





Bbuorpaguja np Mapuje Ilyau

Ip Mapuja I[lyau (pohena Caruh) je pohena 10.06.1985. rogune y [lapahuny.

Enexrporexuuuku ¢akynrer — monyn Dusnuka enekTpoHHKa, cMep HaHoenekTpoHHKa,
OIITOCJICKTPOHHKA U JTacepcka TexHuka ynucaina je 2004. ronune Ha YHuUBep3uTeTy y beorpany
U 3aBpuwiia ca mnpocedHoM oueHom 8,89. Jurmommupana je 28.10.2008. rogune ca TemMoM
»AHaM3a WHTEIPUCAHUX TalacoBOJa CIEHU(PUUHE TEOMETpHje ca INYIUBHM je3rpoM ca

orieHoM 10 mox menTopcTBOM Mipodd. ap [lerpa Marasyipa.

Mactep akageMcKe CTyndje ymnucaia je Ha EnekrporexHudkoM (akyiarery YHUBEp3UTETA Y
Bbeorpany Ha cmepy HaHoenekTpoHHKa, ONITOSIEKTPOHUKA U JJaCePCKa TEXHUKA M 3aBPIIIHAIIA UX
2009. rogune ca mpoceunoM ouenoMm 10. Mactep pan Ha temy ,,MouTte Kapno cumynamuja
npo6oja y racoBuma‘“ onopanuna je 22.12.2009. rogunHe no MEHTOpCTBOM Mpod. ap 3opaHa

Jb. IlerpoBuha.

Jokropcke crynuje Ha EnexkrporexHumukoM ¢akyntery YHuBep3urera y beorpamy — cmep
Hanoenekrponuka u ¢oronuka ymnucana je 2009. romune. JIOKTOpCKY IuCepTanujy IO
Ha3uBOM ,MozenoBambe mnpoboja y racoBuma Monte Kapno texnumkom™ onOpanuna je

10.07.2019. na EnextpoTtexnuukom dakynrety y beorpany.

Mapuja Ilyau je y pagnom oguocy ox 30.10.2008. ronune y UnctutyTy 3a pusuky y beorpany
y JlaGopaTopuju 3a HEpaBHOTEKHE MPOIECce M MPUMEHY ITIa3Me MOJI MEHTOPCTBOM Tpod. ap

3opana Jb. IlerpoBuha u pykoBoactom ap I'opaane Manosuh.

V 3Bame HayuyHH capaJHuK u3abpana je 20.12.2019. ronune. Y nepuoay oxn 14.07.2020. no

13.07.2021. ronuHe je 6una Ha MOPOAUIHCKOM OJICYCTBY.

Koaytop je TpuHaecT HayuyHUX pajioBa 00jaBJbEHHUX y Mel)yHApOIHUM Yacomucuma Kao u Beher

Opoja pajoBa Ha HAyYHUM KOH(EpeHIMjaMa, YKIby4uyjyhy BUIlle YBOJHHX MpE/IaBamba.



IIperJsien nayune akrusHocTH Ap Mapuje Ilyau

Kangunatkuma Mapuja Ilyau ce 0aBu (U3MKOM jJOHHM30BAaHMX TracoBa W IUIa3MH Yy
JIaGopaTopuju 3a HEpPaBHOTEKHE IIPOLIECE U NPUMEHY IIa3Me o pyKoBoAcTBOM ap ['opaane

Manosuh y Uncturyty 3a pusuky y beorpany. tben pan ce moxe rpynucaTi y ABe LEJIHHE.

OCHOBHO HCTPaKUBAKE j&¢ HYMEPUIKOT THIIA i OJJHOCH CE€ Ha MOJICIIOBambE MPO00ja y TacoBHMa
Monte Kapno texnukom. I[Ipo6oj y pammodpexBenuujckum (P®D) enexkTpudyHuM mosbuma
npeacraBba (OKyC HCTpaKuMBamba M NMOMOhy Mozena KaHIUIATKUEa je y MOTIIYHOCTH
objacHmina pu3muky no3aauny PO npoboja. M3aBojeHn cy (PU3UYKHU MPOIECH OJTOBOPHH 3a
dbopmupame PO mnazmu. McnuTan je BUXOB CTBAPHU YTUIIA] HA OOJHK U MOJI0KAj HAITOHCKE
npo6ojue kpuBe y U-p paBuu. Kapakrepuctuuna ocoouna P® npobojHux KpuBHU rae jeJHOM
po0OOJHOM MPUTHUCKY OJIFOBapajy ABa MpoOOjHA HATIOHA yOUeHA je U ofjanrmeHa mopehanum
ryouImMa Ha TOBpIIMHAMa TOKOM OCIIMJIOBama O0Jiaka eJekTpoHa m3Mmel)y nBe HamajaHe

CIICKTPOAC.

OOnMK HarOHCKE MPOOOjHE KPUBE UCIIMTUBAH j€ U Y CIIy4ajy racoBa ca M3paKeHUM IPOIIECOM
3axBara eJCKTPOHA, Kao jOIll je/laH MexaHu3aM ryoutka enekrpona. Kpo3 ananmsy dyHkimje
pacrojiesieé eHepruje eIeKkTpoHa 00jalllkeHO je€ 3allTO je YTHIA) 3aXBaTa €JIEKTPOHA jacHO

YOUJbUB y IECHOj TPaHU HAIlOHCKE MPOOOjHE KPUBE Y KUCEOHHKY, JIOK Yy JIEBOj HE UTpa BEITUKY

yJIoTy.

Ananmuza je najbe ypaheHa 3a paznmuuurte (PpekBeHIHje, pacTojamba u3Mel)y HamajaHux
eJIeKTpoJIa, Kao u racoBe. Mojen P® npoboja je yrnoTnymeH MOAEIIOM MOBPIITMHA €JIEKTPO/Ia,
ca CBUM TMPOIleCMMa Ha lbUXOBHUM MOBPIIMHAMA, U YKIbYYHBAKHEM TEIIKUX YeCcTUIa U (OTOHA.
Kao konauna npumeHna uzpaleHor Mojiena, aHaTu3upaHe Cy CMEIle TacoBa: CHHTETHUKH Ba3ayX

u atMocdepa Mapca.

JIpyru 1e0 HMCTpaKMBarma KaHIUIATKUILE je YKJbYUeH y mpojekT ,,Atmospheric pressure
plasmas operating in wide frequency range — a new tool for production of biologically relevant
reactive species for applications in biomedicine - APPerTAIn-BIOM* nporpam HUneje ®onna
3a Hayky (2022 — 2024). YV ToKy Tpajara MpOojeKTa, ali U HaKOH Ihera, 00JIaCT HCTPaKUBarba
KaHJIMJATKUbE j€ MPOIIMPEH Ha ojpehuBame Mojena eKBUBAJIEHTHOT €JIEKTPUYHOT KoJja 3a

JTHUETIeKTPUYHO OapHjepHO NMPaKIHEHE Ha aTMOC(EPCKOM MPUTHUCKY.



MopenoBameM H3MEPEHUX TATACHUX O0JIMKA CTPYje U HallOHA y MPUCYCTBY TIa3Me U 0e3 me,
OPUIMKOM  JIMEJIEKTPHUYHOT  OapHjepHOr Mpaxmema Ha aTMOCc()epcKoM  IMPHUTHUCKY,
KaHIUJIATKUba je OJpeusia €KBUBAJCHTHO ENEKTPUYHO KOJO KOje OINHUCYje EIeKTPUYHE
KapaKTepUCTUKE eKcriepuMeHTa. Ha OCHOBY KoJia ce MOYKE OJPEAUTH PEXKHUM pajia PaKmbCHha
Ny ¥ yTHIaj MeTe (MaTepHjaiga) KOju ce TpeTUupa Iia3MoM. AHaIU30M KoJla U MpeaTe cHare
MOXKE C€ OJPEIUTH KOje KapaKTEepPHCTUKE TUIa3Me, Kao M Tpajame TPeTMaHa, Cy Hajoosbe 3a

KOHKpETHE CTy4ajeBe.

WcTtpaxkuBauku paj U HAy4HH pe3yJITaTu Koje je 10 cajna octBapuia ap Mapuja Ilyau mory ce

rpynucaTru y cneﬂehe TEME:

e PaszBujame mozena P® mpoboja u oarosapajyhe pauyHapcke cumysainuje Koja
OIUCYj€ CBE pelieBaHTHE (PU3HUYKE MpoLece,

e Onpehuame npupoae PO npobdoja; nznpajame PUINIKUX MPOIeca OJrOBOPHUX
3a mpo00j M KBaHTH(HKOBakE HUXOBOI yThlaja Ha onpehene nemose PD
HaIOHCKE MPOO0jHE KPHBE,

e 3akoH ckanupama PO nmpobojHIX HATIOHCKUX KPUBHUX,

e Kgpantudukamnuja yruiaja MaTepujana o Kor cy uspalheHne enekrpone Ha 00JIHK
P® npobojHe HanOHCKE KpUBE,

e VYTHIaj 3axBaTra eleKkTpoHa y racy Ha P® HamoHCKy mpoOOjHY KpHUBY, Kao
MoCJIeTUIIe IPUPOJIE MOJIEKYJIa KOPUITNEeHOT Taca,

e VYTHIaja TEMKUX YECTHIA, OJHOCHO €MHCHje CEKYHIapHUX eJIEKTpoHa ca
MOBPIIMHA EJIEKTPOAA YCIea ynapa TEIIKHX YeCTHIa, Ha (OpMHpame IPyror
MuHMMYyMa Ha P® HanoHckoj mpo60jHO] KPUBH,

e Bepudukanuja pa3BujeHOr Mojiena HETOBOM MPUMEHOM Ha CMEIe racoBa Kao
LITO Cy CHHTETHYKH Ba3ayX U atMochepa Mapca,

e Amnamm3a Meroaa 3a ojapehuBame Op3uHa ApudTa M3 U3MEPEHHX MPOOOJHUX
HAIOHCKUX KPUBHX.

e MozenoBame €KBUBAICHTHOT EJICKTPUYHOT KOJIa 32 JUENEKTPUIHO OapHjepHO

MPpaKkbLCHE Ha aTMOC(I)epCKOM IIPUTUCKY.



EnemenTn 3a KBAJIUTATUBHY OUCHY HAYYHOI' 1O0IMPHUHOCA

1. KBasiureTr Hay4YHHX pe3yJiTaTa

1.1 3nauaj navunux pesyimama

Haj3snauajuuju pang np Mapuje [lyad je:

Marija Puac, Antonije Dordevic and Zoran Lj Petrovic: Monte Carlo simulation of RF
breakdown in oxygen - the role of attachment - The European Physical Journal D (2020), Vol.
74, 72

M23, DOI: https://doi.org/10.1140/epjd/e2020-100526-1, IF(2020) = 1.425

VY HaBeneHOM pajay KaHIMIATKUba je UCIUTHUBANA YTHIIA] 3aXBaTa €JIEKTPOHA Ha MPOOOjHH
HaToH Pagro(PEKBEHIINJCKOT MPaXmbekha y KUCEOHUKY npu (pexBeHumju ox 13,56 MHz.
Kopuctuna je xon 6asupan Ha Monte Kapno TexHuuu Koju je MoAM(pHUKOBAIA TaKo Ja
yKJbyUyje TpOIEC 3axBaTa €NEeKTPOHA, Kao jedaH O] MeXaHuh3ama TyOuTKa eJEeKTPOHa.
AnanmusupaHa je mpoOOjHAa HANOHCKa KpHBa, Koja je mopeheHa ca JOCTYIHHM
EKCTIEPUMEHTAITHUM PE3YJITATOM.

Jla 6u ce onpenuo yTHIA] 3axBaTa €JIEKTpPOHA HA MPOOOJHM HAMOH aHAIM3UPAHU CY U
BPEMEHCKHU Pa3JIo’KeHe MPOCTOPHE pacroiesie KOHLIEHTpaIje U Cpellibe CHEPTUje eIeKTPOoHa,
€TaCTUYHUX CyJlapa, JOHW3allMje W 3aXBaTa eJEKTPOHa. Y OUEHO j€ Jla 3aXBaT eJIEeKTPOHA MMa
3HayajaH yTUIa] Ha BUILIUM IPUTUCLUMA, IECHO] IPaHu IpoOOjHE KPUBE, IITO BOAM NoBehamy
MpoOOJHOT HAIOHA.

Jla 6u onpeauna pasnor Beher yTHiiaja 3axBara e€JIeKTpOHA Ha JECHY IpaHy poOojHE KpUBE,
KaHJIUJIAaTKUba j€ TTocMaTpaia (yHKIH]e pacnojielsie €Hepruje eJIEKTpOHa y TaukaMa mpoboja
nyx kpuse. Umajyhu Ha yMy J1a je MaKCUMYM TIpeceka 3a MpoIlec 3aXBaTa eJIEKTPOHA y Cyaapy
JIBE UECTHUIIE Ha €Hepruju o oko 6,6 eV, u mocmarpajyhu dyHKIMje pacmojene eHepruje
€JIIEKTPOHA, MOKE C€ 3aKJbYYUTH Jla Ha BehrM MpUTHCIKMMA TOCTOjU 3HAYajHU]E MpEeKIaname
TOT MaKCUMyMa Ca CpPellbOM €HEPTHjOM EIEKTPOHCKOT 00JaKa, caMUM THM U IPOIIeC 3axBaTa
€JIEKTPOHa je yuecTanuju Ha BehuM nputucurMa (meroB ytuiaj je sehu). LLto ce Tuue npoueca
JIMCOIIMjaTUBHOT 3aXBaTa €JEKTPOHA, HEroB YTHIA] jeé MaJlu Ha MPOOOjHU HAIOH AYXK Lieje
po0ojHE KpUBE jep MpeceKa MMa MaKCUMYM Ha HHCKUM €Heprujama.

VY momeHyTOM paay MpecTaB/beHO je U mopeheme mpoOojHUX KPUBUX KMCEOHWKA U apTroHa,

Kao JIBa Mpe/ICTaBHUKA raca ca U3paKeHUM MpoIlecuMa 3axBaTa eJIeKTpoHa U 0e3 BuX (aproH).


https://doi.org/10.1140/epjd/e2020-100526-1

1.2 llapamempu keanumema yaconuca

Kangunarkumwa ap Mapuja [lyad je oGjaBmiia ykymHo 2 pajna y Mel)yHapoJHUM 4acomucuMa u
TO:
e | pax y mehynapomnom yacomucy usy3eTHux BpeaHocta (M21) Plasma Sources
Science and Technology (IF=3,3 SNIP=1,373),
e | pax y ucrakayrom mehynapoanom gaconucy (M23) The European Physical Journal
D (IF=1,425 SNIP=0,64),
VYxymnan uMmnakt ¢pakrop objaBibeHuX panosa ap Mapuje [lyau je 4,725.

JlogatHu OUOIMOMETPUJCKM TOKa3aTeJbl MpeMa YIMYTCTBY O HAYMHY IHCamka M3BEIITaja O

n300pHrMa y 3Bama Koje je yCBOjuo MaTH4HU Hay4HHU 0700p 3a GU3UKY CY:

Nod M SNIP
YKynHo 4,725 11 2,013
YcpenmeHo 1o jiaHKy 2,3625 55 1,0065
YcpenmeHo 1mo ayropy 1,135 2,6 0,4879




1.3 [Todayu o yumupanocmu HAVYHUX paooed KAHOUOAMKUILE

[Tpema 6a3u Google Scholar Citations pagosu ap Mapuje Ilyad cy uutupanu 213 myra. [Ipema
0BOj 0a3u XupIIOB HHACKC KaHauaaTkube je 7 a 110 unmekc je 7. Ipema 6a3u Web of Science
panoBu ap Mapuje Ilyau cy mutupanu 148 myr. Ilpema oBoj 6a3u XwupIIOB HHIEKC

KaHJIUJATKUE je 7.

2. Hopmupame Opoja KoayTOpCKHX pajoBa

[Ipema [IpaBuiHuKY O CTHIAkY UCTPAXKUBAUKUX U HAYYHUXU 3Bamba, paaosu Ap Mapuje [1yau

Cce MPU3HAjy ca MMyHUM OpojeM MOeHa.

bpoj koayropa Ha pamy u3 kareropuje M23 je 3. Pax ce 6aBuM HyMEpUYKHM padyHAPCKUM
cUMyJalpjama Irjie ce ca MyHOM TeKHHOM Mpu3Haje Opoj koayTtopa 1o 5. Pax u3 kareropuje
M21 (5 xoayTopa) ce 0aBH €KCIIEPUMEHTAIHUM MEPEHUMa U MOJICIOBAKBEM, TI€ CE IyH Opoj
MMOCHA MPUXBaTa JI0 7 KoayTopa. YKynaH HopMupaH 0poj 60710Ba je HeMpoOMeHheH U 3HOoCcH 19,5

IITO je BUIIIE OJ1 3aXTeBaHUX 16 00/10Ba 3a pen300p y 3Bamke HAYIHOT CapaHHKa.

3. Yuemhe na npojexruma MITHTP

Jp Mapuja Ilyau je yuecTBoBana Ha cienehuM npojekTMMa MUHUCTapCTBa IPOCBETE, HAYKE U

TEXHOJIOIIKOT pa3Boja:

2008-2010: ,,®u3nuke OCHOBE MPUMEHE HEPABHOTEKHUX TIA3MHU Y HAHOTEXHOJIOTHjaMa
U TpeTMaHuMa Matepujana“ (141025),

2010-2019: ,®dyHgaMeHTalHM TMpPOLECHM M TPUMEHE TpaHClIopTa 4YecTHla Y
HEPaBHOTEKHUM TTa3MaMa, TparoBuMa U HaHocTpykTypama“ OH171037,

2010-2019: ,IlpuMeHe HHCKOTEMIIEPAaTypHUX IIa3MH Yy OHOMEIWIIUHH, 3aIlTHTH
YOBEKOBE OKOJIMHE U HaHoTexHonorujama (MUN41011).

2021-2024: ,,Atmospheric pressure plasmas operating in wide frequency range — a new
tool for production of biologically relevant reactive species for applications in biomedicine -
APPerTAIn-BIOM* mporpam Uaeje ®ona 3a Hayky.

2021-2023: ,Kapaktepuszanuja paauoppeKBEHTHOI TacHOT MpaXmema Koje ce
IpUMeYje 32 TpeTMaHe MOBPIIMHA® — MpojeKaT OmnarepanHe capaime usmelhy PemyOmnuke

Cpb6uje u Penrybnmuke Mahapcke.



4. AKTHBHOCTH Y HAYYHHMM U HAYYHO-CTPYYHUM JAPYIITBHMA

4.1. Peyensuje HayuHux padosa

JIp Mapwuja Ilyau je Owmma peneHseHt pama y dacomucy Plasma Sources Science and
Technologies.

4.2. [Ipeodasaroa no nozugy Ha mehyHapooHum Kongepenuujama

Ip Mapuja Ilyad je ogprkana 2 npeaaBama 1o Mo3UBY:

Progress report na mehynapoanom ckymy 31th Summer School and International Symposium
on the Physics of lonized Gases (SPIG 2022) 5-9 centem6ap 2022, beorpan, Cpowuja.

ITpenaBame no mo3uBy Ha MehyHapoarom ckymy XXV Europhysics Conference on the Atomic
and Molecular Physics of lonized Gases (ESCAMPIG XXVI), 9-13 jyn 2024, BpHo, Yerxka.



5. YTHIaj HAyYHHMX pe3yJTaTra

YTunaj HaydHHX pe3yaTara ce orjena y Opojy 1uTaTa KOju Cy HaBeACHH Yy Tadku 1.3. oBor

oJleJbKa, a 3Ha4aj pe3yJiTaTa je OMUCcaH y Tauku 1.

6. KoHkperaH J0NpHHOC KAHAWIATAa y peajM3aldjd PaaoBa y HAYYHUM LEHTpUMA Y
3eM/bH H HHOCTPAHCTBY

Kangunatkuma je HayduHy akTMBHOCT peann3oBana y MHctutyty 3a ¢usuky y beorpany, y
JIaGopaTopuju 3a HEpaBHOTEXKHE IIpolece M MNpPHMEHY IIIa3Me, a y capaimbu ca
EnextporexuuukuMm ¢axyiarerom YHuBep3utetra y beorpagy u CprckoM akaznewjoM HayKa U

YMCETHOCTH.

bapwuiia ce MoJieToBameM eIIEKTPUIHOT ITPo00ja y TacoBUMa, ca MoceOHNM (OKYCcOM Ha Ipoooj
y TPUCYCTBY paguo(pEeKBEHIN]CKOT EIEKTPHYHOT TM0Jba. Y OBOj 00JacTu pajna je mmaia
KJbYYHY yJory y cBuUM (a3ama wucTpakuBama — Oj jAcpuHHCAma TeME W pa3Mmarparmba
KPUTHYHKX Mpo0OJieMa, pa3Boja u npuiiarohaBama Mojela U JIeTajba HyMEPUYKUX CUMYJIaluja,
oOpajsie W aHanuM3e pe3yiTarta, IO MHCamka pPajoBa W KOMYHHKAIMje ca ypeIHUIMMA W

PEUC3CHTUMA YacoIirca.

TokoM ucTpaxuBama JUEIEKTPUIHUX OapHjepHUX NMPaXKbEekha Ha aTMOC(PEPCKOM MPUTHUCKY, Y
ckiomny npojekta APPerTAIN-BIOM mnporpam UJIEJE ®onna 3a Hayky Penyomuke Cpouje,
CaMOCTAJIHO j€ BOAMJIA U YCIIEIIHO peaju30Baja paj Ha TEMHU MOJEIOBamba €KBUBAJIEHTHOT
eJIEKTPUYHOT KOJIa IpaXmbema. Y cBUM (azama MpHIpeMe, Nucama U 00jaBbUBamba pajosa,

Ouia je OArTOBOpHA 3a OBaj I€0 UCTPAKUBAbA.

Tokom cBor pana, 1p Mapuja [lyau je pa3Buiia cBe exeMeHTe noTpedHe 1a joj omoryhe
caMoCTajlaH Hay4HH paJl y AaJbuM (azama pajia U Ty je IoKa3aja 3aBHJIaH HUBO

CaMOCTAITHOCTH U CITIOCOOHOCTH 32 HAYYHH paJl.



EJieMeHTH 32 KBAHTUTATHBHY OLleHY HAY4YHOT JonpuHoca aAp Mapuje Ilyau

OcTBapenu M-0010BM 110 KaTeropujamMa nmyoJuKanmja

Kareropuja M-6on0Ba no Bpoj Yxkynno M HopMmupanu
nmyO0JuKaANMju nyoJaukanmja 0ox0Ba opoj M 0omoBa

M21 8 1 8 8

M23 3 1 3 3

M31 3.5 1 3.5 3.5

M32 1.5 1 1.5 1.5

M34 0.5 ) 2.5 2.5

IMopeheme ocTBapenor 6poja M-6010Ba ca MUMHMMAJIHUM YCJIOBHMA MOTPEOHUM 32

n300p y 3Bambe HAYYHOT CapaJHHUKA

OctBapeno OcTBapeHno
(HOpMHpaHO™)
YkynHo 16 195 19.5
M10+M20+M31+M32+M33+M41+M42 | 10 19.5 19.5
M11+M12+M21+M22+M23 6 11 11

* Hopmupame 6poja 60/10Ba u3BpIIEHO je y ckiaay ca [Ipunorom 1 [paBuiiHKKa O MOCTyMAKE U
HAYMHY BpPEAHOBamka U KBAHTUTATUBHOM HCKA3MBambhy HAYUYHO-UCTPAKUBAUKUX PE3yJITaTa
UCTpaKHBaya.



