capacity communication satellite in GEO 

orbit was prepared with the Gmsh 2.8.5 program in ñ.GMLò and ñ.GEOò file formats 

and based on a typical communication satellite dimensioning. The modeled 

communication satellite has three-axis stabilization control, 5 solar panel sections in 

the north and south wings along the ÑY direction (total of around 74 m2), with triple 

junction (Cerium Doped MgF2 coated) solar cell coverglass on the surface (+Z of 
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equipment surface normal). There are payload reflector antennas throughout ÑX 

direction. The satellite body structural panel surfaces are superficially and electrically 

coated with a black and yellow kapton multi-layer insulation blanket. The ïZ normal 

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

for both strength and light weight design consideration. The ÑY structural panels of 

the communication satellite are covered with optical surface reflectors (OSR) for 

thermal and radiative control. The Earth-facing +Z surfaces of the payload antennas 

are covered with Kapton-Germanium insulation blanket to increase the electro-static 

and thermo-elastic pointing accuracy, while the anti-earth ïZ 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 these thin surfaces which are modeled 

in 3D. The surface material types and their electrical properties modelled on spacecraft 

surfaces are given in the Table 4.1 below. 

 

Figure 4.4 : Spacecraft surface material allocation visualized in SPIS, looking from 

+Z direction (top), and from -Z direction (bottom).   
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Spacecraft ground node is defined as the titanium single layer insulator located on -Z 

side while the total spacecraft capacitance is set to a typical value to 1000 pF (10-9 F). 

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 anti-earth -Z surface, which is defined as the grounding node in the 

SPIS electrical circuit identification environment. The absolute potential values 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 by equation 4.11. 

Ў╥▀░██▄►▄▪◄░╪■╥▼◊►█╪╬▄ ▬▫◄▄▪◄░╪■╥▌►▫◊▪▀ ▬▫◄▄▪◄░╪■ (4.11) 

The simulation environment of the satellite is defined as the coordinate axes local 

vertical ï local horizontal (LVLH) axes, which is displayed in Figure 4.5 where Ƕ 

vector is in +X, Ƕ vector is in +Y, Ὧ vector is in +Z direction represented by Figure 4.5 

below.   

 

Figure 4.5 : Local Vertical Local Horizontal coordinate axis representation in red 

coordinate frame with red indicator vectors (Weiss 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 angular momentum 

vector, and these three vectors are orthogonal to each other. LVLH and satellite-sun 

configuration can be seen in the image in Figure 4.6 below. 
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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, the Z-axis is toward Earth at 00:00 

MLT, and the Y-axis is in the opposite direction to the angular 

momentum vector (Ὤ). The + vector for the y-axis is in the south 

direction in the satellite body frame. 

 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 the Table 4.1. In Figure 4.4, the 

on-station flight configuration of the satellite and the types of materials assigned to the 

surfaces can be seen. The electrical parameters given in Table 4.1 summarize some of 

the structural and electrical properties of the materials applied on the 3D satellite 

model surfaces. Surfaces with values of ñ-1ò in bulk conductivity and surface 

resistivity parameters (Kapton Germanium & Black Kapton MLIs, CFRP & Titanium) 

are conductive materials. The conductivity performance of other surfaces (solar cell 

coverglass, OSR, Kapton 2K) is lower than these surfaces.  

There are numerous abbreviations of main SPIS material properties. ñBUCò is bulk 

conductivity, which is ñ-1ò for perfect conductors (Titanium, CFRP, Black Kapton and 

Kapton Germanium). ñPEEò is primary electron energy in keV in order to produce the 

maximum SEE yield. ñIPEò is the incident proton energy in keV in order to produce 

the maximum SEE yield. ñSREò is the surface resistivity in ohms. ñPEYò is the 

photoelectron current (in A/m2) for normally incident sunlight (~2 eV photons for our 

case). ñRPR1ò and ñRPR2ò are range parameters which are unitless. ñMAPò is the 

maximum (absolute) potential attainable before discharge occurs over corresponding 

material in Volts. ñATNò is the atomic number indicator in Volts. ñMSEYò is the 
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maximum SEE yield for electron impact. ñMPDò is the maximum potential difference 

between the surface and underlying conductor before discharge occurs. ñRCPò and 

ñRCCò are the radiation induced conductivity parameters. ñSEYò is the secondary 

electron yield due to the impact of 1 keV protons. ñRPN1ò and ñRPN2ò are range 

parameters. ñDTMò is the dielectric material thickness in meters. 

Table 4.1 : Material and electrical properties of spacecraft model surface materials. 

Unit Param. Titanium 

(-Z) 

SA 

CMG 

(+Z) 

CFRP 

(-Z) 

OSR 

(ÑY) 

Kap-

ton 

Black 

Kapton 

Germ. 

(+Z) 

Kapton 

2K 

(ÑX) 

(ohm.m)-1 BUC -1 10-17 -1 10-17 -1 -1 10-16 

kg/m3 Density 4510 2000 1000 2000 1201 1200 1201 

keV PEE 0.28 1 0.3 0.5 0.15 0.4 0.15 

keV IPE 230 230 135 140 140 140 140 

Ohm2 SRE -1 1019 -1 1019 -1 -1 1016 

A/m2 PEY 4x10-5 2x10-5 7.2x10-6 2x10-5 5x10-6 2x10-5 2x10-5 

¡ngstrºm RPR2 220 156.1 300 183.1 312.1 400 312.1 

Volt MAP 10000 10000 10000 10000 10000 10000 10000 

¡ngstrºm RPR1 154 77.5 110 116.3 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 0.244 0.413 0.455 0.455 0.46 0.455 

NA  RPN1 0.8 0.45 1.9 0.81 0.6 2 0.6 

(ohm.m)-1 RCC 10-13 0 10-13 0 0 10-11 0 

NA RPN2 1.76 1.73 1.04 1.86 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 optimized with the NETGEN algorithm (Geuzaine & 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 > 0.67) for surface charging 

simulation (Mat®o-V®lez et al., 2013). Generated satellite model has mesh properties 

listed below. 

¶ # of tetrahedra: 219838,  

¶ # of faces: 451309,  

¶ # of edges: 274205,  
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¶ # 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 

(illuminated) configuration on 00:00 MLT zone, the spacecraft has 73.6 m2 of surface 

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

(6.67 m2) on the top floor (satelliteôs Earth deck) surface, the total surface area with 

dielectric material on illuminated satellite is calculated as 80.27 m2. The conductors 

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

(24.06 m2), the overall conductor area calculated is 24.06 m2. Thus, the overall 

illuminated satellite surface is calculated as 104.31 m2. For the same satellite and solar 

flux configuration, the conductors on the shadowed part of the satellite are CFRP (83.2 

m2) and Kapton (black) (24.06 m2) and Titanium SLI (6.67 m2) materials. The total 

conductor material surface area on shadowed zones of satellite is calculated as 113.93 

m2. The shadowed parts of the satellite are covered with OSR on ÑY walls (North-

South panels) (23.2 m2) and Kapton (2K) covered on ÑX surfaces (18.4 m2). The total 

surface area covered by dielectric materials on shadowed parts are calculated as 41.6 

m2. The total surface area is then calculated as 259.84 m2.  

