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ABTOp Ha AucepTaumoHHUA Tpya: Pocuua AHapeesa MNasnoBa
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PeueHseHT: CtaHumup Togopos Kones, a-p, goueHt B CY ,,CB. Kn. Oxpuackn®

OVCcepTauuMoHHUAT Tpyd, CbAbprKa o06wo 147 cTpaHuMum, pasfeneHn B yBOA,
NiMTepaTtypeH 0630p U TpU raBu, NPeACTaBALLM U3CneaBaHMATA Ha JOKTopaHTa. LlntupaHu
ca 114 nutepaTypHM W3TOYHMKA M ca BKAoYeHn 94 odurypm mn 3 Tabauuyu. Hair-obuwo,
paboTtata KOMOMHMPA KOMMIOTbPHU METOAM 3a Mu3c/efBaHe Ha GU3MKATa Ha Pas/IUYHM
npouecun, HO Hail Beye NOBELEHMETO HA BMCOKOYECTOTEH KaMaLWUTUBEH pa3pAng NPy HUCKO
HanaraHe.

AKTyanHocr

MakKap 4Ye KanauuTMBHWUTE Pa3psaaM ca No3HaTM OTAaBHA, M3N0/I3BaAT Ce WMPOKO U ca
n3cneaBaHun B AbA6OUYMHA OT MHOrO M3C/eA0BaTesICKM rpynu npes nocaeaHun 30-40 roanHm,
n3cnefBaHuUATa B Ta3M AMcepTaLma NOKaseaT, Ye BCe ole MMa onpeaesieHn KoHbUrypaumm um
PEeXMMU Ha Te3n paspAaM, KOMTO He ca M3cnedBaHM M B CblloTo Bpeme 6uxa
npeAcTaBNsiBaAM WMHTEPEC 3a onpefeneHu MNPUAoXKeHus. B To3n cmucbn, memama Ha
uscnedsaHuamMa npodvmasa da 6voe akmyanHa v pabotata oboraTaBa No3HaHMATA 3a
TAX.

MNo3HaBaHe Ha npobaema

B nutepaTtypHMAT 0630p ¢ 0bem OT 52 cTpaHuUM e pasriedaHa ¢ pasbupaHe, Halt-
Ba)kHaTa WHdoOpmMauma B AuTepaTypaTa, Kacaewa W3cnedBaHMATa, BK/AOYEHM B
AvceptaumaTa. B rnasa 1.1 e npeAcTtaBeH M3N0ON3BaHMAT B AMCEPTaLMATA METOA, Ha YacTuua
B Knetka (Particle in cell PIC) n metoabT Ha MoHTe Kapno (Monte Carlo Collisions MCC) 3a
KMHETUYHO MoJenMpaHe Ha nnasma. Makap 4Ye OCHOBHWUTE TEXHM XapaKTepPUCTUKM ca
cnomeHaTu, Ta3un yact 61 morna aa 6bae pasiumpeHa. PIC MeToabT e onMcaH CpaBHUTENHO
CKPOMHO 1 CMATaM, Ye noseye noapobHocTM TpsabBalle Aa ce npeactaBAT. Hanpumep, He ca
JageHn noapobHOCTM KaKBO Ce C/y4YBA aKo He Ca U3MbJAHEHM YC/0BMATA CMNOMEHaTM Ha
cTpaHuua 4, Kaksu ApyrM moambuKkaumm Ha PIC meToabT cbluecTByBaT B /AiMTepaTypaTta U
3alll0 M3BPaAHUAT KNACMYECKM BapUAHT Ha M3MOA3BAHUAT NOAX0A4 € B1A npeanoYeTeH, Kakso
ypaBHeHMe BCbLLHOCT pelwasa PIC meToabT, 3all0 TOM e 3a NpeAnoYMTaHe npes ToBa Aa ce
CUMYAMPa €e/IeKTPOCTaTUYHOTO B3aMMOAEMNCTBME Ha 4acTULMTE BCAKA CbC BCAKA, KakBa
dopma Ha pasnpeseneHMeTo Ha 3apAaa Ha YacTuLMTe B NPOCTPAHCTBOTO CE Bb3npuema npu
n3bpaHuAaT metos (popma Ha YacTULUMTE) U CbOTBETHO KaK MaTemaTUUYeCKM TOBa ce OTpas3ABa