Cmucak nyoaukamnuja ap Mapuje (Casuh) Ilyau ox u3dopa 'y
3Bamb-€ HAYYHH CApPaJHHUK

Pan y mehynapoanum yaconucuma (M21):

1. Nikola Skoro, Kinga Kutasi, Marija Puaé&, Zoran Lj Petrovi¢, Nevena Pua¢: Effect of
target material on electrical properties of a two-electrode dielectric barrier helium plasma jet —
Plasma Sources Sciences and Technology (2024), 33 045015

DOI 10.1088/1361-6595/ad3d83

Pan y mehynapogunm yaconucuma (M23):

1. Marija Puac, Antonije Dordevic and Zoran Lj Petrovic: Monte Carlo simulation of RF
breakdown in oxygen - the role of attachment - The European Physical Journal D (2020), Vol.
74, pp. 72

DOI: https://doi.org/10.1140/epjd/e2020-100526-1

IIpenaBame no nmo3uBy ca MehyHapoaHor ckyna mrammnano y uzsoay (M31):

1. Marija Pua¢ and Zoran Lj Petrovi¢: Nature of radio-frequency breakdown in argon viewed
through electron energy distribution functions modeled by Monte Carlo technique — XXVI
Europhysics Conference on the Atomic and Molecular Physics of lonized Gases (ESCAMPIG
XXVI), Brno, Czech Republic, July 9-13, 2024. pp. 12-15.

IIpenaBame mo no3uBy ca MehyHapoaHOr cKyna mramMnano y ussoay (M32):

1. Marija Pua¢, Zoran Lj Petrovi¢: Modeling of radio-frequency breakdown by Monte Carlo
technique — 31 Summer School and International Symposium on the Physics of lonized
Gases (SPIG 2022), Publ. Astron.Obs. Belgrade, 5-9 September, 2022. Serbia, pp.168

ISSN 0373-3742

Caonmreme ca Mel)yHapoaHor ckyna mramMnano y uesaunan (M33):

1. Jelena Marjanovi¢, Dragana Mari¢, Marija Puaé, Antonije Dordevi¢, Zoran Lj Petrovic:
RF breakdown in argon at low-pressures: Experiment and modelling — 32" Summer School
and International Symposium on the Physics of lonized Gases (SPIG 2024), Publ.
Astron.Obs. Belgrade No. 103, August 26-30, 2024, Belgrade Serbia, pp.138-141

ISSN 0373-3742



Caonmreme ca me)ynapoasnor ckyna mrammnaso y ussoay (M34):

1. Marija Puaé, Nikola Skoro, Kinga Kutasi, Nevena Puag: The equivalent electrical circuit
for describing the dielectric barrier discharge plasma jet - 10th International Conference on
Plasma Medicine & 9th International Workshop on Plasma for Cancer Treatment
(ICPM&IWPCT), 8-13 September 2024, Portoroz, Slovenia, Thu-P-16, pp 186

2. M. Puac, N. Skoro, K. Kutasi, N. Puac: Equivalent electrical circuit modeling of He
dielectric barrier discharge plasma jet — Plasma Thin Film International Union Meeting
(PLATHINIUM), 11-15 September 2023. Antibes, France. PLATH00195

3. A. Derzsi, B. Horvath, K. Kutasi, K. Spasi¢, M. Puaé, N. Pua¢ and N. Skoro: Properties of
low-pressure rf discharges suitable for treatment of absorbants — XXI1V Symposium on
Application of Plasma Processes and XI1I EU-Japan Symposium on Plasma Processing, 27
Jan — 1 Feb, 2023, Strbske Pleso, Slovakia
https://neon.dpp.fmph.uniba.sk/sapp/download/SAPP_XXIV_JSPP_XIIl_Book_of Contribut
ed_Papers.pdf

4. D. Mari¢, M. Pua¢, A. Bordevi¢, J. Marjanovi¢, G. Malovi¢, Z. Lj. Petrovi¢;

Breakdown in rf and dc fields;

73" Annual Gaseous Electronics Virtual Conference (GEC);

October, 5-9. 2020, San Diego, USA, UR2.00005, Bulletin of the American Physical Society
(2020)

https://meetings.aps.org/Meeting/ GEC20/Session/UR2.5

5. Zoran Lj Petrovi¢, Marija Puaé, Antonije Dordevi¢: Modeling of RF breakdown in
different atmospheres — 72nd Annual Gaseous Electronics Conference, American Physical
Society, College Station, Texas, USA, October 28 — November 1, 2019, DT3.00004,
http://meetings.aps.org/Meeting/GEC19/Session/DT3.4



Cnucak nyoaukamnuja ap Mapuje (Cauh) Ilyau
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31st Summer School and
International Symposium on the
Physics of Ionized Gases

Dr. Marija Pua¢

Belgrade, April 7", 2022
Dear Dr. Puac,
On behalf of the Scientific and Organizing Committees, it is our pleasure to invite you to
attend the 31% Summer School and International Symposium on the Physics of lonized Gases
(SPIG 2022) and present a Progress report.
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MODELING OF RADIO-FREQUENCY BREAKDOWN BY MONTE
CARLO TECHNIQUE
MARIJA PUAC! and ZORAN LJ. PETROVIC?

YInstitute of Physics, University of Balgrade, Pregrevica 118 Belgrade
E-mail smarija@ipb.ac.rs

2Serbian Academy Of Science And Arts, Knez Mihailova 35, Belgrade

Abstract. Plasmas ignited by radio-frequency (RF) electric fields are widely used in many
applications. Accordingly, scientific research is ranges, from experimental setups through
mathematical models, relevant data and applications. Defining information for any
application of RF plasmas are its breakdown voltage and related gas pressure. Monte Carlo
proved to be a reliable technique for modeling voltage breakdown curves of RF plasmas.
Recent research explained double valued nature of RF breakdown voltage curves and
scaling law of those curves (Savi¢ et al 2011), gave an insight of the physical nature of the
RF breakdown (Puac et al 2018) and the role of attachment in presence of oxygen (Puac et
al 2020). In this paper we review our findings on the underlying physics of RF breakdown
and we present a versatile numerical tool for simulation that has no inherent limitations.

Figure 1: Spatial profiles of electron concentration, energy, and rates of elastic
scattering and ionization. Background gas is helium, pressure and voltage are
1.13Torr and 330V, gap between electrodes is 23mm and frequency is 13.56MHz.
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SPIG 2022 PROGRAMME
Belgrade, Serbia, September 05 — 09, 2022

All indicated times are given in the Central European Summer Time (CEST) zone.

Monday 5" September 2022
SPIG 2022 (day 1)
XiBiGP Workshop
09:00-09:30 | Registration
Hall B: Opening and Introduction
09:30-09:40 | Ajeksandar Milosavljevi¢ and Christophe Nicolas (SOLEIL)
European Synchrotron and FEL User Organisation: Current Challenges and Prospects
09:40-10:00 | (COST Actions)
Bratislav Marinkovié¢, Institute of Physics Belgrade, Serbia [Regular]
Session 1, Hall B, Chair: Aleksandar Milosavljevi¢
Ultrafast dynamics of photo-excited molecules at FERMI Free Electron Laser
10:00-10:20 | michele di Fraia, Elettra-Sincrotrone Trieste, Italy [Virtual]
UV-induced processes in DNA
10:20-10:40 | | ara Martinez-Fernandez, Universidad Auténoma de Madrid, Spain [Virtual]
The ‘LEGO bricks’ of life: a gas-phase study of dipeptides
10:40-11:00 | | aura Carlini, CNR-ISM, Italy [Virtual]
Photofragmentation of the radiation therapy enhancers: can we make better ones?
11:00-11:20 | Marta Berholts, Tartu University, Estonia [Virtual]
11:20-12:00 | Coffee break
Session 2, Hall B, Chair: Sergio Diaz-Tendero
Plasmon-induced chemical reactions on noble metal nanoparticles studied by synchrotron
12:00-12:30 | XPS and surface-enhanced Raman scattering
Ilko Bald, University of Potsdam, Germany [Virtual]
Valence band structure of isolated biomolecule-functionalized gold nanoparticles
12:30-12:50 | Jelena Pajovié¢, Faculty of Physics, University of Belgrade, Serbia [Regular]
Determination of the Adenine-Thymine binding energy
12:50-13:10 | Sebastian Hartweg, Synchrotron SOLEIL, France [Virtual]
In the search of peptide prebiotic building blocks: Studying the fragmentation of
13:10-13:30 photoionized'Diketopipera.zines' ) ) )
) ) Dario Barreiro-Lage, Universidad Auténoma de Madrid, Spain [Regular]
13:30-15:30 | Lunch break
Session 3, Hall B, Chair: Lucas Schwob
VUV and soft X-ray interactions with trapped biomolecular ions
15:30-16:00 | Thomas Schlathélter, University of Groningen, Netherlands [TBC]
Covalent bond formation within clusters: a pathway for the synthesis of complex molecules
16:00-16:20 | inthe interstellar medium
Yoni Toker, Bar Ilan University, Israel [Regular]
To be announced
16:20-16:40 | Kaja Schubert, DESY, Germany [Virtual]
X-ray absorption spectroscopy and mass spectrometry of protonated ATP molecule
16:40-17:00 | Aleksandar Milosavljevic, Synchrotron SOLEIL, France [Regular]
17:00-17:30 | Coffee break
Session 4, Hall B, Chair: Christophe Nicolas
An overview on the recent liquid-jet PES developments
17:30-18:00 | Bernd Winter, Fritz Haber Institute of the Max Planck Society, Germany [Virtual]
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Surface propensity of small organic biomolecules in vapour-water interface by XPS
18:00-18:20 | Alexandra Mocellin, Institute of Physics, Brasil [Virtual]
Electronic structure and solvation effects from core and valence photoelectron
18:20-18:40 | spectroscopy of serum albumin
Jean Philippe Renault, University Paris Saclay, France [Virtual]
First (e,e) coincidence measurements at PLEIADES beamline on solvated benzoate in
18:40-19:00 | Water using a new magnetic bottle time-of-flight spectrometer
Jerome Palaudoux , Sorbonne Université, France [Virtual]
19:30-22:00 | Welcome cocktail (Gallery of Science and Technology, SASA)
All indicated times are given in the Central European Summer Time (CEST) zone.
Tuesday 6th September 2022
SPIG 2022 (day 2)
PL — Plenary lecture: 35+10 min | TL — Topical lecture: 25+5 min | PR — Progress Report: 15+5 min
08:45-09:00 | Opening, Chairs: V. Sreckovié, D. 1li¢, B. Obradovié, J. Cveti¢
Plenary Session 1, Hall A, Chair: V. Sreckovi¢ & D. lli¢
09:00-09:45 | Sven Thorwirth (Germany), Action-spectroscopic studies of transient carbon-rich
molecular ions [Regular]
09:45-10:30 | Sergio Diaz-Tendero (Spain), Ultrafast dynamics of ionized molecules and molecular
clusters in the gas phase [Regular]
10:30-11:00 | Break & Chat Room
Plenary Session 2, Hall A, Chair: B. Obradovi¢
11:00-11:45 | Ryo Ono (Japan), Measurement and simulation of atmospheric-pressure streamer
discharge [Virtual]
11:45-14:30 | Break
Hall A - Parallel Session: Hall B - Parallel Session
Chair: N. Simonovi¢ Chair: D. Borka
14:30-15:00 | Stojan Madzunkov (USA), Utillization | Jiri Limpouch (Czech Republic), High-power
of Electric Dipole Fields in protection laser interactions with low density porous
from GCR and SEPs [Regular] materials and their applications [Virtual]
15:00-15:30 | Gregory Boyle (Australia), Minna Patanen (Finland), Electron-ion
Thermalisation time of electron swarms | coincidence experiments with electron and
in Noble gases for uniform electric fields | photon ionization [Virtual]
[Virtual]
15:30-16:00 | Mikhail Pinchuk (Russia), Control of Violeta N. Nikolic (Serbia), Spectroscopic
guided streamer propagation and investigation of the influence of NO3- anions
interaction with substrate in helium on the crystallization of the SiO2 matrix
atmospheric pressure plasma jet [15:30-15:50] [Regular]
[Regular]
16:00-16:30 | Aranka Derzsi (Hungary), Surface Dejan Doji¢ (Serbia), Measurements of
processes in low-pressure capacitively continuous optical spectrum during
coupled plasmas [Regular] nanosecond laser pulse [15:50-16:10] [Regular]
Milivoje HadzZijojié (Serbia), Study of two
dimensional crystals by rainbow scattering
effect [16:10-16:30] [Regular]
16:30-17:00 | Break & Chat Room
Hall A - Parallel Session Hall B - Parallel Session
Chair: S. Tosi¢ Chair: M. Trtica
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17:00-17:30 | Vasco Guerra (Portugal), Coupled Nikola Staréevi¢ (Serbia), lon-crystal
kinetics in CO2-N2 plasmas [Regular] rainbow interaction potential in channeling
[17:00-17:20] [Regular]
17:30-18:00 | Teodora Velcheva Kirova (Latvia), Jovan V. Ciganovic (Serbia), Action of pulsed
Numerical investigations of the impact of | lasers on titanium target: surface effects
the magnetic field of radiation on amino | [17:20-17:40] [Regular]
acids [Regular]
18:00-18:30 | Lucas Schwob (Germany), X-ray action | Dusan Popovié (Serbia), Picosecond
spectroscopy of gas-phase biomolecular | pulsed laser ablation of silicon single
ions [Virtual] crystal
[17:40-18:00] [Virtual]
18:30-20:00 | Poster session (1)  Poster presentation — Hall A (Chair: D. Borka)

All indicated times are given in the Central European Summer Time (CEST) zone.

Wednesday 7th September
SPIG 2022 (day 3)

PL — Plenary lecture: 35+10 min ’ TL - Topical lecture: 25+5 min

PR — Progress Report: 15+5 min

Plenary Session 3, Hall A, Chair: D. Mari¢

application of iterative kinetic model for
diagnostics of abnormal glow discharges
in noble gases [Regular]

09:00-09:45 | Darryl Jones (Australia), Electron spectroscopies for probing electronic structure and
collision dynamics [Virtual]

09:45-10:30 | James Sullivan (Australia), Experiments with positrons - from fundamental to applied
science [Virtual]

10:30-11:00 | Break & Chat Room
Hall A - Parallel Session Hall B - Parallel Session
Chair: G. Poparié Chair: V. Sreckovié

11:00-11:30 | Nicolina Pop (Romania), Dissociative Stéphane Béchu (France), Investigation of the
recombination and excitation of ro-vibrational levels of H2/D2 molecules by
molecular cations by VUV-absorption spectroscopy for the
electron-impact in cold plasmas: production of H-/D- negative ions for fusion
Application to H 2+, BeH+ and their application [Virtual]
isotopomers
[Regular]

11:30-12:00 | SaSa Dujko (Serbia), Electron transport, | Joel Rosato (France), Line shape modeling for
transient plasmas and high-energy magnetic fusion and astrophysical plasmas: an
phenomena in planetary atmospheres overview of recent result [Virtual]
[Regular]

12:00-12:20 | Milan Ignjatovic (Serbia), The N. N. Bezuglov (Russia), Analysis of adiabatic
influence of corona discharge on the processes in multilevel n-pod quantum systems
lightning surge propagation along the from the perspective of riemannian geometry
transmission lines [Regular] [Virtual]

12:30-14:30 | Break /SPIG Committee meeting at 13h
Hall A - Parallel Session Hall A - Parallel Session
Chair: V. Milosavljevi¢ Chair: L. C. Popovi¢

14:30-15:00 | Djordje Spasojevi¢ (Serbia), On the Teresa Belmonte Sainz-Ezquerra (Spain),

What can plasma spectroscopy do for
astronomers? Measuring atomic parameters of
astrophysical importance [Virtual]
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15:00-15:20 |Danilo Delibasic (Serbia), Relative
importance of the electron continuum
intermediate state in single-electron
capture into any state of fast protons
from helium-like atomic systems.
[Regular]

Antonios Antoniou (Greece), Describing

the Mathematical Methods for Calculating

Basic Physical Parameters of the Gaussian-
Rotational (Gr) Model [Virtual]

15:20-15:40 | Leo Sala (Czech Republic), Interaction
of ionizing radiation with DNA
nanostructures [Regular]

Thomas Salomon (Germany), Recent
Progress on Action Spectroscopy of loosely
bound Hydrogen-Helium complexes [Regular]

All indicated times are given in the Central European Summer Time (CEST) zone.

Thursday 8th September 2022
SPIG 2022 (day 4)

PL - Plenary lecture: 35+10 min ‘ TL — Topical lecture: 25+5 min | PR — Progress Report: 15+5 min

Plenary Session 4, Hall A, Chair: M. Trtica

09:00-09:45 | Jorn Bonse (Germany), Laser-induced periodic surface stuctures, mechanisms,
applications, and unsolved problems [Virtual]

Activities and Data [Virtual]

09:45-10:30 | Marie-Lise Dubernet (France), Towards a Global Network for Laboratory Astrophysics

10:30-11:00 | Break & Chat Room

Plenary Session 3, Hall A, Chair: V. Guerra

[Virtual]

11:00-11:45 | Lawrence Overzet (USA), Measurements of RF plasma re-ignition: RF-1V and PROES

11:45-14:00 | Break

Hall A - Parallel Session
Chair: M. Skori¢

Hall B - Parallel Session
Chair: J. Cvetié

14:00-14:30 | Nathan Garland (Australia), When
fusion plasmas get cool: A need for
more atomic physics in classical
fusion models [TBC]

Pavel Dvorak (Czech Republic), Higher
harmonic frequencies of discharge voltage and
current in capacitively coupled discharges
[Regular]

14:30-15:00 | Mohammed Koubiti (France),
Application of machine-learning to
spectroscopic line emission by
hydrogen isotopes in fusion devices
for isotopic determination and
prediction [Virtual]

Milica Vasiljevi¢ (Serbia), Determination of the
electric field strength in glow discharges using
argon spectral lines. [Regular]

14:30-14:50

15:00-15:40 | Break & Chat Room

Hall A - Parallel Session
Chair: V. Milosavljevié

Hall B - Parallel Session
Chair: D. lli¢

15:40-16:00 | Amit Kumar (Serbia), Design,
development and characterization of
atmospheric plasma system for
wastewater treatment [Regular]

Viktor Radovic (Serbia), Development of a
time-domain pipeline for detecting binary
supermassive black holes in the upcoming
Legacy Survey of Space and Time (LSST)
[Virtual]
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16:00-16:20 | Nenad Selakovié¢ (Serbia), Mass Milena Jovanovic (Serbia),
spectrometry of plasma jet and Matter distribution in nearby galaxies [Virtual]
application of electrical discharges
operating at atmospheric pressure in
biomedicine [Regular]

16:20-17:00 | Break & Chat Room
Hall A - Parallel Session Hall B - Parallel Session
Chair: 1. Savi¢ Chair: I. Mancev

17:00-17:20 | Marija Pua¢ (Sebia), Modeling of Smita Omkarnath Ganguly (Sweden),

CET radio frequency breakdown by Monte | Fragmentation of core-ionized adamantane
Carlo technique [Regular] molecule [Regular]

17:20-17:40 | Madhusree Roy Chowdhury Dale Muccignat (Australia), Simulating

CET (France), VUV Photoionization and the feasibility of using liquid micro-jets for
Fragmentation of cyano-PAHs determining electron-liquid scattering cross-
[Regular] sections [Virtual]

17:40-20:00 | Poster session (2) - Virtual poster presentations - Hall A (Chair: N. Cvetanovic)
[*Optional: 3min presentation per poster]

20:30 - Conference dinner and Closing

Friday 9th September 2022

SPIG 2022 (day 5)

10:00-17:00 | Excursions (optional, info at registration desk)

17:00 Departure

LIST OF POSTERS

No Session Title Authors
Total cross section measurements for Natalia Tanska, Kuba Wéjcik, Sylwia
1 1.1. electron scattering on methyl formate Dylnicka, Elzbieta Ptasinska-Denga,
(HCOOCHS;) molecule: methylation effect | Czestaw Szmytkowski and Pawetl Mozejko
9 11 Dissociation of N, by electron impact in V. Stankovi¢, M. Risti¢, R. Rankovi¢, M.
- RF electric field Aoneas, M. Vojnovi¢ and G. B. Popari¢
Rate coefficients for O;" dissociation to M. M. Vojnovi¢, M. M. Risti¢ and D. S.
3 1.1. + + f -,
O™ and O," by electron impact Beli¢
Photoelectron energy spectra in sequential
4 1.1. two-photon ionization of hydrogen by N. S. Simonovi¢, D. B. Popovi¢, A. Bunjac
gaussian and half-gaussian laser pulses
5 12 Single-electron capture from He by fast Nenad Milojevi¢, Danilo Delibasi¢ Ivan
- alpha particles Mangev
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Reduced mobility of H+ ions in n-butanol

6. 1.3 gas Zeljka Nikitovié and Zoran Raspopovié
— [ 1 Violeta V. Stankovi¢, Mirjana M. Vojnovié,
7. 1.3. !Exgltat_lon of 'z “z.ind I, state_s ar_1d Miroslav M. Risti¢, Sava M.D. Galija$ and
ionization of CO, in DC electric field .,
Goran B. Popari¢
8 13 Formation and propagation of streamers J. Ati¢, D. Bosnjakovi¢, I. Simonovi¢, Z.Lj.
’ ~ in CF;l-SFg gas mixtures Petrovi¢ and S. Dujko
Electron transport coefficients in CO: S. Dujko, D. Bo3njakovi¢, M. Vass, .
9. 1.3. Scanning drift tube measurements and Korolov, P. Hartmann, N. Pinhao, D.
kinetic computations Loffhagen and Z. Donko
Third-order transport coefficients for I. Simonovi¢, D. Bodnjakovi¢, Z.Lj. Petrovié¢
10. | 1.3. - ;
electrons in CsFg and S. Dujko
11 21 The time-symmetric description of S. M. D. Galijas, V. M. Milosavljevi¢ and G.
' o electron exchange in ion-ion collision B. Poparié¢
Analytical expression for stopping force
12 21 acting on a slow charged particle moving | Ana Kalini¢, Ivan Radovi¢, Lazar Karbunar,
' o parallel to a thick graphene-sapphire- Vito Despoja and Zoran L. MiSkovié¢
graphene structure
Bohmian dynamics of positrons £ i g g
13. | 2.1. channeled through a chiral carbon I\NA'VCkOSI.C,’ M. Hadzijoji¢, and N.
nanotube eskovic
14 |21 Study of graphene by rainbow scattering M. HadZijoji¢ and M. Cosi¢
effect
The influence of the ion-target parameters
15 21 on the size of the surface nanohillocks N. N. Nedeljkovi¢, M. D. Majki¢, M. A.
' - created by an impact of highly charged Mirkovié¢, I. Stabrawa, D. Banas
ions
Effect of the ionic type on the shape of the - qo
16. | 2.1. nanostructures created by an impact of M'. D. M,ajklc‘ N. N. Nedeljkovi¢ M. A.
. . Mirkovié,
slow highly charged ions on gold surface
Influence of carbon ions of different
17. | 2.2. multlpllut_y on regimes of_p_romlsmg laser V.K.Goncharov, G.A.Gusakov, M.V.Puzyrev
technologies for the deposition of
diamond-like carbon nanocoatings
Elemental analysis of austenitic steel by -, . -
18. | 2.3. calibration-free laser-induced breakdown |. Trapari¢, M. Jovanovi¢, M. Kuzmanovi¢,

spectroscopy (CF-LIBS)

M. Ivkovié¢
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ODS+Hf and AISI 316L steel surface
variations at high laser intensity, 1013

M. Trtica, J. Stasic, X. Chen and J.

19123 W/cm?, in air and vacuum: comparative Limpouch
study
Silicon spalling destruction and ablation A.N. Chumakov, V.V. Luchkouski and 1.S.
20. | 23. O - : L :
in air under bichromatic laser radiation Nikonchuk
21 |23 Features of silicon ablation in air under A.N. Chumakov, V.V. Lychkovsky, I.S.
' e the influence of Nd:YAG laser harmonics | Nikonchuk
N.A. Bosak, A.N. Chumakov, L.V. Baran,
22 |23 Investigation of properties of yttrium V.V. Malyutina-Bronskaya, T.F. Raichonok,
' e vanadate YVO, films A.A. Ivanov, V.V. Kiris, E.M. Dyatlova, A.A.
Shevchenok, A.V. Buka, A.S. Kuzmitskaya
Treatment of steel 16MnCr5 and steel Nora Trklja Boca, Zarko Z. Migkovi¢,
23. | 2.3. 42CrMo4 by plasma flow generated in Radivoje M. Mitrovi¢, Bratislav M.
magnetoplasma compressor Obradovi¢, Milorad M. Kuraica
Combining plasma-assisted synthesis of Natalie Tarasenka, Vladislav Kornev, Alena
24. | 2.3. metal oxide nanoparticles with thin films | Nevar, Mikhail Nedel’ko, Anton Radomtsev
deposition and Nikolai Tarasenko
Perspective on the use of nanoparticles to 5
improve the tea CO2 based LIBS S. Zivkovi¢, J. Petrovi¢, M. Momgilovi¢, M.
25. | 2.3. analytical performances: copper Radenkovi¢, N. Krstulovi¢, J. Car, D. Palasti,
nanoparticles for NELIBS analysis of F. Casian Plaza and G. Galbacs
polypropylene
Analytical prediction and numerical
analysis of plasma mediated ablation of H. Delibasi¢, Markovi¢, V. Petrovi¢ and I.
26. | 2.3. N . .
skin tissue samples with nanosecond-to- Petrovié¢
femtosecond laser pulses
Pulsed laser assisted fabrication of Co- . .
27. |1 23. doped ZnO nanocrystalline layers on a Natalie Tarasenka, Vladlsl_av K_ornev,
Svetlana Pashayan, and Nikolai Tarasenko
glass substrate
The gas temperature diagnostics by means
of AlO (B2X+-X2X+) molecular band . ., . . .
28. | 3.1 system from the upgraded atmospheric Jovica Jovovi¢, Gordana Lj. Majstorovi¢
pressure pulsed discharge source in argon
29, |31 High-resolution spectroscopy of 0. Asvany, S. Thorwirth, P. C. Schmid, T.

astrophysically relevant molecular ions

Salomon, and S. Schlemmer
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EuROPHYSICS CONFERENCE ON THE ATOMIC AND IMOLECULAR PHYSICS
OF lONIZED GASES

SINCE 1973

INTERNATIONAL SCIENTIFIC COMMITTEE

C. D. Pintassilgo, Portugal, Chair F. Kréma, Czech Republic
R. Brandenburg, Germany T. Minea, France
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Institute of Physics
University of Belgrade
Pregrevica 118, 11080 Belgrade, Serbia
10* October 2023

Dear Dr. Marija Puac

On behalf of the International Scientific Committee of the Europhysics Conference on the
Atomic and Molecular Physics of lonized Gases (ESCAMPIG), it is my great pleasure to invite
you to give a topical invited lecture on the next ESCAMPIG, which will be held in Brno, Czech
Republic, from 9" to 13* July 2024.