The total surface area covered with conductor materials are 113.93 m2 from the 

shadowed parts and 24.06 m2 from the illuminated parts which results in 138 m2 of 

conductor area. Considering the dielectric materials on satellite as CERS, OSR and 

Kapton (2K), the total surface area is calculated as 121.87 m2 in overall. These surface 

area values represent the eclipse configuration on 00:00 MLT as well since the satellite 

is not illuminated by photons in the Earthôs shadow in the midnight section. 

 Space Environment Properties for Parametric Study 

The communication satellite configuration was selected according to the "00:00" 

Magnetic Local Time (MLT) relative to the Sun, which is defined as the midnight 

sector magnetosphere. Under these conditions, the satellite can be modeled in both 

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 charging owing to high speed moving ions and electrons in the central plasma 

sheet region as a result of geomagnetic storm.  
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Figure 4.7 shows the magnetosphere and MLT and sector nomenclature. 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 in the center show the magnetic 

sectors as midnight sector, morning sector, noon sector, and evening sector 

respectively.  The large black dots represent the GEO satellite at 6.61 RE. The green 

line represents a closed magnetopause while 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 located at 10 RE under the mean solar wind conditions. 

However, when solar activities increase, the magnetopause can approach the Earth up 

to 3 RE, leaving the GEO satellite in the magnetosheath solar wind plasma. This case 

is dangerous for telecommunication satellites operating in the GEO belt due to the 

exposition of energetic particles.  

 

Figure 4.7 : Schematic of the space environment at GEO orbit that provides MLT 

and sector definitions, the Earth 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 parameters as density 

and energy levels. Satellite surface charging was tested in two different scenarios, with 

different ambient plasma parameters, both under sunlit and in eclipse conditions. 

When under sunlight, the photo-emission tag is switched and set to the "1" from 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 in the simulations was 
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defined as 2000 s (around 33 min.), all of the simulations converged to a stable surface 

potential solution during this time interval (Nakamura et al., 2018). 

For the conditions with and without photo-emission, 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 constant, and 

the parameterization method was applied to the densities of the plasma populations. 

Both electron and ion populations are chosen according to single Maxwellian plasma 

properties. 

Kinetic energies of particles for a fixed electron and ion energy configuration; at 00:00 

MLT, it is fixed at 20 keV for electrons and 40 keV for H+ ions for the eclipse state. 

Density values for electrons and ions required for simulation are defined between 0.5 

#/cc and 2 #/cc (0.5, 1.0, 1.5, 2.0 #/cc) for eclipse. Here cc is cm3, and # is the number 

density of particles.  

Kinetic energies of particles for a fixed electron and ion energy configuration; it is 

defined as 20 keV for electrons and 40 keV for H+ ions for the sunlit condition at 00:00 

MLT. Density values for electrons and ions required for simulation are defined 

between 1.5 #/cc (#/cm3) and 3.0 #/cc (1.5, 2.0, 2.5, 3.0 #/cc) for sunlit.  

In simulation scenarios where stable electron and ion (H+) plasma populations are 

considered, the density of particles is defined as 1.5 #/cc under sunlit conditions and 

1.0 #/cc under eclipse conditions. In these scenarios, the energies of single Maxwellian 

electron populations are defined at 20-25-30-35-40 keV energy levels in sunlit 

scenarios, while simulations are performed with 10-15-20-25-30 keV electron energies 

in eclipse scenarios. In these simulations, the kinetic energies of the ion (H+ ) 

populations were defined as 2 x Te (Ti = 2 x Te) (Nagatsuma et al., 2021).  

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

ñGlobal Maxwellianò (single population) for electrons and ñBack-Trackingò (single 

population) distribution for H+ ions, in which Liouville's theorem is applied (Sarrailh 

et al., 2015). The plasma populations used for simulations are summarized in 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) Ep

+ (keV) Ne
- (#/cm3) Np

+ (#/cm3) 

Eclipse 20 40 
0.5, 1.0, 1.5, 

2.0 

1.5 

Sunlit 20 40 
1.5, 2.0, 2.5, 

3.0 

1.5 

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

 Ee
- (keV) Ep

+ (keV) Ne
- (#/cm3) Np

+ (#/cm3) 

Eclipse 
10, 15, 20, 25, 

30 

20, 30, 40, 50, 

60 

1.0 1.0 

Sunlit 
20, 25, 30, 35, 

40 

40, 50, 60, 70, 

80 

1.5 1.5 

 Simulation and Analysis Results of Parametric 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 for eclipse and sunlit configurations are visualized and 

presented in the figures below. The differential potential threshold limit value, which 

can be called critical, is determined as approximately < 2.0 kV for the surface glass of 

the cerium (Ce) doped MgF2 coated solar panel coverglass. In differential potential 

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 electronic circuits with 

high differential potential difference (Cho et al., 2005) on surface structures. An 

example of converged surface absolute and differential potential evolution in electrical 

nodes over time are given in Figure 4.8. The simulation configuration in the graph is 

obtained when the photo-emission flag is on. The absolute potential is negative due to 

the high energy level in the medium and the density of the electrons. Values were 

observed higher in the eclipse (photo-emission is off) simulation performed under the 

same ambient conditions because photo-emission effects are present. While the 

absolute surface potential value is a direct output from the simulation, the differential 

surface potential is calculated by the subtraction of grounding node absolute potential 

from the electrical node absolute surface potential as given in 4.11.  

The curve-fit equations in the absolute and differential potential result figures were 

created by accepting the mean potential values of the cerium doped silicon with MgF2 
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coating solar cell (CERS) coverglass (blue colored lines in the result plots, Figure 4.9, 

Figure 4.10, Figure 4.11 and Figure 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.  

 

Figure 4.8 : Time variation of absolute (top) and differential (bottom) potential (V) 

under 20 keV electron energy in daylight configuration for a constant 

electron density (ne = 1.5 #/cc). 

Absolute and differential potential evolution of spacecraft ground, OSR, surface 

insulations on the surfaces of spacecraft platform and CERS solar array cell coverglass 

are represented in Figure 4.8 at 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 surface materials 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 voltage gradient (IPG ï IVG).  

In Figure 4.9, panels present the simulation results for eclipse conditions 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 as y = ï 315.92x3 + 2109.4x2 ï 5945.5x ï 2058.7 where y is the surface floating 

potential and x is the electron number density which drives the potentials on surfaces. 

From this figure and the absolute potential value at the grounding surface, the change 

in differential potential is given in the bottom panel of the Figure 4.9. As 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 = 

201.98x3 ï 1161.1x2 + 2953.1x + 291.24. The differential potential threshold value of 

2 kV, which is critical for the satellite solar panel in the eclipse (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 electro-static discharge for the solar panel also increases.  

 

Figure 4.9 : Variation of absolute floating (top) and differential (bottom) surface 

potentials (V) of CERS MgF2 coverglass with electron and ion densities 

for eclipse configuration (photo-emission off). Note in the figure, the 

vertical scales are different. 
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Figure 4.10 : Variation of absolute floating (top) and differential (bottom) surface 

potentials of CERS MgF2 coverglass with electron and ion densities 

for sunlit configuration (photo-emission 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 sunlit configuration (photo-emission flag is on) were visualized in panels of Figure 

4.10 respectively. 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 as y = ï1391.9x ï 

904.63. 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 2.0 #/cc, the differential potential value exceeds 2 kV and this 



63 

increases the possibility of electric arcs that may occur in the solar panel (Figure 4.10 

bottom panel). This intensity value is equivalent to approximately 2.5 times the eclipse 

configuration. This is one of the most significant and important difference between the 

eclipse and sunlit configurations.  

