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. OBIIA XAPAKTEPUCTHUKA HA TMCEPTALHMOHHUA TPY |

AKTYyaJIHOCT Ha npodJjieMa

KaHaLII/ITI/IBHI/ITe paspdaan €ca €AMH OT OCHOBHUTE THUIIOBC Ta30BU paspAau, MU3IOJI3BAHU B
CbBPCMCHHUTC INJIA3MCHHU TCXHOJIOTUU. Te ca 00eKT Ha MHTEH3MBHU n3CJICABaHNsd KaKTO BbLHB
BPB3Ka C NPAKTHYCCKOTO UM IIPUTIOKEHUEC, TaKa 1 110 OTHOIICHHUE Ha (bYHI[aMCHTaJ'IHI/I BBIIPOCHU

3a MEXaHU3MHUTE 3a NOAABbPIKAHE HA paspsaaa.

Pa30upaHeTo U KOHTPOJIMPAHETO Ha MPOIIECUTE B pa3psia € MOLICH CTUMYJI 33 pa3BUTHE Ha
METOIUTEe Ha MOJCIUpaHe B Ta3u obOsact. MonenupaHero B o00nacTra Ha Iuta3Mara e
KOMILUIEKCHA 3ajia4ya, oOXBallaila MEeXaHHKa, TePMOJMHAMHKA, CJICKTPOJIWHAMHKA, ONTHKA W

KBaHTOBa (1)1/131/11(3.

Kakro m MHOro npyru obimacTh Ha HayKara, B TOCJIEIHHTE TOIMHHA KOMIIOTHPHHUTE
CHUMYJIallUU C€ YTBBPAMXa KAaTO TPETH OCHOBEH METOJ Ha HAYYHO M3CIEABAHE Hape] C
eKcriepuMeHTa U (aHaiuTuyHata) Teopus. OCHOBHMSAT METOJ 3a MOJEIMpAHE, U3IO0J3BaH B
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muceprauusaTta, € “Yactuma B kierka ¢ Monre Kapno ynapu”. Ilonacrosimiem ToBa € Haii-
MOJIEpHUSAT U OBP30 pa3BUBAIIl CE METOJ B 00JIaCTTa HA MOAEIMPAHETO Ha IIa3Mara U ra3oBUTE

paspsu.

He.n Ha ITMCEPTALMOHHUSA TPYd, OCHOBHH 3a1a4Y1 1 METOAM 3a U3CJI¢IBaAHE

]_ICJ'ITa Ha JucepranuAaTa € U3CJICABAHC U OIITUMU3AlUAg Ha MOJCIIN B o0JracTTa Ha (1)I/I3I/IK8.T8.
Ha IJ1asMaTta W IO-CIICHUAaIHO Ha KallalUTHBHHU paspsagu C KOMIIOTBPHU CHUMYJIAlIUU. BuB

BPB3Ka C Ta3u LECJI, B JUCEpTAlUATA Ca pCIICHU CJICAHUTC OCHOBHU 3a/1a4u:

1. Pa3zpaborena e momudukanus Ha MoHTe Kapno meTonma 3a monenupaHe Ha yaapuTe B
ma3Mara, Karo € HalpaBeHO BalMIuUpaHe Ha MoJieJla 4Ype3 CpPaBHEHUE C HU3BECTHHU
AQHAJTUTUYIHY PE3yTaTH.

2. Hampagena e momudukamnus Ha meroaa “Yactuna B kietka ¢ Monte Kapio yagapu”, kosto
MO3BOJISIBA TIPU OTMPEJEICHH YCIOBUS CBEXIAHETO HAa TPUMEPHH MOJENM HAa KalallUTUBHU
pa3psid KbM €IHOMEpHHU.

3. 3a npeB mhT MetombT “Uactmma B kietka ¢ Monrte Kapio ymapu” e NpuiiokeH 3a
MOJIeNIUpaHe Ha KaMalMTHBHU Pa3psau C TOJISIMO PA3CTOSHUE MEXKTY €JIEKTPOIUTE.

4. PazpaboTeHa € mporpaMHa CHCTEMa 3a H3CJICBAaHE Ha TPENTEHHUS B TPENTAL] KPBI C

HCJIMHCCH KallalluTCT, KATO TYK UMa Bb3MOKHOCT U 3a NEAArorudCcCKu MpujaIoXKCHU.
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Hay4yna HoBoCT

HamnpaBenu ca nomoOpenuss u MoanUKalMU Ha ChUIECTBYBAIIM Mojenu. Mopaenure ca

MMPUJIIOKCHHU B HOBH YCJIOBHUA. HSCJ’ICI[B&H € HOB IINIa3MCH U3TOYHHK.

HpaKTI/I‘leCKa MNPUHJIOKUMOCT

Pa3paboTeHa e nporpamMHa cucTeMa ¢ IPUIOKEHHE B 00YYCHUETO Ha CTYICHTH.

Anpooanus

Pesynrarure OT wM3cieiBaHMATa B JUCEpTalMATA ca IIPEICTAaBEHH B JBa JOKIaga Ha
International Conference Applications of Mathematics in Engineering and Economics u nBa

noknana Ha koHdepenusaTa [{au Ha Pusukara.

y6ankanun

Bpost Ha nyOnukanuuTe no auceprauusAra € 5, oT KOUTO | cTaTHsl B CIIMCAHUE C MMIIAKT
daxTop, 2 nyonukanuu ¢ SJIR u 2 noknana B HepeepupaHu CIUCAHUS C HAYYHO pelieH3HpaHe.

Enna ot Hy6J'II/IKaI_II/II/ITe € CaMOCTOATCIIHA.

CTpykTypa U 06eM Ha JUCEPTALMOHHHS TPY]

JlMcepTallMOHHUAT TPYA € B 00eM OT 147 CTpaHHMIM, KaTO BKJIIOYBAa yBOJ, 3 TJIaBU 3a
pemaBaHe Ha (HOPMYITUPAHUTE OCHOBHU 3a/1a4M, CIHCHK Ha OCHOBHHUTE MPHUHOCH, CIHCHK Ha
nyoIMKalMUTe MO JcepTalusaTa W W3MoN3BaHa JuTeparypa. llutupanm ca oOmo 114
JUTEpaTypHU HM3TOYHMIM, KaTo 97 ca Ha JAaTMHUIA W 12 HA KUPWIMLA, a OCTAaHAIUTE ca
UHTEpHeT aapecu. PaboTara BkiIrouBa o0mo 94 ¢urypu u 3 Tabnuuu. Homepara Ha ¢urypure,

dbopMynuTe U TabnuuUTe B aBTOpedepara ChOTBETCTBAT HA T€3H B IUCEPTALIUOHHUS TPY/I.



1. CbABP)KAHUE HA JIMCEPTALIMOHHUS TPY ]

I'nasa 1. J/Iutepatypen 00630p

JlutepaTypHUAT 0030p C€ CHCTOM OT YETHPHU YACTH, B KOUTO Ca pasrielaHd OCHOBHUTE Ha
MeTo/Ia 3a MoJieInpaHe ,,YacTuiia B KJIeTKa*, OCHOBHH BBIIPOCH 32 KAalallUTUBHUTE pa3psaau U 3a
ompenensHe Ha (YHKIMATA Ha pasmpeneneHue. B deTBppraTa 4acT ca pasriiefJaHd HIKOH
cnenuUIHA BBIIPOCH, CBbP3aHU C M3MOJI3BAHUTE AITOPUTMH, YUCICHH METOIU U MPOrPaMHO

OCHUTypsIBaHE.

1.1. MoaeaupaHe Ha ra3oBu pa3psam mno meroaa ,,Yacruma B kijerka ¢ Monre-KapJo
yllapl’l“

OcCHOBHUTE METOAM 3a MOJENUpPaHe Ha Ta30BU paspsau M IUla3Ma ca TpU: MOJENU Ha
OTJEJIHU YaCTHIIM, KHHETUYHHU MoAeau 1 Guiynaau moaenu. B I'masu 2 u 3 Ha nuceprauusra ca
NOPUIOKEHN MOJEIN Ha OTJAEIHM YacTHIM, a UMEHHO ,,YacTula B KJIeTKa*, KaTo yJapuTe Ha

EJIEKTPOHUTE C aTOMU ca oTueTeHu ¢ MouTte Kapio meton.

1.1.1. OGma cxema

Oo6rata cxema Ha MojenuTe ,,Yactuma B kietka™ (Particle in cell, (PIC)) e mpeacrasena Ha
¢urypa 1.1. OcHoBHaTa uzes €, 001acTTa Ha MOJIETTUPAHE JIa CE pa3/iesid Ha roJisiM Opoil KJIETKH
¥ Ha BIJIMTE Ha TE3W KJIETKH J]a C€ pasNpeleNn 3apsIbT Ha HAMHUPAIIUTE Ce B KJIETKATa YaCTHIIH.
Cnen ToBa, 3HaeWkum oOeMHaTa TIUIBTHOCT Ha 3apsia, Ce€ peliaBaT ypaBHEHUATA Ha
€JIeKTPOMArHUTHOTO TMIOJI€ TMPHU 3aJaJ€HUTE TPAaHUYHH YCIOBHUS M CE€ MpEecMsTaT CHIIUTE,
JIeiicTBaIIM Ha BCsIKa 3ape/ieHa yacThia. Pemasar ce ypaBHEHUsTa 3a IBM)KEHUE HA YaCTHIINTE B
paMKUTE Ha enHa CThIKa BBHB Bpemero At. OTumra ce 3arybara Ha YaCTHUIIUTE, HAITyCHAIH
obnactTa Ha Mojienupane. M34uncnsBar ce MPOMEHUTE Ha CKOPOCTTA U €HEPTUsITa Ha YaCTUIUTE
B PE3yATAT Ha yJIapH ¢ APYTU YaCTUIIM, KAKTO U Ch3/1aBaHETO MM B PE3YJITAT HA HOHU3AIHUS.

Tbii kaTO OpOAT HA YaCTULIUTE B IJIa3Marta € MHOro royisiM, B PIC Monennte oOMKHOBEHO ce
U3CIIeBaT CaMO CTOTHIM XM 0 MHJIMOH 4acTUIU. Te ce HapudaT MaKpOUYacTHIU, KaTo ce

npuema, 4€ ¢iHa MakKpodJacCTHulla € MpCACTAaBUTCII Ha T'OJISIM 6p0ﬁ pCaJIH1 YaCTHULIH.

1.1.2. MonTe Kapio MeTo[ 3a onrcaHne Ha yaapuTe
B Ta3m yact e onncan MoHTte-Kapino MeTonsT 3a OTUMTaHE HA yJApUTE €IEKTPOH-ATOM H

ron-atom B PIC monenure.



HHaTerpupane Ha 3ary0a 11 ch3IaBaHe Ha

| YpaBHeHusITa Ha »| HacTHIN HA TPAHNIINTE
IBIDKEHIHe Ha o0macTTa
Y
Ompenensse Ha OTunTaHe Ha
CITNTe, JeficTBaIu yaapute ¢ MonTe
Ha YacTIIIITe At Kapio meton
3
HHTerpupase Ha HHTeprnompaHe Ha
YPaBHCHIIATA Ha < 3aps7a Ha YacTHIITE |4
e1eKTPOMarHHTHOTO Ha MpeKaTa
none

®urypa 1.1. binok cxema na PIC mozen [1].

Koraro uactuiia ¢ eHeprusi W ce IBUXKH Mpe3 ra3 ¢ IUTBTHOCT Ha aTOMUTE Ny, BEPOSTHOCTTA

YaCcTHIIATa JIa Ce yIapy 3a HHTEPBaJl OT BpeMe At e

P =1 —exp[—Atv(w)]

kbeTo V(W) = vag.(W)n, e oblnara 4ecToTa 3a BCHUYKHA Bb3MOKHH YIAapH 3a JajicHa CHEprHs
Ha YaCTHIIATA, Og, € OOIIOTO CeYeHHE HA BH3IMOXKHHTE yaapu, v = (2w/m)'/? e ckopocTTa Ha
yacTuiara, ¥ M e macara Ha 4acTuiara. B cuMymamusita NMpOCT HAYMH 3a ONHIIEM Jallid
yacTuIata ce yjaps 3a MHTepBal OoT BpeMe At e ma cpaBHUM BepoOsSTHOCTTA 3a ymap P cwe
cyyaiino yucio R (0 < R < 1) (ymap Bp3uukBa ako R < P). B ciyuaii, ue yactuiiata Moxe aa
y4acTBa B HSAKOJIKO Pa3IUYHU TUMA yaapu (€IacTUYHH, 32 Bb30yKIaHe, HOHU3AaIIKA), C TOMOIITa
Ha CIIYYallHO YHCIIO Ce OMpeaess BHIA Ha ylaapa, OTYNTANKHM CEYCHUSATA HA PA3IMYHHUTE yAapu
3a JaJieHaTa eHeprus Ha YacTUIara.

Crnenpamara crprika B Monte Kapno mojena e 1a mpecMeTHEM rojeMHHATa U TT0COKaTa Ha
CKOpOCTTa Ha eNeKTpoHa ciefl yaapa. [IpomsiHaTa B mocokaTa Ha CKOPOCTTa Ha €IEKTPOHA €
OTMKCaHa 4pe3 a3uMyTalleH BI'BJI @ U upe3 moisipeH brea 6. [Ipuemame, ye BeposSTHOCTTA 3a
OTKJIOHEHUE Ha JIaJICH a3UMYTaJIeH BbI'b]l € PABHOMEPHO pa3mnpezenieHa B nHTepBaa [0, 27|

@ = 2mR; (1.5)

KBbAETO R3 € HOBO paBHOMEPHO pasIpesiesieHo ciydaitHo uncio mexay 0 u 1. OGuKHOBEHO ce

NpreMa, 4e BCHYKH CJIEKTPOHHH pPa3CeBaHMS Ca M3OTPOIHH HE3aBHCHMO OT NpHUpoJiaTa Ha
ylapa ¥ MOJISIPHUSAT bI'bJI 6 MOXke J1a ObJe ONpeieleH MPOCTO OT

0 = arccos(1 — 2R,). (1.6)

OcBeH mocokaTa Ha CKOPOCTTA Ha €JICKTPOHA, YAaphT MPOMEHS U HEToBaTa CHEpTusl.



1.2. KananuTHBHH pa3psiaiu
1.2.1. YcrpoiicTBO, XOMOTE€HEH MO/, TPUIIOKEHUE
KaHaL[I/ITI/IBHI/ITC paspdaan C€ CbCTOAT OT ABa YCHOPECAHH CIICKTPOAAa, CBBP3aHHU KbM

pamuouectotHo (RF) 3axpanBane (reHeparop), 0OMKHOBEHO paborern mpu yectota 13.56 MHz

(dburypa 1.4).

Igp = —1 sin wt

plasma sheaths

()
U

spli) 1 -

®urypa 1.4. Cxema Ha KanalUTHBEH pa3psi [2].

B®B BBTpemiHOCTTa Ha 00NacTTa MEXAY EJIEKTPOJUTE ce 00pa3yBa eJICKTpOHEyTpaliHa
1a3Ma, T.e. KOHIICHTpAIUATa Ha IMOJIOXKHUTEITHO W OTPUIIATEITHO 3apEICHUTE YacTUIIN € paBHA. B
OJM30CT 70 ENEeKTPOAUTe MMa OOEMHO 3ape/ieHH clloeBe, JeOelnHaTa Ha KOWUTO Bapupa C
YyecToTara Ha reHeparopa. B aproHoBuTe paspsau, pasriaexIaHu B TUCEPTALUATA, 3apsSAbT Ha
CJIOEBETE € MOJIOKUTETICH U KOHIIEHTPALUATA Ha MOJIOKUTEITHUTEe HOHU € MO-TojsIMa OT Ta3H Ha
enektponute. [Topaau rosiMara cu Maca, TBHKEHUETO HAa HOHHUTE Ce€ ONPEIes OT OCPEIHEHOTO
EJICKTPUYHO TIOJIe, JIOKATO EICKTPOHUTE OCITIIMPAT C YeCTOTaTa Ha BBHHINHOTO PAJUOYECTOTHO

ITOJIC.

1.2.2. MexaHu3Mu 3a HarpsiBaHe Ha Tula3mara

B nureparypara ce pasrimexzaar JBa OCHOBHM MEXaHM3Ma 3a HarpsBaHE Ha IulazMara B
KalaluTUBHUTE paspsau. [lpu ymepeHu HansraHus JOMUHHpPaA 0OMYaitHOTO TKAayJIoBO (OMOBO)
HarpsisaHe. Pa3cTossHMeTo, U3MUHATO OT €JIEKTPOHA MEXAY JIBa yAapa ¢ aTOMU € MHOTO MAJIKO U

CIICKTPHUYHOTO ITIOJIC ITIOYTH HE C€ U3MCHA 110 TPACKTOPHATA HA CIICKTPOHA.
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Ourypa 1.8. EnexTpoHHU cHOMOBE B KanauTuBeH pa3psia. Pesyntatu ot PIC monen [3] 3a
nBa nepuoaa Ha RF nosiero. benure nuHuy 1aBaT MHAMKAUKMA 33 TPAHULATE HA CJIOS.