Ha cxemuTe 33 NPUTErAHE Ha 3apPALa KbM Bb3/INTE HAa MPerKaTta U CbOTBETHO Ha NOJIETO KbM
nosmuuuTe Ha 4actmuute. MNoBeye NOAPOBHOCTM 3a rOpPenocoYeHWTe BBMPOCKU He ca
HenpemMeHHO 3a4b/IXKUTENIHM U He NPeaCTaBAABaT KPUTUUYEH NPOMYCK, HO Buxa Hanpasuau
paboTaTa no-nb/HOLLEHHA KaTo ce uMma npeasua, 4e PIC meToabT e B OCHOBaTa Ha
CblUEeCTBEHA YacT OT gucepTaymaTa. Mo oTHoweHne Ha MCC meToabT, 6u 6uno gobpe aa ce
[06aBKM KaKkBo NpuBAMMKEHME e HANOXKeHO, 3a Aa Ce M3BeAe M3Pa3bT 3a BEPOATHOCTTA Ha
y4ap Ha cTpaHuua 5 rope. OcTaHanata 4yacT OT /iMTepaTypHus 0630p e KaTo uano
n3yepnaTtesiHa M criopes MeH He U3NCKBa pasLlMpeHne, KOeTo MM NO3B0/IABa 4a 0606w, Ye
AumepamypHua ob63op 8 docmamv4yHa cmeneH npedcmass pasz2nexcdaHama obaacm,
MaKap Ye uma HAKOU nponycKku, Hali eeye no omHoweHue Ha PIC memodbvm.

MeToauKa Ha U3cnenBaHEeTO U A0CTOBEPHOCT HA NOJIlyYEHUTE pe3yaTaTu

N3cnepBaHuATa B guceptaumaTa KOMOMHUMPAT KOMMIOTbPHU METOAM M aHaAu3 Ha
CNoXeH ¢usmyeH npobnem. UYucneHuTe MoOZeNM U CUMySAUMKM  NpeacTaBaABaT
U3KAIOYUTENTHO LLeHEeH MHCTPYMEHT 3a aHa/IM3 Ha TakMBa CUCTEMM, YUETO eKCrepumMeHTaHO
uscnenBaHe e CepuosHO MNpPeau3BUKATENCTBO M TpygHO 6M MoOrno ga [age TONKOBA
nogpobHa wHPopmaums 3a npouecute B MNiasmata. M3NosA3BaHETO Ha YUC/eHUTe
CUMYNAUMKM M 33 y4ebHM Lennm KombMHMpPaHU ¢ Aobpa BM3yanm3aums, KakTo e HanpaBeHO B
nocnegHaTa rfaBa Ha AucepTaumaTa, € APYro TAXHO MOJIe3HO MNPUIOXKEeHUe U agasa
Bb3MOXHOCT 06y4aBaHUTe Aa peanm3mpaT Pas/iMyHU BUPTYaANHN EKCNEPUMEHTN.