The indicative title proposed by the Committee for your talk is

“Radio-frequency discharges - Monte Carlo breakdown fundamentals and simulation of
electrical circuits of rf discharges”

The time devoted to a topical talk is 30 minutes, including questions and discussion.

We should be greatly honoured if you would accept our invitation. We are convinced that your
presence at the Conference will contribute to the success of ESCAMPIG 2024.

Please let us know as soon as possible if you are able to accept this invitation.

Yours sincerely,

Carlos Daniel Pintassilgo
Chair of the International Scientific Committee of the ESCAMPIG

Prof. Carlos D Pintassilgo cdp@fe.up.pt

Faculdade de Engenharia da Universidade do Porto Instituto de Plasmas e Fusdo Nuclear
Departamento de Engenharia Fisica Instituto Superior Técnico

R Dr Roberto Frias, Av. Rovisco Pais

4200-465 Porto 1049-001 Lisboa

Portugal Portugal
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About ESCAMPIG Conference

The history of the ESCAMPIG conference dates back to 1973, when the first ESCAMPIG
conference was held in Versailles. Since 1974, the ESCAMPIG conference has been held
every two years, with the exception of 2020, when the event was postponed for two years
due to the pandemic. The community of conference participants increased since the first
conference and settled at a stable value of around 200 participants, leading experts
worldwide focusing on atomic and molecular processes in ionized gases, basic and applied
plasma research, diagnostic methods, plasma-surface interactions, plasma sources, and
technologies. During half a century of ESCAMPIG history, this conference has been
organized in many countries of Western and Eastern Europe. In 2024, ESCAMPIG will be held
in the Czech Republic for the first time in history.

Dear Participants,

On behalf of the Local Organization Committee and the Realization/Support team, | would
like to extend our heartfelt thanks for your participation in ESCAMPIG 2024!

The friendly and enthusiastic atmosphere that, | believe, we all experienced during the
conference is a testament to the vitality of the ESCAMPIG community. The significant
number of young researchers attending is also a very promising sign for the future of the
field. Let's hope we will have plenty of opportunities to meet and exchange ideas at events
to come. It was our great pleasure to host you at ESCAMPIG 2024!

Zdenek Bonaventura, Chairman of LOC
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Conference Workshops
Workshop 1

Predictive and practical simulations of plasma systems and plasma processes

Chairman: Adam Obrusnik (MUNI, PlasmaSolve, Czech Republic)

This topical workshop explores the evolution of plasma modeling and simulation over the past 10-20
years, highlighting both success stories and challenges. It features four renowned speakers from the
field of low- temperature plasma, each with distinct primary expertise: calculating fundamental data
for models, engineering plasma chemistry, modeling of industrial low-pressure systems, and
elucidating new plasma mechanisms. The workshop will commence with each expert sharing their
insights and experiences regarding plasma process simulation and their future outlook on the topic.
This will be followed by a panel discussion, during which the audience, facilitated by the moderator, is
encouraged to pose questions related to the workshop's theme. The workshop will be moderated by
Adam Obrushnik who is a researcher dedicated to the development of plasma models for various
applications, such as material deposition and plasma catalysis but also an entrepreneur who operates
a company providing simulation solutions to diverse industries utilizing plasma.

SPEAKERS
Anna Nelson (United Kingom), Vasco Guerra (Portugal), Marcus Becker (Germany), Mark J.

Kushner (USA)
Workshop 2

Advancements in non-equilibrium plasma laser diagnostics

Chairman: Gabi Daniel Stancu (CentraleSupélec, France)

Non-equilibrium plasmas are complex reactive environments driven by multiphysics interactions
that are employed or studied to meet numerous societal goals. Given the high intricacy of these
systems, laser diagnostics remain essential to the advancement of plasma knowledge and
engineering. Their exceptional features enable probing with high sensitivity, selectivity, spatial and
temporal resolutions crucial plasma parameters such as nonequilibrium temperatures, densities of
key reactive species, velocity and flux distributions and fields. The workshop will expose recent
progresses achieved in advanced laser diagnostics for the investigation of non-equilibrium plasmas.
Fundamental properties of non-equilibrium plasmas are tackled here by resonant or non-resonant,
single or multiphoton and multi-wave techniques, including cavities and ultrashort lasers with
wavelengths from ultraviolet to the THz spectroscopic domain. Principles, challenges, examples of
studies of non-equilibrium plasmas and perspectives will be addressed.

SPEAKERS
Jean-Pierre van Helden (Germany) - Atomic oxygen measurements with THz absorption
spectroscopy, ps- TALIF, and CRDS: A comparison
Alexandros Gerakis (Luxembourg) -Non-resonant four wave mixing diagnostics for the
determination of nonequilibrium in plasmas
Pavel Dvorak (Czech Repubilic) - LIF studies of hybrid dissociation in electric discharges
Arthur Dogariu (USA) - Non-equilibrium thermometry in gases and plasmas using hybrid CARS
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Social program
EXCURSIONS SOCIALEVENTS

H th
Friday July 12, 2024 WELCOME RECEPTION/PARTY
Tuesday July oth, 2024

SPILBERK CASTLE
The welcome reception will take place at the

Spilberk Castle has dominated Brno's skyline conference venue on Tuesday, July 9, from 6
since the mid-13th century. Historically, it p.m. The rgcepfuon will feature a performance
served not only as a symbol of safety and by the University Folk Song and Dance
protection but also, at times, inspired fear and Ensemble Polana Brno, along with their folk

represented oppression for the city's citizens. A dance school

sightseeing tour of the castle includes the
Casemates prison, historical fortifications, and a CONFERENCE DINNER
lookout tower. Thursday July 11th, 2024

BRNO UNDERGROUND The conference dinner will take place at the
Brewery House Poupé (Dominikanska 342,
Brno) on Thursday, July 11, 2024, at 8 p.m. A
buffet-style dinner offering a wide selection,
including non-alcoholic beverages, beer, and
wine, is planned. This dinner is included in the
conference fee.

Water tanks Zluty kopec: Mysterious
underground cathedrals from the years 1874,
1894, and 1917 Two brick and one concrete
water tank, unparalleled in Europe, whose visit
will take your breath away! This Brno "must-
see" is located under the unassuming grassy
area of a revitalized park on Zluty kopec and G_A RDENPARTY AND LABTOURS
offers an experience akin to that of another Friday July 12th, 2024 from 5 p.m.

world from a long-lost civilizations. Three

colossal underground tanks are a unique The garden party will be held on Friday, July 12,

architectural monument and a testament to from 6 p.m. at the Botanic Garden of Masaryk

exceptional technical industrial architecture in University (Kotlarska 2, Brno). A BBQ-style

its pristine form. dinner will be available, including soft drinks,
beer, and wine. Guests will have the

VILLATUGENDHAT opportunity to visit the greenhouses of the

Botanic Garden. Additionally, lab tours at the
Department of Plasma Physics and Technology

Villa Tugendhat, designed by the renowned will be possible prior to the Garden Party.

German architect Ludwig Mies van der Rohe,
was constructed in 1929-1930. It quickly

became an icon of modern architecture in ACCOMPANYING PERSONS
Europe, particularly noted for its revolutionary

approach to space and the use of industrial Optional programs for accompanying persons
building materials. The villa's history is as will be prepared and could additionally be
captivating as its cultural significance. In 2001, arranged with the LOC upon request.

Villa Tugendhat was inscribed on the UNESCO
World Heritage List, cementing its status as a
pivotal work of architecture.

escampig2024.physics.muni.cz



Detailed conference program Tuesday o', 2024

16:30 REGISTRATION
18:00 Welcome Party
21.30
Detailed conference program Wednesday 10", 2024
8:00 REGISTRATION
820 OPENING - Carlos Pintassilgo, Zdenek Bonaventura
Morning Session Chairman: Ronny Brandenburg
835 On the combination of common and non-
H. Kersten conventional probe diagnostics for process
plasmas
920 Nature of radiofrequency breakdown in argon
M. Puac viewed through electron energy distribution
functions modeled by the Monte Carlo
technique
950 E Sobezuk E.nhancin'g Low-Terhperature P.lasma
Diagnostics: Ultra-High Resolution
Spectroscopy with Signal Amplification
10:10 Space charge compensation of pulsed high-
O. Tarvainen current negative and positive hydrogen ion
beams
10:30 Coffee Break

Midday Session Chairman: Nikola Skoro

Plasma-Lliquid interactions: overview and
P. Bruggeman ,
perspectives

A. Stancampiano |Plasmain interaction with water droplets

Deep Learning for Low-Temperature Oxygen-
V. Guerra )
Based Plasmas Modelling

Formation of O and H radicals in an atmospheric-
E. Wagenaars . .
pressure nanosecond pulsed discharge in
helium with water vapour admixtures

Lunch

14:30 Poster Session 1
Coffee Break

17.00

A. Nelson, L . . .

Predictive and practical simulations of plasma
V. Guerra,
systems and plasma processes
M. Becker, . .
(Panel discussion)
M. Kushner
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Nature of radiofrequency breakdown in argon viewed through electron
energy distribution functions modeled by the Monte Carlo technique

Marija Pua¢! and Zoran Lj Petrovi¢??

1 Institute of Physics, University of Belgrade, 11080 Zemun, Serbia
2 Serbian Academy of Science and Arts, 11001 Belgarde, Serbia
3Department of Electrical Engineering Ulster University,

() smarija@ipb.ac.rs

This paper investigates radiofrequency breakdown in argon by analyzing the electron energy
distribution functions obtained from a Monte Carlo code. Energy gain is determined by the external
AC field and applied frequency of 13.56 MHz while losses are due to many collisions between
electrons and the background gas and electrons and infinite parallel electrodes. Two points on the
breakdown voltage curve with the same breakdown pressure of 0.2 Torr and different voltages of
94 V and 447 V highlighted the need of increasing the number of electron — background gas
collisions to maintain the discharge, which led to increase of pressure, hence the double valued
nature of rf breakdown voltage curve. On the other hand, presence of Ramseur minimum in the cross
section for elastic scattering is responsible for fast collapse of EEDF peak for some combinations of
breakdown voltage and breakdown pressure.

Radiofrequency (RF) breakdown has been analyzed in our recent papers [1], [2] as well as the role
of attachment process in oxygen gas on the breakdown curve as the loss mechanism in the gas volume
between two electrodes [3]. Now we have employed Monte Carlo code to investigate electron energy
distribution functions (EEDFs). Background gas is argon and the applied frequency is 13.56 MHz.
Electron dynamics is defined only by the external AC field and electron-gas molecule collisions. When
electron reaches one of the electrodes it is being deleted from the simulation.

In Fig. 1 we have presented EEDFs along the breakdown voltage curve. As expected, mean energies
are higher at high voltages (left-hand side of the curve). Electrons can also gain more energy from the
AC filed along their path uninterrupted with collisions, due to small pressures (background gas density).
At the same time, there is a difference between EEDF sampled at different times in one period of AC
field (lines in various colors in the same plot). When the AC field passes through zero, the EEDF has
its maximum peak value because electrons gain small amounts of energy from the field and the low
energy electrons are dominant. At the AC field maximum EEDF has the longest “tail”, electrons gain
more energy, as expected. Right-hand side of the breakdown voltage curve has almost uniform EEDF
over time period (from zero to 27). Electrons mean energy has small deviation from the mean value. It
is because the energy gain from the AC field gets “interrupted” by numerous collisions and EEDF
doesn’t change much over one period.

Double valued nature of RF breakdown voltage curve [1] can be analyzed by focusing on the energy
balance. Fig. 2 shows the differences between two breakdown points that have the same breakdown
pressure of 0.2 Torr and different voltages of 94 V and 447 V (plots A and D from Fig. 1). In Fig. 2a
there is comparison of mean energies. Minimum values of both energy plots are similar but maximum
energies and means are quite different. Mean value for point A is around 20 eV while for D point is
around 8 eV. We know that pressure is the same and it can be assumed that electrons experience the
same number of collisions with background gas in both points (assuming that the collision frequency is
not strongly dependent on the energy). Hence losses in the gas volume do not play a deciding role in
energy balances for those two points. It is very likely that the high voltage in the second (‘upper’) curve
is due to the high voltage that pushed electrons towards the electrode and thus increased the losses at
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same point allowed electron to gain enough energy to ionize before colliding with the electrode. That
allowed for achieving selfsustained conditions again for the same pressure.

The main difference is in energy that electron can obtain from the field between two collisions,
presented in Fig. 2b. At the higher voltage that energy is around 1.5 eV while at lower voltage that
energy drops almost 100 times. It means that electron needs to experience 100 times more elastic
collisions to acquire enough energy to perform ionization, compared to the electron at 447 V. As both
points are in region of low pressures and small number of collisions with the background gas, we can
conclude that higher voltage point has more efficient ionizations.

Fig. 1: Electron energy distribution functions (EEDFs) along breakdown voltage curve. Different lines at the
same plot represent EEDF sampled at different times (from zero to 2 =). Background gas is argon, frequency is
13.56 MHz and gap is 23 mm.

How the EEDFs are linked to the number of collisions can be seen in Fig. 3. In Fig. 3a EEDFs in the
volume of the gas over one half period of time for the already mentioned points A and D from Fig. 1
are presented. We can see that at higher voltage there is a narrow peak with long tail that indicates
presence of high energy electrons. At lower voltage peak is wider and tail is much shorter than at 447 V.
Both peaks are slightly delayed compared to the field minima at n/2 which is a consequence of the
inability of energy to relax at applied frequency of 13.56 MHz. Also, the difference in time necessary
for the peak to form and to diminish can be observed. To investigate this peak “cycle” we have presented
relaxation of 95% EEDF peak value over half period of time in Fig. 3b with applied AC filed in light
blue colored line. Value of 95% of the peak is chosen to avoid statistical fluctuations that the 100% of
the peak has. Fig. 3c shows number of elastic collisions. As can be seen in Figure 3b, there is a steep
slope that characterizes peak decline, which is more pronounced at the higher voltage. Decline in EEDF
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means that electrons obtain energy fast which is in a good agreement with the peak in number of elastic
collisions. Peak in the number of collisions (Fig. 3c) has to be a consequence of the peak in argon cross
section set. That leads to a conclusion that at point A after the EEDF peak, the majority of the electrons
have the energy that corresponds to the energy of the Ramseur minimum and at the same time they gain
energy fast.

Fig. 2: a) mean energies for point A and D from Fig. 1, b) Gain of energy transferred from AC field to the
electron between two collisions for points A and D (Fig. 1) with the same breakdown pressure of 0.2 Torr and
different voltages: 447 V and 94 V. Background gas is argon, frequency is 13.56 MHz and gap is 23 mm.

Fig. 3: a) EEDF over half period of time in 2D plots for points A and D (Fig. 1) with the same breakdown
pressure of 0.2 Torr and different voltages: 447 V and 94 V. b) Relaxation of the 95% EEDF peak value over one
half period for the same points as in Fig. 3a. Light blue line presenting applied AC filed. ¢) Number of elastic
collisions over one half of the period. All features do not present values but only how their shape is changing over
half period of time (all are normalized to have maximum at 1). Background gas is argon, frequency is 13.56 MHz
and gap is 23 mm.

The moment when discharge induced by the applied AC field ignites, as we know, is a balance of
electron production via ionization and losses at electrode surfaces by absorption. Behind rough counting
of electron number over time [1, 2] there is a neat energy balance that needs to be fulfilled. When voltage
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breakdown curve moves towards high voltages and low pressures, number of collisions with the
background gas decreases, breakdown voltage has a steep rise in its value and the amount of energy that
electron can get from the AC field between two collisions has a steep growth as well. Rapid increase in
electron energy is restricted by the point where electron crosses the gap between two electrodes too fast
with insufficient number of collisions to perform ionization and they are being absorbed by the
electrode, no matter how high their energy is. At that point, increase in number of collisions is required
to randomize electron movement and to increase probability for them to experience ionization before
they reach the electrode. Their portions of energy gained from the AC field between two collisions are
being reduced but still big enough to overcome ionization threshold before they are lost at the electrode.

Acknowledgments: This research was supported by the Science Fund of the Republic of Serbia,
7739780, APPerTAIn-BIOM project and MSTDI-451-03-68/2022-14/200024. Zoran Lj Petrovi¢ is
grateful to the SASA project F155.
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Abstract. Breakdown in oxygen, in external radio-frequency (RF) electric field is analyzed by employing
a Monte Carlo simulation (MCS). Results were obtained for 13.56 MHz and distance between electrodes of
15mm. Physical background of an oxygen RF breakdown is explained by observing time-resolved spatial
distributions of electron concentration, mean energy, elastic scattering rate, ionization rate and attachment.
The role of attachment is investigated in cases when these processes are included and when they are not.
Especially influence of the attachment is highlighted by comparing oxygen and argon breakdown-voltage
curves and spatial profiles. The electron losses induced by attachment extend the motion of the electron
prebreakdown swarm much closer to electrodes to achieve a greater production; hence, spatial profiles
at high values of the product pd where p is the pressure and d is the gap between electrodes, become
more similar to those at the minimum of the breakdown curve. The most striking difference between the
breakdown curves in argon and in oxygen is in the high increase of the breakdown voltage for high pd in

oxygen.

1 Introduction

Considering the applicability of radio-frequency (RF)
plasmas and their wide presence in industry, from inte-
grated circuit (nanoelectronics) processing [1,2] all the
way to the non-equilibrium (cold) plasma applications in
medicine and agriculture [3,4], one would expect an equiv-
alent interest in fundamental properties of RF breakdown
and discharges. The basic understanding of RF plasmas
that has been reached recently [5,6] is in principle relevant
when the so called alpha regime is considered. However
these studies start from a formed plasmas and consider the
final profile of the self-consistent electric field. Thus those
papers are not directly relevant for the breakdown which
occurs in pristine gas without space charge and without
preexisting excited species (that is the basic definition of
the gas background in swarm studies). Since the operating
voltage for formed plasmas may be quite different from the
breakdown condition and since the whole art of produc-
ing the non-equilibrium plasmas at atmospheric pressure

* Contribution to the Topical Issue “Low-Energy Positron
and Positronium Physics and Electron-Molecule Collisions and
Swarms (POSMOL 2019)”, edited by Michael Brunger, David
Cassidy, Sasa Dujko, Dragana Mari¢, Joan Marler, James
Sullivan, Juraj Fedor

* e-mail: smarija@ipb.ac.rs

depends very much on controlling the breakdown condi-
tion it is important that the understanding of RF plasma
operation is being matched by the studies of RF break-
down [7-10] that have been undertaken recently.

While the RF discharges have been studied for quite
some time by the likes of Tesla, Hittorf, Pupin and
others, the swarm limit that is relevant for the break-
down conditions has not been considered for some time,
although motivation existed in propagation of the electro-
magnetic waves through the ionosphere. In 1946 Holstein
published a research on electron energy distribution in
high-frequency gas discharge [11]. This study falls to the
category of swarm physics and is thus directly relevant
for breakdown but in itself is not a study of breakdown
conditions. Later, the basic research of high-frequency
breakdown was done by Margenau and Hartman and was
published in their four papers named “Theory of high-
frequency gas discharges”, including calculations of elec-
tron distribution functions, breakdown at low pressures
and similarity laws [12-15]. At the same time, von Engel
was investigating the starting potentials of high-frequency
gas discharges and he proposed a theory (though we could
use the term phenomenology in its literal meaning) of the
high-frequency breakdown that has not been significantly
changed almost to the present day [16,17]. The basic idea
in the proposed explanation by von Engel and cowork-
ers is that the condition for breakdown coincides with
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the condition that in one half period electrons may drift
from one electrode to the other and then drift back as the
field changes direction. One of the reasons for the absence
of RF breakdown research is probably the existence of
only a few experiments that could measure breakdown-
voltage curves with reasonable precision providing reliable
and well defined results that could be used in model-
ing. One of the experimental setups that has produced a
lot of results of breakdown-voltage curve measurements
in different gases in recent times, is the experiment of
Lisovskiy and coworkers [18]. In the analysis these authors
directly apply von Engel’s phenomenology and extract
even drift velocities under assumption of a sinusoidal time
dependence of the drift velocity with changing E/N (t).
Recently, two more elaborate experiments have been con-
structed by Korolov and colleagues [9,10] and Pordevié
et al. [19,20]. Hence, now there exists a better starting
point to build models of RF breakdown.

Basic physical description of RF breakdown has already
been provided in our previous papers [7,8] in case of argon
as a background gas. Also, the shape of the breakdown-
voltage curve with a double-valued region at low pressures
and similarity law were explained. While argon was easy
to analyze due to its simpler set of collisional processes,
in this paper we chose oxygen as a target. Motivation for
focusing on oxygen is that it is an important constituent
of the atmosphere that adds attachment (two and three-
body processes) as a new non-conservative channel for
electron losses. Attachment, on the other hand defines
breakdown (dielectric properties) and behavior of most
atmospheric discharges (both natural and man-made).

Oxygen has (similar to nitrogen, the other dominant
atmospheric gas) a number of rotational and vibrational
excitations in addition to electronic excitations. As a con-
sequence, losses of electron energy in gas are significant
[21] at all energies as compared to argon. From the break-
down point of view, the attachment represents electron
loss mechanism in the volume (in addition to the electron
losses by electrode absorption). In oxygen it all occurs also
in the background of higher energy losses but distribution
function has to adjust to the conditions when ionization
can overcome all the losses and thus breakdown has to
occur at considerably higher E/N as compared to argon.
In order to explain the role of the non-conservative elec-
tron losses on the breakdown in RF fields in the presence
of vibrational excitation energy losses we shall compare
the anatomy of the profiles of emission, energy and ion-
ization to those of argon.