[InpTHOCTTA Ha TOKA B /1aJIcHA TOYKA € MPONOPLHUOHATHA HA NHTEH3UTETa Ha €JIEKTPUYHOTO
1oJIe B Ta3W TOYKa. B TO3M ciyyail ce TOBOpH 3a JOKAJIHO WM yAapHO HarpsiBaHe. IIpu Hucko
HaJIsiTaHe €JIEKTPOHUTE U3MUHABAT 3HAUUTEITHO PA3CTOSHUE MEXAY JIBa yJapa U CJICKTPUYHOTO
MoJie ce€ W3MEHA MO TpaekTtopusta uM. [ITbTHOCTTa Ha TOKa B JaJieHa TOYKA 3aBUCH OT
WHTEH3UTETA Ha €JIEKTPUYHOTO TOJIE 110 LsJIaTa TPAaeKTOpHs Ha eleKkTpoHa. Harpsisaneto B T031
ClIy4ail € HeJOKalHO (M3MOJ3BaT Ce M TePMHUHHUTE Oe3yJAapHO U CTOXAaCTUYHO). Bb3MoOkHO e
JIBaTa HaYMHA Ha HArpsBaHE Jla JEUCTBAT €THOBPEMEHHO — O€3ylapHO B CJIOSI U JKAYyJIOBO B

o0eMa Ha IuIa3Mara.

1.3. Onpenensine Ha GYHKIMATA HA pa3npeaeieHne B ra30BH Pa3psiau
[Tpu KMHETHYHUTE MOJENH (PYHKIMATA HA paslpeelieHHe Ha eJIEKTPOHHUTE TI0 CKOPOCTH f;
(Electron velocity distribution function, EVDF) ce ompenens, kato ce peliaBa ypaBHEHHETO Ha

bonmman

dfe F Ofe
¥+V.er+;.vvfe:¥(: (128)

AKO MOXe J1a ce MPEANO0XKH, Ye eJIEKTPOHUTE ca OJIU30 0 TEPMOJIMHAMUYHO PaBHOBECHE
pelleHneTo Ha ypaBHeHHeTo Ha boniiMan e MakcyenoBo pasnpezeneHue.

EnHo mmpoko M3nosi3BaHO U MHOTO MOJIE3HO OMPOCTSBAHE € alpOKCUMAIIUATa C JBa WICHA,
B KOSITO pa3BHBaMe (PYHKIMITA Ha pasmpesiefieHne Ha €JIeKTPOHU B pel J0 WIeH OT MbpBa
CTENEH B OTKJIOHEHHWETO OT M30TPOMHOCTTA, KaTO C€ pasriexaa IMIIMHAPUYIHA CUMETPHS IO

IPOIBIKEHHE Ha TIOCOKATa Ha aHH30TPOIUATA.
\'A

fe(r,v,t) = foo(r,v, t) + ;.fel(r, v, t) (1.31)

Tyk f, ¢ pasnokeHa Ha CymMa OT M30TPOIHA YaCT fe(, 3aBHUCEIA CaMO OT TOJCMHUHATa Ha

CKOPOCTTa U MaJIKa aHU30TPOITHA YaCT feoq, KATO foq K fep-
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OT anpokcuManusTa ¢ [Ba WieHa B CIIy4ail Ha €HOPOJIHA TUIa3Ma C €JHOPOIHO MOCTOSIHHO
€JIEKTPUYHO TI0JI€ 32 aHU30TPOITHATA U M30TPOIHATA YaCT CE€ MOJIydaBaT JIBa BaKHU pe3ysTara.
3a MOCTOSIHHA YeCTOTa Ha €JaCTHYHUTE yuapH, Vi, (v) = const, ce moiydaBa MakcyeaoBo
pasmpeneneHre. 3a MOCTOSHHO cevyeHHe Ha ymapuTe (Mojen Ha TBbpAa cdepa), g, = const
(mocTositHEH cpeleH CBOOOJEH NpoOer) pe3yiaTarbT € W3BECTEH KaTo paslpelelieHHe Ha
JproBecTeliH.

OcBeH (yHKIUMATa Ha pasnpeneieHue Ha EJICKTPOHUTE 10 CKOPOCTH C€ H3IOJ3Ba H
GyHKIMATAa Ha pasnpenelieHue Ha enekrponute no eHeprusi £ (Electron energy distribution
function wium EEDF). Bunbt Ha Ta3u ¢QyHKOus 3a ciiydas ChOTBETHO Ha pa3lpeleiCHHs Ha
Maxkcyen u proBecreiin e naaen B ypaBHenus (1.35) u (1.36). Uupekcbt M ce oTHacs 3a
MakcyenoBo pasmnpeneienue, a D 3a pasnpenenchue Ha JlproBecteiiH. Ay um Ap ca
HOPMHPOBBYHHM KOHCTaHTH, a D e KoHCTaHTa, 3aBUCella OT WHTEH3WTETAa Ha IIOJETO M

CCUCHUCTO.

fu (E) = AVE exp(—%) (1.35) fo(E) = AVE exp[—%zj (1.36)

OOUMKHOBEHO € TPYIHO /1a Ce ONPEAENH, JOKOIKO OIU3KO0 10 MakcyenoBo pasIpeseieHue e
€IHO pa3lpeesiCHne, IOMYyYeHO B EKCHepUMEHT wiu Mojen. Ilopaam ToBa ce BbBEKAA
BeposiTHOCTHA (yHKuusA (Electron energy probability function (EEPF)), ne¢unupana or:

EEDF

JE

Y ChOTBETHO 3a pasnpenesieHne Ha Makcyen u J{proBecteitn

EEPF =

(1.37)

2

EEPF = A, exp(—kETj (1.38) EEPF = A, exp[—%j (1.39)

[IpeaumMcTBOTO Ha TOBa MpPEACTaBSHE €, Y€ B MOJYJIOrapUTMHYEeH Mmamiad rpadukara 3a

MacyenoBo pasmnpeeneHue e mpasa, ¢ HaKJIOH OnpezerieH oT Temneparyparta (purypa 1.20).

10"
10"

10"k

log (EEPF) log (EEPF)

o, o
S 5

[ 50 mTorr

EEPF (m°ev??)

Q,
T

1
slope ~ —
T 200 mTorr
300 mTorr 100 mTorr

10"k 400 mTorr

10°L 500 mTorr:

TR ENENENENT L\ L) i i I
5 10 15 20 25
E E Energy (eV)

Ourypa 1.20. Cxemaruuno mnpencrtaBsHe Ha EEPF B ®urypa 1.23. EEPF, nonyuena
NOJYJIOTapUTMUYeH Mamab 3a pasmpenaenenue Ha Makcyen or PIC-MCC wmozen Ha
(;ms180) M [IproBecTeitH (ASICHO). KamaiuTuBeH paspsn [4].



Tunuuen pesynrar 3a EEPF 3a cnydas Ha kanmanuTuBeH paspsif € mokasaH Ha ¢urypa 1.23.
[Tpu nucko Hansrane EEPF e 6u-Makcyenosa (bi-Maxwellian), kato ce cecTon oT aBa npaBu
y4acThKa, KOETO JaBa MHAMKALMY 32 HAJIMYUE HA EJEKTPOHM C JIBE pasziauyHu Temneparypu. C

yBenuvaBaHe Ha Haysiraneto oopmata Ha EEPF craa 6imska no JlproBecTeiin.

1.4. AnropuT™Mu, YUCJIEHH METOH U MPOTPAMHO OCUTYPsIBaHe
1.4.1. Teneparopu Ha ciy4yailHU yncia
B Ttpera rmaBa Ha aucepranusaTa € W3MOJ3BAH TEHEPATOPHT HA CIy4YalHM YHUCIIA,
npenopsyad B [5]. B aucepranusaTa e HanpaBeH KpaThK Mperiie]] Ha TeHepaTOpUTe Ha CIydalHU
YHcia, CICABANKY TO3HU JIUTEPATypEH U3TOYHHK.
1.4.2. AnropuTMu 3a IPUIBHKBAHE HA YACTULIUTE
B cumynanuuTe Ha ra3oBU pa3psiiv U I1a3mMa, OOMKHOBEHO 3a MPHUIBHKBAHE HA YACTUIIUTE
ce m3mnoi3Ba MeToAbT leapfrog (mpeBexgaH Ha OBIATapcKU KaTo ,, KaOCIIKM MOJCKOK™ WU
,»[IpecKouu - kobuiaa”). JIpyr Bb3mMoxkeH MeTo/1 € anropurbMa Ha Bepner (Verlet) [6]. Pasnukure
B JIBaTa METO/1a ca 00CHICHU HAITPUMED B MOJICIIUTE MPEACTaBeHH B [7].
MertoasT leapfrog mpecmsaTa CKOPOCTUTE ¥ U TOJOKEHUATA X HA YACTULIUTE C OTMECTBAHE
BBB BpeMe oT At/2, T.e., OJOBHUHATA OT BpeMeBara cThlka At ChbIIIacHO
Vkt1/2 = Vk-1/2 + diAt (1.45)
Xr1 = X + Vpyr/24t (1.46)
Tyk ¥; ca CKOPOCTHTE B MOMEHT t; = to + jAt (xato j = k — 1/2, k+1/2) u nonoxenusra X;

kato j = k, k+1) ¢ HauanHO Bpeme t,, ChOTBETHO d) = gE)/m e yCKOpeHHeTO Ha yacTHUliaTa
0 k k

o
ChC 3apsan (, Maca M, a ¢ Ej, e 03HaueHO eNEeKTPUYHOTO MOJe, JACUCTBAIlO Ha YacTHUllaTa B
MOMEHT .

ITpu meToa Ha Verlet ckopocTTa 1 MOJOKEHUETO CE MPECMATAT B €IUH M ChIIl MOMEHT &)1

CBIJIACHO
- - - 15
Xk41 = Xg + vat + EakAtZ (147)
- - 1,5 -
Vg1 = Vg + 5 (@ + Ageq)At (1.48)
KBJETO I'BPBO CE€ OTpeIeIs MOJ0KEHUETO U TOCIIe CKOPOCTTA.
1.4.3. Ilpumepu 3a mporpaMHa peaau3arus

B Ta3m gact ca pasric€aan HAKOU BBIIPOCH, CBBP3aHU C p€ain3aluiaTa Ha pasriicAaHUuTe 110~

rope anropurmu 3a PIC/MonteCarlo B kox na C++ [8].
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I'maBa 2. PIC/MonTte Kapao anropurbM 3a MogeJupaHe Ha

KANalUTUBHYU Pa3psiau

B Tta3u rnasa e pasrienano npuioxenueTo Ha obmata cxema Ha PIC/Monte Kapno metona
3a MOJENMpPAHE Ha Tra3oBH paspsau oT [yaBa 1 B KOHKpETHUTE 3aJaud, pellaBaHU B
nucepranuaTa. OObpHATO € BHUMAaHHWE HAa HAIpaBEHUTE MOIU(PHUKALMHUTE HA TPAaJULIMOHHUTE

AJITOpUTMH.

2.1. Monte Kapjo anroputrbM 3a omnpeneiisine Ha (QYHKIUSATA Ha pa3npeaeieHHe C
H3c/ieIBaHe HA TBUKEHHETO HA e[IH eJIeKTPOH

Paszpaborena e momgudukanus Ha Monte Kapimo mMeroma 3a mozpenupaHe Ha ynapure B
IIa3Mara, Kato Cce HW3CJe[Ba JBIKCHHETO Ha €IWH EJIEKTPOH JOCTaThbUHO IBITO BpEME H
GyHKIUATA HA paslpe/ie]iCHUE ce OMpeeiisa OT JaHHUTE MPU BCeKH yaap. [Ipu TpaauimoHHUS
MOJIXOJ CE M3CIIe/IBA JIBIDKCHHETO Ha ToJisiM OpOH €IEKTPOHHM U (PYHKIUATA HA paslpeelicHUe
Ha EJICKTPOHUTE TI0 CKOPOCTH CE OMpeeisl B 1aJicH MOMEHT. B Mojiena eJIeKTpuyHOTO ToJIe ce
cuuTa 3a A3JCHO, T.C. POJIATa HA OOEMHHUS 3apsij, CBbP3aH C IBMKEHUETO U PA3IOI0KEHUETO HA
YaCTHUIIMTE B TIJIa3Marta ce mpeHeopersa.

Ilenta e ga ce JoKake MPHUIOKUMOCTTa Ha METOJIa YpE3 CPABHEHHE ChC CIydau, 32 KOUTO
MMa aHAJTUTHYHO PEIleHre Ha ypaBHeHHETo Ha bomiman. Paborara e myonukyBana B [A4].

BanumupaneTo Ha Mojena € HalpaBEeHO 4Ype3 CpaBHSABAHE C PE3yNTaTd OT KWHETHYHATa
TEOpHs TIPH pEIIaBaHe Ha ypaBHEHUETO Ha BoJiMaH mpw MOCTOsHHA dectoTa (v =const.) U

MIOCTOSIHHO ce4eHHeE ( o = const. ) Ha €JIACTUYHUTE yJIapH €JIE€KTPOH-aTOM.

5x107 - - ——— 8x10”" . . . :
(@) . ° simulation (b) o simulation
4x107 ¢ theory 5 theory
= /% __6x107 r
5, 3x107 T
= 9x107 T, 4x107
= S
1x10”7 " . = ox107 F
0 A‘ VVVVVVVVVVVVVVVVVVVV
1 1 1 O 1 1 1 &
-5.0x10° -2.5x10° 0.0 25x10° 5.0x10° 0 1x10° 2x10° 3x10° 4x10° 5x10°

v, [m/s] v [m/s]

Qurypa 2.4. OyHKIUM Ha pa3npelesieHre MO0 eIHa OT KOMIIOHEHTHUTE Ha CKOpocTTa (@) W IO
rojeMuHaTa Ha ckopoctra (D), moiydyeHH OT KMHETHYHAaTa Teopus (JIMHUS) U OT YUCICHUTE
CUMYJIaluy (CUMBOJIM) IPY IOCTOSIHHA YECTOTa Ha YAApUTE.

Ha ¢urypa 2.4 ce Bmkmaa MHOTO TOOpOTO CHBIIaJICHUE HA PE3YITATHTE OT aHATUTUIHOTO
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perieHne ¢ KOMMIThpHaTa cumynaius. [TogqoOHo 100po chBHazeHUE ce HAOII0aBa U B APYTHS
TECTOB CITy4ail Ha MOCTOSIHHO ceueHHe Ha yaapute. [IpaBeHu ca TecToBe M ¢ M3IMOJI3BaHE Ha
pealTHu CeUeHUs 3a aproH, KBJIETO CHIIO CE MOIyIaBaT OUaKBAHUTE PE3yJITATH.

B 3akimrodeHue, pe3yinTaTUTE B Ta3M 4YacT JIOKa3BaT MPHIOKHMOCTTa Ha METojaa 3a
mojiydyaBaHe Ha (YHKIUATA Ha pasnpejesieHue. Harpyman e onmuTt 3a ONTUMAIHUTE CTOMHOCTH
Ha 3aaBaHUTC B CI/IMy.]'IaLII/ISITa HapaMeTpI/I. HpeI[I/IMCTBO Ha MCTOJa € II0O-MAJIKOTO BpeMe,

H€O6XOI[I/IMO 3a MPEXOAHHUA MEpHUOoA B CPAaBHCHUEC CbC CUMYJIIALIUUTEC C MHOI'O CIICKTPOHMU.

2.2. PIC/MonTe Kapio aaropursm 3a MojieJ1 Ha KanalUTHUBEH Pa3psij

B cinywaute, xorato o6eMHUSAT 3apsii urpae BaxxHa poiisi, camo Monte Kapno monen He e
JI0CTaThU€H. 3aTOBA, 3a OTYMTAHE HA 00EMHUS 3apsi] TyK e npuioxkeH PIC mozen.

Tunuuno, MoaenuTe Ha KamallMUTUBHU pPa3psId ca €IHOMEpPHHU, KaTo ce MpeHeOperna
paauaIHOTO JBMIKEHHE Ha YacTHIMTE. B Ta3u riaBa uenta HU € pa3paboTBaHE Ha MOJEN Ha
KaIMalluTUBEH pa3ps]] ¢ MAIBK Paguyc, P KOUTO € HeoOXOIUMO Ja C€ OTYMTAT M PAJIUATHHUTE
3aryou Ha yactuuu. CTpUKTHUAT MOJAXOJ KbM pelIaBaHETO Ha Ta3M 3ajaya u3ucksa 3D mozen,
KOHTO 00aue MocTaBs MHOTO BHUCOKM M3WCKBAHMS KbM HM3IOJ3BaHATa KOMITIOThpPHA TEXHUKA.
3aroBa B AucepTalyaTa € HalpaBeHa MOIu(UKALKUA Ha METOIa: PaIUaIHUTE 3ary0u Ha YacTHUIN
ce TpeTupaT IMOJA0OHO Ha yJapu U MOJAENBT € CBeleH N0 eaHoMepeH. OCHOBHHMTE HAEU ca
cieauute: 1) PaboTuM ¢ paguanHo OCpeaHEHAa CTOMHOCT Ha KOHICHTpAIMsITa Ha YacTUIH; 2)
OnensBar ce paguagHUTE 3aryOou Npu MpenanojiokeHue 3a becenoB paguaneH npodun u
amOunonspHa udy3us 3a eHa CThIIKa BbB BpeMeTo; 3) Ha ciyyaeH npuHIMI OT CUMYyalusTa
ce mpemMaxBaT CbOTBETHHUSI OPOI YaCTHUIIN.

Pa3paboreHusT Mozen € eqHOMEpPEH B MPOCTPAHCTBOTO M TPUMEPEH B MPOCTPAHCTBOTO HA
CKOpPOCTHUTE, T.€. CaMO X-KOOPJMHATUTE Ha 3apelCHUTE YacTUIM ca MpecMeTHaTH. [IpaBuiHoTO
ONMCaHHe Ha KWHETHYHAaTa €HEeprusl Ha YaCTULUTE U3UCKBA NMPECMATAHE HA TPUTE KOMIIOHEHTH
Ha CKOpPOCTTA, 3all0TO KUHETUYHATa EHEPrus € CIOoJIeJIeHa MeX /1y BCHUKH CTEIIEHU Ha cBOOOIa.

brok-cxemaTta Ha cuMynanuara (B HEMHMS MapayieJieH BapuaHT) € MOoKa3aHa B cieJBaiiara
cekius Ha ¢urypa 2.16.