B uacT 2.1 e npeacTaBeH paspaboreHns MCC moaen 3a nscnegsaHe Ha GyHKLUATA Ha
pasnpegeneHve. HanpaBeHO e HagneXHO BanuvgupaHe Ha moaesia yYpes npecmATaHe Ha
C/lyyau, 3a KOUTO MMa aHaNTUMUYHO pelweHune. B 2.2 e npeactaseH paspaboteHuart PIC/MCC
MoZen, KOMTO e M3MO0/I3BaH 3a noslydaBaHe Ha pe3yntatuTte B rnaea 3. B 2.3 e npeacraBeH
nogxoAbT 3a npeobpasyBaHe Ha Moaena B NapaseneH. ToBa e oCblLEeCTBEHO Ha 6asaTa Ha
OpenMP, KoeTo, MO MO€ JINYHO MHEHWE, e HAN-NOAXOAALMAT HAYMH 33 pasrnexaaHua
PIC/MCC, Tbih KaTo no3sonsasa 6bp30 npeobpasyBaHe Ha NPOrpamMHUA KOJ, 33 KOMMNIOTPU CbC
cnogeneHa namet. HanpaBeHo e 1 nscneaBaHe 3a epeKTMBHOCTTA Ha NapasieIM3MPaAHETO Ha
KOZa, KaTo Ca OCbLUECTBEHM TECTOBE NpPM pasanyeH 6poii agpa. 3a CbKaneHWe TyK He e
npeactaBeHa nogpobHa MHPopmauma 3a yCcnoBMATa Ha EKCNEPUMEHTA, @ MMEHHO KaKbB
mogen npouecop Ha Intel e u3non3BaH M [ann NPoLecopbT e HAcTpPoeH Ha ¢UKcupaHa
yectoTa. Mo ronsmarta 4acT OT CbBpPeMeHHUTe npouecopu Ha Intel mmaTt Turbo boost
frequency, T.e. KoraTo ce M3no0/3Ba CaMo eAHa HWULLIKaA, Te NOoBMLWaBaT YecToTaTta cu. MNopaau
Ta3n MPUYMHA, AaKO TOBA He e HamnpaBeHo, pe3yntatute B 2.3.3 He Ca CbBCEM KOPEKTHU U
BEPOATHO edeKTUBHOCTTA Ha MapanenHua Kog e no-gobpa ot nosnyyeHoto. OCBEH TOBA
JIMMNCBA M aHanM3 3a NPUYMHUTE 33 TEKYLLOTO MpeacTaBAHe Ha KoZa npwu pasnuyeH 6poi
Appa. He e gageHa v nHpopmaums 3a ronfemmHaTa Ha MacMBUTE M Ha TMMA HA U3NO/I3BaHNUTE
NPOMEH/IMBM B MaCUBUTE 3@ CbXPAHEHME HA CKOPOCTM M MO3MUMM HA YaCTULM, KOETO MbK
MMa OTHOLIEHME KbM TOBa AOKOJIKO TpaHcdepa Ha AaHHM e mexay RAM namertta u
npoL,ecopa Mam ce OCbLLECTBABA OCHOBHO MeXAy A4paTa U Kewa Ha npouecopa.



B rnaBa 3 ca npeactaBeHn pesynTaTuTe OT KOMMIOTbPHOTO MOZe/InpaHe, C NOMOLTa
Ha paspaboTeHaTa nporpama. HanpaBeHo e 3agbnb04YeHO M3c/ienBaHe Ha paspAga npwu
Pa3/INYHKN YCNOBMA M Hall BeYe NPU Ha/IMuMe HA 3HAYUTENIHM 3arybun Ha CTPaHUYHUTE CTEHM,
T.e. CbC CbLLECTBEHA CTOMHOCT Ha OTHOLWEHMETO Ha MEXAYENEKTPOAHOTO Pa3CTOsHUE WU
Anametbpa (HanpeyeH pasmep). MosyyeHUTe pesynTaTu ca aHaAM3UPaHUM U 0BACHEHU B
nb/iHOTa. Te NPeacTaBAT NoBeAeHME Ha pPaspAna, KOETO AOKOJKOTO MU € U3BECTHO, He e
uscnenBaHoO gocera U moxce 0a npedcmaesnsasa UHMepec 3d WUPOK Kpb2 aydumopus,
C8bP3aAHA C KANAyUMUBHU pa3psadU NPuU HUCKO HansA2AHeE.