2 Model and Monte Carlo simulation

Monte Carlo (MC) code that we have used has been
explained elsewhere [22,23]. In general, the code can keep
track of any kind of particles (electrons, ions, neutrals
metastables and photons) and at any time it registers fun-
damental characteristics of those particles, including their
location, components of velocity and energy. At the begin-
ning of simulation, electrons are initiated from the middle
of the gap between the two electrodes and they start to
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move according to the applied external electric field. Elec-
trons can experience collisions but, eventually, they hit
electrodes and get absorbed (or possibly reflected). While
colliding, electrons may produce new electrons through
ionization. At the same time, ions are produced as well.
At this point, any heavy particle (ions, metastables or neu-
trals) can be observed in the same manner as electrons.
On the other hand, production of secondary electrons at
electrodes (as consequence of heavy particles collisions
with electrodes) is not needed to sustain RF discharges
and breakdown due to electrons only is the basic mode
of breakdown. Hence, we shall for the moment neglect
the effect of heavy particles and also of photons. The fast
neutrals and ions that play a critical role in the DC break-
down are of importance in RF only for very special cir-
cumstances. For most of the pd range the breakdown is
purely determined by electrons only. Breakdown occurs in
principle in the pristine, unperturbed, gas and thus popu-
lations of vibrationally excited molecules and metastables
are negligible. On the other hand simulations for ions and
other energetic heavy particles are quite demanding as for
the computational time (due to order of magnitude differ-
ent time scales required) with very little effects and only
in a very narrow range of conditions. The role of heavy
particles in RF breakdown will be addressed separately.

Apart from processes that occur in the gas volume,
there are processes at surfaces of electrodes. Our code
can include two types of surface collisions of electrons:
reflections (elastic and inelastic, described by the reflec-
tion coefficient R), and the electron-induced secondary
electron emission. Production of electrons by other pro-
cesses may be quantified by gamma coefficients (yields)
that can be, in theory, decomposed into a sum of contribu-
tions by ions, metastables, fast neutrals and photons [24].
Presently, however, these surface effects are neglected.

The cross sections for electron scattering in oxygen
have been taken from Itikawa [21] with addition of
the three-body attachment cross section that was taken
from Phelps’ LxCat database [25]. Results obtained by
Itikawa’s cross sections are presented in [26,27] while
influence of the three-body attachment was analyzed in
[28]. The pressure for simulations has been taken as
1 Torr. The results should be independent of the pressure
(taking into account the frequency-pressure scaling),
although with the three-body scaling for attachment there
could be some pressure dependence and differences in pro-
files [28]. For the present conditions we could not find any
significant effects due to the three-body attachment when
pressure was varied from 1 Torr to 760 Torr.

3 Results and discussion

3.1 RF breakdown-voltage curve and time-resolved
spatial distributions

The procedure used to determine breakdown conditions
represented by the gas pressure and the correspond-
ing breakdown voltage is explained in [7,8]. By employ-
ing that method, we have obtained the breakdown-voltage
curve for oxygen presented in Figure la. The frequency


https://www.epjd.epj.org

Eur. Phys. J. D (2020) 74: 72

1500 T

Page 3 of 8

1000

a)| * MC simulation - electrons only b) [_e MC simulation - electrons only ]
1000 o Lisovskiy et al. [29]
a N )
a
a e *"(a) () high pressure point
o
S =g @ to 1 s |°
. s o 9 s
> O e d o o o
o L] oy >
@D_'.(c.) *  "|high pressure] .
0 - i 1004 *, -
By, oo point o o
1001 Pee% T gap 15mm 1 gap 23mm
Oxygen frequency 13.56MHz 50 Argon frequency 13.56MHz
01 1 10 01 1 10
p (Torr) p (Torr)

Fig. 1. Breakdown-voltage curves for RF breakdown at frequency of 13.56 MHz in different gases: (a) oxygen at electrode
distance of 15mm with available experimental data [29]; (b) argon at electrode distance of 23mm [8]. Only electrons are
included in MC simulation and there are no surface effects at electrodes, apart from absorption. Points in figure (a) marked
from (a) to (f) are used as conditions for sampling presented in Figure 2.

of the external electric field is 13.56 MHz and the dis-
tance between the electrodes is 15 mm. Only electrons are
included and their movement in gas and in the applied
RF electric filed is observed. As there are no surface
effects, electrons are removed from the simulation when
they reach an electrode. Regarding the three-body attach-
ment, it has been scaled with pressure (in Torr). As can
be seen in Figure la, the breakdown curve has its charac-
teristic “U” shape with a distinctive double-valued region
where two breakdown voltages correspond to one break-
down pressure. Nature of this double-valued area is dis-
cussed and explained (for argon) in our previous papers
[7.8].

In Figure 2 we present time-resolved spatial distribu-
tions of electron concentration, mean energy and rates of
elastic scattering, ionizations and attachment for condi-
tions marked with (a)—(f) in Figure la. Light blue lines
describe the applied electric field. Having a closer look at
the concentration of electrons, we can see that the swarm
of electrons nicely follows the applied electric field and
changes its direction of motion when the field changes
its sign (passes through zero). Also, if we observe the
changes from point (a) to point (f), electrons are being
slowly pushed away from the electrodes, causing a smaller
and smaller area of the electron cloud profile to overlap
with the electrodes (the overlap represents losses at elec-
trodes). This change leads to a decrease in electron losses
by electrode absorption, which is manifested as a decrease
in the breakdown voltage in the curve in Figure la. As
expected, rates of elastic scattering and ionization follow
the profiles of the mean energy. By comparing the ion-
ization and concentration, we can see that an increase in
concentration is a direct consequence of the maximum in
the number of ionizations. The rate of attachment that
includes both two- and three-body processes has a small
interruption when the applied field is zero, while the ion-
ization is perturbed much more.

By looking at Figures la and 2 it is easy to understand
the shape of the RF breakdown-voltage curve in oxygen.
If we move from the minimum of the curve, as an optimal
breakdown condition, to lower pressures, there is a sharp

increase in voltage. This increase exists due to a bigger
and bigger overlap of the electron cloud with the elec-
trodes, leading to larger and larger electron losses. Moving
towards higher pressures from the minimum point, there is
also an increase of breakdown voltage, but this increase is
less dependent on the losses at electrodes and more on the
losses in the gas volume due to the electron attachment.

3.2 Comparison of RF breakdown in argon and oxygen

A good way to understand how the attachment affects the
oxygen RF breakdown is to compare these results to those
obtained in argon [8]. To do so, we will first look at the
breakdown-voltage curves for these two gases, presented
in Figures la and 1b. Both curves are calculated for the
applied frequency of 13.56 MHz. Despite the different dis-
tances between the two electrodes, 23 mm for argon and
15 mm for oxygen (chosen to be in accordance with some
of the available experiments), they are close enough and
conclusions could be drawn. The curves for both gases
have a similar shape and distinctive minimums, but there
is a considerable difference in the pd value and the break-
down voltage corresponding to the minimum. Oxygen dis-
charge demands higher breakdown voltages and pressures
to be maintained due to more electron excitation and
vibrational collisions, requiring a higher E/N for electrons
to reach the same mean energy. Of course, the presence
of the attachment will push the breakdown towards even
higher voltages to compensate for the resulting electron
losses. The other difference is in the slope of the right-hand
branch. From argon analysis [8] we know that at high pres-
sures electrons are concentrated in the middle of the gap
and losses at electrodes are very small. It is expected that
the attachment, as a loss mechanism (together with the
vibrational excitation as an energy loss), can be responsi-
ble for a sharp increase in breakdown voltages and the
slope of the curve as a function of pd in the case of
oxygen. We will verify this further by examining various
time-resolved spatial profiles of the properties of the elec-
tron swarm (Figs. 3-5) and later on by analyzing electron
energy distribution functions (Fig. 6).
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Fig. 2. Time-resolved spatial profiles of electron concentration, mean energy, elastic scattering, ionization and attachment rates
for conditions marked in Figure 1. Light blue solid line represents applied field and light blue dotted line is the negative version
of field profile to indicate direction of force on electrons. X-axis of plots are periods of time from 0 to 7, while y-axis are
distances between electrodes from 0 to d = 15 mm. Background gas is oxygen, frequency of external electric field is 13.56 MHz
and gap is 15 mm. Sampling time of all plots is the same so that qualitative and quantitative conclusions can be made.

Fig. 3. Comparison of spatial profiles of electron concentration, mean energy and rates of elastic scattering and ionizations for
two points that are minima of the breakdown-voltage curves (Fig. 1). Argon minimum: V = 91V and p = 0.27 Torr; oxygen:
V =160V and p = 0.89 Torr. X-axis of plots are periods of time from 0 to 7, while y-axis are distances between electrodes
from 0 to d = 15 mm. In both cases sampling time is the same, so that quantitative comparison can be made.
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In Figures 3 and 4 a comparison is presented of time-
resolved spatial profiles for argon and oxygen at distinc-
tive points of the breakdown-voltage curves, labeled in
Figure 1 as “minimum” and “high pressure point”. If we
observe plots for conditions in minimums in Figure 3,
they have similar modulations. In both cases the swarm
of electrons is migrating from one electrode to the other
one according to the applied field and only brushes the
electrodes. Yet for oxygen, due to a higher pressure and
higher losses, the growth towards the electrodes is more
pronounced and the density peak is much sharper. Plots
of the mean energy and elastic collision rate follow this,
as explained earlier. The main difference is in the ioniza-
tion plots. Significantly larger numbers of ionizations are
required for the discharge to be maintained in the case of
oxygen due to the attachment. At the same time a higher
field is required to compensate for the energy losses due
to vibrational excitation. On the other hand, if we com-
pare the plots for the far high pressure points in Figure 4,
even on the first sight, they are quite different. While elec-
trons in argon are concentrated equally at both halves of
the gap at the same time and do not depart far from the
center of the gap, in oxygen they are still almost reaching
electrodes and form a continuous “zigzag” line. This is a
consequence of a few times higher voltage required in the
case of oxygen that leads to a much stronger force that
pushes electrons. Also, small cut-offs in plots of the elec-
tron mean energy (and also to a lesser degree for elastic
collisions) can be seen when the field changes its sign due
to a more efficient energy relaxation in the molecular gas.

Finally, if we wish to isolate only the effect of attach-
ment then we need to make simulation with oxygen with
and without electron losses due to attachment. These
results are shown in Figure 5. While differences are not
as obvious as in the comparison between argon and oxy-
gen it is clear that attachment narrows down the channel
of electrons and of course the operating voltage needs to
be higher. The electron losses remove electrons that are
below the threshold of ionization. Electrons that are not
accelerated by the field directly but go in the perpendicu-
lar or backward directions are more likely to be lost. One
needs to bear in mind that all this occurs when electron
energies are overlapping with ionization and thus only dis-
sociative attachment with its high threshold is relevant
and in competition with ionization.

3.3 Electron energy distribution functions

In Figure 6 electron energy distribution functions (EEDF)
are presented for various initial conditions (p, V') along the
breakdown-voltage curve for oxygen. Differently colored
lines in the same figure (figures are marked with capital
letters A-F) indicate different moments within one period
of the RF field. Starting from A, there are obvious modu-
lations of EEDF's at different phases of one period. As we
move all the way to F, these modulations are still present,
but less observable. A larger modulation from A to C can
be explained by electron losses at electrodes, with varying
times of arrival and numbers of electrons arriving at elec-
trodes. The losses of electrons reaching the walls are for

Page 5 of 8

the highest energy electrons and, hence, a greater modu-
lation of the EEDF develops.

For conditions related to the points D, E and F the
swarm of electrons merely brushes the electrodes and only
a small number of them is lost. At the same time their
energies are low. Thus modulations of the EEDF's are less
expressed (Fig. 6).

In Figure 6A at some instants of one time period the
high energy tail of EEDFs reaches high energies. Due to
a high applied voltage (Fig. 6A), there is a large energy
transfer from the electric field to electrons. Also, as the
pressure is low, electrons experience a small number of col-
lisions in which they can lose energy. As a consequence,
electrons gain a lot of energy very fast resulting in the
long EEDF high-energy tail. Moving along the breakdown
curve, the EEDF tails shrink from A to F. If we compare
voltages at points A and F, they are not that much differ-
ent. What really makes a difference is the pressure that is
4 times higher at the point F as compared to A. This leads
to a higher number of collisions with oxygen molecules and
more rapid energy relaxation.

Another valuable information that can be derived from
the EEDF plots are the values of the electron mean energy
and energy span. At point A the mean energy is around
10eV and decreases as we move to F, where mean energy
is close to 6eV. These energies include the answer why
the effect of the attachment is more obvious in the right-
hand branch of the breakdown-voltage curve. As we know,
the peak in the cross section for the two-body attachment
process is around 6.6eV. In the right-hand side of the
breakdown-voltage curve, the peak of the cross section
overlaps with the energies of the majority of electrons.
In the left-hand side of the curve, due to a wider energy
span, a significant number of electrons have energies above
the peak of the cross sections for dissociative attachment
and influence of that process is reduced. At the same time
the effect of the three-body attachment, that peaks at low
energies, is small for all conditions covered here [28].

One may conclude from Figure 6 that the crossover dis-
tributions indicated as C are more similar to those for the
high pressure branch (D, E and F). Similar could be con-
cluded for the spatial profiles shown in Figure 2 when it
comes to the relative population of the electrons as they
cross from one electrode to the other. Simply speaking
growth as electrons cross the gap in 2c is small and more
similar to the growth and radial extent in 2d—2f. On the
other hand in 2c the overlap of the electron ensemble with
electrodes is easily observed, it is sharp and similar to the
lower pressure profiles 2a and 2b. Such overlap indicates
a large number of electrons colliding with the surface and
significant electron losses. As point 2c¢ shows transition
from one set of curves to the other in two major aspects
it is a true transition point which leads to it being at the
local minimum of the breakdown curves.

4 Conclusions

Since von Engel’s theory of high-frequency breakdown,
understanding of RF breakdown has not changed much.
Von Engel explained the breakdown at low pressures when
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Fig. 4. Comparison of spatial profiles of electron concentration, mean energy and rates of elastic scattering and ionizations
for two high pressure points presented in Figure 1. Argon: V = 169V and p = 2.5 Torr; oxygen: V = 430V and p = 4.4 Torr.
X-axis of plots are periods of time from 0 to 7, while y-axis are distances between electrodes from 0 to d = 15mm. In both
cases sampling time is the same, so that quantitative comparison can be made.

Fig. 5. Comparison of the attachment influence on the breakdown conditions observed in two cases: when attachment processes
are included (breakdown conditions are V' =430V and p = 4.4 Torr) and when there are no attachments (breakdown conditions
V =368V and p = 4.4 Torr). Background gas is oxygen, frequency is 13.56 MHz and distance between electrodes is 15 mm.

electrons are reaching the electrodes, but at the same time
he only superficially mentioned the influence of electrodes
on the breakdown, with a conclusion that a more detailed
swarm analysis is needed in the regions where electrons
are not in contact with electrodes. We have tried to per-
form such an analysis in the case of argon in our previ-
ous papers [7,8]. We have done so by employing a Monte
Carlo computational code and by using the fact that the

beginning of the breakdown can be observed as a growth
of an electron swarm in a time-varying electric field. RF
breakdown in oxygen is an obvious step towards under-
standing the breakdown in electronegative gases. Com-
parison with argon pointed out differences between the
two gases (one of which is electronegative). It was shown
that vibrational energy losses change the operation of the
RF breakdown considerably. To the left of the breakdown
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Fig. 6. EEDF's along breakdown-voltage curve for oxygen as background gas at frequency of 13.56 MHz and distance between
electrodes of 15 mm. Different curves represent different phases of RF period and their variation indicates modulation in the

distribution at different energies.

curve minimum one can observe similar behavior in two
gases as most of the ionization occurs right in front of the
electrodes and with significant losses to the electrodes. At
pressures higher than those for the minimum a combina-
tion of vibrational energy losses and attachment drives
breakdown to higher voltages and at the same time the
required distance to achieve sufficient ionizations is longer
and electrons approach closer to the electrodes while their
radial width is smaller as the electrons going in perpendic-
ular direction and backwards are more likely to be lost in
attachment. Yet even under those conditions the number
of electrons being lost at the electrodes is small. Finally,
by observing EEDF's at different points on the breakdown
curve and at different times over one period, processes of
attachment have been indicated as responsible for a signif-
icant increase of the voltage in the right-hand side branch
of the breakdown curve. At the same time the attach-
ment has negligible influence on the left-hand side branch.

Electron energies at high pressures overlap much more
with cross sections for attachment, while at low pressures,
the peak of EEDF exceeds energies where attachment has
the greatest probability.

While the definition of the breakdown coincides with the
conditions of the predominance of swarms, the study of
the breakdown has a relevance for application of RF plas-
mas including pulsing [30,31] in processing and produc-
tion of non-equilibrium (cold) plasmas at the atmospheric
pressure [4,32] and [33]. In both examples, the presence
of electronegative gases is unavoidable and conditions for
the breakdown will significantly affect the required power
supplies and operation of plasma devices. At the same time,
the continued growth from the breakdown towards the for-
mation of plasma may be followed by a more complex tools
such as PIC [5,34] and [35]. By the same logic, the under-
standing of the afterglow has the same importance and
requires a similar, albeit inverted, sequence of modeling.
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Abstract

In this paper we present electrical characterization of a dielectric barrier discharge plasma jet
operating with He (2 slm and 3 slm) as working gas and interacting with Cu, polyethylene
terephthalate and distilled H,O targets. We used a plasma jet with two copper electrodes
wrapped around a glass tube. One electrode was powered by a high-voltage sinusoidal signal of
30 kHz, whereas the other electrode and the target holder were grounded. We have performed
detailed investigation of the voltage and current waveforms, phase differences, volt—current
(V-I) characteristics, calculated impedances and power deposition. The aim was to determine
the influence of different target materials and their conductivity on the plasma properties. We
calculated the total harmonic distortion factor that showed that the current through grounded
electrode depends on the conductivity of the target. We also calculated the power delivered to
the plasma core and the plasma plume regions and observed that the change in the target
conductance influenced the power in both plasma regions. The experimentally characterized
electrical circuit was simulated by a model of equivalent electrical circuit corresponding to the
plasma-off and plasma-on regime. Voltage controlled current source was added as model of a
streamer formed in plasma-on regime.

Supplementary material for this article is available online

Keywords: atmospheric pressure plasma jet, electrical measurements, conductive target,
dielectric target, equivalent electrical circuit

1. Introduction The key feature of non-thermal plasmas at atmospheric pres-
sure is the ability to provide a chemically reactive environ-
Cold (non-thermal) plasmas at the atmospheric pressure have  ment in a room-temperature gas and this has facilitated devel-
been proven to be very prospective and useful in a variety opment of numerous plasma applications in biomedicine [4—
of different applications. In some cases, applications of these  7]. In this area of applications, one of the most used sources
plasmas are as successful as of plasmas at low pressures [1-3].  of non-thermal atmospheric-pressure plasma is the plasma jet
[8, 9]. Generally speaking, a plasma jet is a technically simple
device comprising of a dielectric tube that directs the buffer
* Author to whom any correspondence should be addressed. gas to flow through a limited volume of space where a high

1 © 2024 0P Publishing Ltd
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electric field is applied. The volume with the high electrical
field is usually formed by bringing a high-voltage signal to
a conductive wire inserted into the tube or to a conductive
surface attached to the outer side of the tube—to serve as a
powered electrode. Since in the latter case the electrodes are
separated from the plasma region by a dielectric this type of
source is called a dielectric barrier discharge (DBD) jet. The
other electrode of the jet may be positioned somewhere at the
tube or in the vicinity of the tube ending and may serve as a
substrate holder. The core plasma is formed inside the tube and
as plasma plume exits the tube, it mixes with the air, provid-
ing a flux of neutral species (reactive and others), ions, meta-
stables and UV photons. The active species are sustained by
the streamer leaving the glass tube and extending deep into the
outer region. Outside the tube, from the mixing of the plasma
with the surrounding air, different reactive oxygen and nitro-
gen species [10-12] are produced. Plasma sources are partic-
ularly advantageous for a number of biomedical and biotech-
nology applications as they produce small amounts of active
species sufficient to induce chains of biochemical events but
insufficient to change the entire environment into toxic.

In all applications, plasma jet is positioned in front of the
target that is exposed to the flux of reactive particles generated
by the plasma [13]. The insertion of a target into the plasma
plume region affects the gas flow and, consequently, affects
the mixing of the working gas with the air [14]. This, in turn,
changes the properties of the plasma and in most situations
significantly modifies the delivery of the reactive species to
the target.

In cases where a DBD jet has only the powered electrode,
target surface connected to the ground also serves as the groun-
ded electrode. The target, then, obviously represents a part of
the electrical circuit, thus influencing the plasma. For plasma
jets with the grounded electrode positioned at the tube, the
plasma is created between two electrodes in the noble gas [15].
Therefore, location of electrodes producing the active plasma
is far from the target. However, if the plasma region comes
close to or in contact with the target surface, it will start behav-
ing as an additional electrode, changing the electrical circuit,
and thereby altering plasma properties similarto a jet with a
single (powered) electrode and a grounded target.

As a result, the second important parameter affecting
the properties of the plasma produced by jets is the tar-
get conductivity [16-18]. It was experimentally shown by
observing the optical emission spectra that the target conduct-
ivity impacts the densities of excited species in plasma [19—
23]. Computational research of the influence of the target con-
ductivity demonstrated that the variation of the conductivity
influences electron temperature and densities of charged and
neutral species in the plasma effluent [24]. In addition, the
dependence of the impact force of an atmospheric-pressure
non-equilibrium plasma jet on different target types has been
recently measured [25].

Clearly, target conductivity presents a crucial parameter
when it comes to applications. Hence, measurements related
to treatments have been conducted, using appropriate targets
or their models treated by specific plasma jet configurations
[26-28]. In that way, valuable data related to applications have

been acquired. However, in most situations, authors studied
pin/needle electrode jets or DBD jets with pulsed power. The
configuration of a DBD jet with one continuously powered and
one grounded electrode is a frequently encountered configura-
tion used in many biomedical applications, as well in the treat-
ment of liquids [29]. Thus, we believe that investigation of the
influence of the target conductivity on plasma parameters in
this jet configuration is of interest.

Power dissipation is one of the key properties when it
comes to the treatment of biological samples and water, as it
is connected to the stability and reproducibility of the plasma
treatment and the heat transfer to the target [16]. The signi-
ficance of the power as one of the most important paramet-
ers is visible especially in the fields of plasma medicine and
plasma agriculture where the comparison of different plasma
sources and their efficacy is important. This fact has been
recognized by several groups of authors [16, 30-32], so the
procedure to establish power given to the plasma requires fur-
ther research and development of appropriate protocols. The
power dissipation in plasma is encountered as one of the open
issues in plasma diagnostics. As arule, the actual power dissip-
ated in the plasma is often quite different from the input power.
Especially, the case of DBD plasma jets with two electrodes
is intricate since the power dissipated in the effluent that inter-
acts with the target surface is different than the power in the
plasma core. Introducing the target produces a power outflux
from the plasma [33, 34], whose accurate determination can
be a challenging task since suitable signal waveforms cannot
be monitored easily.

The principal aim of this work is to investigate the effect
of the conductivity and the type of the target surface on the
properties of a continuously powered DBD type atmospheric-
pressure plasma jet that is operated in front of three differ-
ent targets: a copper plate, a polyethylene terephthalate (PET)
plate and a distilled-water surface. The measurements presen-
ted in this paper clarify the link between the conductivity of the
targets and the electrical characteristics, namely the voltage—
current (V-I) characteristics and power. For all three types
of targets, we conducted comprehensive measurements of the
average power dissipated between the powered and the groun-
ded electrode, as well as measurements of the average power
delivered from the plasma to the grounded target, aiming at
determining the power portion directed towards the target.
Also, a Simulink MATLAB model was developed to describe
an equivalent electrical circuit of the DBD jet. With this model
we have given an insight of the electrical circuits (and com-
ponents) that are describing plasma-off and plasma-on regime,
with consideration of three different targets. We present the
results of voltage and current waveforms and V- characterist-
ics obtained for different targets and gas flows. Additionally,
power dissipation is discussed with respect to the target type.