 

Figure 4.11 : Variation of absolute floating (top) and differential (bottom) surface 

potentials (V) of CERS MgF2 coverglass with electron energies for 

eclipse configuration (photo-emission flag is off). Note in the figure, 

the vertical scales are different. 

The variation of the surface absolute potential and differential potential with electron 

energies under eclipse conditions (in which photo-ionization effects are neglected) is 

given in Figure 4.11. In this figure, in the simulation, the plasma population densities 

of the space environment were kept constant at 1.0 #/cc for eclipse, and 1.5 #/cc for 

sunlit and 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 = 0.1043x3 - 12.985x2 - 

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

levels and the relationship can be modeled by the equation y = ï 0.4684x3 + 25.147x2 

ï 283.76x + 2059.9. Under eclipse conditions, 16 keV electron energy and above is 

determined as the critical threshold value for the solar panel to surpass 2.0 kV of 

differential surface charging since one of the roots of this equationsô analytical solution 

for 2.0 kV is 16 keV and energy distributions above this value increase the differential 

surface potential above 2 kV and the risk of arcing probability.  

 

Figure 4.12 : Variation of absolute (top) and differential (bottom) surface potentials 

(V) of CERS MgF2 coverglass with electron energies for sunlit 

configuration (photo-emission 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 

energies seen from the Figure 4.12. Using curve fit approach, the solar panel surface 
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potential can be modeled linearly as y = ï 216.23x + 1366.1 line. The differential 

surface potential exceeds the 2.0 kV threshold for 25 keV electron energy levels, 

increasing the risk of arcing that may occur in the solar panel wing, reminding the tips 

of the wing expose to higher differential surface potentials. In Figure 4.12 bottom 

panel, the change in differential potential, which increases linearly with increasing 

electron energy, can be estimated by y = 88.981x ï 143.04. 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 (solved the curve fit 

equation for ȹV  0 V).  

 

Figure 4.13 : The surface floating potential (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 (Te = 20 keV) in sunlit (upper) 

and eclipse (lower) configurations for absolute charging. 

In Figure 4.13, the satellite visuals indicate the potential differences between eclipse 

and sunlit configurations distinctively when the ambient conditions maintain electron 

number density and temperature at 1.5 #/cc and Te = 20 keV). In the case of sunlit 
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satellite, the surfaces have more positive potential than the eclipse (down to about ï

2500 V for Figure 4.13 top panel). In the eclipse state, since the photo-emission is 

absent, the peak surface potential seen is much lower (approximately ï6400 V for the 

solar spanel on Figure 4.13 bottom panel) as there is no mechanism to limit the 

negatively progressing surface potential. The 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 4.15 in sunlit, for fixed 

number density levels and varying electron and ion energy levels seen on Figure 4.16 

in eclipse and on Figure 4.17 in sunlit conditions.  

 

Figure 4.14 :  Surface potential (V) evolution with constant plasma population 

energy levels and increasing electron density in eclipse configuration, 

0.5 #/cc (a), 1.0 #/cc (b), 1.5 #/cc (c), 2.0 #/cc (d) electron density 

levels.   

In Figure 4.13, from 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 platform body section side 

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

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 in the absolute potential result 

curves (the top panels of Figure 4.9, Figure 4.10, Figure 4.11 and Figure 4.12). As a 

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, because the absolute 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 the platform. Therefore, 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 solstice periods and these 

surfaces may reside in the constant shadow multiple times during these solstice times 

which occur twice per year.  

 

Figure 4.15 : Surface potential evolution (V) with constant plasma population 

energy levels and increasing electron density in sunlit configuration, 

1.5 #/cc (a), 2.0 #/cc (b), 2.5 #/cc (c), 3.0 #/cc (d) electron density 

levels. 
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Figure 4.16 : Surface potential evolution (V) 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 evolution (V) with constant plasma population 

density for electrons and ions, ion energy level and variable electron 

energy levels in sunlit configuration, 20 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, the solar arrayôs outer sections have less 

potential than the inner sections in the eclipse configurations and the outer panels on 

each individual solar array wing have greater surface potential rather than the first 

panels near the spacecraft platform body. The 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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 THE WORST- CASE STUDY ON SURFACE CHARGING 

In this chapter, the worst-case scenarios defined in the context of vairous space weather 

and surface charging events encountered by satellites are described and analysed in 

terms of determination of worst-case surface charging both in eclipse, transition and 

sunlit scenarios. Numerous spacecraft production and test guidelines propose that 

satellites should be analyzed in terms of internal and surface charging within the worst-

case environment context to examine the boundaries of voltages and how much they 

could evolve at most. Some of the main concerns to know and analyse about is that the 

solar array cell coverglass inverted potential gradient and 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 configuration. So that, specific transition scenarios for the worst-case 

environment analysis is conducted as well as the eclipse and sunlit scenarios. The next 

topics are to analyse the worst-case environment scenarios in the context of surface 

charging.  

 Space Environment Conditions for the Worst-case Study 

The worst-case space environment conditions and simulat ion studies in literature are 

summarized in the Table 5.1 below. Here, the ECSS**, SCATHA1** and MIL-STD 

worst-case environments have two populations for each particle species (double 

Maxwellian). The generic worst-case charging environments in the satellite industry 

are the ECSS** , NASA and the ISO (which is also named as SCATHA1** here in this 

study) standards. Values of particle numbers in columns indicate the number density 

of the corresponding electrons and ions per m3.   
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Table 5.1 : Worst-case space environment plasma properties summary, ñ*ò indicates 

environments with single-Maxwellian plasma distribution (odd index), 

ñ** ò indicates environments with double-Maxwellian plasma distribution 

(even index) for corresponding worst-case environment. N# represents the 

number density (# of particles / cm3) for electrons and ions, the energy is 

in keV. 

#/cm3 / keV For Single Maxwellian 

Environments 

For Double Maxwellian 

Environments 

Worst-case 

Environment 

# of e- # of 

H+ 

T of e- T of 

H+ 

# of e- # of 

H+ 

T of 

e- 

T of 

H+ 

N1,e N1,i T1,e T1,i N2,e N2,i T2,e T2,i 

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 0.236 16 29.5 0 0 0 0 

SCATHA1*  2.5 2.9 22.8 12.8 0 0 0 0 

SCATHA1**  2.3 1.3 24.8 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 0.625 1.2 25.1 28 2.36 0.6 3.1 0.2 

LANL -KIT  5 0.25 13.5 5 0 0 0 0 

The same satellite configuration, 3D model and mesh structures with onboard 

materials on the surfaces with the Chapter 4 are used in these simulation environments 

as well to compare the benchmark results obtained. 00:00 MLT position and satellite 

solar array configuration has been selected, simulated and analyzed in terms of 

absolute and differential potentials. A special orbital transition from eclipse to sunlit 

configuration simulation is run under the same environmental conditions. Several 

studies on the worst-case charging concluded that the LANL-KIT and SCATHA1* 

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 potentials and 

great differential potentials both in eclipse and sunlit scenarios (Mat®o-V®lez et al., 

2014 & Nakamura et al., 2018). It is as well validated in our study that the simulation 

outputs show about these environments are the worst-cases both in sunlit and the 

eclipse conditions. 