Cumynanusara 3armoyBa ¢ OTHOCHTEIHO MalbK Opol Ha cymepyacTuuuTe ¢ MakcyernoBo
pasnpeaeseHue o ckopoctu ¢ remmeparypa 2 eV 3a enexkrponute u 300 K 3a iionute. bposit Ha
Cynep4aCcTUIIMTE B CUMYJIalUiATa € HAKOJIKO XWJISAIU. CJ'IC}I AOCTUIaHEC HA KBAa3U-CTALIMOHAPHO
peleHre 3apsSAbT U MacaTa Ha BesKa cyrnepyacTHiia ce pasaens Ha 2. CiieaBaioro U3IMbIHEHNE
Ha IporpaMara 3amoyBa ¢ MPUOIM3UTENIHO YJIBOEH Opoil Ha CymepyacTHUIMTE ChC CKOPOCTH U
MIPOCTPAHCTBEHO pasNpesiesieHue, MONIyYeHU MpH MPEeAUITHOTO u3MbiHeHue. [Iponenypara ce

MOBTapsl JIOKAaTO IUIa3MEHHUTE MapaMeTpu MpecTaHaT Aa 3aBUCAT OT Opos Ha CyNepyacTUIUTE.
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CrpnkaTa BbB BpeMeTo B HamaTta cumymnanus € 1/1000 ot mepuoaa Ha MOJETO U €IHO TUITHYHO
u3nbIHeHHE Ha Koaa uMa ot 200 000 xo 1 000 000 cTenkwy, T.€. ot 200 10 1000 mepuoza.
Cnen nocturane Ha KpalHOTO pelleHHe, KOJIbT c€ M3MbiHsABAa 3a omie 10 mepuona u

OCPEAHCHUTE 110 IIE€pHoaa pE3yJTaTH Ca IIPEACTABCHU B CJICABalIUsA I'JIaBa.

2.3. [lapaneau3anusi Ha KojAa

Bpemero, HeoOXoauMoO 3a IOIy4aBaHE Ha pE3ylTaTUTE, MOXE Ja ObIe CBKPATEHO
3HAQUUTEIHO MpPU TMapajelu3upaHe Ha KOJa, Ype3 M3UMCICHHS C W3IMOJI3BaHE Ha IapaieieH
IpOorpaMeH MOJEJ, M3MBIHEH BBbPXY BHUCOKONPOW3BOIUTEIHA KOMITIOTBPHA IUTaTdopma che
CIIO/IEeNIEHA ITaMeT.

Heob6xoauMocTTa OT mapajieaHd U34YnCIICHHs Bb3HUKBA, KOrato ¢ Heooxoaumo [9]:
o Vcxopsaeane na usnvianeHuemo: IpoOJIeM ¢ JajieH pa3Mep Ja ce pemasa N IbTH
no-06p30 ot N mporecopa;
e Mawabupane. npu N-KpaTHO yBelIMuYaBaHE Ha MmpodiemMa BpEMETO 3a
pemaBanero My ot N mporecopa Jia 0cTaBa ChIOTO.

2.3.1. [Tapanenno nmporpamupane

ChIecTBYBaT TpH MOJIeNa 3a TMapaJie]IHO MporpamMupaHe: 1) mapajesHo HporpaMHUpaHe C
obmra mamer OpenMP. 2) IlapanenHo mporpamupane ¢ oOMmeH Ha cboOmeHus MPI. 3)
XuOpuaHu MOJIETH.

B nucepranusra e M3moa3BaH MOJENBT MapalieIHO IporpaMupane ¢ o0ra namer. MoJensT
¢ oOmla maMer npejcTaBisABa aOCTpaKLUs Ha LEHTPATU3UPAHHUS CUMETPUYEH MYJITHIIPOLIECOp
(SMP). AnapaTHuTe pecypcu ce pas3riiexaaT KaTo MHOXKECTBO MPOIECOPH, BCEKH OT KOUTO UMa
€IHaKbB JOCTBII 70 oOmara mameT. [Iporecopure cH B3aMMOACWCTBAT M C€ CHHXPOHH3HpAT
ype3 00111a mamer.

2.3.2. Iapanenen mporpamex mo/en 3a PIC/Mounte Kapio cumynarust

3a PIC/Monte Kapno cuMynamus € MpeIOXKEeH IapajieieH MporpaMeH MoJel 3a
BHCOKOIIPOM3BOIMTENTHA KOMITIOThpHA CHCTeMa C o0ma mamer. M3mon3BaHu ca crienupuaHu
Cpe/CcTBa 32 UMIUIEMEHTHPAHE Ha IMapajeli3MUTe: KOMITUIATOPH, KOMITHIATOPHU THPEKTHBH,
oubnmuoreunn (yHkuu, npuwioxau uHtepdeiicu [9]. Msnomsan e DevC++, karo IDE 3a
MinGW [10], oubnuoreunn ¢pynkiun [11], mpunoxeH nporpamen natepdeiic OpenMP [11].

Biok: HayaJHM MOJIOKEHUSI MW CKOpPOCTH Ha dacTuuure: Tyk e HampaBeHa
napajienu3alys Ha HUBO yJacThIM. J[BaTta IMKbIa (32 €IeKTPOHUTE W HOHHTE) C€ M3IThIHSIBAT

OT ABC MapaJICIIHU CCKIIHUU.
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Bxonnu napamerpu

1

' Muunumanusupane Ha MOJ0XKEHUE U
' HayaJIHU CKOPOCTH HA YaCTUIIUTE
1

Ha enexrponure Ha iionuTe

S

HpeCMS{TaHe Ha CJICKTPUYIHOTO I10J1€

CTapT Ha I''TaBHUA HUKDBJI

HHTerpupane ypaBHEHHUSTA Ha JBIKCHHIE HA €IEKTPOHHUTE

L__L_EJL__}

OOHOBsIBaHE MOJIOKCHUATA M CKOPOCTUTE HA ENIEKTPOHUTE

Wnrerpupane ypaBHEHHATA HA JBIDKCHIE HAa HOHUTE

L__i_z_k__i

OOHOBsIBaHE TOJ0XKEHHUATA U CKOPOCTUTE Ha HWOHUTE

[ocnenosaresneH 6110k 3a ynapu u ypaBHeHHe Ha [loacon

v

HpechITaHe Ha Cp€JHa KHHCTUYHA CHEPTHUA HA CJICKTPOHUTE

U R
l

[IpecmsaTane Ha cpeiHa KWHETUYHA EHEPrusl HAa HOHUTE

oY ___v__¥

Kpaii Ha TmaBHUS LUKBI

3amucBaHe HA JaHHUTE BBB (aiin

durypa 2.16. biok-cxema Ha napanesneH nporpamer mozen 3a PIC/Monte Kapio
CUMYyJalUATa B IUCEPTALUATA.
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Baok: uHTerpupaHe ypaBHeHMATA HA JBHKeHHe: B To3u mapaneneH OJOK ce M3MON3Ba
nparMa #pragma omp for C IUIaHMpAaHO H3MON3BaHE HA HUIIKUTE, THI Ha IUIAHHpAaHE —
JMHAMHUYEH C pa3Mep Ha jsuia 3a Iuianupane 1. ToBa ce Hanara, Thil KaTo Ha cie/Balara CTbIKa
BbB BPEMETO OT IJIaBHUA LIMKbBJ HE C€ 3Hae KakbB OpO yacTUIIM ca OCTaHajiu B obOjacTra Ha
MojenupaHe. B mapanennus yyacTbk ce M3IOJ3Ba ChIIO U private Kiaysa. [lapanenusupanu ca
JIBa IIUKBJIA, B KOUTO CE€ UHTETPUPAT YPABHEHMSITA HA JBUKEHHUE HA EJIEKTPOHUTE U HOHUTE.

Biok: npecMsAiTaHe HA CpelHA KMHETUYHA €HEPrusi HA 4yacTunuTe B Kpas Ha r1aBHUA
IUKBJI MM JIBa IIUKBJIA IO OpOM YacTUIIM, B KOUTO CE€ U3YMCIIABAT CKOPOCTUTE, MOBIUTHATH HA
KBaJpaT Ha BCUYKU EJIEKTPOHM B €IMHUS IHMKBJI U Ha BCUYKH WOHU B JPYTrus LUKBI.
W3uncnaBanero € Ha 6a3ata Ha KOMIIOHEHTUTE Ha CKOPOCTTa, KOUTO CE€ MPOMEHSAT Ha BCsAKa
CTBIIKa BbB BpeMeTo. Tyk chIIo ce u3moi3par #pragma omp for cbC chUIus TUN MJIAHUpPAHE U
pasMep Ha Js1a, Karo B mpeaHus Onok. M3moms3Ba ce chlo U private kiay3a 3a Oposya u
reduction kiay3a 3a omnepauus cbOupane B o0ma mnpomennuBa. C Ta3uw CTOHHOCT Ha
IIPOMEHJIMBATA CJIe/l Kpasi Ha MapajesiHus y4acThbK CE€ M3UMCIIsBA CPEJHATAa KUHETUYHA EHEPIUs

Ha CJICKTPOHUTEC, CbOTBECTHO MOHUTE Ha BCSAKA CTHIIKA BbB BpPEMCTO.

2.3.3. ExcieprMeHTaIHH Pe3ynTaTu

Yckopenue. Yckopenuero e mapaMmerbp, KOMTO MOKa3Ba OTHOCUTEJIHUTE NMPEIUMCTBA Ha
napajegHoTO pellaBaHe Ha JaJieH MpoOsieM. YCKOPEHHETO MpH N — MpOIecopHa CUCTEMa ce
oIpesiesl KaTo OTHOIIEHHE Ha BPEMETO 3a IMOCJIEAOBATENHO M3IBIHEHHE |s KbM BPEMETO 3a

1apaJieTHOTO U3IBIHEHHE T par HA €IUH U CBII IIPOOIIEM.
T
Tpar

Sy =

Egexmugnocm. EQexTuBHOCTTaA Ha MapajieiHaTa 00paboTKa ce onpeiens KaTo OTHOLLICHHE
Ha YCKOPEHHETO KbM Opos Ha MpOIECOpUTe, ydyacTBalllM B MapalieIHOTO pellaBaHe Ha

npobiiema:

En:?

EdexTrBHOCTTA MIpecTaBiIsiBa MspKa 3a IMOJIE3HOTO BpEME, H3Pa3X0IBaHO OT MPOIECOPUTE
32 U3YUCIICHHUS.

3a eKCIeprMMEHTaIHA OICHKAa Ha Ch3JaJCHUS MPHUIIOKEH MPOTrpaMeH MOJEN € U3IMO0J3BaHa
KOMITIOThPHA apXxuTekTypa ¢ 4 mporecopa intel 6e3 hyperthreading (HT) muoronurikosa
TEXHOJIOTHUS, Taka 4e Oposi Ha TPOIIECOPUTE € PaBeH Ha Opos Ha HUIIKWTE. [IpencraBeHHTE
pe3yiTaTy ca 3a YCKOPEHHETO IpU pa3lIndeH Opoil mpolecopu M pazauyueH pabOTeH ToBap, 3a
e(EeKTUBHOCTTA MPH pa3InyeH Opoii MPOIecCOpU U pa3IudeH paboTeH TOBap U 3a MallabupaHe.
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[Ipu nagen Opoil HUIIKKU BPEMETO 3a U3M'BJIIHEHUE € MPOMOPIHOHAIHO Ha PaOOTHHS TOBAp.
ToBa o3HauaBa, Y€ CKOpPOCTTAa Ha W3YHCICHUATA € €IHAKBa TPU NAJACHUS OpOW HUIIKH,
yckopeHueTo cbino. [Ipu nageH paboTeH ToBap BpEeMETO 3a MapajeiIHO M3IIBJIHCHUE 3aBUCH OT
e(heKTUBHOCTTA TpHU JdajfeHus Opod HuIKW. Hampumep mpu 4 HUIIKK BpeMETO HamallsBa
JIBOMHO CHPSIMO BPEMETO 3a IOCIIEI0BAaTEIHO H3NbJIHEHHE — | Humka. ToBa o3HauaBa, ye
CKOPOCTTa € pa3jInyHa MpH AaJIeH pabOTeH TOBAap, YCKOPEHHUETO CHIIIO.

Ako mpuemem, 4e Oposi Ha YaCTUIIUTE He ce m3MeHs 3HauuTenHo 3a 12 000 cThIKH, MOXeM
Jla yBesJryaBaMe paboTHUS TOBap 4pe3 yBeludaBaHe Ha CThIKUTE. OMUTHT MOKa3a, Y€ BPEMETO
HapacTBa JIMHEHHO. AKO ce yBeluyaT Oposi Ha 4acTULIMTE JIBa IBTH U Opos Ha CTHIIKUTE Ha

TJIaBHHUA HUKDBJ ABA IIbTHU, TO BPEMCTO 3a U3I'BJIHCHUC HApaCTBa 4 nbTH.

YckopeHue npu pasjnyeH 0poil HUIIKKA

9 [ M pa3jimyeH padoTeH TOBap
%} 2 |
=
515 =W
g
Z 1 - m2W
>
0,5 - 3w
=AW
0 T T T T

1 2 3 4

Opoii HUIIKHU

Qurypa 2.17. YckopeHre B 3aBUCHMOCT OT OpOsi Ha HUIIKUTE W PaOOTHHS TOBap.
Buxna ce, ye yCKOPEHHETO € IMPUOIU3UTENIHO €IHAKBO IIPU Pa3iIMyeH TOBAp U JaJeH Opoi

HUIIIKH.

1 2 3 4
Opoil HUIIKK

@urypa 2.18. EQeKTUBHOCT B 3aBUCUMOCT OT OpOsi Ha HUIIIKHTE.
EdexTuBHOCTTa € MpHOIM3UTEIHO €IHAKBA MPH pa3iuyeH padoTeH ToBap W NaaeH Opoi

HUIIKA ¥ HaMaJIsiBa JUHEHHO C YBCJINYaBaHC HA 6p05[ Ha HUIIIKHUTC.
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I'maBa 3. MoaeaupaHe Ha KaNaUTHBHU Paspsav ¢ TroJsiMO

Pa3CTOAHUE MEKIAY CJICKTPOAUTE

EIIHa HOBa TCHACHIIUA B pa3pa60TBaHeTo Ha IIIa3MCEHU H3TOUYHUIIU € Ch3aBAaHCTO Ha
MaTpUYHHU U3TOYHMIM, CHCTOSIIH CE OT rojisiM Opoil paspsau ¢ Manbk paguyc [12]. pu Tsx
Pa3CTOSTHUETO MEXIY €JICKTPOIUTE MOXKE Jia ObJe 3HAYMTEIHO IMO-TOJIIMO OT JHaMeThpa Ha
eniekTpoza. [Ipy eKcrepuMEeHTaTHOTO HM3CIe/IBaHE HA CAMHUYCH CIIEMEHT Ha TaKbB MAaTPHUYCH
IJI1a3MEH HU3TOYHHUK Ca Ha6JHOI[aBaHI/I HAKOU HOBU e(beKTI/I, CBBbpP3aHu C HAI'PsABAHCTO B O6€Ma Ha
wiazmata [13]. MortuBamusta 3a wusciensaHero B [yaBa 3 e oOscHsABaHE Ha Te3U
EKCIICpUMEHTAIHH pe3yiTaTu. M3cnenBaneTo obade HaAIXBBPIIS Ta3U paMKa M € HACOYCHO U KbM
no-(QyHJaMEHTAJIHUSL BBIPOC 3a MEXaHHU3MHTE 3a HarpsBaHe Ha IUla3MaTa B KalallMTUBHU

paspsiu.

3.1. Pe3yararu 3a cayyaii Ha Oe3KpaeH pajuyc Ha pa3psiaa

3.1.1. 3aBHCHMOCT OT HAJISTaHETO IPU MAJIKO Pa3CTOSHUE MEXKY €JIEKTPOIUTE.

B to3u paznen ca npencTaBeHd pe3yiTaTy 3a JIB€ CTOMHOCTU Ha HAJIATaHETO Ha HEYTPAJTHHUS
ra3 u (pUKCUpaHW CTOMHOCTH Ha IPYTrUTe mapameTpu. PazcTosHueTo Mexmy enekrpoante e L =
3 Cm, T.e. TyK € pasliiefaH ciy4al Ha MaJKO pPa3CTOSIHME MEXAy eJEeKTPOAHUTe, Karo
MOJIy4eHUTE pe3ylTaTH JaBaT 0a3za 3a CpaBHEHHME C pEe3yJNTaTUTE B CIEABALIUTE pa3Jeiu.
N300pbT Ha Hansiranus — 10 Pa u 40 Pa — no3BonsiBa 1a ce pasrpaHuyar JBa pa3jiMyHU TUIA Ha
MOBE/IEHUE Ha pa3psja.

Ha ¢urypa 3.1 ca nokasanu pe3yiTaT 3a U3MEHEHHETO Ha HOHHAaTa KOHIIEHTpaLus 0 0cTa
Ha paspsjaa. SIcHO ce pa3rpaHMyaBaT 00JIaCTTa Ha BBTPEIIHOCTTA Ha IUla3MaTa U CIOEBETE J10
CTEHHTE, KOUTO 3aemar okoiio 0.6 cm oT Bcsika creHa. C HapacTBaHE HAa HAJATAHETO MPOPUITBT
Ha KOHIICHTpAIUsATa BHB BBTPEITHOCTTAa HA IUIa3Mara ce€ M3MEHS OT CHHYCOB THII JIO IIOCHK
npoduI.