B rnaBa 4 e npeacTaBeHa paspaboTeHaTa nporpama npegHasHayeHa 3a BUPTyanHU
E€KCMePUMEHTN 3a HyXKAMTe Ha obyvyeHMe OCbLLECTBABALLM CUMYAUMA HA TPEnTeHuA B
EIeKTPUYECKN BEPUTM C HENIMHEMHU eleMEeHTU, KaKTO WM PEe30HAHCHW AB/IEHUA B TAX.
MporpamaTta e 6asupaHa Ha Matlab, KoiTo nossonsBa KomnuaMpaHeto Ha Matlab kog B
CaMOCTOSTE/IHA M3MbJIHMMA NPOrpamMa, KakTo e HamnpaBeHO B aucepTauusaTa. Peannsmpanu
Ca HAKO/IKO 3aZayu, KouTo obydyaBawmte ce ga mM3nbaHAT. Kato usno paboTa usrnexaa
MHOro gobpe peannsmnpaHa n cbm ybeseH, ye e e nosesHa 3a obyyasalumTe ce.

Hali-obwo, npedcmaseHume OCHOBHU u3cnede8aHUA U pe3yamamu 8
ducepmayuama ca 0obpe 060CHOBAHU U peanusupaHu u c 204ama eeposmHocm ca
docmoeepHu. PazpabomeHume npoz2pamu 3a modenupaHe ca nodxodAwu 3a yeaume, 3a
Koumo ca npedHa3Ha4eHu.

MpuHocu

MpuHOCUTE B AucepTaumsata ca GopMyaMpaHn B 5 TOYKM M KaTO LANO CUYMTaAM, 4ye
CbOTBETCTBAT HA MNOCTUTHATOTO B AUCEPTaLUATA. JIN4HUAT NPUHOC Ha AUCEPTAHTA He €
M3UANO0 OYEeBMAEH OT MaTepuanute, HO Ha 6asaTta Ha npeacTaBeHUTe nybAMKauuu u
OMCepTauMA, CYMTaM Ye JIUYHUAM MPUHOC KbM paspabomkume u u3cnedsaHusama, 6
20/1AMa cmeneH CboMeemcmea Ha OYAK8AHUAMA U U3UCK8AHUAMA 34 MpucvXoaHe Ha
obpazosamenHama u HayyHa cmeneH ,,00Kmop*.

MNy6ankauum no guceptayuoHHUA Tpy4

N3cnepBaHuATa ca Nyb6AnMKyBaHM B 1 CTaTUA B MEXKAYHAPOAHO CAMCAHME C MMMNAKT
dakTop (Q2), 2 AokNaga Ha MexayHapoaHu KoHdepeHumMn ¢ SIR 1 2 goKknaga B 6GbArapcku
cbopHuun. Toea HambAHO y0oesnemeopsasa HAYUOHAAHUME U3UCKB8AHUSA 68 HanpassnaeHue
4.6 (Kakton B 4.1).

Odopmnenune

KaTo usano guceprauusaTa e TexHM4Yecku odopmeHa aobpe, Kato ca 3abenssaHu
MHOro ManbK Bpoi NPaBoOMNUCHU rpewkun. Mo oTHoweHue Ha odpopmaeHMeTo Ha purypute
CbLLO HAMAM CbLLECTBEHM 3abenexkKu.



Astopedepar
AsTopedepaTbT afeKBaTHO NpPeacTaBa U3cneaBaHUATA B ANCEPTALMATA MU OCHOBHUTE
NPUHOCHK.

3abenexkun
Ha ctpaHuua 1, 3aga4a 3 BCbLWHOCT € NPUHOC, a He 3a4ava.

Bbnpocu

1. Ha ctpaHuua 5 (rope) e npeactaseHa ¢opmynata 3a BeposTHOCTTa Ha yaap. Mpwu
KaKBWM [AOMYCKAHUA M KaK e noJsiydyeHa TA? Te3n AONyCKaHMA OTPa3ABaT /M Ce MO HAKAKbLB
Ha4YMH Ha cBbp3BaHeTo Ha PIC 1 MCC moaynuTe n Hall Beye Ha CTbMKaTa BbB BpemeTo, npes
KOATO Te ce peayBaT?

2. Mpun gusaiiHa Ha nporpamata 3a PIC/MCC mopena, cnegBaHa NM e HAKaKBa
cTpaTerMa 3a MaKCMMasHO Obp3 AO0CTbM HA AaHHMTE OT MamMeTTa Kbm Mpouecopa U
epeKTMBHO M3NON3BAHE Ha Kell NaMeTTa Ha npouecopa, T.e. noseye cache hits?