 Simulation and Analysis Results of 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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environments. Following tables have the worst-case charging scenariosô numerical 

results in terms of absolute and differential potentials of surface materials of 

telecommunication spacecraft model. For the GALAXY 15 case, the sunlit 

configuration of the simulation did not converge due to very 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 kVs as a result of hot electrons and ions 

under eclipse, Figures A.1, A.3, A.5 and A7 indicate the surface absolute and 

differential potential values for the eclipse. For the absolute potentials, the coverglass 

potentials could reach around -14 kV for the LANL-KIT environment at maximum 

and reach around -3.4 kV for the MIL-STD environment. In between the resultant 

absolute potentials are sorted from the highest to the lowest for the average potentials: 

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

kV), GALAXY -15 (-10.8 kV), ATS-6 (-9.5 kV), SCATHA1979 (-8.6 kV), 

SCATHA** ( -8.0 kV), ECSS** (6.9 kV), NASA (-5.8 kV) and MIL-STD (-3.5 kV). 

For the differential potentials, the coverglass material of solar cell could reach around 

6.9 kV for the LANL-KIT environment at maximum and could reach around 2.1 kV 

for the MIL-STD environment at minimum. In between the resultant differential 

potentials are sorted from the highest to the lowest for the maximum potentials: 

LANL -KIT (6.9 kV), SCATHA2 (5.4 kV), SCATHA* (5.3 kV), SCATHA** ( 4.3 

kV), SCATHA1979 (4.0 kV), ECSS* (3.4 kV), ATS-6 (3.35 kV), ECSS** (3.3 kV), 

NASA (2.9 kV) and MIL-STD (2.1 kV). The differential potential of GALAXY 15 

case did not generate a reasonable differential potential at the simulation end (which 

is 150 V). 

For the sunlit cases, the situation on the potentials are a bit different since 

photoemission is on during the charging simulations, the satellite charged up to several 

negative kVs as a result of hot electrons and ions under eclipse, Figures A.1, A.2, A.4 

and A6 indicate the surface absolute and differential potential values for the eclipse 

for Titanium, CERS CMG, CFRP and Kapton. For the absolute potentials, the 

coverglass potentials could reach around -8.4 kV for the LANL-KIT environment at 

maximum and reach around -1.1 kV for the MIL-STD environment. In between the 

resultant absolute potentials are sorted from the highest to the lowest for the average 

potentials: LANL-KIT (-8.4 kV), SCATHA* (-6.2 kV), SCATHA**  (-4.6 kV), 
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ECSS* (-4.2 kV), SCATHA2 (-4.0 kV), SCATHA1979 (-3.7 kV), ECSS** (-3.1 kV), 

ATS-6 (-3.0 kV), NASA (-1.8 kV) and MIL-STD (-1.2 kV). 

For the differential potentials, the coverglass material of solar cell could reach around 

5.4 kV for the LANL-KIT environment at maximum and could reach around 1.0 kV 

for the MIL-STD environment at minimum. In between the resultant differential 

potentials are sorted from the highest to the lowest for the maximum potentials: 

LANL -KIT (5.4 kV), SCATHA* (4.1 kV), SCATHA**  (3.2 kV), ECSS* (2.9 kV), 

SCATHA 2 (2.86 kV), SCATHA1979 (2.55 kV), ECSS** (2.2 kV), ATS-6 (2.19 kV), 

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

case did not generate a reasonable differential potential as the simulation did not 

converge. 

 

Figure 5.1 : Solar array cell coverglass differential potential (V) evolution during 

transition phase between 1000 and 1200ôs seconds of simulations. 

The Figure 5.1 shows the closer look of transition from the eclipse to sunlit case for 

the worst-case environments, where differential potential of the cell coverglass could 

charge a little more by introducing the photo-emission. 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 LANL-KIT and 

SCATHA* are the third place for the overshoot potential which is areound ~35 Volts. 

Those slight increment in differential potential could lead to reverse currents on the 

electric circuits of the solar array strings when the solar cells experience the UV light.  

Table 5.2 : Differential potential (V) overshoot values according to Figure 5.1. 

Environment ȹV Max. 

ATS-6 22 

ECSS* 127 

ECSS** - 

NASA 5 

SCATHA1* 33 

SCATHA1**  106 

SCATHA2 - 

SCATHA1979 19 

MIL -STD - 

LANL -KIT 34 

The tables represented in the ANNEX, Table A.1 to A.7, describe the surface average, 

minimum, maximum absolute potentials, differential potentials for the surface 

materials solar array coverglass (CMG), Kapton 2K, OSR and Titanium. The OSR 

material surface potentials could increase in the context of inverted potential gradient 

under the sunlit case for some environments (GALAXY 15, MIL -STD and 

SCATHA1**) where the differential potential of this material is slightly positive due 

to bulk conduction and surface resistance properties.    
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 ESTIMATION OF SURFACE CHARGING USING CIMI AND SPIS  

In this chapter, a more detailed proposed spacecraft surface charging estimation 

methodology will be explained by investigation of CIMI model, simulation cases and 

driving SPIS program with CIMI simulation outputs to predict absolute and 

differential surface charging levels under harsh plasma environment cases.  

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 components. Initial 

ESDs may also trigger the generation of secondary arcs on high voltage systems 

(Ferguson et al., 2017). Several occurrences of permanent solar array power loss in 

space are believed to be related to such phenomena. For the next sections modelling 

of a telecommunication 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 observations were 

made over about 20 years and some of the findings from these observations include 

followings:  

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

of electron lifetime, which can be roughly ~100 days (Claudepierre, 2019),  

¶ During the ~72 minutes of Earthôs eclipse times satellite potential can decrease 

up to minus tens of kilovolts (kVs),  

¶ CME events take place up to several days, which affect the duration of 

electrons within the magnetosphere,  

¶ Risk of discharge when the differential potentials exceed a few kVs,  

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

leads to high energies of electron injection through midnight sector,  
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¶ 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 SPIS simulations using this models outputs by 

obtaining magnetic local time (MLT) electron and proton distributions of the 

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

 Comprehensive Inner-Magnetosphere Ionosphere Model 

The Comprehensive Inner-Magnetosphere Ionosphere (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 10 Earth radii. Magnetospheric configuration, Van Allen Radiation 

belts and Earthôs ring current can be investigated with creating a data set of ion and 

electron distributions in the magnetosphere, plasmasphere density, convection 

currents, convection potential and precipitation in ionosphere (Fok 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 X ï Y (on equatorial plane) or Radius ï Magnetic Local Time (MLT) 

plots for single energy level or an energy spectrum range, and they can be listed in text 

files or plotted with different colour palettes if desired. Radius of plots can be from 

1.05 Re and extended up to 13 RE and MLT can be varied from 0 to 24 in units of 

hours. The quantities of energetic ions and electrons are taken as a simulation outputs 

and taken from the simulations as omni-directional total fluxes (ñFe-_totò & 

ñFH+_totò output parameters) on geostationary orbit located on 6.61 RE and includes 

all the particles in all calculated pitch angles by 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 (RBE) (Fok et al., 2011) model 

in order to reach the high energy ion (between 0.1 keV ï 420 keV) and high energy 
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electron (between 1 keV ï 4.5 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 6.1 shown below listed from lower to higher energy. 

Table 6.1 : CIMIôs default electron and ion flux density levels (keV) from the 

simulation outputs. 