JlombHUTETHA MH(OpPMAITHS 3a MPOLECUTE B IJIa3MaTa € MpeJocTaBeHa OT JUHAMUKATa Ha

noreHnmana Ha ¢urypa 3.2. HampexeHueTo Ha JIEBHS €JIEKTPOJ C€ TMPOMEHS IO 3aKOoHa
U =U,cosat, karoU, =150V u @=27/T e kpbrosara 4ectora u ToBa ONpeAENs MOBEIEHUETO
Ha MOoTeHLKana B 1ia3Marta. [IpecTaBsHeTo € OrpaHUYeHO CaMo JI0 MOJIOKUTETHUTE CTOWHOCTH
Ha MOTEeHLHAIA.

B ciyugas mpu p = 10 Pa, L = 3 cm moTeHnuansT B 00eMa Ha IjIa3MaTa € IOUYTH MTOCTOSTHEH,
.. enexrpuynoro none E=0. Crnopen ocHoBHHTE CBOMCTBA Ha KaNallMTUBHHUTE Daspsijiv,

CKOPOCTTa Ha CJIICKTPOHUTC B obema Ha I1a3MaTa ce OpOMCHA IO IMOCOKa C IMpoMsdgHAaTa Ha
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MOJISIPUTETa HA HANPEKEHUETO Ha AaKTHBHHUS €JEKTPOX, 3a Ja KOMIICHCHpA BBHIIHOTO
eJIeKTpuyHO 1oJe. [IoTOKbT Ha eneKkTpoHu o0ade ce Ch3/1aBa OT Pa3IMYHU MEXaHU3MH B JBaTa
ciydas Ha (urypa 3.2. Ilpu HHCKO HalsTaHE M MAaJKO PA3CTOSHUE MEXKAY CIEKTPOJUTE,
CpeIHHAT CBOOOJICH MpOOEr Ha 3apeIeHUTE YACTHIM € TOJISIM U CIIEKTPOHHWTE, YCKOPSHH B
paslIMpsIBallUTe C€ CJIOeBe, NpecudYaT Ienus oO0eM Ha Iula3mara, T.e. T€ CE JBIXKAT B

LICHTpaJIHATa YacT Ha pa3psijia ¢ ONpeesieHa CKOPOCT JOPU MPU HYJEBO JIOKAIHO EJIEKTPUYHO

I10JIC.

5x10%° . 5x10%° . . .

(b)

4x10%° | 4x10%° |
@ 3x10%° & 3x10° F
E E
< 2x10% o 2x108° +

1x10% 1x10% +

0 0 . .
0 1 2 3

x [cm]

x [em]

®urypa 3.1. KoHueHTpanus Ha HOHUTE 3a pa3CTOSHHUE MEXY eseKTpoauTe 3 cm u HaysaraHe 10

Pa (a) u 40 Pa (b).
p=10Pa,L=3cm p=40Pa, L =3 cm -
150 P\ 150 7223 150 k2o 2u —0.00 ---0.50
" I Pt | I i | I - —0.05 ---055
1 T F —0.10 ---0.60
T e —0.15 --- 065
100 % L 100K Y 100 £ \ :
— ' ] N | I S —020 ---0.70
; Z 1 o —025 ---075
~ —0.30 ---0.80
>0 0k 3 —035 -—-085
A —040 - 0.90
0 N —045 - 095
0 3 0 3 —0.50 ---1.00
X [em] x [cm]

@urypa 3.2. [Ipodunm Ha MOTeHLIMANA 32 HAJISTAHUS U PA3CTOSHUS MEXKAY €IEKTPOIUTE, KAKTO
ca nageHu Ha ¢urypara. atepBansT Mexay npoduinre Ha ¢urypara e T/20. JIsBata ¢urypa
OT BCsAKa [JBOIIKa CHOTBETCTBA Ha I'bPBHUS IOJIYIIEPUOJ, KOTaTO HAIIPEKEHUETO Ha JIEBUSA
eJleKTpoj, HamainsBa. JlecHuTe (urypu ca 3a BTOpHUS IHOIYNEPHOJ, KOTraTO HANpEKEHUETO
HapacTBa.

IIna3menara MMpOBOAMMOCT B TO3U CHy‘laﬁ € HCJIOKAJIHA: TOKBT IIPU AAJACHO ITOJIOKCHUC
3aBHUCH OT CICKTPHUYHOTO I10JIC HE CaMO ITPH Ta3u IMO3UIMA, HO U OT IIOJICTO IO IMMPOABIDKCHUE HA

LEIUTE TPAEKTOPUH Ha €JIEKTPOHUTE MEXIYy JBa ynapa. [Ipu mo-BUCOKOTO HajsiraHe CPETHUST
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cBOOOJIEH TIpoOer HamajsiBa M €JIIEKTPOHUTE OT CIIOCBETE HE MOraT Ja HaBIs3aT HaBBTPE B
oOema Ha mazmata. JlpeiidoBata CKOPOCT TaM € pe3yiTaT OT JIOKATHOTO €JIEKTPUYHO IOJIE.

Baxna pons urpae ChII0 CHIPOTUBICHHETO B oOeMa Ha IUIa3Mara, KOETO 3a EIUHMIA
HAMpPEYHO CeYeHHe MOXe Ja ce aane B ompocreHa ¢opma kato R=1/o (| ¢ pascrosHuero
MEXIy CIIOEBETE U O € MPOBOAMMOCTTA Ha Tuia3MaTa). [Ipu HUCKO HaJsIraHe W MajiKa JbJDKUHA
Ha pa3psja, TPOBOJUMOCTTA Ha IUIa3Mara O € BHCOKAa 3apaji HHCKAaTa YecToTa Ha yIapuTe
€JIEKTPOHU-HEYTPaJIM M BUCOKAaTa KOHIICHTpAllUsi Ha eleKTpoHW. [IbnknHaTa Ha oOeMa Ha
IUIa3MaTta € MaJika U ChIIPOTHBIICHUETO W CHINO € Manko. [Ipu mo-BHCOKO HalsraHe 4ecToTarta
Ha YJapUTe eJICKTPOHU-HEYTpalld HapacTBa, KOETO BOIU JIO IO-HHUCKA O W BHUCOKO
CBIIPOTUBJICHUE. B pe3yirar Ha ToBa majbT HA MOTEHIMANA B 00eMa Ha Ila3Mara HapacTBa, a
0TTaM HapacTBa M €JIEKTPUIHOTO TIOJIE.

EnextpuuHoTo mose B obemMa Ha Ila3MaTa € BaKHO 32 NPOIECUTE HA IMPEHOC, HO
BHUCOKOCHEPIeTUYHUTE EJIEKTPOHU ce (opMUpaT TIIaBHO B paslIMpSBAIIUTE CE CJIOCBE.
Bb3HuKBaIuTe Mpy TOBA EJICKTPOHHU CHOIOBE C€ BMXKIAT SICHO C MO-TOJIIMATa IUIBTHOCT OT
TOYKH, TpEJCTaBisABaIM akToBe Ha HoHuzauus (Purypa 3.8). [IbmKkuHaTa Ha CHOMOBETE €
okosio 2.5 cm npu 10 Pa u oxono 1.5 cm nipu 40 Pa, onpezenena He camo OT HaJsraHETO HA
HEYTpaJIHUA ra3, HO ChIIO U OT HampexxkeHueto. OTHOBO ce Buxk/a, ye npu P = 10 Pa cHomoseTte
mpecuyar IsUI0TO Ma3MeHo a11po, fokato npu P = 40 Pa eneprusrta Ha eNeKTPOHHUTE € pa3cesHa
O30 70 MPHUCTEHHHUTE CIIOEBE M B LIEHTpPAJHATA YacT Ha pa3psaa MOHU3AIMITa € MHOTO TI0-

cira0a.

2.0

1.5+

oT
=

T

0.5+

0.0

x [cm] . x [em]

@urypa 3.8. [IpocTpaHCTBEHO — BpeMeBU IpaUKu Ha aKTOBETE HA MOHHU3AIUs 3a Pa3CTOSTHHUE
Mexay enexkrpoaute 3 cm u Hamsirane 10 Pa (a) u 40 Pa (b) 3a aBa mepuona T va BY mnoxe.

3.1.2. Poiist Ha pa3CTOSTHUETO MEXKTY €ICKTPOIUTE
IIpu yBenn4aBaHe Ha PA3CTOSIHUETO MEXAY €JIEKTPOAHuTe, NpOo(QMWIbT Ha IJIa3MEHara

IUTBTHOCT CTaBa Mo-miochk (purypa 3.10).
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Pesynrature 3a moTeHIMana CbHIIO TOKa3BaT TpaueHT B o0emMa Ha Iula3MaTa H
CJIEIOBATEITHO PA3NIMYHO OT HYyJa €JEKTPUUHO mosie. [Ipu HUCKO Haisrane u rojsiMa JbKUHA
Ha paspsiga CPeIHUAT CBOOOACH MPOOET Ha 3apeCHUTE YaCTUIIM € TOJISIM, HO HEJIOCTaThueH 3a
HaBJIM3aHE Ha EJIEKTPOHUTE OT CJIOEBETE B LIEHTHPA HA paspsna. B To3u ciydail ABHKEHHUETO Ha
€JIEKTPOHUTE BB BHTPEUIHOCTTA HA IUIa3Mara, MoJA00HO Ha ciaydas ¢ IO-BUCOKOTO HaJIsiTaHe, ce

ABJOKU Ha CJICKTPUYHOTO I10JIC B Ta3U o0miacr.

4 — T T T T T T 7 4 — T T T T T T T
L ) L b
gl @) 4] (0);
£ 2t 1 5 2 .
= - = 7 -
= 1 <Y ‘_
0 M B I U R O P R I R B
0O 2 4 6 8 10 0O 3 6_ 9 12 15
x [om] X [om]

®urypa 3.10. IIpoduiin Ha KOHIIEHTpAIUITA Ha eJeKTpoHH 3a P = 10 Pa u pascrosaue 10 cm (a)
u 15 cm (b).

PascwxnaBailku B TEPMUHUTE Ha CBIPOTUBIICHHE HA Pa3psza, IPU IbIBI pa3psl U HHUCKO
HaJsIraHe O € BHCOKA, HO | CBIIO € TOMIsIMO U ChIIPOTHUBIICHHETO HApacTBa.

VYBenn4yaBaHETO Ha Pa3CTOSIHUETO MEXIY €JIEKTpOAMTE Biuse U Ha pesynrature 3a EEPF.
[Tpomsuara va EEPF no ocra Ha paspsiia 3anouBa oT MakcyenoBo OJM30 10 €1eKTPOJIUTE, 10
JproBecteitn B 1eHThpa Ha paspsaa (durypa 3.13). B To3u ciyuaii, HEHTHPBT Ha paspsia €
JIOCTaThYHO Jajied OT EJIEKTPOAUTE MU EJIEKTPOHUTE, YCKOPEHHM B CIOEBETE HE MOoraTr Ja TIo
nocturHar. ®ysukmusta EEPF ce ¢opmupa rinaBHO OT JOKaJIHOTO €JNEKTPUYHO IIOJIE.
N3menennero Ha EEPF no ocra Ha kamauuTHBHM pa3psy € eKCIepHUMEHTAIHO Ha0Jt0aBaHoO
oT Zhu u konektuB B [14], noka3ano Ha ¢urypa 1.28 B ['maBa 1 Ha qucepTanusra.

[To-HuCKaTa KOHIIEHTpalMsg HAa BHCOKOCHEPTEeTUYHM EJIEKTPOHM B LEHTPAJIHATA 4YacT Ha
paspsia BOAM 10 MHOTO NO-HHMCKa HOHM3anus TaM. J[bJIDKMHATa Ha CHONOBETE € royisiMa, HO
3apaay IMO-TOJSAMOTO PAa3CTOSHUE MEXAY €IEKTPOAUTE, BUCOKOCHEPICTUYHUTE EIEKTPOHU HE

MOrar aa JOCTUTrHAaT OCHTPAJIHATA 4aCT Ha paspdaa.
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Ourypa 3.13. U3menenue Ha EEPF no apmkunarta Ha paspsaa npu HansraHe Ha rasza 10 Pa u
pascrosiaue Mexay enekrpoaure 10 cm (a) u 15 cm (b).

3.2. Posist Ha paaguyca Ha pa3psiia

B To3u paznen ce oTunTaT M paguanHuTe 3aryou Ha yactuuu. [IpencraBenute pesyiraru ca

3a Hasrane P = 10 Pa. B nmucepranusara mbpBO € MPEACTaBEH MPOCT aHAIW3, OCHOBAaH Ha

YPaBHCHHUETO Ha HCIIPCKBCHATOCT.

B CJIydas Ha KpaCH paanuycC, yBCINUCHATA 3ary6a Ha 4aCTuu (I['bJ'DKaIJ_[a CC Ha paauaiHaTa

amMOunoisipHa AMQy3usi B MOJENa) BOJAU JI0 MO-HUCKA KOHIIEHTpAIUs Ha eNeKTpoHH (purypa

317). 33 R=5cm u R =3 cm B Gim3ocT 10 rpaHWIara Ijia3Ma — CJIOH WOHHU3AIUATa €

JAOMUHAHTCH IIPpOIEC. B ocHoBHaTa uyact Ha o0Oema Ha IIa3MmaTa npeo6ﬂaﬂaBaT paarualIHUTEC

3 T T T T
R =inf
& 2F i
£ R =5cm
=
— R=3cm
S 1t i
R=15cm
0 1 1 1 1
0 3 6 9 12 15
X [em]

@urypa 3.17. [Ipodunu Ha ocpeTHEHU 3a €UH
BY nepnon KoHUEHTpaIMy Ha €JIEKTPOHU 3a P
= 10 Pa u paznudeH paanyc Ha paspsiza.

3aryou. ToBa O3HayYaBa, ye
HOBOCB3JIQJICHUTE 3ape/IcHd YacTHIM B
obemMa Ha T1Ia3Mara He Morar Ja
KOMIIEHCUpAT paJualHUTE 3aryom © ce
MOsIBSIBA MUHIUMYM Ha KOHIIGHTpaIusaTa Ha
CIIGKTPOHM B IIGHTHpPA Ha  pas3psja.
PaspsabT TaM ce mojIbpka TIIABHO OT
HAJJIBKHH MMOTOLM OT TPaHMIIATa TUIa3Ma —
CIIOM.

HoBo moBexenme ce nHabmomaBa mpu
MHOro Maibk paauyc (R = 1.5 cm Ha

¢durypa 3.17). 3apaau HHUCKaTa

KOHICHTpANUsd Ha CICKTPOHU, MPUIUHCHA OT TOJICMUTC paJUaJIHU 3ar Y6I/I, MpoBOAUMOCTTA Ha

jiasMara HaMaJlsiBa, CbIIPOTHBJICHUCTO B obeMa Ha IUIa3Mara 4 NaabpT Ha HAIPCIKCHUCTO IIPE3

HEro HapacTBaT M €JICKTPUYHO IOJIE B IICHTHpa Ha paspsna Hapactsa. [Ipu R = 1.5 cm moneto e
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A0CTaTbYHO CHJIHO 34 Ja IMPUYWHHU 3HAYUTCIIHA ﬁommaum, KOATO € MO-rojisiMa OT paJuaJIHUTE

3aryoM U B LIEHTBPA Ha pa3psija ce MOsBsBA JOKAJIECH MAKCUMYM.

3.3. Posist Ha HAJIATAHETO

KakTo Oe moka3aHo B IpeaHAaTa 4acT, IUTBTHOCTTA Ha IUIa3MaTa B pa3psjl ¢ KPacH paauyc e
MO-HUCKA TOPaay AOMBIHUTEIHH 3aryOW Ha 3apefcHH YacTHIM Ha cTpaHudHarta cteHa. C
yBEJIMUaBaHE HAa HAISATAHETO KOHIICHTpAIMITA Ha 3apEJCHHUTE YaCTUIM B Ta30BUTE DPa3pPsId
OOMKHOBEHO HapacTBa. Il0-BHCOKOTO HaylsraHe BOJU JO IIO-HUCHK KOS(QUIMEHT Ha
aMOMMoJsipHa AUQY3WsT W IO-HHUCKK 3aryOM Ha CTpaHW4YHaTta cTeHa. [loBHIaBaHETO Ha
KOHIICHTpAIMATA Ha 3ape/IcHH YacTUIM C yBEIWYaBaHE Ha HAISTaHETO CEe BIDKAA JOOpe Ha
¢urypa 3.20.

JlBata Buga HpoHIM Ha KOHIIGHTpAIMsATa Ha EJICKTPOHH, KOUTO Osxa OOCBHICHH B
NPEUIIHUS pa3lien ce HaONoaaBaT W TyK. [Ipu MO-HUCKM HalsTaHWs M HHCKA YeCToTa Ha
yIapUTE CJISKTPOHU-HEYTPAIH MPOBOJAUMOCTTA Ha TUIa3MaTa € BUCOKA M CJICKTPHYHOTO TOJIe B
obeMa Ha TUTa3MaTa € HUCKO. PaguamHuTe 3aryOW Ha 4YacTHIM Ca BHCOKH M HOHHW3AIMATA HE
MOXE Ja TH KomreHcupa. dopmupa ce MUHUMYM B LEHTbpa Ha paspsna. Ilpu mo-Bucoko
HaJIITaHEe TPOBOJUMOCTTA Ha IUIa3MaTa HaMaisiBa, KOSTO BOJM JIO YBEIMYaBaHE Ha Taja Ha
Hampe)XeHue B o0eMa Ha TuTa3MaTra M Ha CIIEKTPUIHOTO TOJIC TaM. Nonusanusita B obema Ha

IiasMaTa 3ae/lHO C HaMaJICHUTE PaJualHU 3aryOu NMpUYUHSIBAT JIOKAJIEH MAaKCHUMYyM B LIEHThpa

Ha paspsna.
1.0X1015 T T T T T T T T T 2.5X1015 T T T T T T T T
(b) 5 Pa

2 ex10 | 2.0x10™
& — 15x10°F
£, 5.0x10" =
= = 1.0x10" +

o L X
14 |
2.5x10 5.0x10%
0.0 n 1 n 1 n 1 n 1 n 0.0 n 1 n 1 n 1 n 1 n
0 3 6 9 12 15 0 3 6 9 12 15
X [em] X [cm]

®urypa 3.20. [Ipoduiu Ha HOHHATA KOHIIEHTpaNus 3a paguyc 2 cm u Hamsrane 5 Pa(b) u 20
Pa(d).