3. KakBa e ¢opmaTa Ha cynep yactmumte B PIC mogena n no KOHKPETHO KaKBO e
pa3npegeneHneTo Ha TEXHUA 3apAas B MPOCTPaHCTBOTO. Kak ToBa ce 0Tpa3AaBa Ha cxemuTe 3a
npuTernaHe Ha 3apAaga KbM Bb3/IMTE HAa MperKaTa U CbOTBETHO Ha MOEeTO KbM NO3MLUUTE Ha
yactuumre.

3aknoueHue

B 3akniouyeHue, npeacrtaBeHaTa AucepTaums e Aobpe noArotBeHa M CbAbPXKa
OpUTMHaNHM u3cnenBaHusA, Nyb6/MKYyBaHU B PEHOMUPAHU MEKAYHAPOAHWU CNUCAHUA W
6'bl'||'apCKVI n30aHUNA. I'Iopap,m TOBa, oyeHAeam [Mos0xHUMersnnHo npedcmaeeHuﬂm
ducepmayuoHeH mpyd ,KoMMIOTbPHO MOJAENMPaHe Ha KanauutueHu paspsan”. Mpu
ybeantenHo npeactaBaHe Ha paboTaTta Ha 3alMTa, C YBEPEHOCT Le NpeaioXKa Ha Hay4yHoTO
Kypu aa npucbam Ha Pocuua MNasnosa obpasoBaTesiHaTa M HayyHa CTeNeH ,AOKTOpP”.

29.03.2020r. PeueH3eHT:
/ pou,. a-p Cr. Kones/
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The dissertation contains 147 pages in total, divided into an introduction, a literature
overview and three chapters presenting the studies. 114 sources are cited and 94 figures and
3 tables are included. In general, the work combines computational methods to study the
physics of different processes, but most of all the behavior of high-frequency capacitive
discharge at low pressure.

Research relevance

Although capacitive discharges have been known for a long time and have been widely used
studied in depth by many research groups over the last 30-40 years, the studies in this
dissertation show that there are still certain configurations and regimes of these discharges
that have not been investigated and at the same time would be of interest for certain
applications. In this sense, the topic of research remains relevant and the work enriches the
knowledge about them.

Knowledge of the field

The 52-page literature review includes the most important information in the scientific
literature about the research included in the dissertation. Chapter 1.1 introduces the Particle
in cell (PIC) and Monte Carlo Collisions MCC methods for kinetic modeling of plasma.
Although their main features have been mentioned, this part could be extended. The PIC
method is described modestly and | think more details should have been provided. For
example, no details are given on what happens if the conditions mentioned on page 4 are
not met, what other modifications to the PIC method exist in the literature, and why the
classic version of the method was chosen, what is the equation which is actually solved by
the PIC method, why the PIC is preferable in spite of the simulation of the electrostatic
interactions of the particles with each other, what form of particle charge distribution in
space is considered by the chosen method (what is the particle shape) and respectively
mathematically how it affects the weighting schemes of the charge to the grid nodes and
respectively of the field values at the grid nodes to the positions of the particles. More
details on the above issues are not necessarily mandatory and do not constitute a critical



omission, but would make the work more complete, given the fact that the PIC method is a
substantial part of the thesis. With regard to the MCC method, it would be good to add what
approximation was imposed to express the probability of a collision on page 5. The rest of
the literature review is comprehensive enough and does not require an extension in my
opinion, which allows me to summarize that the literature review sufficiently represents the
considered research field, although there are some minor omissions, mainly related to the
PIC method.

Research methodology and reliability of the obtained results

The research in the dissertation combines computational methods and analysis of a complex
physical problem. Numerical models and simulations are an extremely valuable tool for the
analysis of such systems, whose experimental studies are a serious challenge and could
hardly provide such detailed information about plasma processes. The use of numerical
simulations for teaching purposes combined with good visualization, as done in the last
chapter of the thesis, is another useful application and enables students to carry out various
virtual experiments.