Energy level  

(#) 

Energetic Ions  

(keV) 

Energetic Electrons 

(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 reasons. The CIMI model allows scientists 

to study the complex interactions between the solar wind, the Earth's magnetic field, 

and the charged 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 

infrastructure. The model uses an advanced advection-diffusion equation (described in 
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equation 6.1) for solving particle phase distribution function (fs) (Fok et al., 2014 and 

Fok & Moore, 1997). 

ЋÆ

ЋÔ
ộ‗Ớ
ЋÆ

Ћ‗
ộ‰Ớ

ЋÆ

Ћה

 
ρ

Ὃ

Ћ

Ћɻ
Ὃ Ὀ

ЋÆ

Ћɻ
Ὀ

ЋÆ

Ћ%

ρ

Ὃ

Ћ

Ä%
Ὃ Ὀ

ЋÆ

Ћ%
Ὀ

ЋÆ

Ћɻ
ὺ„ ὲὪ

Ὢ

πȢυ†
 

ộ‗Ớ  
ρ

ή‚

Ћ(

Ћה
ȟộ‰Ớ

ρ

ή‚

Ћ(

Ћʇ
ȟ‚ ὄ ὶÃÏÓ‗

Ὄ ὴὧ ά ὧ ή‰ ή‌ ȟ‌  ‚Ὠ‗

Ὃ Ὕ‌ ίὭὲς‌ Ὁ Ὁ ὉὉ ςὉ ȟὝ‌
ρ

ςὙ

Ὠί

‘

 (6.3) 

Quantities in equation 6.1 are indicated as m0 is the resting mass of particle (electron 

or proton), v is the velocity of particle, ůsh is the cross section between s and neutral 

H, nH is the bounce averaged hydrogen density, Űb is the bounce period, ri is the radial 

distance of the ionosphere, Bri is the magnetic field radial component at ionosphere, ɝ 

is the magnetic flux per unit surface defined by ɚi and ◖i, ◖ is the convetion potential, 

ɋ is described as angular velocity of the Earth, ɛ is the cosine pitch angle.  

 

Figure 6.1 : CIMI simulation grid and GEO satellite position located on X-Y 

coordinates in RE (Fok et al., 2021). 
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The model can be used to predict the conditions that satellites will encounter in the 

inner magnetosphere as well, allowing mission planners to design satellites that can 

operate safely in this environment. Furthermore, it can 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 the past, how it 

propagetes and how it may change in the future according to model outputs. Overall, 

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 determine and predict the depth and level of spacecraft 

surface charging on telecommunication satellite in 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 16 out of 24 energy levels until 512.5 keV (level 16 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 H+ ions) to create a Maxwellian distribution fit to obtain 

average energy level and proton density.  

Three different 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 density (#/m3/keV) spectrum 

which is then converted to electron and ion densities for the corresponding energy level 

and fitted into Maxwellian distribution. It is then calculated by the fact that the 

Maxwellian distributionôs average values for electron and ion energy values are 

calculated and particle densities are interpolated for corresponding energy levels. For 

the electrons, the Maxwellian distributions are computed considering there are three 

different electron populations with different energies and densities, which is called tri-

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 

distribution shape can not be fitted on the electron density spectrum since all the energy 



82 

spectrum can not be covered with single Maxwell distribution due to the positive skew 

of the electron flux and density output with respect to energy level. So that, there are 

three different Maxwellian distribution fitting curves for electron populations, one for 

the lower energy electrons, one for the medium energy electrons and one for the higher 

energy electrons.  

 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 mitigate their potential impacts. Three real storm conditions are simulated to 

investigate surface charging phenomena with CIMI through the CCMC portal of 

NASA which are detailed and tabulated in Table 6.2 below, DST graphs of these 

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

6.3 respectively. All these three space weather events are associated with magnetic 

connection, solar flares and high speed CMEs.  

According to the Table 6.2 and Figure 6.2 represented below, he Dst ranges of these 

solar storms (between -250 and -450 nT) severe and quite intense geomagnetic activity 

was detected on periods of several days, indicating that severe irregularities in Earthôs 

magnetic field is observed. 

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

Event Case Start Stop L1 

Spacecraft 

Max K p Max Dst 

2003 

November 

19 25 WIND 9- @20 

Nov 15-18 

UTC 

-422 nT 

@20 Nov 

22-23:00 

2005 May 12 19 ACE 8+ @15 

May 9-12 

UTC 

-247 nT 

@15 May 

09:00 

2015 March 16 23 WIND 8- @17 

Mar 15-18 

UTC 

-234 nT 

@17 Mar 

23:00 
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Figure 6.2 : DST (nT) graphs of selected months during storm conditions, image 

taken from Final DST Archive World Data Center for Geomagnetism, 

Kyoto (Nose et al., 2015). 

 

Figure 6.3 : CIMI L1 satellite observational inputs: ion density, plasma temperature, 

3D velocity and magnetic fields, WIND spacecraft observation for 

2003 November case (a), ACE spacecraft observation for 2005 May 

case (b) and WIND spacecraft observation for 2015 March case (c).  
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6.2.1 2003 November halloween storms 

On 18 November 2003, a full scale halo CME occured on 08:50:05 UT near the source 

location N03E18 region. The appearent velocity was 1659 km/s (2109 km/s space 

speed) and followed several M class solar flare events. The CME ejecta (shown in 

Figure 6.5) was associated with the active region (AR) 10501 between 07:36 and 09:00 

UT which develop M class X-ray flares shown in Figure 6.4. Observed M class solar 

flares have a magnitude of 3.2 and 3.9, between 07:16 - 08:06 UT and 08:12 - 08:59 

UT respectively (Srivastava, 2005). 

 

Figure 6.4 : Flares observed in HŬ between 07:34 and 08:31 on 18 November 2003 

UT occured on AR 10501. 

 

Figure 6.5 : Halo CME occured on 18 November 2003 08:50 UT observed by 

SOHO LASCO C2 coronograph, the ejecta shown on the left and the M 

Class solar flares are presented on the right, in courtesy 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 speed), after M9.6 class solar X-ray flare 

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

the AR 10501 active region with an eruptive magnetic flux rope structure (Grechnev 

et al., 2014). The SOHO LASCO C2 observation can be seen from the Figure 6.6.   

 

Figure 6.6 : Halo CME occured on 20 November 2003 08:06:05 UT observed by 

SOHO LASCO C2 coronograph, the ejecta shown on the left and the 

M9.6 Class solar flares are presented on the right, in courtesy of 

Lockheed Martin Solar and Astrophysics Laboratory. 

 

Figure 6.7 : GOES-10 space weather monitor summary of X-ray, e- and p+ fluxes 

and magnetic field sensor measurement records for month November 

2003. 
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From the observations of GOES 10 satellite measurements seen from the Figure 6.7 

above, electron (E > 0.6 MeV) flux increase on GEO orbit starts on 21 November 

2003, having an increase of four order of magnitude from 102 to 106 e-/(cm2 s sr) flux 

levels during 21 May and stays at high level until December. As seen from the figure 

above, the main driver of proton flux increase is the M9.6 solar flare observed on 20 

November 08:06:05 UT. The event duration is around 9.5 days in terms of high 

energetic electron flux persistence on GEO orbit. 

6.2.2 2005 May solar proton event 

On 13 May 2005, a halo CME is observed on 17:12:05 UT having a 1689 km/s of 

appearent speed (2171 km/s of space speed) leading to solar energetic proton (SEP) 

event. An M class solar X-ray flare was observed just before the event on 16:13 UT 

having a magnitude of M8.0. The CME ejecta and the X-ray flares are displayed on 

Figure 6.8 below. 