C yBenuyaBaHe Ha HAJATAHETO MOJBHKHOCTTA Ha €IEKTPOHHUTE HAMAJIBA U €IIEKTPOHHUTE
CHOIIOBE, YCKOPEHHU B PA3MIUPSBAIINTE CE CIOCBE HE MPOHUKBAT TOJKOBA HABHTPE B IJIa3MaTa.
ToBa moOpe ce Bmxkaa or pesynaratute Ha durypa 3.23 u 3.24 3a KOHIEHTpalusaTa Ha

BHUCOKOCHCPICTUYHHU CIICKTPOHHU. CKOpOCTTa Ha CHOITIOBCTC ChIIO HaMaJIsIBa C HAJIATAHETO.
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®urypa 3.23. [Ipodunu Ha ocpeaHEHATA 110 ®durypa 3.24. [IpocTpaHcTBEHO — BpeMEBU
BpeMe KOHIIEHTpPAIHsI Ha BUCOKO- rpaduKu 3a KOHIIEHTpAIHUITa Ha BUCOKO-
E€HEPreTUYHU €IEKTPOHU IIPU IBE eHepreTuuHuTe enekTponu npu p =20 Pa.

HaJATraHusATa.

Pesynrature Ha durypu 3.23 u 3.24 ca MOTBBPIEHH M OT EKCIECPUMEHTAIHH PE3yJITaTH
(koHTO HE ca yacT oT paboTara 1o IUCEPTALUATA).

Tunnunure 3a KalmalMTUBHU paspaan IpU HUCKO HAJATaHE CICKTPOHHU CHOIIOBE, YCKOPCHU
B Pa3IIUPSBAIINTE CE CIOEBE BeIHBK Ha BU mepros oT Bceku eJIeKTPO/I ca MOJTyYSHH B MOJIEIIA.
[Tpu 10-BUCOKO HAJSITaHE CHOIMOBETE BCE OIE CHIIECTBYBAT, HO KaTO J00aBKa TaM MMa BTOPH
MEXaHU3bM Ha HarpsBaHE B IIEHTpaJHaTa 4YacT Ha pa3pana. Tbil KaTo mNpoMsHATA Ha

CJIICKTPHUYHOTO I10JIC B pa3psja € OT BUJ E ~ coswt CHEpIrusiATa Ha CIICKTPOHUTEC CC U3MCHS KAaTO

2
W ~cos” ot u B mpocTpancTBEHO — BpeMeBUTE TpaduKu TPSAOBA [a Ce BUKIAT J[BA MAKCUMyMa

3a nepuoj. CienoBaTeHO, MAKCUMYMHTE B IIGHTpaJIHATA 4acT Ha paspsia Ha ¢urypa 3.24 (b) e
pe3yaTar oT eJIEKTPUYHOTO 0JIe B 00eMa Ha I1a3Mara.

B 3akmiouenue, B Tazu I'nmaBa 3a mpwB mbT PIC/Monte Kapno mozen e mpuioxeH 3a
U3CIEABAaHE HAa KamaUUTHUBHU pa3psaaud € TOJSIMO pa3CTOSHUE Mexay einekrpoaute. Ha
KauyeCTBEHO HUBO pPE3YyJITaTUTE OT MOJeNa Ce MOTBBP)KIaBaT OT PE3YyIATaTH OT €KCIEPHUMEHT,
KOETO JI0Ka3Ba BaJIMJIHOCTTA Ha HalpaBeHUTE MOAU(UKALKU B aJrOPUTbMA. 3a MPHB IBT B
MOJIENl € H3CIeBaHO M3MEHEHHETO Ha (QYHKIUATa Ha pasnpeleseHHe Mo Ib/DKMHATa Ha
KaIllallUTUBEH Pa3psIL.

[To oTHomeHNe HAa (U3MYHKTE MEXaHU3MHU 3a MOAIbpP)KAHE HA KAallUTUBHU Pa3psiu 3a
IpbB BT € YCTAaHOBEHO, Y€ B ABIBI pa3psii JeHCTBAaT €IHOBPEMEHHO JBa MeXaHH3Ma 3a
HarpsiBaHe Ha IjIa3Mara: CTOXaCTHYHO JI0 €JIEKTPOJUTE U JKAYIIOBO B o0eMa.

Pesynrature ot ['naBa 3 ca mybnukyBanu B Ba jnokiana Ha AMEE2018 u enna cratus B

crrcanueto ¢ ummnakT daxrop Journal of Plasma Physics.
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I'nasa 4. U3ciienBaHe Ha eJIeKTPOMATHUTHM TPeNTeHHUs] BbB BepHUra

C HCJIMHECH KallaluTeT

Ilsanata enexTpuYecka BepUra Ha KallaUTHBEH pas3ps] MOXE Ja C€ MPEICTaBH KaTo
TPENTsI KPbI' C HEJIMHENHU eneMeHTH. BbB Bpb3ka ¢ ToBa B [1aBa 4 ce mocTaBAT ABE LIEU:
PazpaboTBaHe Ha mporpaMHa CcHUCTeMa 3a M3CIEJIBaHE Ha

TPCOTCHUA B TPCHTALNl KpPbI' C HEIWHEHHU €JIEeMEHTH M|

R U pa3paboTBaHe Ha MporpaMHa cucTema 3a o0ydeHue nmo Qusmuka 3a
u 1a00paTOPHO YIPAKHEHUE C EICKTPUUECKU TPETITAI] KPBT.
S .
|C 4.1. IlporpamHa cucremMa 3a H3CJIeABAHE HA TPeNTEeHHS B

TPenTsALl KPbI ¢ HeJIUHEIHU eJleMeHTH
Ourypa 4.1. P Kp

Ilpunynenu tpenrennst  4.1.1. OCHOBHM ypaBHEHHUsI
B TIOCJICIOBATEIICH

B pazpaborenuss Momen ce mpueMa, uYe 3aBUCUMOCTTa Ha
TPENTAL] KPBT.

HaIpe)eHneTo BbpXy Konaenszaropa U, ot 3apsja e or Tuna
Ue (@) == (147,07 4.2
c\q)= 744 (4.2)
CO
KaTo ), XapakTepu3upa CTENEHTAa Ha HEIUHEHNHOCT. TaKbB THII HEIUHENHA 3aBUCHMOCT €
npeaioxena B [15].
ITpunarame 3akona Ha Kupxod, cBeseHn 10 cucrtema ot AudepeHInanHyl ypaBHEHUS:

dl q » IR dq
—=———(1+ ——+U_ cos(wt — =1 4.3
ot LCO( 7%9°) _tUn (o) ot (4.3)

KOATO C€ pfluaBa 4YMCIICHO MpU CICAHUTC HAYaJIHH YCIOBUA: HAYAJICH TOK | PaBC€H Ha HYIIA,

HauaJsieH 3apsj q Hyia. Cuctemara ce pellaBa 3a nHTepBana Bpeme ot t1=0 1o to.

4.1.2. Ilporpamua peaju3anus

Cpenara 3a paspaborka Matlab GUIDE, kosto aBTOMaru4Ho reHepupa .M  daiin,
OCUTypsIBaIll KOJ| 32 MHUIMaI3upane Ha rpaduunus uarepdeiic (GUI) u ceabpka popma.

B npormeca Ha pa3paboTBaHe Ha MPHIOKEHUETO C€ M3MOJ3BAT M JBara Qaita .m u .fig.
Cnen nzpaboTBaHe Ha MPHIIOKEHUETO M TECTBAHETO MY, MOXKE Jla Ce€ MOJIy4d U3IIBJIHUM (aiin ¢
kommmiiatropa Ha MATLAB.

DYHKIHOHAJIHOCT Ha cpeaaTa

KomMnonentu
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BwB dopmara ca qobaBeHH HAKOJIKO 00cKkTa, Hsakou oT kouTo ca: Slider , Edit Text, RadioButton,
Pop-up menu, Axes. Cpbp3BaHeTO Ha JaHHM KbM rpadukara craBa upe3 handle -
UICHTU(PHUKATOP HA OOCKTA.
Cnoutust  Create function, Callback function, SelectionChangeFunction u apyru
Huanorosu npo3opun errordlg, warndlg u npyru.
Kaacose
Matlab moxnbpika qBa Buaa kiaacose: mo croiHocT u handle. KonctpykropsT Ha value class
BpbIla 00EKT, Ha KOHTO Ce Ch3aaBar Komwus mnpu npenedunupane. KoncrpykropsT Ha handle
ki1ac Bpwina handle oGexT, KoiiTo e mpenparka KbM Ch3AaJCHUS 00EKT, O3 1a ce Ch3/1aBa KOIHe
Ha oOekra. [loBeneHueTo 3a Bpb3ka Ha handles 1aBa Br3MOXHOCT Ha KJIaCOBE Jia MOJIbPKAT
YepTH KaTo ChOUTHS, TMHAMUYHK CBOMCTBA JIOPU KOraTo (PyHKIIMSATA HE € B 00XBaTa Ha KOJa.
Tyk handle e uznon3Ban 3a oOHOBABaHE Ha (popmara cien BCSIKO HAaTHCKaHE Ha OyTOH, 3a
UHIUPEKTHO M3BHKBaHE Ha (YHKIMH, 3a MOJaBaHE HAa BXOIHU MapaMeTpu Ha (GYHKIMSATA, C
KOSITO Ce peiaBa Au(EepeHINATHOTO ypaBHEHHE, 3a HM3uepTaBaHe Ha rpaduKd Cliell BCSKa
POMSIHA.
Brpanenn ¢pynxuuu — embedded functions
MaremaTu4ecKu (PyHKIMHU

Cucremata ot ypaBHeHHUs (4.3) UMa aHAIUTUYHO pEIICHHE CaMO B JIMHEWHHUS clyyail, T.e.
npu Y, = 0. B o0mus cirydaii € Bb3MOXKHO I0JIy4aBaHETO CaMO Ha YUCJIEHO pelIeHHE. 3aToBa €

u3nomBana GyaknusaTa ode45, kosto mo merona Ha Pynre-Kyra [16] unTerpupa cucremara ot
nudepeHIaIHn ypaBHeHUs TIpH HadaHu ycaoBus Yo(1) , yo(2) [17].
C nomydeHure cToifHOCTH 3a t, 4, | OT YMCIEHOTO pelIeHne Ha CUCTeMara Ce MOCTPOsSBAT

rpapuxn ((t), I(t). WzumcmsBa ce U, :L% u ce mocrposia rpapukara Ui (t). Bxomuu

napaMeTpH B CUCTEMaTa ca mapaMeTpHUTe Ha TPENnTAMUs Kpbl' (MHAYKTHUBHOCT L, kananurer C u
cblpoTuBieHue R), aMmumMTynata m decToTaTa Ha TeHepaTopa ce 3ajaBar ¢ rpaduueH oOeKT
slider bar, B KOlTO ce 3amaBa Jauama3oH OT CTOWHOCTU. [IbpBOHaYanmHO ce mM30WMpa BUAA HA
3amavata. Karo mpumep 3a HEIMHEHHOCT € M3CIeNBaH Cilydail, B KOWTO HaIpeKEHHETO Ha
KOHJIEH3aTOpa 3aBHCH HE caMoO OT IIbpBaTa, HO U OT TPeTaTa CTENEH Ha 3apsna My. [lomydyenure
pe3yiTaTu ce mpeacTaBAT rpadguvHo B 00ekT axes. IIpu Beska npoMsiHa Ha mapameTpu ¢opmara
ce OOHOBsIBa.

[IpunoxkeHnero Moxe J1a U3MbJIHABA CIEIHUTE 3aauu:

3a JuMHEHW TpenTeHus. BapupaHe Ha mnapamMeTpuTe Ha BEpuUrata M TeHeparopa;
N3yepraBane BpemeBH rpaduku; M3uepraBaHe Ha pe30HAHCHU KpuBH; M3uepraBaHe Ha (azoBU

JIAarpaMu.
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3a HeNUHENMHUTE TpenTeHus. Bapupane Ha mapaMeTpuTe Ha BepuUrata M TEHEPATopa;
N3zuepraBane nHa Uc=f(t) B muHeeH u HenmHeeH ciy4aii; M3uepraBane Ha (ha3oBa quarpama.
4.1.3. IlpuMepHHU pe3yJITaTH

Ha ¢urypa 4.5 ¢ mokazan rpaduuausaT uHTepdelic Ha mporpamara 3a CHMYJIAMM Ha
npuHyleHu TpenteHus. PemaBat ce 4 tuna 3agauum: 3adaua 1. 3asucumocmu om epememo,

3aoaua 2. Habnooasane na pezonanc; 3aoaua 3. @azosa ouazpama.

B Mpunygern Tpentenus s TpenTaLy Kpur = X
QKW ~
| NapameTpu Ha BepUraT: MapameTPH Ha reHepaT Msyucnenn napameTpp———————————————————
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C(ranrong) ¢ 5 06 nF ) >
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8308 brun s22807 | |Pamyen v
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z = > x 10" Daz08a guarpama
@ 3 ®asosa guarpama ® 5 3 4 § %
© 4 Hemercien Tocrrenmm 0.0996 0.0997 0.0998 0.0999 0.1 £, o & 1
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10" Mspa npoussogHa 2 doo o g z,
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_ 2 10 15 20| 2
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10 0 i = et T
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= - ) dmkcHpail Mawa
5 10 15 20
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@urypa 4.5. JIunelinu TpenteHus.

3aoaua 4. Henunetinu mpenmenuss 3agaBa Cce€ MMapaMeTbPBT, XapaKTEPU3UpPAIL]
HEJIMHeHHOCTTa Jamma, KoiTo Mosxe ja ce npomens B rparnmu (0 - 3)10% [1/C?]. Vismenenuero
Ha CTOMHOCTTa Ha Jamma ctaBa chC ciaiiiep. 3a0ens3Ba ce OTKIIOHEHUETO OT CUHYCOUaHaTa
dbopMa Ha HampeKEHUETO Ha KOHJEH3aTopa 3a HEJIMHEEH Cly4yail B CpaBHEHHUE C JIMHEEH CydYaii

(gamma = 0).

e e Tpenma kpr =[E] %]
B -
|- NapameTpn Ha NapameTp Ha Wsuncnenn napameTpp—————————————————————
Rconp. ¢ 7 800 om Um (aMnanTyaa Ha HanpexenneTo) pes.uecrota 251623 KHz
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) ) « » 6 v coBcTeena yecTota KHz
C(kanxowg) ¢ > 02 nF i J 251646
f (nuneiina yectoTa)
©a308 brun 15499 | |Papwamm ¥
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3 daionn marpas L « y 3 | MoM7en 4
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Kl spewe[s]
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3 0 1 1 Il
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Qurypa 4.6. I'padpuyen uHTEepdeiic Ha mporpamara 3a MU3cielBaHE HA MPUHYICHH HEIWHEHHU
CJICKTPOMArHUTHU TPETITEHHUS B ITOCIIEIOBATEIICH SNEKTPUYCH TPENTSI] KPBT.
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4.2. [IporpamHua cucrema 3a o0yueHue no pusuka
[To BrOpaTta men ¢ HACOYEHOCT KbM OOy4YeHHETO Mo (H3MKa, € pazpadoTeHa cHUCTeMa 3a
MOJIIOMarane Ha CTyJIEHTHTE NpU M3paboTBaHE Ha JIAOOPATOPHO YIPAKHEHHUE C EJICKTPUUECKU

TpenTsil Kper. [Iporpamara e peanuszupana Ha Delphi7.

f Nporpamma cuc ?npocpwucmu no Qrnxa
Teopua | Onur | Tecr  Cumynaumn || Teopua Onur Tecr
Onurrm ganmm excel Mpuryaern Tpentenma
Visumcnenna Ceobogm rpenteria
Onurmm gammn

Qurypa 4.8. HaganHo mMeHro.

Moaya MainUnit.pas IIspBoHavyanHo TpsOBa na ce OTBOpU moaMeHi0O ONHUTHH JTaHHH
Excel. Ctynentute Morar ja ce 3amo3HasT ¢ MPUMEPHU ONMTHU JaHHH (B CHHBO), KOMTO Ca
CHETH TpEeABApUTENIHO M pEe3yJITaTH, KOUTO C€ I0JIydaBaT 3a OTHOCUTENHATa JUEIEKTpUYHA
npoHunaemMoct. BoB (aiina ca mokazanu u uU3UUCIEeHU N0 (opMylia JaHHU 32 HANPEKEHUETO
BBPXY PE3UCTOPA, KOETO J1aBa Bb3MOXKHOCT 33 CPAaBHEHHE C PE3YATATUTE OT EKCIIEPUMEHTA.
Wznon3sanu xommnonentu Image, OpenDialog.