2. Experimental setup

The studies presented here have been conducted with a two-
electrode DBD jet with He as the working gas. The schematic
of the experiment is shown in figure 1(a). The jet consists of a
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Figure 1. (a) Schematics of the experimental setup. Dashed lines present the measurement points of the supplied voltage v(¢). Voltages on
R = 100 k2 resistors are used for monitoring the grounded electrode current ige(#) and the target current it.(#). (b) Image of He plasma jet

operating.

20 cm long glass tube, with 6 mm outer and 4 mm inner dia-
meters. To produce a high-voltage signal, a 30 kHz sine signal
is sent from a signal generator (PeakTech 4025) to a ‘home-
built” amplifier and then to a transformer. This high-voltage
signal is then supplied to the powered electrode made of a
copper (Cu) foil tightly wrapped and glued around the glass
tube. The width of the powered electrode is 15 mm and it is
positioned 15 mm from the end of the glass tube. The groun-
ded electrode made of the Cu foil is wrapped around the tube
15 mm away from the powered electrode. The flows of 2 slm
or 3 slm of Helium are introduced into the tube through a flow
controller. In all experiments the jet is positioned vertically,
and the target surfaces are placed below the jet tube ending at
the distance of d = 10 mm (see figure 1(a)). We have used a
Cu plate (thickness 1 mm), PET plates (thickness 2 mm) and
22 ml of distilled water (dH,O) in a glass Petry dish (@ 5.5 cm)
as target surfaces. In the case of the PET target, we have used
3 plates in a stack (total thickness of 6 mm).

For all measurements presented here the plasma plume was
touching the target surface (see figure 1(b)). Plasma was in a
glow regime if looked at by a naked eye for all plasma oper-
ating conditions. In case of all three targets with the voltage
increase one conductive channel was formed along the tube
axis with its emission intensity increasing with the voltage.
Even for maximum applied voltages and for Cu target we did
not see the formation of separate filaments. Nevertheless, the

time resolved ICCD images show for this type of APPJ that
depending on the conditions like water vapour percentage,
percentage of surrounding air mixing with helium, applied
power, we could detect formation and propagation of Pulsed
Atmospheric-pressure Plasma Streamers (PAPS) [15, 35].

All three targets were grounded through a resistor
(R = 100 k2). The electrical conductivity and relative per-
mittivity for the targets are given in table 1 [36-39]. The
general relation between the permittivity and conductivity is
the following:

() = (@) @) =@ T

where ¢,(w) is relative permittivity, €y iS vacuum permittiv-
ity, w is frequency and o(w) is the conductivity. As seen
from table 1, in case of Cu target, the conductivity is the one
responsible for the system behaviour while in the case of PET
it is the permittivity. As it should be expected, in the case of
water both parameters are almost equally influencing the sys-
tem behaviour.

The Cu plate exposed to the ambient air was unprocessed
and unpolished before it was used as a target, so one may pre-
sume that an oxide layer, whose conductivity is relatively low
(in the range of that for semiconductors), is formed on the
surface.
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Table 1. Electrical conductivity and relative permittivity of the targets.

Electrical conductivity,

Dominant term

Target o (Sm™) Relative permittivity, &r  E’ e” in equation (1)

Cu plate [36] 6-107 1 ~10712 ~j10? Im part i.e.
conductivity

Distilled H,O [37,38]  5-107 80 ~1071%  ~j10~""  Both Re and
Im

PET plate [36, 39] 107! 3-4.5 ~107"" ~j1072°  Reparti.e.
permittivity

Nevertheless, we perform treatment of the surfaces by
plasma before measurements to remove organic and other
complex contaminants, to clean the surface from deposited
materials and to make the surface more uniform without hop-
ing that we have removed completely the oxide layer on the
surface [40, 41]. After the plasma treatment of the surface the
influence of possible variations of the properties of the sur-
face layer on the plate conductivity is negligible. Similarly,
clean PET plates are exposed to the preconditioning treat-
ment before each measurement set and no visible change of
the plate surface after the measurement has been observed.
For dH,0O samples, the water conductivity was determined
before the measurements and it did not change during the short
duration of the measurements. We used Hanna Instruments
(HI76312) conductivity probe with Hanna Instruments con-
troller HI5521 to monitor the conductivity of the water tar-
get. Therefore, the stability of target surfaces is adequate so
that it does not affect the plasma during measurements in all
cases.

The electrical measurements were done at three points in
the electrical circuit (see figure 1(a)). The voltage signal sup-
plied to the jet v(¢) was measured with a high-voltage probe
(Tektronix 6015A) attached to the powered electrode of the
jet. Both currents, from the grounded electrode ix.(?) and the
target ir.(t), were monitored by measuring the voltage drops
(Agilent 10076 C) on the 100 kf2 resistors and are recor-
ded separately. These recordings allowed observing electrical
waveforms during plasma operation, to obtain the RMS val-
ues of the voltage and currents and, eventually, to calcu-
late the power transmitted to the plasma. All measurements
were repeated, and we have obtained stable and reproducible
operation of the plasma in the whole range of conditions
investigated.

During initial measurements we monitored the humid-
ity in the gas flow by using a dew point meter (Vaisala
DMT 143). The abundance of the H,O vapour proves
to be an important parameter that influences the plasma
conditions [42, 43]. We observed that after 10-15 min of
operation, the humidity dropped to ~15 ppm and stayed
at that value throughout the experiment. Thus, we adopted
a procedure for preconditioning the jet before each meas-
urement set that includes 10 min of plasma operation with
an appropriate target at a moderate value of the applied
voltage.

Figure 2. Experimental equivalent electrical circuit of DBD plasma
jet.

3. Results and discussion

3.1. Equivalent electrical circuit

In general, the electrical circuit of the DBD plasma jet can
be represented as shown in figure 2. Impedance Z,. repres-
ents total impedance in the first branch (plasma core) of elec-
trical circuit consisting of two electrodes wrapped around
the glass tube. Z. represents total impedance in the second
branch (plasma plume) of electrical circuit with the target.
Both Zg and Z can be calculated from the VI character-
istics. The ON and OFF annotations represent plasma on (dis-
charge working in stable mode) and plasma off (no discharge)
cases.

To better understand the behaviour of the plasma system we
have developed a more detailed model of equivalent electrical
circuit by using Matlab Simulink. The schematics of the circuit
is shown in figure 3. All elements are denoted in similar man-
ner as the impedances in figure 2. The first branch represents
electrical properties of the powered and grounded electrode
wrapped around the glass tube (capacitance Cg and resistance
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Figure 3. Detailed model of the equivalent electrical circuit made in MATLAB Simulink. When plasma is ignited, additional voltage
controlled current sources must be added due to the occurrence of PAPS (streamer). Then the additional elements to the circuit are shown on

the right-hand side in the schematics denoted with PLASMA ON.

Table 2. Parameters of equivalent electrical circuit.

R (M£2) Rge (M£2) Ce (pPF) R (M€2) Rie M) Cee (PF)
Cu 0.10 6.80 1.50 / 10 1.00
Plasma OFF dH,0 0.10 6.80 1.50 / 13 0.75
PET 0.10 6.80 1.50 / 11 0.85
Cu 0.10 2.20 1.50 2.80 7 1.50
Plasma ON dH,O 0.10 2.10 1.70 3.50 1.25
PET 0.10 2.20 1.35 3.50 / 1.40

Ry in parallel) and second represents the target (capacitance
Ci and resistance Ry in parallel).

Electrical components of the equivalent circuit and their
values are presented in table 2. The values obtained from the
equivalent electrical circuit model give the current and voltage
waveforms that are in 99% agreement with the measured ones.
When applied voltage v(z) is below the breakdown threshold
for plasma ignition (Plasma-OFF), equivalent electrical circuit
of the DBD jet is shown in the left-hand side of the figure 3.
In Plasma-OFF regime, if we change the target, thus changing
the electrical properties, the electrical circuit representing the
core of plasma does not change (Cge, Rge). This is an expec-
ted behaviour because a two-electrode DBD jet is basically a
simple capacitor filled with gas. The capacitance Cge repres-
ents the capacitance due to the dielectric material of the tube
(Cwan) and also due to the volume of the discharge tube (Cgys).
The change of target material influences only part of the elec-
trical circuit that includes the target where we can see small
changes in Ci and R.

Plasma ignition (Plasma-ON) introduces significant
changes to the circuit in both branches. The capacitances of
both branches (plasma core and plasma plume) are changed
depending on the electrical characteristics of the targets and
formation of the plasma sheaths. At the same time the res-
istances (Rge, Ry) are decreased due to the breakdown and
plasma ignition. When target is PET, the almost ideal insu-
lator, target is represented only as capacitor Ci. (R is zero).
In plasma plume branch after plasma ignition, we have a

new element R, representing mainly the energy dissipation in
plasma plume and trough the target. The appearance of PAPS
is modelled by the voltage controlled current source [44—46]
shown in right-hand side of figure 3 (streamer model). The
PAPS appear only in the positive half-period of the voltage
signal [15, 35]. In similar DBD jet configuration, in negative
half-period of the voltage signal we did not observe PAPS,
but a formation of a continuous plasma channel that starts at
the target and spreads towards powered electrode of DBD jet
[47]. This plasma channel is modelled by the second voltage
controlled current source figure 3 (channel model).

3.2. Electrical measurements

We have performed full electrical characterization of the DBD
jet with a grounded target surface positioned underneath.
Three different signals were monitored in time: the voltage
supplied to the powered electrode v(t), the current flowing
between powered and grounded electrode ig.(?) and the cur-
rent passing through the plasma plume into the target ii(?).
As the current ig(t) effectively describes the region between
the electrodes, we may attribute these values to the plasma
core, while the other current, i, (), provides an insight into the
plasma plume, the region of the plasma between the core and
the target.

In figure 4 we show waveforms obtained at 2 slm of He
and three different targets. These waveforms were obtained for
each target when the discharge is ignited by the same voltage
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Figure 4. Waveforms of voltage v(¢) (left-hand side), grounded
electrode current ig(f) and target electrode current it(#) (right-hand
side) recorded for three different targets and flow of 2 slm of He.
Vertical dashed lines mark the time-point of one maximum of the
v(t) signal.

as indicated at the signal generator. The left-hand side y-axis
shows values of v(z), while the right-hand side shows values of
ige(t) and ire(2). Vertical dashed lines in the plots mark the time-
point of one maximum of v(z) signal to assist the observation

of the time-shift between the voltage and current signals. The
period of the v(z) signal is T = 33 pus.

For all three targets the current signals (ige(?), i(?)) pre-
cede the voltage signal indicating that this is a predominantly
capacitive system. This is even more pronounced when the
plasma is not ignited. In that case both currents, that pass
through the grounded wrapped electrode and through the tar-
get, precede the voltage waveform and they are influenced
mainly by the geometry of the electrodes and position of the
target. The phase differences in the plasma-off case are ~55°
for the grounded electrode and ~50° for the target electrode.
These values differ from the 90° phase difference that is expec-
ted for a purely capacitive impedance, due to resistance of the
components of the electrical circuit and the plasma jet.

When the discharge is ignited, the current ig(?) through
the grounded electrode precedes the voltage signal for
AT = 2.55 us, which corresponds to the phase shift of ~28°.
This phase shift is not influenced by the type of target indicat-
ing that the parameters of the plasma core inside the tube are
mainly governed by the inter-electrode distance and geometry.
On the other hand, the current passing through the target is
highly influenced by the type of the target and its characterist-
ics, as expected. The phase differences between ii.(?) and v(z)
are ~14°, ~28° and ~41° for the Cu, dH,O and PET target,
respectively. The increase in the phase shift corresponds to the
decrease in the conductivity of the target.

3.2.1. V-Icharacteristics. To get a clearer picture of the non-
linearity that plasma introduces into the system, we have ana-
lysed the signals in the frequency domain by using the Fast
Fourier transform. When plasma is not ignited, all three sig-
nals for all three targets have only the fundamental harmonic
(1st harmonic), as expected. When plasma is ignited, the non-
linearity introduced into the system by the plasma can be eval-
uated through the total harmonic distortion factor (THD). THD
is calculated as

\/ Z:o:2V2nRMS
THD = ~————= . 100(%) )

VfundRMS

where V,,_rms are root mean square (RMS) values of the higher
harmonics (n = 2, 3...) and Vyung_rums is the RMS value of the
fundamental harmonic at f = 30 kHz. The same formula was
used for /. and /.

The calculated THD values are shown in table 3. While the
voltage waveform is not distorted, the THD percentage for the
current going through the grounded electrode (/4.) depends
on the conductivity of the target. In table 3 we can see that
the highest distortion (THD_I,.) in the signal is obtained for
the Cu target and generally it increases when target’s conduct-
ivity increases. The situation with /. is somewhat different,
as it is in correlation with the effective conductivity, which
also depends on the stability of the material of the target sur-
face and/or fluctuations in plasma-surface interactions. The
highest THD was obtained for the dH,O target. This indicates
that during the plasma operation the target surface is changing
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Table 3. THD percentages for voltage and current signals.

Target THD_V (%) THD_I,. (%) THD_Ie (%)
Cu 0 18.2 38.2

dH,0 0 13.4 46

PET 0 7.3 13.5

significantly due to the helium gas flow, evaporation, and the
plasma-water interface interactions. The high instability of the
dH,O surface results in the appearance of a large number of
significant harmonics (up to n = 14) present in the signal. On
the other hand, for the Cu target there are n = 6 significant har-
monics and for PET only n = 3 (n includes the 1st harmonic).
The appearance of the higher harmonics can also be anticip-
ated since there is a visible variation in the /. signal shape at
positive peak value.

To facilitate the comparison of time-varying signals, the
RMS values of waveforms should be calculated. In case of the
voltage, the RMS values were calculated using:

3

Calculation of the RMS values for the currents was conduc-
ted in a similar manner. In all calculations, seven periods were
used (n = 7).

In figure 5 we show V-I characteristics of the DBD
jet measured for three targets and 2 slm of the He flow.
Figures 5(a)—(c) show the dependence of the voltage on the
current flowing through the grounded electrode (/4), and
figures 5(d)—(f) present the V-I characteristics depending on
the current through the target (/). The measurements are
performed starting with voltages lower than the breakdown
voltage and then increasing gradually to the maximum voltage
of the power supply (shown in solid symbols). Then, from the
maximum voltage of the power supply it is decreased to the
starting voltage (shown with open symbols). The increment
and decrement of the applied voltage is accomplished in steps,
sweeping over the same values.

The V-I characteristics for low voltages, when the plasma
is not ignited, are linear since the impedance depends only
on the characteristics of the electrode system, mainly on its
capacitance. In all V-I characteristics there is a drop of the
Vrums values at the point where plasma is ignited. As expected,
the current flowing through the grounded electrode is higher
than the current through the target. After ignition, the main
plasma core is constrained inside the jet, between the elec-
trodes wrapped around the jet tube. Here, the gas mixture con-
sists of helium with only a small amount of air impurities in
which the breakdown occurs. Then plasma spreads towards the
end of the tube where the percentage of air in the mixture is
higher. Having crossed some distance in the external region,
the plasma gets in contact with the grounded target surface.

From figures 5(a)—(c) we can see that the impedance is
not constant for the whole range of the applied voltages due
to the changes introduced by plasma. The nonlinearity of the

impedance is more evident in the V-I curves for the groun-
ded target (figures 5(d)—(f)), especially for the Cu and dH,O
targets. For lower applied voltages and currents the plasma
plume is a glow type. With an increase in the applied voltage an
apparent conductive channel is formed whose emission intens-
ity increases with the voltage. After the channel formation,
the applied voltage increases slower than the current through
the plasma plume. This is represented in the VI curves as a
change of the impedance to a lower value. The plasma beha-
viour and V-I points do not change in measurements when
the input voltage is decreased (figures 5(a)—(f), open symbols).
The only difference with respect to the increasing-voltage case
is that the plasma stays ignited till lower voltages are reached,
thus producing a hysteresis effect. The hysteresis as shown in
figure 5 is often observed for plasma discharges. What is inter-
esting here is that the hysteresis depends strongly on the mater-
ial of the target and seems to be the largest for water target.

For a better comparison, the V-I characteristics obtained
for the different targets are presented together in figure 6. The
voltage dependance on the current through the grounded elec-
trode are given in figure 6(a) and the dependance on the current
through the target in figure 6(b). The points acquired after the
plasma ignition are marked by open symbols and connected
with a line to make the data more legible.

The data points obtained without plasma for the targets fall
on top of each other, as shown in figure 6(a). Obviously, before
the breakdown, the impedance is the same for all three targets
(Zge = 3.3 M£) and this is also confirmed by components (Cl,
Rg.) obtained by Simulink model. As observed in the previ-
ous section, after the plasma ignition, the voltage drops sig-
nificantly for all the targets and regimes of operation, i.e. the
voltage and current obviously depend on the type of the target.
For the Cu target, the plasma after ignition initially operates at
around 1700 V, while the current flowing between electrodes
is around 700 pA. This is the lowest plasma operation voltage
and current for all three targets. The reason lies in the high
conductivity of the target that enables efficient breakdown and
discharge operation. For the case of the PET target, the voltage
after ignition is around 1830 V and the current is at 800 ©A
(see figure 6(a)). A similar operating voltage of around 1800 V
is also obtained with the dH, O target, while the current imme-
diately goes to around 850 pA.

Slopes of the VI characteristics of the core plasma after
plasma ignition change in a different manner, depending on the
target (figure 6(a)). The curves obtained for the PET and dH,O
targets both change the slope in the 0.9 mA—1 mA interval,
while for the Cu target the change is observed around 0.8 mA.
By assessing the recorded waveforms that are used to obtain
points of the V—I characteristics we could observe only vari-
ation in the amplitude of the waveforms. The slope change
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Figure 5. V-I characteristics of the He DBD jet plasma in contact with 3 different targets. Solid symbols are points obtained by increasing
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Figure 6. V—I characteristics of the DBD jet in contact with 3 different targets. The dependence of Vrws is plotted against (a) grounded
electrode current, (b) target current. The open symbols are measured with the plasma ignited and they are connected by lines to improve

legibility.

(i.e the impedance change) is due to the nonlinear changes
of charge densities in the plasma that may originate from dif-
ferent reaction kinetics in the gas phase and/or effects of the
surface charges [48, 49]. We could not observe any additional
distortion of the waveforms that has been detected by other
authors in the case of the plasma mode transition [5S0-52].
The points of the plasma plume V-I characteristics
obtained before plasma ignition differ significantly with the
targets used (figure 6(b)). After ignition, the highest RMS cur-
rent values (/i) are recorded for the Cu target. This can be

explained by a considerable amount of charged particles that
are efficiently transferred to the plasma plume. In the case of
PET and dH,O targets the maximal measured currents are sim-
ilar. However, the RMS voltages depend on the target’s con-
ductivity. For the PET target the impedance is constant for all
applied voltages. However, for the dH,O and Cu targets the
impedances change and this corresponds to an appearance of
a stronger, more intense, conductive plasma channel.

In figure 7 we show the VI characteristics obtained for the
PET and dH,O targets at two different He flow rates: 2 slm and
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Figure 7. V—I characteristics of the DBD jet in contact with PET and dH2O targets at two He flow rates. The dependence of Vrus is plotted
against (a) grounded electrode current, (b) target current. Lines connect the points obtained when plasma is ignited to improve legibility.

3 slm. Points obtained with ignited plasma are connected by
lines. The variations in He gas flow affect the V—I characterist-
ics for these two targets, but they do not introduce significant
changes for the Cu target. With the Cu target the plasma plume
impinges on a highly conductive surface, which may result in
the occurrence of a stronger gas flow of He between the jet
tube and the target [14, 53]. Thus, relatively small changes in
the gas flow rate (between 2 slm and 3 slm) cannot modify the
electrical properties of the jet.

For the V-I characteristics of the plasma core part, i.e for
the voltage dependence on the current through the grounded
electrode, in the case of the water target there is a very small
difference between the operating points obtained at differ-
ent flow rates (figure 7(a)). For the currents below 1.1 mA
the curves are indistinguishable, while at higher currents the
difference is of the order of the voltage measurement error
(around 20 V). However, for the PET target there are bigger
differences in the operating voltages at different flow rates. For
jet currents above 0.9 mA, voltages may be different as much
as 100 V. The VI characteristic of the plume region, i.e the
voltage dependence on the current through the target, shown
in figure 7(b), has a similar dependence as in figure 7(a). In the
plume region the VI characteristics in the case of dH, O do not
change with the gas flow, while for the PET target the oper-
ating voltages become different for the currents above 4 mA.
Hence, the pronounced difference in the V-I characteristics
of both regions measured at different flow rates is observed
only for the PET target. Since the effect of the surface charges
is pronounced on the PET target, these results indicate that
the surface charges can affect both the plasma plume region
and the plasma core. This has been thoroughly studied in the
case of the pulse-powered jets [24, 26, 54]. In papers [18, 55]
it has been shown that for low-permittivity dielectric targets
(such as PET) there is a rapid charging of the surface and
formation of surface ionization waves. Additionally, proper-
ties of the dielectric target influence not only the density of
electrons, i.e. the electric field, but also the density of radic-
als in the plume region [56]. In our case of continuous power
supply, the same processes occur, but may be diminished due

to short plasma-off time in comparison to the low-duty cycle
pulsed discharges. Nevertheless, a strong influence of the low-
permittivity PET target on both the electron and neutral species
in the plasma plume is reflected in the plasma core, resulting in
visible differences in the VI characteristics obtained with the
two He flow rates. For the case of a pulse-powered jet in con-
tact with high-permittivity dielectric (H,O target), authors dis-
cuss the existence of a return stroke (or ‘third” discharge) due
to the high electron production and enhancement of the elec-
tric field adjacent to the substrate surface [18, 56]. On the other
hand, in the situation with continuously powered jet against
a grounded conductive target, the appearance of anode direc-
ted streamers has been observed but only in a narrow range of
operating conditions [47].

3.2.2. Power transmitted to the discharge. ~ Another import-
ant parameter that describes interactions between the plasma
and the target is the power delivered to the discharge and then
forwarded to the target. In this study, as the first step in power
assessment, time-dependent power signals are obtained. The
instantaneous power is calculated from the voltage and current
waveforms (as shown in figure 4). Since we recorded both the
current between powered and grounded electrode ig(t) and the
current passing through the plasma plume into the target ie(t),
powers delivered to the core of the plasma and from the plume
to the target could be calculated. The following formula is used
for calculation:

p (1) =v(1)-ix (1) “

providing the appropriate current waveform is used (denoted
by index k).