 

Figure 6.8 : Halo CME occured on 13 May 2005 17:12:05 UT observed by SOHO 

LASCO C2 coronograph, the ejecta shown on the left and the M8.0 

Class solar flares are presented on the right, in courtesy of Lockheed 

Martin Solar and Astrophysics Laboratory. 
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Figure 6.9 : GOES-10 space weather monitor summary of X-ray, e- and p+ fluxes 

and magnetic field sensor measurement records for month May 2005. 

From the observations of GOES 10 satellite seen from the Figure 6.9 above, electron 

(E > 0.6 MeV) flux increase on GEO orbit starts on 15 May 2005, having an increase 

of three order of magnitude from 103 to 106 e-/(cm2 s sr) flux levels during 15 May and 

stays at high level until 21 May. As seen from the figure above, the main driver of 

proton flux increase is the M8.0 solar flare observed on 13 May 16:13 UT and the 

magnetic cloud arrival. The event duration is around 4 days in terms of high energetic 

electron flux. 

6.2.3 2015 March flux rope event  

On 10 March 2015, a 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 X-ray flare with an intensity of M5.1 observed on 03:19 UT. The 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 right, in courtesy of 

Lockheed Martin Solar and Astrophysics Laboratory. 

On 15 March 2015, a halo CME is observed on 01:48:05 UT, having 719 km/s of 

appearent speed (932 km/s of space speed), originated from the S22W25 location by 

solar X-ray flare with an intensity of C9.1 observed on starting time 01:15 UT leading 

to flux rope event which can be clearly seen in the Figure 6.11.  

 

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 right, in courtesy of 

Lockheed Martin Solar and Astrophysics Laboratory. 
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Figure 6.12 : GOES-13 space weather monitor summary of X-ray, e- and p+ fluxes 

and magnetic field sensor measurement records for month March 2015. 

From the observations of GOES 13 satellite seen from the Figure 6.12 above, electron 

(E > 0.8 MeV) flux increase on GEO orbit starts on 17 March 2015, having an increase 

of two order of magnitude from 103 to 105 e-/(cm2 s sr) flux levels during 18 March 

and stays at high level until 26 March. As seen from the figure above, the main driver 

of proton flux increase is the C9.1 solar flare observed on 15 March 01:15 UT and the 

magnetic cloud arrival. The event duration is around 9.5 days in terms of high energetic 

electron flux which is quite long in terms of geomagnetic activity.  

 CIMI Simulation Run Results 

CIMI outputs for 00:00, 06:00, 12:00 and 18:00 MLT are illustrated in Figure A.1 to 

Figure A.12 where 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 figure. In these 

figures, we see the variation of the electron (a) and proton (b) fluxes with different 

energy levels shown in colour during the geomagnetic storm of November 21, 2003, 

May 15, 2005 and March 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 phases of the 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 result and need to be inspected carefully because 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 panels on each figure where 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 time 21 November 2003 09:59 UTC, 15 May 2005 

19:49 UTC and 19 March 2015 16:44 UTC were selected as input to drive the SPIS 

3D model at four GEO orbit section locations with different satellite configurations 

since it is the highest level of flux with the lower energy during the simulated time 

interval. These time slots also corresponds to the quite high Kp value.  

For each CIMI simulation case, the midnight and dawn section electron and ion flux 

are quite high as seen from Figure A.1 to Figure A.12 relative to the noon and dusk 

sections. It is as well seen from the the electron flux snapshots in the X-Y plane 

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 configuration on GEO orbit, 

which dramatically affects surface charging due to the fact that the solar array 

coverglass materials are positively charged under sunlight with photo-emission case, 

will be introduced as inverted potential gradient from the ground potential since it will 

be creating a differential potential which is relatively positive to other surface materials 

on satellite surfaces. Other surfaces of the satellite, such as spacecraft body panels, are 

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

 CIMI Post -Processing and Tri -Maxwellian Distribution Fitting  

After obtaining the simulation results for the four MLT sections from the CIMI model 

grid, the output values such as electron and proton fluxes are converted to density and 

energy values through Maxwellian environment fitting process. For 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 higher energy 
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levels. For protons; a mono-Maxwellian 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 calculated with equation 6.2 represented 

below. 
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(6.2) 

Where c is represented as speed of light, mec
2 is represented as electron rest energy, E 

is corresponding energy level and ᶫ(E) is represented as the total electron flux for this 

energy level, which is time and location dependent plasma value as well. For each 

default energy level represented in Table 6.1, energy differential density values 

(#/keV) are calculated. After obtaining the ne values from 1 to 512.5  keV energy 

interval the density distribution of electrons is separately fitted into triple-Maxwellian 

plasma environment with the probability density function (PDF) function with 

equation 6.3 below. Example of Maxwellian distribution can be seen in Figure 6.13. 
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Figure 6.13 : Plots of Maxwellian distribution PDF for typical ů parameters: ů = 3, 

4, 5, 6, 7 & 8, average energy level of population increases as ů 

increases. 
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After calculation of the tri-Maxwellian environment plasma properties, the average 

Maxwellian plasma population energy is calculated with equation 6.4 represented 

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 well for the protons 

however, the rest energy of protons is updated with mpc
2 this time. The general data 

flow is represented in Figure 6.14. 
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The equation 6.4 results in the average energy of given population, from this parameter 

we introduce the particle number density of all  populations by linear interpolation 

between two  consecutive energy levels. This calculated average energy is directly 

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

 

Figure 6.14 : Data flow chart and processing for coupled CIMI-SPIS simulation.   
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For 19 March 2015 16:44 UTC dates, the tri-Maxwellian plasma populations are 

calculated according to equations 6.2, 6.3 and 6.4 which can be seen in Figure 6.15 

and single Maxwellian population densities are shown in Figure 6.16 for ions. 21 

November 2003 09:59 UTC, 15 May 2005 19:49 UTC results can be seen in the 

Appendix A section. Also, Table 6.3 presents the properties of the plasma populations 

in detail. As an example, it is seen from the Figure 6.15 that all plasma populations are 

very well represented by the tri-Maxwellian plasma distribution and Figure 6.16 that 

all of the ion distributions are quite well distributed for 2015 case study. Here, 

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 from Figure A.1 to Figure A.12 on 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 times on all of the events. 

The resuts of this process and obtained outputs for both electrons and ions are 

described in the figures below. The plasma parameters can as well be seen in Figures 

6.15, 6.16, A.19, A.20, A.21, A.22 and Tables 6.4, A.8 and A.9. 