3agaunTe, KOWTO TPsiOBa Jla M3MBJIHABA NPUIOKEHHETO ca Hsakoiko: 1) IToarotoska 3a
yIOpaXHEHHEeTO M 3alo3HaBaHe ¢ Teopusta MmomyJd TheoryUnit.pas; 2) Bs3moxHocT 3a
BBBEX/IaHE Ha ONUTHU JIaHHU, rpadUUHO MpEACTAaBsIHE HA JAHHHUTE U 3alHCBAHEHTO UM MOYJI
DataUnit.pas; 3) U3BppmBane Ha  HM3YMCICHUS W 3amucBaHeTo UM Momya

ComputationUnit.pas; 4) Tect 3a camonpoBepka Moay.a TestUnit.pas

7B Mporpamna cvicrema sa oByenne No Grsiks S]] = JEas- - - e

Teopwa Onur Tecr Cin

L Testunitddp 2
P TestUnit x
o TestUnit

e —

®urypa 4.9. [IpumepHH ONUTHYU JaHHHU.

M3noms3Bann ca CcTaHAApTHH KOMIIOHEHTH,JI00aBEHW ca OuOJIMOTEeKa C KOMIIOHCHTH
TeeChart 3a Delphi (VCL TeeChart). U3nomn3ana e texunosoruss OLE (Object Linking and
Embedding ,,CBbp3Bane u Brpaxmane Ha 00ekTu™), pa3paboreHa oT MaiikpocodT, KOSTO

IMO3BOJIIBa BMBKBAHETO W CBBP3BAHCTO Ha JOKYMCHTH HW ApPYTH O6€KTI/I, Cb3JalCHHU
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ObpBOHAYATHO ¢ Japyro npuwioxenue [18]. C momomira Ha mponeaypd W (QyHKIHHA €
peanu3upana cienHara (yHKIHOHATHOCT:
3a moaya Teopusi: Brnarane Ha pdf daitn B xommonent AcroPdf, 3ammcBane Ha TeKCT OT
kommoneHT Memo BB WordFile.docx mo maparpadu. HMsmomsBanu kommonentd Memo,
AcroPdf.
3a mMoaya u3umnciaeHns: BpBexxiaHe Ha OMUTHU JJAHHU OT NMPEKH M3MepBaHus; Bp3aMoxkHOCT 3a
BaIMMpaHe Ha jgaHHuTe; [IpoBepka laiuM BCHYKM JaHHU c€ BbBeACHU; l3uucneHws,
3aKpbIVISIBAHE W 3alKMcBaHe Ha HeoOxoaumutTe ganHu B EXcel daitn (.xIsx). Mzmonssanu
komnoneHtu RadioGroup, MaskEdit, Image, Button, Edit u apyru
3a Moaya ONMMTHH JaHHU: BusyamusupaHe Ha NpeIBapUTEIHO W3MEPEHHM OIHWTHH JaHHHU B
mmpok auana3on (tadbmuna AdoTable) ¢ mpumepHn nanHu u rpaduka, KOUTO HE MOTaT Jia Cce
kopurupat. Januute ce Hammpar B .mdb; I'paduyno mnpejpctaBsHe Ha HadYaTHUTE TaHHHU,
[pexBbpiasiHe Ha ganHuTe B StringGrid , oTKbaETO Ma Morat Ja ObJaT peAakTHPaHH, ChbOOPa3HO
ONUTHHUTE JIaHHHU Ha CTYJCHTa — HEOOXOMMa € KOPEKIUS caMO Ha YacT OT JaHHUTE; 3amuc Ha
nanaute B XISFile.xIsx; Excriopt Ha rpadukara — onutHU gaHHH. ['padukarta ce ekcropTupa 10
paboTHa AMpEeKTOpus Karto .bmp wim B kiunOopaa. HsKOM H3MON3BaHH KOMIIOHEHTH ca
StringGrid, DataSource, ADOTable, Series, Label, DBChart
3a moaya Tect: Brnarane Ha Tect 1.pdf B koMnoHeHT BbB (hopmara; Bp3MOXKHOCT 32 BbBEXK/IaHE
Ha OTTOBOPH Ha TECTa , Upe3 HaTUCKaHe Ha KiaBuil 1; 3a0bpaHa 3a BbBEXIaHE HA IPYTH
CHMBOJTH, WJIM TTIOBEYE OT €IMH CUMBOJI B CTPHHTOBO TI0JIe; BB3MOXKHOCT 32 KOPEKIHs Ha Bede
naneH otroBop; [IpoBepka ianu ca BbBEJACHU OTTOBOPY Ha BCUYKH BhIIpocH; OIlleHKa Ha TecTa,
N360p Ha npyr TecT 3a caMONpoBepKa Ha CIIy4acH MPUHIIMI U U3YHCTBaHE Ha ¢opmMara.
W3non3sanu kommonentu StringGrid, AcroPDF, Label,Button
Cumyaanus Ha CBOOOJHY 3aTHXBAIIM M He3aTUXBAIIU TPeNTeHUsI

Tosu moayn e peanmusupan Ha Matlab, momo6Ho Ha Momyn IlpuHyAEeHH TpENTCHHUS.
VYpaBHenusita, pemaBanu B 4.1.1, ca MoauduuupaHud, KaTo € IpeMaxHaTa HeJMHeHHaTa
3aBHCUMOCT Ha HANPEKEHUETO Ha KOHJIEH3aTOpa OT 3apsiza.

MonaynabT peanusupa cieqHara (QyHKIMOHAIHOCT: BapupaHe Ha mapaMeTpu Ha Bepurara
IpU 3apelieH KOHJeH3aTop; Bapupane Ha mapameTpu, OT KOUTO 1O (opMyia ce M3UUCIIABAT
KarmaryreTa Ha KOHICH3aTOpa M MHIYKTHBHOCTTA (TIOKa3BaHE HAa 3aBUCHMOCTH); 3aBUCHMOCT

MCXKAY BCJIVMYHUHUTE IIEPHUOA U YECTOTA, HECTOTA U KPbIroBa 4€CTOTA U AP.
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®durypa 4.17. I'paduku Ha He3aTUXBAIIH (JISBO) M 3aTUXBAIIH (JISICHO) TPEIITCHHUS.

[Io Bcsiko Bpeme MOXE Ja C€ NPEBKIOYM BUABT Ha TPENTEHUSTA (3aTUXBALU WU
HE3aTUXBAallll), KOETO IO03BOJIABA CPaBHEHHME NpU €IHaKBU mapameTrpu. I[Ipu Bcako enHo
HATHCKaHE Ha ciainepu u ap. hopMara ce 0OHOBSBA.

B 3axiouenue, paspaboTeHara mporpama JaBa Bb3MOXHOCT 3a OHArJIEJsBaHE Ha
pe3yaTaTUTE OT TPENTEHUS B TPENTSAI] KPBI' ¢ HEJTMHEHWHHU ejeMeHTH. M3mon3Baiiku HarpaBeHOTO
B Ta3M Hacoka e pazpaboTeHa cucreMa 3a oOydeHue 1o ¢usnka, nmoArnoMaraiia u3padboTBaHETO

Ha J'Ia60paT0pHI/I YIIpA’)KHCHUA OT CTYACHTHUTC.

HAYYHO-ITPUJIOKHU U ITPUJIO’KHU ITPUHOCHU

Hayuno-npunoscnu:

1. Pa3paborena e moauduxamus na Monte Kapio meron u e mokazaHa MpUI0KUMOCTTa i
3a ompenensHe Ha QYHKIUATA Ha pa3npeesieHue B Ta30BH pa3psiiy.

2. Pazpaborena e wmomudukanus Ha PIC/Moute Kapio meToma, KOATO TO3BOJIsBA
CBEXJIAHETO HA TPUMEPEH MOJICIT Ha KaNaIlUTHBEH pa3psi KbM €THOMEPEH.

3. 3a mpeB mbT PIC/MonTte Kapno meron e mpuiokeH 3a M3CIeIBaHE Ha KalalUTUBHH
paspsau C TOJsIMO DPAa3CTOSHHUE MEXIYy €NeKTPOJUTE. YCTAaHOBEHO €, Y€ B JbIBT
KalalUTUBEH pa3psa] JAeHCTBAT €JHOBPEMEHHO JIBa MEXaHHW3Ma 3a HarpsBaHe Ha
iazMaTa: CTOXacTUYHO J0 eJIEKTPOANTE U JXKayJI0BO B oOeMa.

4. 3a IpbBB IIBT B MOJCHT € U3CJIICABAHO U3MCHCHUCTO Ha (I)YHKI_II/ISITa Ha pasnpeaciCcHuc 1mo
ABJDKWHATA Ha KallTaHUTUBCH pa3psa.

Ilpunoscnu:

5. Pa3paboTeHW ca KOMIIOTHPHH CHUMYJAIMA HA HW3CICABAHUTE METOAM, BKIIOUUTEITHO C
napajiefM3alus Ha MporpaMHusi MOJIeN, KaKTO M MPOTpaMHa CUCTEMA C Bb3MOKHOCTH 32
MPUJIOKEHUE U B 00YYEHHETO Ha CTY/ICHTH.
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brnaronapua csM Ha npod. a1-p 'eopru BeHkoB 3a chBeTHTE U MOJKpENnaTa Kato JeKaH Ha
®dakynTeTa 1Mo MpUIOKHA MaTeMaTHUKa U HHPOPMATUKA TIPH 3aII0YBAHETO HA JOKTOPAHTYpATa.

bmaropapna c¢epM Ha Hacrosimusa gexkad Ha PIIMUM nou. n-p [ecucnmaBa MBanoBa 3a
MOJKpenara 1o BbIIPOCUTE OT A/IMUHUCTPATUBEH U HAYYEH XapaKTep.

N3kazBam OnaromapHoct Ha jgoi. a-p A. Po3eBa, B kauecTBOTO ¥ Ha PBKOBOJUTEN
karenpa MHpopMaTuka 1 4ieHOBETE Ha KaTeapaTa 3a Mpe0CTaBeHaTa MU Bb3MOXKHOCT J1a ObJia
3aUMCIIEHa KaTo JOKTOpPaHT B KaTeapaTa, 3a HACOKUTE BBHB BpB3KAa C MOA0OpsSBaHE Ha
mporpamMara, KakTo u 3a JOOPOTO OTHOIIIEHHE KbM MEH.

brnaromapna ¢cbM Ha PBKOBOACTBOTO Ha Kartempa llpwimokHa ¢u3mKa 3a OKazaHaTa MH
MOJKpeNna 1 MPeIOCTABEHUTE MU YCIIOBHUS 3a paboTa 1Mo JUCepTaIHsTa.

bmaropaps Ha nou. a.m.H. Xpucrto TBpHEB, OT KOrOTO CbM Hay4dWJia MHOTIO, 3a
ChbBMECTHAaTa HHU paboTa, 3a HEroBHUs NPOPECHOHATN3IBM, 32 HAYYHUTE MYy CTPEMEKH H 3a
BPEMETO, KOETO MU OTAeU. biiarogaps My ChII0 3a HETOBUTE YOBEIIKM KauyecTBa KaTO TPHIXKa,
OTTOBOPHOCT, BCEOTAANHOCT U 3a BsipaTa My B I0OPOTO.

bnaronapua c¢pm Ha npod. 1-p Munena JlazapoBa 3a ChbBeTUTE U CHICHCTBHETO, KOETO

MU OKa3a IIpHU MPEACTABIHE HA PE3YJITATUTE OT IIapajIeInu3alusTa.
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SUMMARY

Rositsa Pavlova

COMPUTER MODELLING OF CAPACITIVE DISCHARGES

The thesis consists of four chapters. Chapter 1 Literature review consists of four parts that
discuss the basics of the modelling method “Particle in cell”, basic questions about capacitive
discharges and determining the distribution function. Some specific issues related to the
algorithms used, numerical methods and software are reviewed in the fourth part.

Chapter 2 discusses the application of the general scheme of the PIC/Monte Carlo gas
discharge modeling method from Chapter 1 in the specific problems solved in the thesis. The
stress is on to the modifications made to the traditional algorithms. Also a parallel programming
model is proposed.

A new trend in the development of plasma sources is the construction of matrix sources
consisting of a large number of small radius discharges. In this case, the distance between the
electrodes can be much larger than the diameter of the electrode. In the experimental study of a
single element of such a matrix plasma source some new effects related to the heating in the
plasma bulk were observed. The motivation for the study in Chapter 3 is to explain these
experimental results. However, the study goes beyond this frame and also addresses the more
fundamental question of the mechanisms for plasma heating in capacitive discharges.

The entire capacitive discharge circuit can be represented as an electrical oscillating circuit
with nonlinear elements. In this regard Chapter 4 sets out two objectives: Developing a software
system for the study of oscillations in an oscillating circuit with nonlinear elements and the
development of a software system for training in physics for laboratory exercise with an
electrical oscillating circuit.
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|I. GENERAL CHARACTERISTICS OF THE THESIS

Actuality of the problem

The capacitive discharges are one of the main types of gas discharges, used in modern
plasma technologies. They are the subject of intense research, both in connection with their
practical application, and with respect to fundamental questions about the mechanisms for
sustaining the discharge.

Understanding and controlling the processes in the discharge is a powerful stimulus for the
development of modeling methods in this field. Plasma modeling is a complex task, covering

mechanics, thermodynamics, electrodynamics, optics and quantum physics.

Like in many other fields of the science, computer simulations have been established in
recent years as the third major method of scientific study along with experiment and (analytical)
theory. The main modeling method used in the dissertation is "Particle in a cell with Monte
Carlo collisions". It is currently the most modern and fast-developing method in the field of

plasma and gas discharge modeling.

Purpose of the thesis, basic tasks and research methods

The purpose of the dissertation is research and optimization of models in the field of plasma
physics, and in particular of capacitive discharges with computer simulations. The following

main tasks are solved in the dissertation in relation to this purpose:

5. A modification of the Monte Carlo method for modeling plasma collisions has been
developed, and validation of the model was made by comparison with known analytical
results.

6. A modification of the “Particle in a cell with Monte Carlo collisions” method is made,
which allows under certain conditions the reduction of three-dimensional models of
capacitive discharges to one-dimensional ones.

7. The Monte Carlo Particle Cell Collision Method was applied for modelling of capacitive
discharges with a large gap for the first time.

8. A software system for the study of oscillations in the oscillating circuit with nonlinear

capacity has been developed, with available pedagogically applications.
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Scientific innovation

Improvements and modifications to existing models have been made. The models have been

implemented in new conditions. A new plasma source has been investigated.

Practical applicability

A software system has been developed with application in student education.

Testing

The results of the research in the thesis are presented in two conference proceedings in
International Conference Applications of Mathematics in Engineering and Economics and two
conference proceedings in Physics Days.

Publications

The number of dissertation publications is 5, of which 1 paper in a journal with an impact
factor, 2 publications with SJR and 2 papers in non-indexed conference proceedings with

scientific review. One of the publications is standalone.

Structure and volume of the dissertation

The dissertation is in volume from 147 pages, including an introduction, 3 chapters for
solving the main tasks formulated, a list of major contributions, list of publications and
references. The references consists of 114 literature sources in total, 97 of them are in Latin and
12 in Cyrillic, and the rest are Internet addresses. The work involves a total 94 figures and 3
tables. The figure numbers, formulas and tables in the summary correspond to those in the

dissertation.
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I1. CONTENTS OF THE THESIS

Chapter 1. Literature review

The literature review consists of four parts that discuss the basics of the modelling method
“Particle in cell”, basic questions about capacitive discharges and determining the distribution
function. Some specific issues related to the algorithms used, numerical methods and software
are reviewed in the fourth part.

1.1. Modeling gas discharges using the Particle in Cell Method with Monte Carlo
Collisions

There are three basic methods for gas discharges and plasma modelling: single particle
models, kinetic models, and fluid models. Single particles models namely, "Particle in a cell” are
applied in chapters 2 and 3 of the thesis and the collisions of the electrons with is taken into

account using a Monte Carlo method.

1.1.1. General scheme

The general scheme of the models “Particle in cell”, (PIC) is represented in figure 1.1. The
basic idea is to divide the modeling domain into a large number of cells and to distribute the
charge contained in the cell to its corners. Then, knowing the density of the charge, the
equations of the electromagnetic field are solved under the given boundary conditions and the
forces acting on each charged particle are calculated. Particle motion equations are solved in one
time step At. The loss of particles leaving the modeling domain is taken into account. The
changes in the velocity and energy of the particles due to collisions with other particles are
calculated, as well as their formation due to ionization. Since the number of the particles in the
plasma is very large, only hundreds of thousands to million of particles are normally studied in
PIC models. They are called macroparticles, assuming that a macroparticle is a representative of

a large number of real particles.
1.1.2. Monte Carlo method for describing the collisions

This section describes the Monte Carlo method for description of the electron-atom and ion-

atom collisions in PIC models.
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Figure 1.1 PIC model flowchart [1].
When a particle with energy w moves through a set of scatterers with density n,, the

probability that the particle collides during a time interval At is

P =1 —exp[—Atv(w)]

where v(w) = vag,.(w)n, is the total frequency of all collisions possible for a given particle
energy, o, is the total cross section of possible collisions, v = (2w/m)'/? s the particle
velocity, and m is the particle mass. In simulation, the straightforward way to determine whether
a particle collides during the interval At is to compare the probability of collision P with a
random number R (0 < R < 1) (the collision occurs if R < P). Since a particle can participate in
several different types of collisions (elastic, excitation, ionization) a random number is used to
determine the type of the collision taking into account the cross sections of different collisions
for a given energy of the particle.