The instantaneous power calculated using plasma-on wave-
forms also contains the power losses in the plasma jet circuitry
[57]. To separate this part, several approaches could be used.
For instance, at a specific current, the input power without
plasma could be measured allowing an estimate of the power
losses [57, 58]. Another approach applied here is to sub-
tract the effect of the displacement current, assuming only
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Figure 8. The average power as a function of the RMS voltage in the case of Cu, dH,O and PET targets at 2 slm of He. (a) Average power
dissipated between the powered and grounded electrode (plasma core region) and (b) average power dissipated from the plume to the

grounded target (plasma plume region).

stray capacitance of the plasma source from calculated circuit
impedance [59]. Then, the time-averaged power is obtained
from the equation:

Py ()

" nT
0

The calculated powers are plotted against the RMS voltages
for the Cu, dH,O and PET targets at 2 slm of He in figure 8. Py
shown in figure 8(a) is the average power dissipated between
powered and grounded electrode (in the plasma core region),
while in figure 8(b) we calculated P, as the average power
delivered from the plasma to the grounded target (plasma
plume region). The lowest plasma core power of 1.1 W is
obtained for the Cu target at the lowest operating voltage of
1700 V. The highest power is for the PET target, i.e 3 W at
2580 V RMS (figure 8(a)). The powers calculated for all three
targets in the RMS voltage range from 1900 V to 2100 V are
very similar. For higher voltages, the discrepancy is more pro-
nounced. The highest power dissipated at a specific voltage
is for the water target and the lowest power is for the PET
target. These results are in accordance with the V- charac-
teristic (figure 6(a)). In the plume region, the lowest power
of 0.5 W is measured for the PET target and the highest
power of 1.5 W is obtained for the Cu target (figure 8(b)).
Unlike the power dissipated in the plasma core (figure 8(a)),
here the lowest and the highest powers are not correlated with
the extreme values of operating voltages. These results agree
well with the V-I characteristic in figure 6(b)—at a particu-
lar operating voltage, the highest current is achieved for the
Cu target and hence the highest powers in figure 8(b) are also
obtained for this target. The power from the plasma plume dis-
sipated to the target (P) strongly depends on the target type,
with a difference between the minimal and maximal power of
more than 40% at around 2300 V. For voltages below 2100 V
powers measured for a high-permittivity dielectric (dH,O)

and a low-permittivity dielectric (PET) are almost the same.
Concerning the dependence of P, and P, on the respected
currents, as slopes of the V-I characteristics obtained for all 3
targets showed similar rising tendency (figure 6), the depend-
ence of power P, on grounded electrode current and power
Pte on target current would be similar to the dependences
on voltages plotted in figure 8 with slightly different slopes.
Calculated P values would correspond to the RMS values of
grounded electrode current from 0.7 mA to 1.3 mA while for
P values the target current range would be from 0.35 mA to
0.65 mA.

To estimate the efficiency of transferring the power from
the plasma core to the plasma effluent in contact with the
target, we calculated the ratio of the average power dissip-
ated between the powered and the grounded electrodes to
the average power delivered from the plume to the groun-
ded target. This power transfer efficiency as a function of the
RMS voltage is shown in figure 9. The obtained values clearly
show the changes in plasma behaviour related to the target
conductance.

For the copper target, more than 50% of the plasma core
power is delivered to the plume region and the target, while
for the dielectric targets (PET and dH,O) these percentages
are around 35%. The reason for this is twofold. One is the
combination of a strong conductive channel impinging upon
conductive material results in high power delivered to the tar-
get. This is also visible in the V- measurements plotted with
I (figure 6(b)) where the current obtained for Cu target is
higher than for other two materials. The highest conductivity
led to the highest currents. Apart from the current and voltage
amplitudes their phase difference will determine the average
power delivered to that part of the circuit. In case of Cu tar-
get the phase, difference is 2 and 3 times smaller compared to
the phase differences in case of dH20 and PET, respectively.
Thus, one can assume that there is a threshold conductivity of
the target below which the power ratio appears to be the same
regardless of the conductivity.
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Figure 9. Ratio of the power dissipated in the plume (passing
through the target) and the power in the plasma core region for three
different targets: PET, Cu and dH,O. The results are obtained for

2 slm of He.

Values of the power ratio for the Cu target oscillate, i.e the
efficiency curve presented in figure 9 has inflections. In the
case of the water and PET targets, the ratios are nearly the
same below 2100 V. Above that voltage, the ratio for dH,0
stays around 40%, while the values for PET decrease slightly
reaching 35%. This difference between the dielectric targets
at higher voltages is also visible in figures 6(b) and 8(b).
Considering the presented results, the efficiency of the power
transfer is one of the important parameters that should be con-
sidered when performing treatments with conductive or dielec-
tric substrates.

4. Conclusion

In this paper we presented detailed electrical characteriz-
ation of a DBD plasma jet in contact with three differ-
ent types of targets: a conductive Cu plate, a PET plate
(low electrical-permittivity sample) and distilled H,O (high-
permittivity sample). The analysis included an equivalent
electrical circuit model that emphasizes differences between
plasma-off and plasma-on regime (by including voltage con-
trolled current source representing a streamer with a lead-
ing ionization and tail back to the electrode). Small changes
in electrical elements corresponding to the target’s electrical
properties (Cy, R and R;) are also observed.

The experimental setup allowed us to record the high-
voltage signal supplied to the jet and two currents. One current
was recorded at the grounded electrode iz (¢), while the other
was in the line connecting the target and the ground i, (7). In
both cases the currents were separately monitored by meas-
uring the voltage on 100 k2 resistors. In this way we were
able to obtain waveforms from the core and plume regions of
the plasma. Using the waveforms, plasma-induced nonlinear-
ity in the sine signal was assessed and described using the THD

factor. The voltage waveform was not distorted, but the THD
for the grounded electrode current (/g) was shown to depend
on the conductivity of the target. The highest distortion in the
I signal is obtained for the Cu target and for other dielectric
targets the distortion is increased with the increase of the target
conductivity. For the current passing through the target (),
the situation was somewhat different and THD did not appear
to be directly in correlation with the target conductivity, but
with the target surface stability and/or plasma-surface inter-
actions. Moreover, we assessed the phase shift between the
voltage and currents waveforms. Only for I, the phase shift
changed when we exchanged the target type. The observed
increase in the phase shift corresponded to the decrease in the
conductivity of the target.

Using the recorded time-varying signals, we calculated
appropriate RMS values and plotted V-I characteristics for
two plasma regions: the plasma core and plasma plume. The
V—I characteristics were obtained for two gas flow rates. From
plasma-off measurements we were able to calculate the imped-
ance of the plasma source. The changes in slopes of the V-1
characteristics occurred due to the nonlinear variations of the
charge density at different currents, which, in turn, affected
the amplitudes of the waveforms and consequently RMS val-
ues. We could not observe any additional distortion in the
waveforms that was detected by other authors in the case of
plasma mode change. The influence of the He flow rate on the
V—I characteristics was clearly visible only for the PET target,
while the effect is barely present for the dH,O target. In the
case of the Cu target we could not observe any change in the
V—I characteristics for the two flows investigated.

By calculating the instantaneous power, we obtained the
average power delivered to the plasma core region Py and
the plume region P,.. The values obtained for Pg. were sim-
ilar for different targets, while the P, values had considerable
differences depending on the targets. The highest power was
delivered to the conductive type of target, i.e the Cu plate. For
dielectric targets the calculated powers were lower from 30%
to 40% in comparison to the Cu target, showing weak depend-
ence on operating voltage and the target. To estimate the power
transfer efficiency between the core plasma and the plasma
effluent that was in contact with the target, we calculated the
ratio of powers in these two regions. The ratio of the average
powers Pi./Pg. showed that the efficiency of the power trans-
fer was higher for the Cu target and lower for PET and dH,O
targets, with similar ratios for these two dielectric targets.
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Abstract. We present results for RF breakdown in argon discharge at low pressures,
obtained experimentally and using Monte Carlo code for a frequency of 13.56 MHz.
Experimental measurements are conducted at an interelectrode distance (d) of 0.7 cm for
pressures (p) ranging from 0.9 to 29 Torr. In our experiment, we employ a technique that
eliminates issues related to displacement current. This technique is based on the use of a
balanced capacitive bridge, enabling precise breakdown detection and time—domain
tracking.

1. INTRODUCTION

Low-temperature plasmas generated using RF power in the frequency range of 1 to
100 MHz find widespread applications in various industrial processes. These
applications, such as plasma etching and deposition in the integrated circuit
industry, electric propulsion in aerospace, materials processing, surface cleaning,
and thin-film deposition, are closely tied to the breakdown itself and the underlying
processes. However, when it comes to the breakdown in RF fields, there have been
limited attempts to correlate experimentally measured parameters with elementary
processes, as is commonly done in the case of direct current (DC) breakdown and
discharge. Despite attracting considerable attention from researchers in the past
period, the study of RF breakdown faces challenges due to the need to isolate
minute breakdown currents from the displacement current. In this study, we present
results from RF breakdown measurements at 13.56 MHz in argon and compare
them with results from the Monte Carlo simulation, aiming to provide insights that
can enhance the efficiency and reliability of these industrial processes.

2. EXPERIMENTAL SET-UP

Breakdown is achieved between two plane-parallel copper electrodes placed
inside a tightly fitting borosilicate glass cylinder. This arrangement prevents
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long-path electric discharges towards the metal parts of the housing while allowing
the recording of the emission intensity distribution along the axis of the chamber.
The electrodes’ diameter is 3.5 c¢cm, and their gap is adjustable. For this work, it
was set at 0.7 cm. One electrode is excited, while the other remains at zero
potential. The discharge chamber is housed in a special metal box to eliminate
interference with the extremely sensitive balance of the capacitive bridge. The box
has only openings for recording the emission distribution using an ICCD camera
(Figure 1a). The chamber is first evacuated to low pressure (<107° Torr), and argon
is introduced into the system and kept at a slow flow rate to maintain the required
gas purity during measurements. Electrodes were treated and stabilized using an
argon discharge at 1 Torr for approximately 60 minutes. The treatment is done at a
pressure corresponding to conditions in the left-hand branch of the breakdown
curve, where ions receive enough energy from the electric field to reach electrodes
and remove impurities and oxides from electrode surfaces through bombardment.
Throughout the electrode treatment, we monitored changes in the discharge
voltage. The process is terminated when further treatment no longer results in a
change in the discharge voltage.

T

{wwangy

th

wpo.d a8,

4

a) b)

Figure 1: a) Photo of the capacitive bridge, b) schematic of the experimental
set-up.

The schematic of the experimental set-up is shown in Figure 1b. The entire
electrical circuit is housed in an aluminum box to protect against interference and
losses. We utilized a Rigol DG5102 RF signal generator for the power source,
which provides a sine signal set to a frequency of 13.56 MHz. This signal is then
amplified by a linear amplifier, specifically the Barthel RFA-0.1/50-100 BOO.
Coils L; and L, are part of an inductive coupling and represent a resonant
transformer that operates exclusively at 13.56 MHz. This resonant transformer
raises the generator voltage to the kilovolt range. The capacitive bridge comprises
four capacitors, two of which are physically identical discharge chambers. While
the ‘Dummy’ remains inactive and functions solely as a capacitor, the ‘Plasma’
acts as the active chamber where the discharge is observed. We monitor the voltage
signal from the bridge diagonal using the ‘Bridge probe’. Before taking
measurements, we calibrated probe V1, which we use to measure the voltage on the
discharge chamber. When the bridge is in balance, the signal from the diagonal is
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minimal. We detect the moment of breakdown in the gas using an oscilloscope
(Keysight Infiniium DSO9104A). The amplitude of the voltage signal from the
diagonal of the bridge increases sharply. In other words, the bridge suddenly goes
out of balance due to a change in impedance when the breakdown occurs.

3. RESULTS AND DISCUSSION

Figure 2 compares radio frequency (RF) breakdown curves for argon discharge
obtained at 13.56 MHz. The curves are derived from measurements (represented by
full circles) and Monte Carlo simulations (represented by open circles). The
breakdown curve, obtained at the electrode distance of 0.7 cm, covers a range from
0.65 Torr cm to 20 Torr cm. Monte Carlo (MC) code was described and explained
elsewhere (Raspopovi¢ et al., 1999). These simulations were carried out with only
electrons, and their movement is determined by the external electric field (Puac, et
al., 2018). The set of cross-sections consists of momentum transfer, two excitations
and an ionization cross-section and has been tested for argon swarms in our group
(Petrovi¢ et al., 2007). Physical processes on the electrodes and the effects of the
heavy particles were modelled by factors of reflection R = 0.4 and y = 0.07. These
values were chosen to modify the breakdown voltage curve to better correspond to
the measured curve. Breakdown points were determined in two ways. For the
right-hand branch, pressure was fixed, and voltage was slowly increased until the
number of electrons in time didn’t get a positive slope (Savi¢ et al., 2011).
Similarly, points in the left-hand branch were determined by fixing the voltage and
increasing the pressure until the breakdown occurred. The RF breakdown curves
are expected to have the characteristic ‘S’ shape. However, for small interelectrode
distances the curves are distorted (Lisovskiy, Yegorenkov, 1998), in such a way
that the left-hand branch is somewhat flattened, which is also observed in both of
our curves (experiment and MC).
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Figure 2: RF breakdown curves for Ar discharge at f = 13.56 MHz. Comparison of
experimental results for electrode gap of 0.7 cm (full circles) and MC simulation
(open circles) when the secondary electron yield is y =0.07, and the reflection is
assumed to be R = 0.4.
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Analyzing the breakdown behavior at high pd values, we observe that the
breakdown voltage decreases with decreasing pressure (p) (the electrode gap (d) is
fixed). At pd+ = 2.5 Torr cm, the minimum breakdown voltage occurs. Beyond this
point, the breakdown voltage increases as pressure decreases further. In the
left-hand branch of the curve, an inflexion point appears at 1.5 Torr cm. This
inflexion can be attributed to conditions where the amplitude of electron
oscillations in the RF field becomes comparable to the interelectrode distance (d),
leading to increased losses. From this point on, the breakdown is conditioned by a
balance between losses at the surface of electrodes and the gain of energy from the
increasing field and numerous electrons crossing the threshold for ionization. Thus,
the secondary electron yield at the electrodes becomes significant.
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13 | 1.3. |pulsed Townsend experiment and validation of the M. Hao, G Hagelaar, B. Zhang
- . and X. Li
swarm data derived from waveform analysis
An aliasing method for determination of transport :
14 | 1.3. |data for exotic charged particles in crossed electric N. A. Garland, R. D. White,

and magnetic fields

R. E. Robson and M. Hildebrandt
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Studies on electron swarms and streamer discharges

S. Dujko, I. Simonovi¢,

15| 13. | . D. Bosnjakovi¢, Z.Lj. Petrovi¢
in eco-friendly RPC gases and J. De Urquijo
. . . S. Dujko, I. Simonovié¢
Electron transport in radio-frequency electric and o s
16 L3. magnetic fields in ultra-low GWP gases D. B_osnjakoy!c, J. Ali¢ and
Z.Lj. Petrovi¢
17| 13 Studies on streamer discharges in ultra-low GWP  |D. BoSnjakovi¢, I. Simonovi¢ and
" |gases S. Dujko
L Lo G. J. Boyle, N. A. Garland,
18 | 1.3. |Electron transport in simple liquid mixtures R. P. Mceachran and R. D. White
19 13 Three-dimensional streamer model in the AMREX |I. Simonovi¢, D. Bo3njakovi¢ and
"~ |environment S. Dujko
20| 21 Interaction of ions with drift-current biased A. Kalini¢, I. Radovié¢,
™" |supported graphene L. Karbunar and Z. L. Miskovi¢
Rainbows in transmission of protons through thin i .
21 | 2.1. silicon carbide crystal N. Star¢evi¢ and S. Petrovi¢
2| 21 Low energy heavy ion rainbow scattering by M. HadZijoji¢ and M. Cosié
graphene
23 29 Forming nanocrystalline SnO, films on silicon and |F. Komarov, O. Milchanin,
= |silicon dioxide by laser-plasma deposition method M. V. Puzyrev and I. S. Rahavaya
Equilibrium composition of plasma obtained by M. Risti¢, A. Saji¢, J. Babi¢ and
24 | 23. - -
laser ablation of glass M. Kuzmanovi¢
Semiquantum simulation of cellulosic materials V. Stankovi¢ Mali$ and Goran B.
25| 23. | - . -
interaction with CO, plasmas Popari¢
N. Tarasenko, V. Kornev,
Properties of Cu/Zn oxide nanostructures formed by [M. Nedelko, A. Radomtsev,
26 | 2.3. : . ] 2,
plasma-activated electrolysis N. Tarasenka, J. Ciganovic,
S. Zivkovic and M. Momcilovié¢
. . D. Rankovi¢, B. Stankov,
27 | 23, Target selectl_on for LIBS studies of hydrogen I. Traparié, M. Kuzmanovié and
isotope retention g
M. Ivkovi¢
Measurement of the velocity of the plasma jet L. Gavanski, N. Simi¢ and
28 | 3.1. - e : -
appearing from a wall stabilized arc S. Djurovi¢
The measurement of pulsed gas discharge
29 | 3.1. |parameters by means of Fe | lines in argon and J. Jovovi¢
argon-hydrogen mixture
Stark widths of several Te Il spectral lines for a Z. Majlinger, M.S. Dimitrijevié
30 | 3.1. P S . s i A
purpose in investigation of astrophysical spectra and V. Sre¢kovi¢
Stark width estimates for the most prominent Ce |1
31 | 3.1. |spectral lines important for astrophysical Z. Majlinger
investigations
3 31 Determination of unknow analyte concentration in  |A. éajic’, D. Rankovi¢, M.Risti¢
™ |glass samples using the LIBS method and M. Kuzmanovi¢
Investigating the thermal profile of an atmospheric
33 | 3.1. |pressure argon plasma jet on a conductive and J. Lalor and V. Milosavljevi¢
insulating mesh surface
The use of thermoelectric radiation detectors for S.A. Poniaev, P.A. Popov,
34 | 3.1. |heat flux measurements in shock-tubes with gas N.A. Monakhov, T.A. Lapushkina

ionization

and M.A. Kotov
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Detection of rhenium in tungsten using LIBS with

I. Traparic, B. Stankov and

% 3L additional fast pulse discharge M. Ivkovi¢
36 Estimation of nitrogen impurity level in helium N. Cvetanovi¢, S.S. Ivkovi¢ and
3.1 S . 2 s
atmospheric discharge via emission spectroscopy  |B.M. Obradovi¢
37 | 3.1. [The effect of acids on pig bone estimated by LIBS m l|\</|arkowc, D Rankovi¢ and
. Kuzmanovi¢
Fast photography in the service of spatially and B. Stankov, M. R. G. BoZovié,
38 | 3.1. [temporally resolved LIBS diagnostics of doped D. Rankovi¢, J. Savovi¢ and
tungsten M. Ivkovi¢
. I. Trapari¢, B. Stankov,
39| 31 I_nflu_ence <_Jf_ thg ablation angl_e change on spectral N. Vujadinovi¢, M. Vinié and
line intensities in LIBS experiments .,
M. Ivkovi¢
Modelling of an icp discharge in oxygen with full |A. Kropotkin, A. Chukalovsky,
40 | 3.2. [kinetics scheme with newly calculated VV/VT rate |A. Kurnosov, T. Rakhimova and
constants A. Palov
V. V. Voevadin, O. I. Korzhova,
“ 3.2 Influence of interelectrode distance on the V. Yu. Khomich,
™ |characteristics of three-electrode pulsed sdbd V. A. Yamschikov, N. Yu. Lysov
and A. V. Klubkov
2| 32 RF breakdown in argon at low-pressures: J. Marjanovi¢, D. Mari¢, M. Puag,
=" |experiment and modelling A. Dordevi¢ and Z. Lj. Petrovi¢
Cathode sheath diagnostics by integral end-on N. V. Nedi¢, N. V. Ivanovig¢,
43 | 3.2. |optical emission spectroscopy in an analytical glow |I. R. Videnovi¢, Dj. Spasojevi¢
discharge source in argon and N. Konjevi¢
. . . E. N. Bocharnikova, O. N.
Luminescent analysis of e-beam induced .
44 3.3. |transformation of phenol in the presence of humic Tchaikovskaya, S. A.
e substances Chaykovsky, V. I. Solomonov, A.
S. Makarova and 1. V. Sokolova
The formation of microneedles structures from . .
45 | 3.3. |silicon using plasma etching in SFg/O, mixture in ;/ﬁdKlgzgjglgsl‘(?' Miakonkikh
inductively coupled plasma '
Fluorocarbon polymerizing plasmas etching A. Miakonkikh, V. Kuzmenko
46 | 3.3. . -
processes for structures of microelectronics and K. Rudenko
V. Vuj¢i¢, V.A. Sre¢kovié,
47 | 3.3. |A&M datasets for LTP treatment of plants 0. Kounchev and F. lacob
E.M. Konchekov, N.G. Gusein-
Low-temperature plasma and plasma-activated Zade, D.V. Yanykin, L.V. Kolik,
-OW-emperature plas P ’ Yu.K. Danileiko, V.I. Lukanin,
48 | 3.3. |liquids in solving agricultural problems: ich k
experimental technique K.F. Sergeichev, 1.V. Moryakov,
V.D. Borzosekov, V.V. Gudkova,
M.E. Astashev and S.V. Gudkov
. N. N. Bogachev, A. S. Bakshaev,
o | e ges | V. KOl E . Koo
P P P 9 and A. S. Kon’kova
Measurements of reactive oxygen and nitrogen D. Topalovié, N. Babucic,
50 | 3.3. [species in plasma activated water by microwave & "
- N. Skoro and N. Pua¢
discharge
N. N. Bogachev,
51 33 lonization of a plasma antenna channel in a I. L. Bogdankevich, V. I. Zhukov,

dielectric gas-discharge tube

D. M. Karfidov, V. P. Stepin and
N. G. Gusein-Zade
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JECA
Highlight


Dataset for photodissociation of small molecular

V.A. Sre¢kovié¢, N. Pop,

52 | 4.2 ions M.S. Dimitrijevi¢, M.D. Christova
and V. Vujéi¢
I . . V.A. Sre¢kovi¢, N. Pop,
53 | 42 Investigation of ch_emls_try of hydroger), helium and M.S. Dimitrijevié and
lithium molecular ions in the early Universe -
M.D. Christova
New molecular data for confined molecular systems [V.A. Sre¢kovi¢, N. Pop, and
54 | 4.2. - -
and astrochemical modelling V. Vujci¢
The complex emitter inside dense plasma -
S ' N.M. Sakan, Z. Simic,
55 | 4.2 gg:etlnuatlon of a Coulomb cut-off approach, argon VA, Sreckovic and M. Dechev
56 | 4.2. |Variability along the main sequence of quasars E. Bon, P. Marziani and N. Bon
A.B. Kovacevi¢, D. lli¢,
57 | 42 Advanced nonlinear analysis for detecting binary ~ [L.C. Popovi¢, M. Pavlovig,
™" |quasars and transient events in the LSST era A. Raju, M. Tosi¢ and Iva
Cvorovi¢-Hajdinjak
L Jelena Kovacevi¢-Dojéinovié,
58 | 42 Two-Component Model of Fe Il Lines in Spectra of Ivan Dojeinové and Luka C.

Active Galactic Nuclei

Popovi¢
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WELCOME NOTE

Dear Participants,

On behalf of the organizing committee, it is with great excitement and anticipation that 1 welcome you to
the 10th International Conference on Plasma Medicine (ICPM10), held in conjunction with the traditional
summer school and the 9th International Workshop on Plasma for Cancer Treatment (IWPCT?9).

ICPM10 and IWPCT9 continue the legacy of providing a vital platform for the exchange of knowledge
and ideas in the multidisciplinary field of plasma biomedicine. As we gather in this beautiful setting, we
aim to foster collaboration among experts from diverse fields such as plasma physics, medicine, biology,
biochemistry, pharmacy, agriculture, and food science. Together, we will explore the cutting-edge
developments and technological challenges in plasma medicine, a rapidly advancing field that promises
significant therapeutic breakthroughs.

This conference offers a unique opportunity for professionals and researchers to engage in meaningful
discussions, share insights, and establish international collaborations that will drive the future of plasma
technology in medicine and beyond. We are confident that the knowledge and experiences shared during
this event will contribute to the advancement of our field and inspire innovative solutions to the complex
challenges we face. We hope you find this event both inspiring and rewarding.