In Section 2.1, the MCC model for the study of the electron energy distribution function is
presented. A proper validation of the model is made by calculating cases for which there is
an analytical solution. Section 2.2 presents the developed PIC/MCC model, which was used
to obtain the results in Chapter 3. In section 2.3, the approach for converting the model to
parallel is presented. This is done on the basis of OpenMP, which in my opinion is the most
appropriate way for the PIC/MCC under consideration as it allows for fast conversion of the
code for shared memory computers. A study was also made on the effectiveness of the
parallel calculations code with respect to the serial and tests were performed on different
number of CPU cores. Unfortunately, no detailed information about the experimental
conditions is provided here, namely what model of Intel processor was used and whether
the processor was set to a fixed frequency. Most of the modern Intel processors have Turbo
boost frequency, i.e. when only one thread is used, they increase in frequency. For this
reason, if this is not done, the results in 2.3.3 are not precise and probably the performance
of the parallel code is better than the obtained. In addition, there is no analysis of the
reasons for the current code performance at different number of CPU cores. No information
was provided on the exact array size and the type of variables used in the arrays for storing
velocities and particle positions, which in turn is related to the extent to which data transfer
is between the RAM and the processor or mainly between CPU cores and the CPU cache.

Chapter 3 presents the results of computer modelling using the developed program. An in-
depth study of the discharge was made under different conditions and, in particular, in the
presence of significant losses on the side walls, i.e. with a significant value of the ratio of the
interelectrode distance to the diameter (transverse size). The results obtained are analyzed
and properly explained. They present a discharge behavior that, to my knowledge, has not



been studied so far and may be of interest to a wide audience, which work is related to low
pressure capacitive discharges.

Chapter 4 presents the developed program designed for virtual experiments for educational
purposes and allowing the simulation of oscillations in circuits with nonlinear elements, as
well as resonance phenomena in them. The program is based on Matlab, which allows the
compilation of Matlab code into a standalone executable program, as done in the thesis.
There are several tasks that trainees can complete. Overall the work seems very well done
and | am convinced it will be useful for the students.

In general, the major part of the presented research and results in the dissertation are well
grounded and implemented and are likely to be reliable. The modelling programs
developed are appropriate for the problems, considered in the dissertation.

Contributions

The contributions in the dissertation are formulated in 5 points and | generally consider
them to be appropriate and consistent with the achievement of the dissertation. The
personal contribution is not entirely obvious from the materials, but on the basis of the
publications and the dissertation presented, | believe that the personal contribution to the
research and development is largely in line with the expectations and requirements for a
doctoral degree.

Dissertation publications

The research was published in one article in an international journal with impact factor (IF
2.31, Q2), two papers at international conferences with SJR and two papers in Bulgarian
article collections. This fully meets the national requirements for professional specialty 4.6
(as well as for 4.1).

Layout
In general, the dissertation is well-prepared, with very few spelling errors being noticed. As
for the layout of the figures, | also have no any significant remarks.

Summary
The summary represents appropriately the research in the dissertation and the main
contributions.

Remarks
On page 1, task 3 is actually a contribution, not a task.



Questions

1. The formula for the probability of collision is given on page 5. Under what assumptions
and how is it obtained? Do these assumptions in any way affect the interconnection of PIC
and MCC modules, and in particular the time step according to which they alternate?

2. When designing the program for the PIC/MCC model, was there any strategy to maximize
the speed of access of the data from the memory to the processor and for efficient use of
the processor cache, i.e. more cache hits?

3. What is the shape of the super particles in the PIC model and in particular what is the
distribution of their charge in space. How does this affect the weighting schemes of the
charge to the grid nodes and of the field to the particle positions?

Conclusion

In conclusion, the dissertation presented is well prepared and contains original research
published in renowned journals. Therefore, I give positive evaluation of the presented
dissertation entitled “Computer Modelling of Capacitive Discharges”. If the work is
presented and defended convincingly at the public defense, | will definitely propose to the
scientific jury to award Rositsa Pavlova the educational and scientific degree "Doctor".

29.03.2020 . Report author:
Sofia /assoc. prof. Dr. Stanimir Kolev/