The next step in the Monte Carlo model is to calculate the magnitude and direction of the
electron velocity after the collision. The change in the direction of the electron velocity is
described by an azimuthal angle ¢ and a polar angle 8. We assume that the azimuthal angle is
uniformly distributed over the interval [0, 27]

¢ = 2nR; (1.5)
where R5 is a new uniformly distributed random number between 0 and 1. Usually it is generally
accepted that the electron scattering is isotropic regardless of the nature of the collision and the
polar angle 8 can be determined simply by

6 = arccos(1 — 2R,). (1.6)

In addition to the velocity of the electron, the collision also changes its energy.

1.2. Capacitvely Coupled Plasmas
1.2.1. Design, homogeneous model and application
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CCPs (Capacitvely Coupled Plasmas) consist of two parallel electrodes, biased by a radio-

frequency power supply (generator), typically operating at 13.56 MHz (figure 1.4).

Ipp = —{y sin wt

[
Ll

|

sg4(1) T

| ! . B sheaths
¢ o |

-

Spir) 1 -

Figure 1.4. Scheme of CCP [2].

An electroneutral plasma is formed between the electrodes, i.e. the concentration of
positively and negatively charged particles is equal. Close to the electrodes there are space
charged sheaths, the thickness of which varies with the frequency of the generator (at the
excitation frequency). In the argon discharges discussed in the thesis, the charge of the sheaths is
positive and the concentration of positive ions is higher than that of the. The motion of the ions,
due to their large mass, is determined by the averaged electric field, while the electrons oscillate

with the frequency of the external RF field.

1.2.2. Plasma heating mechanisms
There are two basic mechanisms for plasma heating in capacitive discharges considered in
the literature. The usual Joule (ohm) heating dominates at moderate pressures. Along the

electron trajectory between two collisions with atoms the electric field is almost unchanged.

y=0

x/L

0.0 0.5 1.0 1.5 2.0
t/T

Figure 1.8. Electron beams in capacitive discharges. PIC model results [3] for two RF field
periods. The white lines indicate the boundaries of the sheaths.
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The current density at a given point is proportional to the intensity of the electric field at that
point. In this case, the heating is called local or collisional. At low pressure the distance between
two collisions of the electron with atoms is significant and the electric field changes along the
electrons’ trajectory. The current density at a given point depends on the intensity of the electric
field along the entire electron trajectory. In this case, the heating is nonlocal (the terms
collisionless and stochastic are also used). It is possible for both heating modes to act

simultaneously - collisionless in the sheath and joule in the plasma bulk.

1.3. Determination of the distribution function in gas discharges
In Kkinetic models, the electron velocity distribution function f, (Electron velocity

distribution function, EVDF) is determined by solving the Boltzmann equation
dfe F Ofe
E-I_V'Vﬁe-i_alv‘/fe:?c (128)

If the electrons are close to thermal equilibrium, the solution of the Boltzmann equation is
Maxwellian distribution.

A common and very useful simplification is the two-term approximation, in which the
electron distribution function is expanded to first order in the deviation from isotropy, which we
take to be cylindrically symmetric along the direction of anisotropy

fo(r,v,t) = foo(r,v, t) + %.fel(r, v, t) (1.31)

Here f, is decomposed into the sum of an isotropic velocity part f.,, depending on the speed
only, and a small anisotropic part f.,, with fo1 < feo-

The two-term approximation in the case of homogeneous plasma with a uniform constant
electric field yields two important results for the anisotropic and isotropic parts. For a constant
collision frequency of the elastic collisions, v,,(v) = const, the result is a Maxwellian
distribution. For a constant cross section collisions (hard sphere) o, = const (constant mean
free path), the result is known as the Druyvesteyn distribution.

In addition to the electron velocity distribution function, the electron energy distribution
function is also used (Electron energy distribution function EEDF). The type of this function for
the cases of Maxwell and Druyvesteyn distributions is given in equations (1.35) and (1.36). The
index M refers to the Maxwell distribution and D to the Druyvesteyn distribution. Ay and Ap are
normalization constants, while D is a constant, depending on the electric field and the collision

Cross section.
E2

fy (E)=A,JE eXp[—%j (1.35) fo (E) = A,NE exp[—EJ (1.36)
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It is usually difficult to determine how close to a Maxwell distribution is a distribution
obtained in an experiment or in a model. Therefore, a probability function is introduced
(Electron energy probability function (EEPF)), defined by:

EEDF

EEPF = ——— 1.37
JE (37
and respectively for the distribution of Maxwell and Druyvesteyn
2
EEPF = A, exp[—%) (1.38) EEPF = A, exp[—%j (1.39)

The advantage of this representation is that, on a semi-logarithmic scale, the Maxwell

distribution graph is straight line, with a slope determined by the temperature. (figure 1.20).
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Figure 1.20. Schematic representation of EEPF on a semi- Figure 1.23. EEPF, obtained
logarithmic scale for the distribution of Maxwell (left) and from PIC-MCC model of a
Druyvestein (right). capacitive discharge [4].

A typical EEPF result for the case of capacitive discharge is shown in the figure 1.23. At
low pressure EEPF is bi-Maxwellian, consisting of two straight line sections, which gives an
indication of the presence of electrons at two different temperatures. With pressure increasing,
the shape of the EEPF becomes closer to that of Druyvesein.

1.4. Algorithms, numerical methods and software

1.4.1. Random number generators

The third chapter of the thesis uses the random number generator recommended in [5]. In
the thesis a brief overview of the random number generators following this literature source is
given.

1.4.2. Integration of equation of motion algorithms

In the simulations of gas discharge plasmas the explicit leapfrog scheme has commonly
been used. An alternative particle integration method is the velocity Verlet algorithm [6]. The

differences between the two methods are discussed, for example, in the models presented in [7].
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The leapfrog scheme calculates the velocities ¥ and the positions X of the particles with an
offset in time by At/2, i.e., half the time step At, according to

Vkt1/2 = Vk-1/2 + diAt (1.45)

X1 = Xy + Vpyr /24t (1.46)

Here v; are the velocities at the moment ¢; = t, + jAt (with j =k — 1/2, k+1/2 ) and the

positions ¥; (with j = k, k+1), with the initial time t,, respectively d, = qE,/m is the

acceleration of the particle with charge g, and mass m, and E, denotes the electric field, acting

on the particle at ¢t.
The velocity Verlet scheme is quite similar to the leapfrog integration method, except that

the velocity and position are calculated at the same time t,, ; according to
.7_C)k+1 = .7_C)k + ﬁkAt + %C_ikAtz (147)
- - 1,5 -
V1 = Vi T35 (ax + di41)At (1.48)

where at first the position and then the velocity is determined.

1.4.3. Programming examples
This section addresses some issues related to the implementation of the above PIC /

MonteCarlo algorithms in C ++ code [8].

Chapter 2. PIC/Monte Carlo algorithm for modelling of

capacitive discharges

In this chapter is discussed the application of the general scheme of the PIC/Monte Carlo
gas discharge modeling method from Chapter 1 in the specific problems solved in the thesis.
The stress is on to the modifications made to the traditional algorithms. Also a parallel

programming model is proposed.

2.1. Monte Carlo algorithm for determining the distribution function by studying the
motion of an electron

A modification of the Monte Carlo method for modeling of collisions in plasma has been
developed, by following the motion of an electron for a long enough time and the distribution
function is determined by the data at each collision. In the traditional approach the motion of a

large number of electrons is investigated and the electron velocity distribution function is
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determined at a given moment. The electric field is considered to be given in the model, i.e. the
role of the space charge associated with the motion and position of particles in the plasma is
neglected.

The purpose of the study is to prove the applicability of the method by comparison with
cases for which there is an analytical solution of the Boltzmann equation. The work was
published in [A4].

The validation of the model is done by comparing with the results of kinetic. The Boltzmann
equation is solved at constant frequency (v = const.) and constant cross section (o = const.) of

the elastic electron-atom collisions.
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Figure 2.4. Distribution functions for one of the velocity components (a) and for the magnitude
of the velocity (b), obtained from the kinetic theory (line) and from the numerical simulations
(symbols) at a constant collision frequency.

Figure 2.4 shows a very good agreement between the results of the analytical solution and
the computer simulation. A similar coincidence is also observed in the other test case of a
constant cross-section of the collisions. Tests were also made using real argon cross-sections,
where the expected results are also obtained.

In conclusion, the results in this section prove the applicability of the method for obtaining
the distribution function. Experience is gained for the optimal values of the parameters set in the
simulation. The advantage of the method is the less time required for the transition period

compared to simulations with many electrons.

2.2. PIC/Monte Carlo capacitive discharge model algorithm

In cases where the space charge plays an important role, only Monte Carlo model is not
enough. Therefore, here is applied PIC model for accounting of the space charge.

Typically, the capacitive discharge models are one-dimensional, ignoring the radial motion
of the particles. In this chapter, our goal is to develop a small-radius capacitive discharge model,

in which radial particle losses should also be taken into account. A rigorous approach requires a
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3D model, which, however, is very demanding to the computer equipment used. Therefore, a
modification of the method was made in the dissertation: radial particle losses are treated
similarly to collisions and the model is reduced to one-dimensional. The basic ideas are as
follows: 1) We work with a radially averaged particle concentration value; 2) Radial losses in
one time step are estimated assuming a Bessel radial profile and ambipolar diffusion; 3) The
corresponding number of particles is removed from the simulation randomly. The model
developed is one-dimensional in space and three-dimensional in velocity space, i.e. only the x-
coordinates of the charged particles are calculated. The proper description of the kinetic energy
of the particles requires the calculation of the three velocity components, because the kinetic
energy is shared between all degrees of freedom.

The flowchart of the simulation (in its parallel version) is shown in the next section in figure
2.16.

The simulation begins with a relatively small number of superparticles with Maxwellian
velocity distribution with temperature 2 eV for the electrons and 300 K for the ions. The number
of superparticles in the simulation is several thousand. After reaching a quasi-stationary
solution, the charge and mass of each superparticle is divided by 2. The next run of the program
begins with approximately doubled number of superparticles with velocities and spatial
distribution obtained in the previous run. The procedure is repeated until the plasma parameters
no longer depend on the number of the superparticles. The time step in our simulation is 1/1000
of the rf field period and a typical code implementation has from 200 000 to 1 000 000 steps, i.e.
from 200 to 1000 periods.

After reaching the final solution, the code is running for more 10 periods and the results
averaged over the rf period are presented in the next chapter.

2.3. Code parallelization

The time required to obtain the results can be significantly reduced by code parallelization,
by calculations using a parallel programming model, built on a high-performance shared
memory computer platform.

The need for parallel calculations arises when is necessary [9]:
e Speed-up implementation: a problem with a given size is solved N times faster by
N processors;
e Scaling: at an N — times increase in the problem the time to resolve it by the N
processors remains the same.
2.3.1. Parallel programming

There are three models for parallel programming: 1) OpenMP (Open Multi-Processing). 2)
MPI (Message Passing Interface). 3) Hybrid models.
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In the thesis is used the model of parallel programming with shared memory. The shared
memory model is an abstraction of a centralized symmetric multiprocessor (SMP). Hardware
resources are considered as multiple processors, each of which has equal access to the shared

memory. The processors interact and synchronize through shared memory.

2.3.2. Parallel programming model for PIC / Monte Carlo simulation

A parallel programming model is proposed for PIC / Monte Carlo simulation for a high
performance shared memory computer system. Specific means are used to implement
parallelisms: compilers, compiler directives, library functions, application interfaces [9]. DevC
++ was used as IDE for MinGW [10], library functions [11], application programming interface
OpenMP [11].

Block: initial positions and velocities of the particles: here is applied a parallelization at

section level. The two cycles (for electrons and ions) are performed by two parallel sections.

Block: integration of the equations of motion: A pragma #pragma omp for is used in this
parallel block with planned use of the threads, planning type - dynamic with planning partition
size 1. This is required because it is not known how many particles are left in the modelling
domain for the next step in time of the main cycle. A private clause is also used in the parallel
section. Two cycles, in which the equations of motion of the electrons and ions are integrated,

are parallelized.

Block: calculation of the average Kinetic energy of the particles. There are two cycles at
the end of the main cycle in which the velocities of all electrons and of all ions are squared. The
calculation is based on the velocity components, that changes on every time step. #Pragma omp
for is also used here with the same type of planning and partition size as in the previous block. A
private clause for the counter and a reduction clause for the collection operation (+) in a
common variable are also used. With this value of the variable after the end of the parallel
section the average Kkinetic energy of the electrons is calculated, respectively of the ions at each

time-step.
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Figure 2.16. Flowchart of a parallel programming model for the PIC/Monte Carlo
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simulation in the thesis.
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2.3.3. Experimental results
Speed-up. The speed-up is a parameter that shows the relative advantages of a parallel
problem solving. The speed-up for n - processor system is defined as the ratio of the serial

execution time Ts to the parallel execution time Ty, Of the same problem.
Ts
Tpar

Sp =

Efficiency. Parallel processing efficiency is defined as the ratio of the speed-up to the

number of processors involved in solving the problem in parallel

Efficiency is a measure of the useful time expended by the processors for computings.

Computer architecture with 4 processors intel without hyperthreading (HT) technology was
used for experimental evaluation of the created program model, so the number of processors is
equal to the number of threads. The results presented here are for the speed-up with different
number of threads and different work loads, for the efficiency at different number of threads
and different workloads (W, 2W, 3W, 4W) and for scaling.

For a given number of threads, the execution time is proportional to the workload. This
means that the speed of the calculations is the same for a given number of threads and the speed-
up too. For a given workload (denoted as W), the parallel execution time depends on the
efficiency of the given number of threads. For example, at 4 threads, the time decreases doubled
compared to the sequential execution time - 1 thread. This means that speed is different for a
given workload, the speed-up too.

Assuming that the number of particles does not change significantly for 12 000 steps, we
can increase the workload by increasing the steps. Experience has shown that time is increasing
linearly. If the number of particles is doubled and the number of steps of the main cycle is also

doubled, the execution time increases 4 times.
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Figure 2.17. Speed-up depending on the number of threads and the work load.

It can be seen that the speed-up is approximately the same with different loads and different

number of threads.
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Figure 2.18. Efficiency depending on the number of threads.
The efficiency is approximately the same with different workloads and a given number of
threads and decreases linearly as the number of threads increases.
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Chapter 3. Modelling of capacitive discharges with a large
discharge gap

A new trend in the development of plasma sources is the construction of matrix sources
consisting of a large number of small radius discharges [12]. In this case, the distance between
the electrodes can be much larger than the diameter of the electrode. In the experimental study
of a single element of such a matrix plasma source some new effects related to the heating in the
plasma bulk were observed [13]. The motivation for the study in Chapter 3 is to explain these

experimental results. However, the study goes beyond this frame and also addresses the more
fundamental question of the mechanisms for plasma heating in capacitive discharges.

3.1. Results for the case of infinite discharge radius

3.1.1. Dependence on pressure at a small distance between the electrodes.

This section presents results for two pressure values of neutral gas and fixed values of the
other parameters. The distance between the electrodes is L = 3 cm, i.e. here is a case of short
distance between the electrodes; the results obtained provide a basis for comparison with the
results in the following sections. The choice of pressures — 10 Pa and 40 Pa — allows us to
distinguish between two different types of discharge behavior. Figure 3.1 shows the results for
the variation of the ionic concentration along the discharge axis. The areas of the plasma bulk
and the sheaths (with thickness about 0.6 cm from each wall) are clearly distinguished. With the
pressure increase the profile of the electron concentration in the plasma bulk varies from sine
type to flat profile.

Additional information for the processes in the plasma is provided by the dynamics of the

plasma potential in figure 3.2. The voltage on the left electrode changes as U =U cosat, with

U,=150V and @=2z/T being the angular frequency and this determines the behavior of the

potential in the plasma. The presentation is limited to the positive potential values only. In the
case of p =10 Pa, L = 3 cm the potential in the plasma bulk is almost constant, i.e. electric field
E ~0. According to the general properties of the capacitive discharges the electron velocity in
the plasma bulk changes its direction with the changes of the polarity of the voltage on the
powered electrode to compensate the external electric field. However, the flow of the electrons
is created by different mechanisms in the two cases in the figure 3.2. At low pressure and small
discharge gap, the mean free path of the charged particles is large and the electrons accelerated
in the expanding sheaths cross the entire plasma bulk, i.e. they move in the central part of the

discharge at a certain speed even at zero local electric field.
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Figure 3.1. Concentration of the ions for the distance between the electrodes 3 cm and pressure
10 Pa (a) and 40 Pa (b).
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Figure 3.2. Profiles of the potential for pressures and discharge gaps as given in the figure. The
interval between the profiles in the figures is T/20. The left figure of each pair (solid lines)
corresponds to the first half-period when the voltage on the left electrode decreases from +150 V
to -150 V. The right figures (dashed lines) are for the second half-cycle when the voltage
increases.

The plasma conductivity in this case is non-local: the current at a given position depends on
the electric field not only at this position but on the field along the entire trajectories of the
electrons between two collisions. At higher pressure the mean free path decreases and the
electrons from the sheaths cannot penetrate deep into the plasma bulk. The drift velocity there is
a result of the local electric field.

Plasma bulk resistance can also play an important role. It can be given in a simplified form
per unit cross section as R=1/o (I is the distance between the sheaths and o is the plasma
conductivity). At low pressure and small gap, plasma conductivity o is high because of the low
frequency of the electron-neutral collisions and the high concentration of electrons. The length

of plasma bulk is small and its resistance is small too. At higher pressure the electron-neutral
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collision frequency increase which leads to a lower o and higher resistance. As a result, the
potential drop in the plasma bulk increases and hence the electric field increases.