 

Figure 6.15 : Obtained results of Maxwellian fitting process for electrons for March 

2015 case (19 March 2015 16:44 UTC). CIMI electron density (#/cm3) 

curves (blue) and tri-Maxwellian fit population density curves (low ï 

mid ï high) for midnight ï 00:00 MLT (a), dawn ï 06:00 MLT (b), 

noon ï 12:00 MLT (c) and dusk ï 18:00 MLT (d). 
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Figure 6.16 : Obtained results of Maxwellian fitting process for protons for March 

2015 case (19 March 2015 16:44 UTC). CIMI proton density (#/cm3) 

curves (red) and mono-Maxwellian fit population density curves (blue) 

for midnight ï 00:00 MLT (a), dawn ï 06:00 MLT (b), noon ï 12:00 

MLT (c) and dusk ï 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 e-
1 e-

2 e-
3 p+ 

Density (#/m3) 590431 228440 159156 691484 

Energy (keV) 7.978 23.936 95.746 28.085 

sigma (ů) 5 15 60 17.6 

06:00 MLT     

Density (#/m3) 517432 267805 173848 356212 

Energy (keV) 6.861 36.862 122.874 24.734 

sigma (ů) 4.3 23.1 77 15.5 

12:00 MLT     

Density (#/m3) 114245 162610 161080 282151 

Energy (keV) 6.702 135.640 186.704 24.734 

sigma (ů) 4.2 85 117 15.5 

18:00 MLT     

Density (#/m3) 190895 144976 94237 572027 

Energy (keV) 4.468 82.979 180.321 35.106 

sigma (ů) 2.8 52 113 22 
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Figure 6.17 : Communication satellite solar array configuration with respect to 

MLT. 

Considering telecommunication spacecraftôs magnetic local time location through 

GEO during an orbital period, four different places are determined; 00:00 MLT 

(midnight side), 06:00 MLT (dawn side), 12:00 MLT (noon side) and 18:00 MLT 

(dusk side). In order to model spacecraftôs attitude orientation precisely with respect 

to Sun; especially the solar array configuration, solar arrays are rotated 90ę per 6 hours 

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

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

sun sensors onboard with three-axis stabilized satellite platform. The spacecraftôs 

rotated solar array configurations are represented in the Figure 6.17.  

 

Figure 6.18 : Solar declination angle (ę) with respect to day of the year. 

Introducing a satelliteôs attitude with respect to the incoming solar radiation flux, a 

realistic Sun angle is calculated with following process by determining the solar 

declination angle at a given date (Roy et al., 1989). Firstly, the day number is 

calculated in radians for the day of year number (J) by equation 6.5, then the solar 
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declination angle is obtained by equation 6.6. The solar declination angle varies 

between the Ñ 23.45ę over a year between two solstices in winter and summer.  

†
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      (6.5) 
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Table 6.4 : Calculated solar declination angles (rad. and ę) for simulation dates.   

Day of the year 

(DOY) 

Day Angle 

(radian) 

Declination 

ŭ (radian) 

Declination 

ŭ (ę) 

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 6.4 above indicates that there are three different solar declinations with 

respect to satellite, the solar declination in the first row (for DOY 78 which is 19 

March) indicates the satellite model is in eclipse season, which is dated as 20-21 

March, since the solar declination is near around 0ę, on this case a special eclipse 

simulation is run for 19 March 2015. On the second row (for DOY 135 which is 15 

May), the solar declination is quite positive and nearing the maximum (+23.45ę). As 

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

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

is specifically dated as 20-21-22 June. As presented in the third row (for DOY 325 

which is 21 November), solar declination is quite negative around -20ę. In this case, 

the spacecraft gets the solar photons from the southern parts (from +Y direction) as 

the Earth approaches to winter solstice dated on 21-22 December. 

On SPIS, the incoming solar flux is represented in simulation runs as an X-Y-Z 

directions by defining a solar flux unit vector. This vector is calculated for given DOY 

dates as presented in the Table 6.5.  
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Table 6.5 : Solar declination vector components and its orientation. 

DOY cos(ŭ) sin(ŭ) 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 satellite and the Sunôs configuration with respect to orbital positions are presented 

in the Figure 6.19 and Figure 6.20 according to the solar declination calculations and 

vector components in horizontal and vertical axis for the 15 May (DOY 135) and 21 

November (DOY 325) dates. There 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 09:00. Due to the fact that the March event is in the equinox 

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

 

Figure 6.19 : Satelliteôs configuration with respect to the Sun for 21 November 
2003, 00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (c), 18:00 MLT (d), 

the solar declination is ï 19.98ę and oriented in -Y vector in LVLH. 



98 

 

Figure 6.20 : Satelliteôs configuration with respect to the Sun for 15 May 2005, 

00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (c), 18:00 MLT (d) the 

solar declination is +18.67ę and oriented in +Y vector in LVLH. 

For all of the simulation cases, the horizontal component of solar flux is aligned 

through ñ+Zò for the 00:00 MLT configuration. For 06:00 MLT, the horizontal 

component is aligned through ñ+Xò direction. For 12:00 MLT case, the horizontal 

component is aligned through ñ-Zò and for the 18:00 MLT configuration, the 

horizontal component of the solar flux is aligned through ñ-Xò vector under 

assumption of LVLH coordinates, which is a body centered orbital frame.  

The orientation of the vertical component of the solar flux depends on the solar 

declination angleôs vertical component displayed in Table 6.5. For 19 March 2015 

case, the vertical component of the solar flux is through ñ-Yò vector since the 

configuration of the solar declination is negative and towards the ñ+Yò (south panel) 

wall of the satellite under the eclipse season. For 15 May 2005 case, the solar 

declination is positive and solar photons reach on the ñ-Yò (north panel) wall on the 

satellite, the vertical component of solar flux is through ñ+Yò vector. For 21 November 

2003 case, the solar declination is negative and solar photons reach on the ñ+Yò (south 

panel) wall on the satellite, the vertical component of solar flux is through ñ-Yò vector. 

Remember, the northern platform panelôs normal vector is ñ-Yò and southern platform 

panelôs normal vector is ñ+Yò. The ñ+Xò vector represents the direction of motion of 

satellite, the ñ+Zò vector is through geocentric radius starting from the center of mass 
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of satellite. Lastly, the ñ+Yò vector is through the opposite to the angular momentum 

(Ὤ) vector, which is towards south panel of spacecraft model.  

 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 

presented. 3D surface absolute potential values (V) are plotted with same axis scaling. 

The outputs of SPIS simulations are saved as ñ.VTKò snapshot file format at the end 

of the simulations in order to visualize the results on better absolute potential scaling 

in Paraview program. Three events are visualized in different displays: Figure 6.21 for 

the November 2003, Figure 6.22 for the May 2005 and Figure 6.23 for the March 2015 

cases which are displayed below. 

The results shown in Table 6.6 to Table 6.9  are 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; normal (green 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. The results 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 an arc, the 15 May 2005 18:00 MLT and 19 March 2015 00:00 cases were risky.  

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 potentials could exceed 2 kVôs of potential which is 

critical value for generation of a sustained arc phenomena.  
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Figure 6.21 : 21 November 2003 case SPIS simulation surface absolute potential (V) 

results for 00:00 MLT (a), 06:00 MLT (b), 12:00 MLT (c), 18:00 MLT 

(d). 

 

Figure 6.22 : 15 May 2005 case SPIS simulation surface absolute potential (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 March 2015 case SPIS simulation surface absolute potential (V) 

results for 00:00 MLT eclipse case (a), 00:00 MLT sunlit  case (b), 

06:00 MLT (c), 12:00 MLT (d), 18:00 MLT (e). 

For the other simulation cases; generally the 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 potentials, the 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 the minimum for 06:00 MLT among other simulation locations for all three 

case study simulations. Apart 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 it is the 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 06:00 MLT zones displayed on the a and b subplots, which 
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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 absolute potential (V) results of Titanium SLI ground node (-Z) 

of simulation cases. 

 MLT  Minimum  Average Maximum 

2015 March 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 
2005 May 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 
2003 November 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 potential (V) results of CMG (+Z) of simulation cases. 