Sincerely,

Prof. Dr. Uro$ Cvelbar ,

head of the Organising Committee

SPONSORS

A begellnouse

The Home for Science and Engineering™




COMMITTEES
International Scientific Committee (ISPM Board)

e Gerrit Kroesen, TU Eindhoven, Chair

e Julia Bandow, RUB

e Sander Bekeschus, INP Greifswald

e Paula Bourke, University College Dublin
Eun-Ha Choi, Kwangwoon University
Cristina Canal, UPC

Yuzuru lkehara, Chiba University

Petr Lukes, Institute of Plasma Physics CAS
Alexander Fridman, Drexel University
Matteo Gherardi, University of Bologna
Satoshi Hamaguchi, Osaka University

Eric Robert, University of Orleans

Rob Short, University of Sheffield

Katharina Stapelmann, North Carolina State University
Zdenko Machala, Comenius University
Vandana Miller, Drexel University
Hiromasa Tanaka, Nagoya University
Thomas von Woedtke, INP Greifswal

IWPCT Scientific Committee

Vandana Miller, Chair, Drexel University

Sander Bekeschus, INP Greifswald

Katharina Stapelmann, North Carolina State University
Audrey Glory, University of Montreal

Angela Privat Maldonado, University of Antwerp

Lars Boeckmann, University Medical Center Rostock
Shinya Toyokuni, Nagoya University

NookrwnpE

Organising Committee

Uro$ Cvelbar, JozZef Stefan Institute, Chair

Maja Cemazar, Institute of Oncology Ljubljana

NataSa Hojnik, JozZef Stefan Institute

Martina Modic, Jozef Stefan Institute

Naomi Northage, Jozef Stefan Institute

Gregor Sersa, Institute of Oncology Ljubljana

Vasyl Shvalya, Jozef Stefan Institute

Bojana Zegura, National Institute of Biology

James L. Walsh, University of York and Jozef Stefan Institute

CoNo~LNE



PROGRAMME

Monday, 9 September 2024

Section: PLASMA FOR CANCER THERAPY

Hall: IWPCT

08:55 Introduction
Vandana Miller

09:00 Non-thermal gas plasma for cancer treatment and immunomodulations
Nagendra Kaushik

09:45 Welcome

Vandana Miller

PLENARY SESSION

Hall: IWPCT
Chair: Lars Boeckmann
10:00 PL-1 Cancer therapy using plasma-activated solutions

Hiromasa Tanaka, Masaaki Mizuno, Kenji Ishikawa, Hiroaki Kajiyama,
Shinya Toyokuni, and Masaru Hori

Section: PLASMA FOR CANCER THERAPY

Hall: IWPCT

Chair: Thomas von Woedtke

10:45 Mon-O-1-1 Oxidative stress of cancer cells mediated by organic molecules and
plasma-modified liquids/hydrogels
Eloisa Sardella, Roberto Gristina, Michele Casiello, Maria Teresa Rotelli,
Donato Francesco Altomare, Marcella Rinaldi, Arcangelo Picciariello,
Antonella Piscioneri, Sabrina Morelli, Loredana De Bartolo, Viviana Di
Giacomo, Giulia Petrucci, Vittoria Perrotti, Pietro Favia

11:00 IT-1 Pleiotropic therapeutic effects of cold atmospheric plasma on
cholangiocarcinoma
Laura Fouassier

11:30 Mon-O-1-2 Investigating the Effects of Plasma-Treated Hydrogel for Dual
Oxidative Stress and Doxorubicin Delivery with an in ovo Sarcoma
Model

Milica Zivanié, Albert Espona-Noguera, Angela Privat-Maldonado, Patrik

Matust, Francesco Tampieri, Evelien Smits, Abraham Lin, Annemie
Bogaerts, Cristina Canal
12:00 13:00 Woman in plasma medicine group meeting

Section: PLASMA-BASED DECONTAMINATION AND STERILIZATION

Hall: ICPM Session 2

Chair: Paula Bourke

10:45 IT-4 Atmospheric pressure plasmas strategies for medical important
biofilm inactivation

Martina Modic, Natasa Hojnik, Naomi Northage, Vasyl Shvalya, James L

Walsh, Darla Goeres, Matthew Fields, Uro§ Cvelbar
11:15 Mon-0O-2-1 Plasma Treatment Effects on Destruction and Recovery of P.
gingivalis and S. gordonii Dual-Species Biofilms
Yixuan Liao, Hongmin Sun, Meng Chen, Shaoping Zhang, Qingsong Yu
11:30 Mon-0-2-2 Inactivation of Escherichia coli by CO»-He plasma jets
Eloise Mestre, Inna Orel, Daniel Henze, Laura Chauvet, Sebastian
Burhenn, Sébastien Dozias, Fabienne Brulé-Morabito, Judith Golda,
Claire Douat

Vi

20

21
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34

35



11:45 Mon-0-2-3
12:00 Mon-0-2-4
12:30 - 13:30

Experimental Setup and Efficacy Assesment of a Non-Thermal
Plasma System for Bioaerosol Decontamination

Silvia Giuditta Scaltriti, Gabriele Neretti, Fabio Avino, Ivo Furno
Analysis of Cold Atmospheric Plasma Parameters for Effective
Inactivation of Aspergillus Flavus and Fusarium Keratoplasticum
Jonathan Thomas, Darby Roberts, Brian Gilger, Katharina Stapelmann

Lunch Break

Section: PLASMA FOR CANCER THERAPY

Hall:

Chair: Sander Bekeschus

14:00

14:45

15.00

15:15

15:30

15:45

16:00

IT-2

Mon-0O-1-3

Mon-0O-1-4

Mon-0O-1-5

Mon-O-1-6

Mon-O-1-7

Mon-0O-1-8

Application of non-thermal plasma during tumorectomies: from the
lab to the clinic

Audrey Glory, Julie Lafontaine, Jean-Sébastien Boisvert, Sylvain
Coulombe, Erica Patocskai, Philip Wong

Synergistic Effects of Plasma-Treated Water Solutions and
Doxurubicin in Head and Neck Cancer Treatment

Vittoria Perrotti, Marwa Balaha, Giulia Petrucci, Viviana di Giacomo,
Roberto Gristina, Eloisa Sardella

Plasma Enhance Immunotherapy for Cancer Treatment

Zhitong Chen, Qiujie Fang

Medical gas plasma technology synergizes with immune checkpoint
blockade in the treatment of dermatologic malignancies

Lea Miebach, Julia Berner, Eric Freund, Thomas von Woedtke, Klaus-
Dieter Weltmann, Ramona Clemen, Sander Bekeschus

Revolutionizing pancreatic cancer therapy with the combination of
chemotherapy and cold atmospheric plasma using the turkey in ovo
model

Ruben Verloy, Emma Peeters, Angela Privat-Maldonado, Sophie Rovers,
Evelien Smits, Annemie Bogaerts

Implementation of Non-Thermal Plasma as an Immunogenic Therapy

Addition to the Standard-of-Care for Head and Neck Squamous Cell
Carcinoma

H. Verswyvel, M. Bauwens, H. Zaryouh, G. Van Haesendonck, E.
Cardenas De La Hoz, S. Koljenovic, C. Deben, A. Wouters, A. Lin, A.
Bogaerts, E. Smits

Cold plasma endoscopy: investigating intrabody fluid issue for bile
duct cancer local treatment

Korentin Géraud, Manon Soulier, Marine Camus, Allan Pavy, Laura
Fouassier, Thierry Dufour

Section: PLASMA-BASED DECONTAMINATION AND STERILIZATION

Hall: ICPM Session 2
Chair: James L. Walsh

14:00

14:15

14:30

Vil

Mon-0O-2-5

Mon-0O-2-6

Mon-0O-2-7

Plasma-mediated decontamination of animal tissue samples: a novel
approach towards antibiotic-free applications

Alexander Pogoda, Yuanyuan Pan, Jurgen F. Kolb, Monika Rontgen,
Sybille Hasse

Plasma Sterilization: Studies on Probable Mechanisms and
Biochemical Actions behind Bacterial Inactivation

Tejal Barkhade, Kushagra Nigam, G. Ravi, S. K Nema, Seema Rawat

Sterilization Mechanisms of Saccharomyces cerevisiae in O/SFg Low-

Pressure Plasmas
Rafael P. Ribeiro, Nilson C. Cruz, Tania A. Passeti, Elidiane C. Rangel
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14:45

15:00

15:15

15:30

15:45

16:00

16:15

Mon-0O-2-8

Mon-0O-2-9

Mon-0O-2-10

Mon-0O-2-11

Mon-0-2-12

Mon-0O-2-13

Mon-0O-2-14

Liquid laboratory biowaste sterilization by cold plasma: prospects
and obstacles

Aleksandra Lavrikova, Fabio Avino, Rita Agus, Vivianne Padrun,
Laurence Winkel, Andrew C. Oates, Ivo Furno

Air Sterilisation and Treatment by Non-Thermal Atmospheric
Plasma

Naigui Shang, Minkwan Kim, John Lawson, Bharathram
Ganapathisubramani, Rodolphe Hervé, Charles W. Keevil

Advancing Bacterial Mitigation on Hospital Floors with a DBD
Plasma Sheet

Keerthana Dandamudi, Rachana Dandamudi, Bhavya Bellannagari, Sohail
Zaidi

Implementation of Atmospheric Pressure Plasma-Activated Gaseous
Media into Advanced Decontamination Processes

Zlata Kelar Tucekova, Lukas Vacek, Michal Pazderka, Jakub Kelar, Filip
Ruzi¢ka, Mirko Cernak

Candida albicans biofilm eradication through cold atmospheric
plasma: The impact of voltage and exposure time in the antifungal
mode of action

Manca Lunder, Rok Fink, Sebastian Dahle

Promoting the inactivation effects of non-thermal plasma on
filamentous fungi using staining solutions

Eliska Lokajova, Jana JireSova, Vladimir Scholtz

Comparison between the Antimicrobial Effect of Plasma Activated
Water on Amniotic Membrane Contaminated by Klebsiella
pneumoniae and Escherichia coli

Felipe Almeida, Anelise Doria, Luciana Sant'/Anna

Section: REGULATORY ISSUES AND STANDARDS IN PLASMA MEDICINE

Hall: ICPM Session 2

Chair: Eun-ha Choi

16:30

Mon-0O-3-1

16:45 —-17:00

DIN SPEC 91315 Revised — A New Method for Risk Assessment of
Reactive Gas Species Emission by CAP Sources
Andreas Helmke, Thomas Borchardt, Jannik Schulz, Wolfgang Vidl

Coffee Break

Section: PLASMA FOR CANCER THERAPY

Hall:

Chair: Audrey Glory

17:00

17:30

17:45

18:00

viii

IT-3

Mon-0O-1-9

Mon-0O-1-10

Mon-O-1-11

Physical Plasma in Clinics — Requirements, Tech-transfer, Acceptance
Martin Weiss

Understanding the effects of plasma species on gap junction channels
in the propagation of cancer cell death

Maria C. Oliveira, Angela Privat-Maldonado, Annemie Bogaerts
Identification of gas plasma resistance mechanisms in human
squamous cell carcinoma cells

Julia Berner, Lea Miebach, Marcel Kordt, Kristian Wende, Brigitte
Vollmar, Sander Bekeschus

Large-scale transcriptomic profiling of 35 cancer cell lines reveals
similar gene sets predisposing for sensitivity to plasmas and H,O, but
not HOCI

Debora Singer, Anke Schmidt, Thomas Von Woedtke, Klaus-Dieter
Weltmann, Steffen Emmert, Sander Bekeschus
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44

45

46

47

49
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18:15 Mon-0-1-12 Cold Plasma-based Redox Therapy for Breast-to-Bone Metastasis 31
Tumor Growth Control
Laura Bouret, Jean-Baptiste Billeau, Michael Weber, Derek Rosenzweig,
Stephan Reuter

18:30 Mon-O-1-13 Numerical modeling of plasma-induced immunogenic cell death 32
Tomoyuki Murakami

Section;: REGULATORY ISSUES AND STANDARDS IN PLASMA MEDICINE
Hall; ICPM Session 2
Chair: Eun-ha Choi

17:00 Mon-0O-3-2 By any other name: a search for optimal plasma nomenclature 50
Caroline Corcoran, Rachel Bennett, VVandana Miller, Fred C. Krebs, and
Will Dampier

17:15 Mon-0-3-3 Standardization in Plasma Medicine: From DIN Spec to IEC 51
standard

Kai Masur, Mareike Meister, Eun Ha Choi, Sybille Hassel,
Thomas von Woedtke
17:30 Mon-0O-3-4 Standardized Treatment Procedures for In Vitro Analysis of Different 52
Cold Plasma Technologies: Is It Even Possible?
Thoralf Bernhardt, Philipp Ficht, Anna Staffeld, Thomas Borchardt,
Andreas Helmke, Mareike Meister, Sybille Hasse, Sander Bekeschus,
Steffen Emmert, Lars Boeckmann

17:45-18.45 Special Session on Regulatory issues

PLENARY SESSION

Hall: IWPCT

Chair: Uros Cvelbar

18:45 PL-2 Star Wars in Dermatology — Plasma medicine 3
Steffen Emmert, Alexander Thiem, Sander Bekeschus, Lars Boeckmann

19:30 - 21:30 Welcome Reception

Tuesday, 10 September 2024

PLENARY SESSION

Hall: ICPM Session 1

Chair: Gerrit Kroesen

10:00 PL-3 Plasma for Biology and Medicine — Now and Next 4
Sander Bekeschus, von Woedtke, Steffen Emmer, Klaus-Dieter Weltmann

Section: PLASMA LIQUID INTERATIONS, PLASMA-ACTIVATED LIQUIDS

Hall: ICPM Session 1

Chair: Annemie Bogaerts

10:45 IT-5 Plasma-Liquid Interactions in The Presence of Organic Matter — 12
Including Chemical, Biological, and Electrical Interactions
Katharina Stapelmann, Sophia Gershman, VVandana Miller

11:15  Tue-O-4-1 Efficient Generation and Characterization of Plasma-Activated 54
Water Using a Surface Dielectric Barrier Discharge System
Benedito Botan Neto, Michaela Shiotani Marcondes, Luan Gongalves de
Lima, Felipe de Souza Miranda, Douglas Marcel Leite, André Luis
Pereira, Cristiane Yumi Koga-Ito, Rodrigo Savio Pessoa




11:30

11:45

12:00

Tue-O-4-2  Exploring the Potential of Plasma-Activated Water: Impact of Gas

Composition on Reactive Species Generation, Antimicrobial Efficacy,
and Cytotoxicity

Felipe de Souza Miranda, Victoria Kelly Fonseca Tavares, Diego Morais
da Silva, Noala Vicensoto Moreira Milhan, Nilton Franccelosi Azevedo
Neto, Rodrigo Sévio Pessoa, Cristiane Yumi Koga-Ito

Tue-O-4-3  Synergizing Dielectric Barrier and Gliding Arc Discharges:

Advancements in Plasma-Activated Water Generation
Nilton F. Azevedo Neto, Felipe S. Miranda, Pedro W. P. Moreira Junior,
Clodomiro A. Junior, Cristiane Y. K, Ito, Rodrigo S. Pessoa

Tue-O-4-4  Chemical and Bactericidal Properties of Cell Culture Media DMEM

and RPMI Modified by He/O, Plasma Treatment
Petr Luke$, Barbora Tarabova, Zuzana Kovalova, Vit Jirasek

Section: PLASMA SURFACE INTERACTIONS/MODIFICATIONS FOR BIOMEDICAL
APPLICATIONS

Hall: ICPM Session 2

Chair: Lenka Zaji¢kova

10:45  Tue-O-5-1 Insights into the use of aerosolized precursors in atmospheric
pressure plasma polymerization: process control and coating
stability
Giulia Laghi, Chiara Bugané, Gianmarco Rossi, Lucia Barbera, Riccardo
Gallerani, Guglielmo Guido Condorelli, Romolo Laurita, Matteo
Gherardi
11:00  Tue-O-5-2  Production of reactive oxygen species and its controlled delivery by
functionalized thin films deposited by plasma technology
Paula Navascués, Flaela Kalemi, Dirk Hegemann
11:15  Tue-O-5-3 Commercial Medical Applications of Surface Treatment by Cold
Plasma
Amnon Lam
11:30  Tue-O-5-4  Biomimetic surfaces for improved biological response
Ita Junkar, Niharika Rawat, Metka Ben¢ina, Janez Kovac, Katja Lakota,
Polona Zigon, Valentina Puca, Rossella Grande, Vittoria Perrotti, Ales
Igli¢
11:45 IT-6 Hydrogels in plasma medicine: focus on the chemical
interactionbetween reactive species and biopolymers
Francesco Tampieri, Alfio G. Arcoria, Albert Espona-Noguera, Cristina
Canal
12:30 - 13:30 Lunch Break
14:00 — 16:45 POSTER SESSION
Tue-P-1 Plasma Jet Treatment of the Inner Wall of Montgomery Tracheal Implant (T-
Tube)
Konstantin G. Kostov, Ananias A. Barbosa, Paulo F. G. Cardoso, Antje Quade,
Daniel Legendre, Diego M. Silva, Cristiane Y. Koga-Ito

Tue-P-2 Development of a decontaminating coating activated by cold plasma for
biohazard control
A. Baraze, C. Muja, F. Sainct, S. Allix, T. Maho, P. Guillot

Tue-P-3 Cold plasma enamel surface treatment to increase fluoride varnish uptake
Sara Fathollah, Hossein Abbasi, Sadegh Akhoundi, Aboutorab Naeimabadi, Sahar
Emamjome

Tue-P-4 Evaluation of the Antimicrobial Effect of Room Temperature and Refrigerated

Plasma Activated Water
Felipe Almeida, Anelise Doria, Luciana Sant’/Anna
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56

57

68

69

70

71
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81
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Tue-P-5

Tue-P-6

Tue-P-7

Tue-P-8

Tue-P-9

Tue-P-10

Tue-P-11

Tue-P-12

Tue-P-13

Tue-P-14

Tue-P-15

Tue-P-16

Tue-P-17

Tue-P-18

Tue-P-19

Xi

Inactivation of microorganisms on fabrics using plasma-activated nebulized mist
driven by different plasma gases

Pengyu Zhao, Sihong Ma, Yikang Jia, Li Guo

Investigation of cold plasma treatment on antimicrobial peptides as strategy for
selective bacterial targeting

D. Doll, N. Nawrath, F. M. Fuchs, P. Awakowicz, A. R. Gibson, N. Metzler-Nolte
Reduction in bacterial survival on the surface of F9 filters after being exposed to
cold atmospheric plasma treatment

Ingrid Curril, Andreas Helmke, Mrotzek, Julia, Schulz Jannik and Wolfgang Vidl
Comparative Study on Bacterial Inactivation using O2 and N2-added He/Ar
Plasma

Krishnaveni Parvataneni, Sohail H. Zaidi

The influence of non-thermal plasma on fungal growth on building materials
Jana JireSova, Eliska Lokajova, Kamila Zdenikova, Vladimir Scholtz

Evaluation of Resistance Development in Bacteria Against Cold Atmospheric
Plasma in Consequence of Repetitive Plasma Treatment Methods

Seyma Ecem Irmak, Utku Kiirsat Ercan

Plasma-activated liquids reduce the viability of biofilms associated with
endodontic infections

Ana Bessa Muniz, Lady Daiane Pereira Leite, Mariana Raquel da Cruz Vegian,
Diego Morais da Silva, Noala Vicensoto Moreira Milhan, Felipe de Souza Miranda,
Rodrigo Savio Pessoa, Cristiane Yumi Koga-Ito

Helium Cold Atmospheric Plasma Effectively Acts on Multispecies Cariogenic
Biofilms Formed in situ

Leandro Wagner Figueira, Ana Bessa Muniz, Maria Aparecida Rodrigues de
Holanda, Thalita Mayumi Castaldelli Nishime, Konstantin Georgiev Kostov,
Cristiane Yumi Koga-Ito

The Effect of Bisphenol a Degraded by Non-Thermal Plasma on Yeast

Jana Makukova, lvana Kyzekova, Stanislav Kyzek, Oleksandr Galmiz, Dominik
Jura¢ka, Sara Pistekova, Michal Galambo§, Zdenko Machala, Andrea Sevéovicova
Combined Antimicrobial Properties of Ultraviolet radiation and Plasma-
Activated Water

Ramin Mehrabifard, Bernard Gitura Kimani, Zdenko Machala

Synergistic Enhancement of Antibiotic Efficacy Against Biofilms with

Cold Plasma

Thomas P. Thompson, Katie Harvey, Jordanne-Amee Maybin, Ross M. Duncanl,
Paula Bourke, Noreen J. Hickok, Theresa A. Freeman, Brendan F. Gilmore

Role of long living species in the inactivation of bacteria: comparison of different
plasma sources

Leonardo Zampieri, Rita Agus, Brayden Myers, Ivo Furno, Claudia Riccardi, Emilio
Martines

Antimicrobial Activity of SDBD Plasma Treatment on Planktonic and Biofilm
Forms of Escherichia coli

Oleksandr Galmiz, Bernard Gitura Kimani and Zdenko Machala

Bacterial decontamination by a He plasma jet operating in different
concentrations of O2

Diego Morais da Silva, Augusto Stancampiano, Sébastien Dozias, Konstantin
Georgiev Kostov, Cristiane Yumi Koga-Ito, Eric Robert

Electrical Characterization and Efficacy Assessment of a Cold Atmospheric
Plasma System for Closed Environment Sanitization

Silvia Giuditta Scaltriti, Gabriele Neretti, Fabio Avino, Ivo Furno
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Tue-P-20

Tue-P-21

Tue-P-22

Tue-P-23

Tue-P-24

Tue-P-25

Tue-P-26

Tue-P-27

Tue-P-28

Tue-P-29

Tue-P-30

Tue-P-31

Tue-P-32

Tue-P-33

Tue-P-34

Tue-P-35

Xii

Cold Plasma: A promising Approach to Mitigate Common Ragweed Pollen
Allergens

Natasa Hojnik, Janez Zava$nik, Vasyl Shvalya, Jernej Sribar, Igor Krizaj, James
Walsh

Toxicological characterisation of BPA and BPS and their transformation
products formed after degradation with cold atmospheric pressure plasma
Martina Stampar, Ana Kova¢i¢, Martina Modic, Natasa Hojnik, Martin Rafael Gulin,
Christina Nannou, Lelouda-Athanasia Koronaiou, David Heath, James L. Walsh,
Dimitra Lambropoulou, Uro§ Cvelbar, Ester Heath, Bojana Zegura

Cold plasma for the treatment of house dust mite allergens

Jernej Sribar, Nataga Hojnik, Igor Krizaj, James Walsh

Mitigating Bacteria from Hospital Floors: Plasma Approach

Keerthana Dandamudi, Rachana Dandamudi, Sohail Zaidi

Non-thermal Plasma-Activated Water Against

Candida auris Isolates from Healthcare-Associated Infections
Andra-Cristina Bostanaru-lliescu, Adrian Fifere, Adriana Elena Anita, Valentin
Nastasd, Dragos Constantin Anita, Robert Capota,

Florica-Mirela Doroftei, Bogdan Minea, Eugen Hnatiuc, Mihai Mares

Effect of NTP exposure on the electronic components

Ladislav FiSer, Vladimir Scholtz, Jana JireSova

Establishing the role of the stringent response in non-thermal plasma treatment
Lauren Walsh, Felicity Tso, Vandana Miller, Donald C. Hall Jr

Cold Atmospheric Plasma Jet with Pulsed Voltage and Gold

Nanoparticles Enhance Cytotoxic Anticancer Effect

| Schweigert, M Biryukov, A Polyakova, N Krychkova, E Gorbunova,

A Epanchintseva, | Pyshnaya, Dm Zakrevsky, E Milakhina, O Koval
Ferroptosis Drives Cell Death After Cold Atmospheric Plasma Treatment in
Cervical Cancer Cells

Marcel Arnholdt, Martin Weiss

Cold Plasma Deposition of Topotecan: A Novel Approach for Local Cancer
Drug Delivery to Glioblastoma Cells

Beatriz Pinheiro Lopes, Liam O’Neill, Fiona O’Neill, Paula Bourke, Daniela Boehm
Non-thermal plasma as a partner in crime for anti-cancer therapies:
Optimization in the 3D spheroid tumor model for HNSCC

Bauwens M., Verswyvel H., De Waele J., Wouters A., Bogaerts A., Smits E.
Combination therapy of medical gas plasma and cisplatin enhances tumor
toxicity and immunogenicity in human bladder cancer cells

Nadine Gelbrich, Julia Edelmann, Martin Burchardt, Sander Bekeschus
Exploring the Therapeutic Potential of Surface DBD Plasma in B16F10 cells
Treatment: A Comparative Study of Direct and Indirect Approaches