The electric field in the plasma bulk is important for the transport processes, but high-
energy electrons are formed mainly in the expanding sheaths. The resulting electron beams are
clearly visible with a greater density of dots, representing ionization acts (Figure 3.8). The
length of the beams is about 2.5 cm at 10 Pa and about 1.5 cm at 40 Pa, determined not only by
the neutral gas pressure but also by the voltage.

It is visible again that the beams cross the entire plasma bulk at p = 10 Pa while at p = 40 Pa
the energy of the electrons is dissipated close to the wall sheaths and in the central part of the

discharge the ionization is much weaker.
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Figure 3.8. Spatio-temporal graphs of ionization acts for gap of 3 cm and pressure 10 Pa (a) and
40 Pa (b) for two periods T of the RF field.

3.1.2. The role of the distance between the electrodes

As the distance between the electrodes increases, the plasma density profile becomes flatter
(figure 3.10).

The potential results also show a gradient in plasma bulk and therefore a non-zero electric
field. At low pressure and large discharge gap the mean free path of charged particles is large
but not sufficient for electrons to penetrate from the sheaths into the center of the discharge. In
this case, like the case of the higher pressure, the motion of the electrons inside the plasma bulk

is due to the electric field in this region.
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Figure 3.10. Electron concentration profiles for p = 10 Pa and gap of 10 cm (a) and 15 cm (b).

At long discharge and low pressure o is high, but I is high too and the resistance increases.

Increasing the distance between the electrodes also affects the results for the EEPF. The
change of the EEPF along the discharge axis starts from Maxwellian close the electrodes, to
Druyvesteyn in the center of the discharge (figure 3.13). In this case, the center of the discharge
is far enough from the electrodes and the electrons accelerated in the sheaths cannot reach it.
The function EEPF is formed mainly by the local electric field. The variation of the EEPF along
the axis of capacitive discharges has been experimentally observed by Zhu et al [14], shown in
figure 1.28 in Chapter 1 of the thesis. The lower concentration of high-energy electrons in the
central part of the discharge results in much lower ionization there. The length of the beams is
large, but because of the greater distance between the electrodes, the high-energy electrons

cannot reach the central part of the discharge.
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Figure 3.13. Variation of the EEPF along the discharge length at a gas pressure of 10 Pa and gap
of 10 cm (a) and 15 cm (b).
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3.2. Role of discharge radius
This section also takes into account the radial particle losses. The results presented are for
pressure p = 10 Pa. First, a simple analysis based on the continuity equation is presented.
In the case of a finite radius, the increased particle losses (due to radial ambipolar diffusion
in the model) results in a lower electron concentration. (figure 3.17). ForR=5cmand R =3 cm
close to the plasma-sheath boundary, the

3 . . . . ionization is the dominant process. Radial

losses predominate in the plasma bulk. This
means that newly created charged particles
in the plasma bulk cannot compensate the
radial losses and a minimum of electron

concentration at the center of the discharge

appears. The discharge there is maintained
X [cm] mainly by longitudinal flows from the

Figure 3.17. Profiles of the electron plasma-sheath boundary. New behavior is

concentration averaged over the RF period for  observed at a very small radius (R = 1.5 cm
p = 10 Pa and different discharge radii as

indicated in the figure. in the figure 3.17). Because of the low

electron concentration caused by the large
radial losses, the conductivity of the plasma decreases, the resistance in the plasma volume and
the voltage drop across it increase and the electric field at the center of the discharge increases.
At R = 1.5 cm, the field is strong enough to cause significant ionization, which is greater than

the radial losses and a local maximum appears in the center of the discharge.

3.3. Role of the pressure

As shown above, the density of the plasma in the discharge with a finite radius is lower due
to the additional losses of charged particles on the side wall. As the pressure increases, the
concentration of charged particles in the gas discharges usually increases. Higher pressure leads
to a lower coefficient of ambipolar diffusion and lower side wall losses. An increase in the
concentration of charged particles with increasing pressure is clearly shown in the figure 3.20.

The two types of electron concentration profiles discussed in the previous section are also
observed here. At lower pressures and low electron-neutrals collision frequency, the
conductivity of the plasma is high and the electric field in the plasma bulk is low. Radial particle
losses are high and ionization cannot compensate for them. It forms a minimum in the center of
the discharge. At higher pressure, the conductivity of the plasma decreases, leading to an
increase in the voltage drop in the plasma bulk and the electric field there. Plasma bulk
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ionization together with reduced radial losses cause a local maximum at the center of the

discharge.
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Figure 3.20. Profile of the ion concentration for tube radius 2 cm and 5 Pa (b), and 20 Pa (d).
Note that the scale in (d) is different.

As the pressure increases, the electron mobility decreases, and electron beams accelerated
into expanding sheaths do not penetrate so much into the plasma. This is clearly evident from
the results in the figure 3.23 and 3.24 for the concentration of high-energy electrons. The speed

of the beams also decreases with the pressure.
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Figure 3.23. Profiles of the time averaged Figure 3.24. Spatio-temporal plot for the
electron concentration of the high-energy concentration (in m™) of the high-energy
electrons at two pressures. electrons at p =20 Pa.

The results in Figures 3.23 and 3.24 are also confirmed by experimental results (which are
not part of the thesis).

Typical electron beams for low-pressure capacitive discharges, accelerated in expanding
sheaths once per RF period from each electrode were obtained in the model. At higher pressure,
the beams still exist, but in addition there is a second heating mechanism in the central part of

the discharge. Because the variation of the electric field in the discharge is of the type

E ~coswt the energy of the electrons changes as W ~ cos® wt and in spatio-temporal graphs
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two maxima for the period should be seen. Therefore, the maxima in the central part of the
discharge in figure 3.24 (b) are the result of the electric field in the plasma bulk.

Finally, in this chapter, for the first time, a PIC / Monte Carlo model is applied to study,
capacitive discharges with a large gap. At a qualitative level, the results of the model are
confirmed by the results of an experiment, which proves the validity of the modifications made
to the algorithm. The variation of the distribution function along the capacitive discharge length
Is investigated for the first time in a model.

With respect to the physical mechanisms for sustaining capacitive discharges, it is
established for the first time that two plasma heating mechanisms act simultaneously over a long
discharge: stochastic heating close to the electrodes and joules heating in the plasma bulk.

The results of Chapter 3 have been published in two AMEE'2018 papers and one article in

Journal of Plasma Physics.

Chapter 4. Investigation of electromagnetic oscillations in a

nonlinear capacitance circuit

The entire capacitive discharge circuit can be represented as an

electrical oscillating circuit with nonlinear elements. In this regard

R 15 Chapter 4 sets out two objectives: Developing a software system

@ L U for the study of oscillations in an oscillating circuit with nonlinear
o U elements and the development of a software system for training in

o I physics for laboratory exercise with an electrical oscillating circuit.

Figure 4.1. Forced
oscillations in serial
oscillating circuit. 4.1. Software system for the study of oscillations in an

oscillating circuit with nonlinear elements
4.1.1. Basic equations

The model developed assumes that the dependence of the capacitor voltage on the charge is of
the type

Ue(0) =Ci0(1+ 7o) 4.2)
with ¥, characterizes the degree of nonlinearity. This type of nonlinear dependence is proposed
in [15].

Kirchoff's law leads to a system of differential equations:
%:—Lico(l+yoq2)—¥+umcos(wt) 3—?:I (4.3)
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which is solved numerically under the following initial conditions: initial current I is zero, initial

charge q is zero. The system is solved for the time interval from t; = 0 to t..

4.1.2. Software implementation

Development environment Matlab GUIDE, which automatically generates .m file, providing
a code to initialize the Graphic User Interface (GUI) and contains form.

Both files are used in the application development process .m and .fig. After the application
is developed and tested, an executable file with the MATLAB compiler may be obtained.
Functionality of the environment
Components
Several objects have been added to the form, some of which are: Slider, Edit Text, RadioButton,
Pop-up menu, Axes. The data is linked to the graph by a handle which is object identifier.
Events Create function, Callback function, SelectionChangeFunction and others.

Dialogs errordlg, warndlg and others.
Classes

MATLAB support two kinds of classes — handle classes and value classes. A value class
constructor returns an instance that is associated with the variable to which it is assigned. When
reassign this variable, MATLAB creates a copy of the original object A handle class constructor
returns a handle object that is a references to the object created without making a copy of the
original object The reference behavior of handles enables these classes to support features like
events and dynamic properties, even when the feature is not within the scope of the code.

Here, the handle is used to refresh the form after each button is pressed, calling a function
indirectly, pass function handles in calls to other functions e.g function ode45 by which the
differential equation is solved, to draw graphs after each parameter change.

Embedded functions

Mathematical functions
The system of equations (4.3) has an analytic solution only in the linear case, i.e. at }, = 0.

In general, only a numerical solution is possible. Therefore, the function used is ode45, which by
the Runge-Kuta method [16] integrates the system of differential equations under initial
conditions yo(1) , Yo(2) [17].

Using the values obtained for t, g, | from the numerical solution of the system, the following

graphs are built q(t), I(t). It is calculated U, = L% and the graph U, (t) is plotted. The input

parameters to the system are the parameters of the oscillating circuit (inductance L, capacity C

and resistance R), the amplitude and frequency of the generator are set with a graphical object
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slider bar, which specifies a range of values. The type of task is initially selected. As an example
of nonlinearity, a case in which the voltage of the capacitor depends not only on the first but also
on the third degree of its charge is investigated. The results obtained are presented graphically in
an object axes. The form is updated with each parameter change.

The application can execute the following tasks:

For linear oscillations: Variation of circuit and generator parameters; Drawing timelines;
Drawing resonance curves; Drawing of phase diagrams.

For non-linear oscillations: Variation of circuit and generator parameters; Drawing of
Uc=f(t) in a linear and non-linear case; Drawing of phase diagrams.
4.1.3. Sample results

Figure 4.5 shows the GUI of the forced oscillations simulation program. There are 4 types of
tasks to be solved: Task 1. Time dependencies; Task 2. Observing of resonance phenomena;

Task 3. Phase diagram.
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Figure 4.5. Linear oscillations.

Task 4. Non-linear oscillations The parameter characterizing the nonlinearity gamma which
can vary within limits (0 - 3)10*" [1/C?] is set. The change in the value of gamma is done with a
slider. The deviation from the sine waveform of the capacitor voltage is observed for the

nonlinear case compared to the linear case (gamma = 0).

58



B Npuryaenn Tpenterus s TpenTaL Kpor

epatopa
R (cunp. i 600 o Um (amnniTyza Ha HanpexeHKETo)
. « i » 6 v
02
€ (xan.xong) _4[ 7_»' f (nuweiiva vectora)
L (i vaw) 1 T 02 4 N »| | 182281 kil
XX 286524569 ou
3
o ,x10° a=ft) ——
13 ocTi o Ep _ gamma xoec
o U=fia)
4
g0 D e Bl e i x 10" ®az08a auarpama
3

q N 3 *0M7 [Ch-2]

4
Sl
0.0996 0.0997 0.0998 0.0999
Bpewe[s] n 009 cexynan .
x 10 Mbpea npoussoana < o
¢ T o cerynan g
2
u=ft)

Hennreiinn Tpemenin " R TR 0 20
TuHeithm TpenTeHna 0.0996 0.0997 0.0998 0.0999 0.1 Henuxeiino Uc
apewmels]

Bropa npouasoana [ ®a30Ba AHarpaMa SaPAA-TOK——
= il | © asTomariuen ua
¥ I "
JAVAVAVRVAVAVAVAVAVAY, Gurcupai Mauat
20 YVY VY VY

ol

30
0.0996 0.0998 01 0.099 0.0997 0.0998 0.0999 0.1
Bpewels] Bpene[s]

o
~

dofdt]A]
=

Henuueino Uc
o 3

=

UL difdtV]

Figure 4.6. Graphic interface of the program for study of forced nonlinear electromagnetic
oscillations in a serial electric oscillating circuit.

4.2. Physics training system software
For the second purpose, with a focus on the physics training, a system has been developed to
assist students in laboratory work on exercise with an electrical oscillating circuit. The program

was implemented on Delphi7.

Nporpamra cucr i‘jﬂpotpwucmu . N Grania
Teopua 6@ Tecr  Cumynaumn | Teopua Onwr Tecr
Onutrum garnm excel Mpuryaern TpenTerma
Visuncnenna Ceoboamm rpenTenna |
Onurmm gammn

Figure 4.8. Start menu
Moaya MainUnit.pas Initially, the Test Data Excel submenu must be opened. The students

can get acquainted with sample test data (in blue) that was taken in advance and the results
obtained for the relative permittivity. The file shows also calculated by the formula data on the
voltage across the resistor, which allows comparison with the results of the experiment. The
components used are Image, OpenDialog.

There are several tasks that the application must execute: 1) Preparing for the exercise and
getting acquainted with the theory module TheoryUnit.pas; 2) Ability to enter experimental
data, graphically present the data and record it module DataUnit.pas; 3) Perform calculations

and saving them module ComputationUnit.pas; 4) Self-test (self-assessment) module

TestUnit.pas
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Figure 4.9. Sample test data.

Standart components are used, a component library TeeChart for Delphi has been added
(VCL TeeChart). OLE technology is used (Object Linking and Embedding), developed by
Microsoft that allows the insertion and linking of documents and other objects originally created
with another application [18]. The following functionality is implemented with by means of of
procedures and functions: For module Theory: Embedded a pdf file into a component AcroPdf;
Saving (a) text from a component Memo into WordFile.docx according to the paragraphs. The
components used are Memo, AcroPdf.

For moduule calculations: Input of experimental data from direct measurements; Data
validation capability (possibility, opportunity); Checking whether all data is entered;
Calculations, rounding and recording of necessary data in Excel file (.xIsx). The components
used are RadioGroup, MaskEdit, Image, Button, Edit and others.

For module experimental data: Previewing measured in advance test data across a wide range
(table AdoTable) with sample data and graphics that cannot be adjusted. The data is (located) in
.mdb file; Graphic representation of the initial data; Transferring data to StringGrid , where they
can be edited according to the student's experienced data — it is nessesary only part of the data to
be corrected; Saving data into XIsFile.xlIsx; Export chart - test data. The graphic is exported to a
working directory as .bmp or on the clipboard. Some of the components used are StringGrid,
DataSource, ADOTable, Series, Label, DBChart

For module Test: Embedding 1.pdf test into a form component; Ability to enter the answers to
the test by pressing key 1; Prohibition of entering other characters or more than one character in
a string field; Possibility to correct already given answer; Checking whether all the questions
have been answered; Assessment of the test; Selecting another random self-test (self-
assessment) and forma cleanup. The components used are StringGrid, AcroPDF, Label,Button

Simulation of free damping and non-damping oscillations
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This module is implemented in Matlab, similar to the Forced oscillation module. The
equations solved in 4.1.1 have been modified by eliminating the nonlinear charge dependence of
the capacitor voltage. The module implements the following functionality: Variation of circuit
parameters at (with) charged capacitor; Variation of parameters from which the capacitor
capacity and inductance are calculated by the formula (showing dependencies); Relations

between the period and the frequency, frequency and circular frequency etc.

| — R e —_—

...... 5l

Figure 4.17. Graphs of undamped (left) and damped (right) oscillations

The type of oscillation can be switched at any time (damped and undamped), which allows
comparison at the same parameters. Each time when clicking on sliders the form is updated. In
conclusion, the developed program allows to visualize the results of oscillations in a oscillating
circuit with nonlinear elements. Using this, a physics training system has been developed to

assist students in the development of laboratory exercises.

SCIENTIFIC AND APPLIED CONTRIBUTIONS
Scientific and Applied:

6. A modification of the Monte Carlo method is developed and its applicability for
determining the distribution function in gas discharges is proved.

7. A modification of the PIC / Monte Carlo method has been developed that allows the
reduction of a three-dimensional capacitive discharge model to a one-dimensional.

8. For a first time, the PIC / Monte Carlo method was applied to investigate capacitive
discharges with a large gap. It has been found that in a long capacitive discharge two
plasma heating mechanisms acts simultaneously: stochastic heating close to the
electrodes and joules heating in the plasma bulk

9. The variation of the distribution function along the capacitive discharge is studied for a
first time in a model.

Applied:

10. Computer simulations of the studied methods have been developed, including
parallelization of the program model, as well as a program system with capabilities for its
application in training of the students.
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SUMMARY

Rositsa Pavlova

COMPUTER MODELLING OF CAPACITIVE DISCHARGES

The thesis consists of four chapters. Chapter 1 Literature review consists of four parts that
discuss the basics of the modelling method “Particle in cell”, basic questions about capacitive
discharges and determining the distribution function. Some specific issues related to the
algorithms used, numerical methods and software are reviewed in the fourth part.

Chapter 2 discusses the application of the general scheme of the PIC/Monte Carlo gas
discharge modeling method from Chapter 1 in the specific problems solved in the thesis. The
stress is on to the modifications made to the traditional algorithms. Also a parallel programming
model is proposed.

A new trend in the development of plasma sources is the construction of matrix sources
consisting of a large number of small radius discharges. In this case, the distance between the
electrodes can be much larger than the diameter of the electrode. In the experimental study of a
single element of such a matrix plasma source some new effects related to the heating in the
plasma bulk were observed. The motivation for the study in Chapter 3 is to explain these
experimental results. However, the study goes beyond this frame and also addresses the more
fundamental question of the mechanisms for plasma heating in capacitive discharges.

The entire capacitive discharge circuit can be represented as an electrical oscillating circuit
with nonlinear elements. In this regard Chapter 4 sets out two objectives: Developing a software
system for the study of oscillations in an oscillating circuit with nonlinear elements and the
development of a software system for training in physics for laboratory exercise with an

electrical oscillating circuit.
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