 MLT  Minimum  Average Maximum 

2015 March 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 

2005 May 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 

2003 November 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 

  



103 

Table 6.9 : Differential potential (V) results of CMG (+Z) of simulation cases. 

 MLT  Minimum  Average Maximum  

2015 March 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 

2005 May 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 

2003 November 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 Table A.15 show the absolute and differential potential values for 

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

configurations. Seen from the Table A.10 and Figure A.13 that the surface absolute 

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

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

which is behind of the solar array wings and always in the shadow. Other than that, 

the Table A.14 shows the differential potential of OSR (ÑY) materials which could be 

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 

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

6.5, Figure 6.19 and Figure 6.20. Due to the solar declination, the shadowed parts of 

the Y walls on the spacecraft have less surface absolute potential than the illuminated 

walls seen from the Figure 6.21 and Figure 6.22 for the 2003 November and 2005 May 

cases. Thus, 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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 CONCLUSIONS AND RECOMMENDATIONS  

In this study, surface charging simulations of a high-throughput communications 

satellite at GEO orbit at 00:00, 06:00, 12:00 and 18:00 magnetic local time (MLT) 

were analyzed under different plasma environment parameters (different electron-ion 

densities and energy levels) and eclipse and 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 are examined.  Also, the 

differences obtained under these conditions between the absolute and differential 

surface charging were revealed and discussed and several results are 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 under eclipse and sunlight 

conditions were exposed and discussed such that the photo-emission cuts-off the 

extreme surface charging on all spacecraft surfaces. The difference between the 

absolute and differential charging studies clearly shows that the differential charging 

on the dielectric materials could have risk on the solar storm events. The 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 that photoemission greatly affects the negative surface charging, 

which is expected. On the parametric study cases, between 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 non-linear equations. They show opposite behavior for CERS solar 

cell coverglass with increasing electron/ion density and increasing electron energies 

for both eclipse and sunlit conditions, again the eclipse conditions are much more 

negative in terms of absolute and differential potentials. Comparisons 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 energies. While 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 under the eclipse conditions, both show linear behavior under the 

daylight conditions.  Electron energy and electron/ion density limits for arc occurrence 

were discussed within the context of parametric study and differential charging 

potentials are estimated. The 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 environmental 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 more realistic 

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 worst-case charging analysis, even though there are environments which get 

the highest score on differential charging, some space environments could be in the 

aspect over-design since for example, LANL-KIT 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 

surfaces such as GALAXY 15, MIL-STD and SCATHA1**. The worst-case 

environments are generally used for the system level surface and internal charging 

applications and analysis purpose to be sure about the surface materials. Standards 

such as ECSS, NASA, ISO (also named as SCATHA1**) generally be selected for 

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 is post-processed 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 

can be used for the purpose of satellite operational analysis by telecommunication 

operators for the representation of the real 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 scenarios. As an example, 

considering the 19 March 2015 case, it is observed that the 16:44 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 tri-Maxwellian plasma distribution suits 

significantly well for modelling the CIMI electron number density outputs. The 

obtained results on the surface charging estimations can be used for spacecraft 

operations, risky space environment 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 charging trend for nowcasting and forecasting approaches. 

 Practical Application of This Study 

Hazardous satellite anomalies are often not dissolved in terms of determining the root-

cause of errors since the spacecrafts are quite complex structures. The proposed model 

can be used to determine the communication satellite surface charging by simulating 

the realistic environment and satellite together in the SPIS program for risk mitigation. 

The outputs of simulation give surface absolute and differential potential estimations 

of surface materials in different time zones of magnetosphere at an instant. The timing 

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 quite simple 

and generic since common modelling approach was focused, the model proposed can 

be applied on various satellite manufacturerôs space platforms on GEO orbit. This 

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. 

 Future Work to Do 

Spacecraft model proposed and used on the simulations is quite simple and basic; 

however, the simplified model has some drawbacks on realistic modelling case. The 

surface features on solar array and other satellite structures may be modelled with more 

detail. Such details can include solar cell interconnectors on the surface, antenna 

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 increase by additional material ï plasma 

interactions. Simulation cases for CME scenarios can be conducted with other precise 

radiation belt models such as IRENE, VERB and IMPTAM for realistic plasma 

environments for comparison. The simulations can as well be implemented on 

different charging analysis tools such as NASCAP-2K and MUSCAT and the results 

obtained can be compared with SPIS outputs. The effect of plasma thrusters such as 

hall effect and grid ion can be investigated further by modelling the ion engines on 

spacecraft body.   
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APPENDICES 

APPENDIX A:  Worst-case environment charging analysis (Table A.1 to Table A.7), 

CIMI model case study simulations (Figure A.1 to Figure A.22, Table A.8 and Table 

A.9) and case study charging estimation simulation results (Table A.10 to Table 

A.15).   
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APPENDIX A  

Table A.1 : Titanium absolute potential evolution (V) for the worst-case 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 

SCATHA2 -6199.53 -15324.17 

SCATHA1979 -5589.84 -11690.82 

Table A.2 : SA CMG CERS absolute and differential potential (V) evolution on 

sunlit cases for the worst-case scenarios. 

 Average Min. Max. Score Max ï 

Ground 

Score 

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 7 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 

SCATHA1 * -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 potential (V) evolution on 

eclipse cases for the worst-case scenarios.  

 Average Min. Max. Score Max. ï 

Ground 

Score 

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 potential (V) evolution on sunlit cases for 

the worst-case scenarios.  

 Average Min. Max. Score Average 

ï Ground 

Score 

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 potential (V) evolution on eclipse cases 

for the worst-case scenarios, seen from the values that some cases can 

have inverted potential gradient. 

 Average Min. Max. Score Average-

Ground 

Score 

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 potential (V) evolution on sunlit cases 

for the worst-case scenarios.  

 Average Min. Max. Score Average ï 

Ground 

Score 

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 potential (V) evolution on eclipse cases 

for the worst-case scenarios. 

 Average Min. Max. Score Average 

ï Ground 

Score 

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 

,

 

Figure A.1 : 2003 November case CIMI model simulation timeseries results for total 

electron (a) and proton (b) flux [cm-2/s/sr/keV] outputs extracted from 

the grid for 00:00 MLT position. 
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Figure A.2 : 2003 November case CIMI model simulation timeseries results for total 

electron (a) and proton (b) flux [cm-2/s/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 [cm-2/s/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 [cm-2/s/sr/keV] outputs extracted from 

the grid for 18:00 MLT position. 
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Figure A.5 : 2005 May case CIMI model simulation timeseries results for total 

electron (a) and proton (b) flux [cm-2/s/sr/keV] outputs extracted from 

the grid for 00:00 MLT position. 
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Figure A.6 : 2005 May case CIMI model simulation timeseries results for total 

electron (a) and proton (b) flux [cm-2/s/sr/keV] outputs extracted from 

the grid for 06:00 MLT position. 
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Figure A.7 : 2005 May case CIMI model simulation timeseries results for total 

electron (a) and proton (b) flux [cm-2/s/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 [cm-2/s/sr/keV] outputs extracted from 

the grid for 18:00 MLT position.  
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Figure A.9 : 2015 March case CIMI model simulation timeseries results for total 

electron (a) and proton (b) flux [cm-2/s/sr/keV] outputs extracted from 

the grid for 00:00 MLT position.  


