Luan Goncalves de Lima, Michaela Shiotani Marcondes, Rafaela Campos Queiroz,
Dayane Batista Tada, Clodomiro Alves Junior, Rodrigo Savio Pessoa

Cold gas plasma alters tyrosine kinase activity in lung cancer cells

Paul Schulan, Kristian Wende, Ramona Clemen, Sander Bekeschus

The impact of cold piezoelectric plasma on cancer cell viability: a study on
cholangiocarcinoma

Manon Soulier, Bouchra Lekbaby, Imane Houari, Henri Decauchy, Allan Pavy,
Alexia Coumes, Laura Fouassier, Thierry Dufour

Combination Treatment of Head and Neck Cancer Cell Lines with Cold Plasma
and Chemotherapeutics

Elena A. Vochitu, Nishtha Gaur, Robert D. Short, Sarah L. Allinson
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Tue-P-36  Machine Learning Assessment of Cold Atmospheric Plasma Efficacy on Breast
Cancer: Exploring Receptor Status Correlations for Optimized Treatment
Strategies
Gizem Dilara Ozdemir, Fatos Basdeli, Zehra Ece Sen, Mehmet Akif Ozdemir, Utku
Kiirsat Ercan

Tue-P-37  In Vitro Adaptive Plasma Cancer Treatment with Real-Time In-Situ Diagnostics
using Impedance Measurements
Zichao Hou, Taeyoung Lee, Michael Keidar

Tue-P-38  Evaluation of pyrazolopyrimidinones as anticancer prodrugs activated by cold
atmospheric plasma
Natalia Bednarz, Ciara McEvoy, Gemma K. Kinsella, Daniela Boehm, Paula Bourke,
John C. Stephens, James Curtin

Tue-P-39  Novel combination therapy of non-thermal plasma and immune checkpoint
inhibitors for melanoma
Lisa Van der Heyden, Angela Privat-Maldonado, Evelien Smits, Annemie Bogaerts

Tue-P-40  Sensitization of vulvar cancer cells with ATM kinase inhibitor prior PAL
treatment
Hortense Decool, Johanna Renner, Martin Weiss

Tue-P-41  Impact of plasma-activated phosphate-buffered saline on viability of human
cancer and non-cancerous cells
Darina Kuzmovd, Helena Gbelcova, Zdenko Machala

Tue-P-42  Numerical modeling on the mechanism of plasma-induced cell death
Ippei Saito, Motohiro Tomita, Tomoyuki Murakami

Tue-P-43  The beneficial effect of successive Cold Atmospheric Plasma treatments on in
vitro behaviour of human gingival fibroblasts
Andreea-Mariana Negrescu, Leonardo Zampieri, Anisoara Cimpean, Emilio Martines

Tue-P-44 A Minimally Invasive Surgical Platform Against Pancreatic and Biliary Tract
Cancers Using Cold Atmospheric Plasma
Vasilios Vavourakis, Charalambos Anastassiou, Thierry Dufour, Laura Fouassier,
Panagiotis Svarnas

Tue-P-45  Effects of Cold Atmospheric Argon Plasma Jet Treatment on the Biological
Activity of Human Gingival Fibroblasts
Neusa Silva, Joana Marques, Mariana Brito da Cruz, Henrique Luis, Antdnio Mata,
Susana Sério

Tue-P-46  Safety evaluation of plasma activated water on skin and breathing: an in-vivo
study
Mahdiyeh Bakhtiyari-Ramezani, Sara Hejri, Aboutorab Naeimabadi

Tue-P-47  Anti-yeast activity of transient spark PAW combined with UV-A and natural
phenolics on planktonic yeast Wickerhamomyces anomalus
Bernard Gitura Kimani, Ramin Mehrabifard, Zdenko Machala

16:45 - 17:00 Coffee Break

Section: PLASMA LIQUID INTERATIONS, PLASMA-ACTIVATED LIQUIDS
Hall: ICPM Session 1
Chair: Petr Luke$

17:00

17:15

Xiii

Tue-O-4-5 Plasma-Generated Nitric Oxide Water for Biological Applications:

Infection Control and Cosmetic Innovations

Nagendra Kumar Kaushik, Neha Kaushik, Linh Nhat Nguyen, Tirtha Raj
Acharya, Manorma Negi, Shweta Bharat Borkar, Paritosh Patel, Apurva
Jaiswal, Eun Ha Choi

Tue-O-4-6  Assessing the antiviral effect of plasma-conditioned media against

herpes simplex 1 infection in polarized vaginal epithelial cells
Caroline Corcoran, Brian Wigdahl, VVandana Miller, Fred C. Krebs

116

117

118

119

120
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122

123

124

125

126

127

58
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17:30  Tue-O-4-7 Plasma activated water pre-treatment substantially enhances phage
activity against Proteus mirabilis biofilms
Akash Shambharkar, Thomas P. Thompson, Laura McClenaghan, Paula
Bourke, Brendan, F. Gilmore, Timofey Skvortsov

17:45  Tue-O-4-8 The effects of plasma-activated liquid on urinary tract infection and
colitis in mice
Zdenko Machala, Michal Pastorek, Barbora Gromova, Slavomir Pasztor,
Peter Celec, Lubomira Tothova, Barbora Kone¢na, Roman Gardlik

18:00  Tue-O-4-9  Plasma Activated Water is Effective against Redoubtable Nosocomial
Microorganisms
Andra-Cristina Bostdnaru-lliescu, Adrian Fifere, Valentin Nastasa, Laura-
Elena Ursu, Florica-Mirela Doroftei, Bogdan Minea, Eugen Hnatiuc,
Mihai Mares

18:15 Tue-0-4-10 Inactivation pathways of Escherichia coli and Staphylococcus aureus
induced by transient spark discharge in liquids
Karol Hensel, Aleksandra Lavrikova, Helena Bujdakova

18:30 Tue-0-4-11 Decontamination of Healthcare Textiles Using Plasma-Activated
Water
Markus Ahrens, Sonja Boltl, Petra Mela

18:45 Tue-0-4-12 Utilizing the Potential of Plasma-Treated Water for Enhanced Maize
Growth and Stress Tolerance
Zuzana Okruhlicova, Zuzana Lukacovda, Karol Hensel

19:00 Tue-O-4-13 Microbiological and pH Assessment in Pineapple Jams and Zucchini
Preserves Treated with Plasma Activated Water
Pedro Inacio Rodrigues Melo, Nathalia Cristina de Carvalho Sousa, Felipe
Santos de Almeida, Anelise Cristina Osério César Doria, Sénia Khouri
Sibelino

Section: PLASMA MEDICAL APPLICATIONS — CLINICAL AND ANIMAL STUDIES
Hall: ICPM Session 2
Chair: Thomas von Woedtke
17:00  Tue-O-6-1 Non-Invasive Physical Plasma (NIPP) Improves Conventional Wound
Management of Cut and Bite Wounds in European Hedgehogs:
Results of a Prospective, Non-Randomized Monocentric Wildlife
Clinical Trial
Jurgen Eichler, Bjorn Rulik, Alexander Abazid, Matthias B. Stope
17:15  Tue-0O-6-2 Cold plasma enamel surface treatment to increase fluoride varnish
uptake
J Sara Fathollah, Hossein Abbasi, Sadegh Akhoundi, Aboutorab
Naeimabadi, Sahar Emamjome
17:30  Tue-O-6-3 Cold Plasma Therapy for Venous Ulcers: Early Clinical Trial
Outcomes
Ana Megia-Macias, Osvaldo Daniel Cortazar, Bernardo Hontanilla
17:45  Tue-O-6-4  Safety and efficacy study of Plasma-activated Lactate Ringer's
Solution (PAL) for application on animal and human skin
Kae Nakamura, Katsumi Ebisawa, Masaaki Mizuno, Nobuhisa
Yoshikawa, Hiromasa Tanaka, Kazunobu Hashikawa, Shinya Toyokuni,
Masaru Hori, Yuzuru Kamei, Hiroaki Kajiyama
18:00 Tue-O-6-5 An Innovative Method for Molecular Introduction into Fish Eggs
Using Surface Discharge Treatment
Yoshihisa Ikeda, Takuro Doi, Yugo Kido, Taiju Saito, Masafumi Jinno
18:15  Tue-O-6-6  Treatment of psoriasis with an ALOE device: pilot research
A.V. Kazak, L.V. Simonchik, S. A. Kazel
18:30  Tue-O-6-7 Cold atmospheric-pressure plasma and plasma treated liquids for
veterinary applications
Kristina Trebulovd, Zdenka Kozakova, Kamila Klementova, Ivana
Pali¢kova, Alois Cizek, Jan Hrudka, Eric Robert, Augusto Stancampiano,
Inna Orel, FrantiSek Kréma
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Wednesday, 11 September 2024

PLENARY SESSION

Hall: ICPM Session 1

Chair: Masaru Hori

10:00 PL-4 Cold plasma as a combinatorial therapy to combat orthopaedic
infection
Carly J. Smith, Amanda Watkins, Autumn Melvage, Amanda Connelly,
Thomas P. Schaer, Brendan Gilmore, Daniela Boehm, Paula Bourke,
Noreen Hickok, Theresa A. Freeman

Section: FUNDAMENTALS OF ATMOSPHERIC PLASMA

Hall: ICPM Session 1

Chair: Michael Keidar

10:45 IT-7 Innovative Solutions in Agriculture and Biomedicine: Leveraging
Electrical Discharges in Gases for Plasma Applications
Sabnaj Khanam, Madeeha Igbal, Khadija Akter, Juie Rana, Anchal
Bhatnagar, Young Jun Hong, Eun Ha Choi, Ihn Han

11:15 Wed-O-7-1 Online diagnostics of the production of reactive species in a
micropulsed plasma jet
Leonardo Zampieri, Emilio Martines

11:30 Wed-O-7-2  Establishing a set of measurements to monitor plasma source
duplicates in collaborative groups through systematic investigation
and correlation of parameters
Helena Jablonowski, Ulfilas Hoffmann, Robert Bansemer, Katayoon
Hadian Rasnani, Michael Schmidt, Raphael Rataj1, Sander Bekeschus,
Torsten Gerling , Klaus-Dieter Weltmann, Thomas von Woedtke

11:45 Wed-O-7-3 Development of A Long Tube Plasma Jet for Treating Pipeline-shape
Structures and Its Affecting Factors Study
Yajun Zhao, Kangkang Qiu, Li Zhang, Shanshan Jin, Zhi Fang

12:00 Wed-O-7-4 Identification of relevant plasma components in plasma-induced
microcirculation enhancement
Thomas Borchardt, Ole Grams, Andreas Helmke, Steffen Emmert,
Wolfgang Viél

Section: PLASMA-CELL AND PLASMA-TISSUE INTERACTIONS - BIOLOGICAL AND

BIOCHEMICAL REACTIONS

Hall: ICPM Session 2

Chair: Kristian Wende

10:45 Wed-0-8-1 Combining Plasma, Micelles, and Chitosan into PCCM-125: Long-
Term Nitric Oxide Delivery and Angiogenesis-Independent Wound
Healing in Human Corneal Epithelial Cell Model
Maher Hadaya, Jinjie He, Israel Ojalvo, Sindi Beqo, Mo Hadaya, Aarna
Doshi, Alexander A. Fridman, Christopher M. Sales

11:00 Wed-0O-8-2 Using Principal Component Analysis to Investigate the Morphological
Changes in Cells Exposed to Non-Thermal Plasma
Amal Mathew, Hrushikesh Deshpande, Julia Sutter, Sophia Gershman,
Mikhail Schneider, Fred Krebs, Katharina Stapelmann, Vandana Miller

11:15 Wed-0O-8-3 Plasma-treated hydrogels: manufacturing therapeutic 3D scaffolds
for tissue regeneration
Albert Espona-Noguera, Marina Valls, Francesco Tampieri, Milica
Zivanié, Cristina Canal

11:30  Wed-O-8-4  Novel skin model for plasma medicine and cosmetics
Lisa Hermans, Vinodini Vijayarangan, Angela Privat-Maldonado,
Sebastien Dozias, Julien Lemaire, Eric Robert, Annemie Bogaerts,
Augusto Stancampiano

XV

14

129

130

131

132
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11:45 Wed-O-8-5 Multipectrode DBD Plasma Torch Design with Drug Delivery Option
for Wound Healing and Sterilization
Srida Aliminati, Sohail Zaidi

12:30 - 13:30 Lunch Break
13:45 -21:30 Excursion + Dinner

Thursday, 12 September 2024

138

PLENARY SESSION

Hall: ICPM Session 1

Chair: Hiromasa Tanaka

10:00 PL-5 From transient and localized plasma surface interaction to deep tissue
biological effects in Plasma Medicine
E. Robert, J.G. Bauzin, G. Collet, S. Dozias, P. Escot Bocanegra, A.
Haocine, F. Prieur, J.M. Pouvesle, A. Rouillarl, A. Stancampiano, V.
Vijayarangan

Section: PLASMA-CELL AND PLASMA-TISSUE INTERACTIONS - BIOLOGICAL AND

BIOCHEMICAL REACTIONS

Hall: ICPM Session 1

Chair: Steffen Emmert

9:45 IT-8 The Mechanisms of Cold Atmospheric Plasma in Promoting Healing
of Infectious Wounds
Lanlan Nie, Xi Chen, Xinpei Lu

10:15 IT-9 Plasma Polymers as Surface Finishes for Tissue Engineering
Materials
Lenka Zajickova, Lucie Jani, Martina JandSova, Jifina Medalova, Patrik
Matust, Jan PEibyl, Simon Klimovi¢, Beata Belian¢inova, David Necas

10:45 Thu-O-8-1 Plasma-activated biogel for dermatological treatment
Dingxin Liu, Hao Zhang, Jishen Zhang, Li Guo, Mingzhe Rong

11:00  Thu-O-8-2 A Cold Atmospheric Plasma Jet — Composite Hydrogel Dressing for
Controlled delivery of Platinum based Drugs into the Epithelium
Hao Naing Tun Thet, Elena VVochitu, Nishtha Gaur, Sarah Allinson, Rob
Short, Toby Jenkins

11:15  Thu-0-8-3 CAP impact on the primary teeth enamel
Joanna Pawtat, Michat Kwiatkowski, Piotr Terebun, Dawid Zarzeczny,
Elzbieta Grzadka, Agnieszka Starek-Wajcicka, Marta Krajewska, Monika
Machoy, Agnieszka Mazur-Lesz

11:30  Thu-O-8-4 Direct Cold Atmospheric Plasma Treatment vs Plasma-activated
Hydrogels in Wound Treatment
Nishtha Gaur, Naing Tun Thet, Sarah Allinson, Alex Robson, Toby
Jenkins, Craig Williams, Gordon Ramage, Endre Szili, Rob Short

11:45  Thu-O-8-5 Absorption of FD-150 into White Blood cells by Microplasma
Jaroslav Kristof, Mahedi Hasan, Sadia Afrin Rimi, Abubakar Hamza
Sadig, Alam Md Jahangir, Kazuo Shimizu

12:00 Thu-O-8-6  Pores and Filaments — The quest for a reliable and reproducibly
patterned plasma-permeabilization of the skin
Monika Gelker, Astrid Ichter, Robert Kohler, Wolfgang Vidl

XVi
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Section: FUNDAMENTALS OF ATMOSPHERIC PLASMA

Hall: ICPM Session 2

Chair: Uro§ Cvelbar

Portable and affordable cold air plasma source for biomedical
applications

Myron Klenivskyi, Josef Khun, Laura Thonova, Eva Vankova, Vladimir
Scholtz

Cold plasma systems for bioaerosol decontamination: scale-up of a
portable room-scale device

Pasquale Isabelli, K. De Baerdemaeker, Francesco Tomelleril, F.
Devlieghere, Matteo Gherardi, Romolo Laurita

From Idea to Prototype — Clinic plasma treatment on-demand — the
potential of the new portable device MOBIPLAS

Klaus-Dieter Weltmann, Robert Bansemer, Hannes Bendt, Julia Berner,
Sander Bekeschus, Thomas von Woedtke

Electrical, Optical and Thermal Characterization of Argon—-Hydrogen
Plasma Jets for Medical and Biomedical Applications

Fellype do Nascimento, Konstantin G. Kostov

System for In Situ Measurements During Skin Wound Treatment by
Cold Atmospheric Plasma

Suneel Kumar, Dhruv Patel, Dnyaneshwari Rananavare, Jonathan
Thomas, Jascha Brettschneider, Julia Sutter, Fred Krebs, Vandana Miller3,
Katharina Stapelmann, Francois Berthiaume

Computational study of a pulsed atmospheric pressure dielectric
barrier discharge interacting with liquid

Sarah Van Hove, Ivan Tsonev, Annemie Bogaerts

Computational modelling of in-vitro treatment with a plasma jet:
elucidating the effects of the treatment setup

Pepijn Heirman, Annemie Bogaerts

Developing a conductive treatment method for pathological specimens
using plasma for the diagnosis using electron microscopy

Sanae Ikehara, Kazuhiko Azuma, Syota Ohki, Hiroki Kondo, Yoko
lizumi, Toshiya Okazaki, Masaru Hori, Komei Baba, Yuzuru lkehara
Characterization of 3-pin Atmospheric Pressure Plasma Jet used for
production of Plasma Activated Water by ICCD imaging

Amit Kumar, Nikola Skoro, Gordana Malovi¢, Nevena Puag
Multimodal linking of biological imaging data in plasma medicine
Mohsen Ahmadi, Robert Wagner, Anke Schmidt, Sander Bekeschus,
Markus M. Becker

Lunch Break

POSTER SESSION

Atmospheric Pressure Plasma Synthesis of Gold Nanoparticles for SERS
Recognition of Bacterial DNA
Jelena Strbac, Vasyl Shvalya, Martina Modic, Janez Zavasnik, Damjan Vengust,

Label-Free SERS Detection of Carcinogens by Plasma-Made Nanostructures
Neelakandan M Santhosh, Vasyl Shavlya, Martina Modic, Natasa Hojnik, Jaka

Olenik, Janez Zavasnik, Martin Kosic¢ek, Uro§ Cvelbar

09:45  Thu-O-7-1
10:00  Thu-O-7-2
10:15  Thu-O-7-3
10:30  Thu-O-7-4
10:45  Thu-O-7-5
11:00  Thu-O-7-6
11:15  Thu-O-7-7
11:30  Thu-O-7-8
11:45  Thu-O-7-9
12:00 Thu-O-7-10
12:30 - 13:30

14:00 — 16:45
Thu-P-1

Uros Cvelbar

Thu-P-2

Thu-P-3

XVii

The use of atmospheric pressure plasmas for the control of antibiotic- resistant
bacteria in the agri-food sector
Z. Aliyeva, T. Maho, P. Guillot, C. Muja
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Thu-P-4

Thu-P-5

Thu-P-6

Thu-P-7

Thu-P-8

Thu-P-9

Thu-P-10

Thu-P-11

Thu-P-12

Thu-P-13

Thu-P-14

Thu-P-15

Thu-P-16

Thu-P-17

Thu-P-18

Thu-P-19

Thu-P-20

Xviii

Treatment of fresh and marine water microalgae by combined gliding arc
discharge plasma and pulsed electric field

Liutauras Marcinauskas, Kamilé Jonynaité, R. Celiesiaté-Germaniené, Mindaugas
Aikas, Zydrﬁnas Kavaliauskas, Rolandas Uscila, Skirmantas KersSulis, Artinas Stirké,
Antanas Straksys, Voitech Stankevi¢

Characterizing Reactive Species Distribution in Plasma-Based Surface
Decontamination for Enhanced Food Safety

Caterina Maccaferri, Filippo Capelli, Ana Sainz Garcia, Matteo Gherardi, Fernando
Alba Elias, Romolo Laurita

Cold atmospheric microplasma mediated drug delivery through blood-brain
barrier

Alam Md Jahangir, Yamano Tomoki, Abubakar Hamza Sadiq Sadia Afrin Rimi,
Mahedi Hasan, Jaroslav Kristof, Kazuo Shimizu

Study on the changes of cell membrane lipids for delivering large molecules drug
by using microplasma irradiation

Sadia Afrin Rimi, Mamun Md Al, Alam Md Jahangir, Abubakar Hamza Sadiq,
Mahedi Hasan, Jaroslav Kristof, and, Kazuo Shimizu

Boosting transdermal drug penetration by cold plasma — insights on the
molecular level

Kristian Wende, Paula Marx, Johanna Striesow, Patricia Lopalco, Thomas von
Woedtke, Sander Bekeschus

Development of a Cold Atmospheric Plasma Responsive Polyacrylate Hydrogel
System for On-Demand Drug Delivery

Natasha Harwood, Maciek Kopec, Toby Jenkins

Plasma-Designed Nanosensors for SERS Detection of Hazardous Chemicals
Martin Kosi¢ek, Vasyl Shvalya, Damjan Vengust, Oleg Baranov and Uro$ Cvelbar
Rapid Plasma-Driven Fabrication of Gas Sensors for Safety Against Hazardous
Gases

Ardita Kurtishaj Hamzaj, Edoardo Dona, Neelakandan M Santhosh, Vasyl Shvalya,
Martin Kosic¢ek, Uros Cvelbar

Synergistic Application of Cold Atmospheric Plasma and Vancomycin in MRSA
biofilms

Katie Harvey, Thomas P. Thompson, Paula Bourke, Noreen J. Hickok, Theresa A.
Freeman, Brendan F. Gilmore

Comparative Studies of two Low Temperature Microwave Plasma Devices at
Atmospheric Pressure for Medical Applications

Neda Babuci¢, Kinga Kutasi, Nikola Skoro, Nevena Puat

Electrical and optical characterization of a plasma source for the biological
decontamination of waste water in volume

Maria Saba, Thomas Maho, Philippe Guillot

Comparative bio-application study of various non-thermal plasma generating
devices using reference protocol

Anna Machkova

The equivalent electrical circuit for describing the dielectric barrier discharge
plasma jet

Marija Puag, Nikola Skoro, Kinga Kutasi and Nevena Pua¢

Experimental characterization of a flat DBD plasma source
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The equivalent electrical circuit for describing the dielectric barrier discharge plasma jet
Marija Puaé?, Nikola Skoro!, Kinga Kutasi’ and Nevena Pua¢!

YInstitute of Physics, University of Belgrade, Pregrevica 118, Belgrade, Serbia
2 HUN-REN Wigner Research Centre for Physics, Konkoly Thege M. Gt 29-33, Budapest, Hungary
E-mail: smarija@ipb.ac.rs

The electrical characterization of an atmospheric pressure dielectric barrier discharge (DBD) complemented by the
model of equivalent electrical circuit can significantly contribute to a better understanding of plasma behavior. The
modeled DBD plasma jet operates with He gas and has two copper electrodes wrapped around a 20 cm long glass
tube. The electrodes are 15 mm wide and separated 15 mm from each other. The lower electrode is 15 mm away
from the tube end and is powered with high-voltage sinusoidal signal at 30 kHz frequency. The upper electrode and
the target holder beneath the jet are grounded. The voltages measured on the R=100 kQ resistors are used for
monitoring the currents through grounded electrode and the target (ige(t) and iw(t), respectively). Three targets with
different electrical characteristics are analyzed: Cu, PET and H:O.

Fig. 1 Schematics of the equivalent electrical circuit representing DBD plasma jet when plasma is on. Waveforms
inserted in the picture present comparison of the measured currents and modeled for copper target: left-hand side
ige(t) and right-hand side ie(t).

The model of the equivalent electrical circuit, when plasma is ignited, is presented in Fig.1. Circuit consists of the
grounded branch and the target branch. Both have equivalent impedances that correspond to the recorded currents
ige(t) and i(t), respectively (inserted waveform plots in Fig.1). The shape of the current i.(t) shows a peak appearing
only in the last quarter of the positive part of the input voltage amplitude. The peak in the current waveform stem
from streamer (bullet) formation and its width corresponds to the third harmonic, oscillating at 90 kHz, with some
delay compared to the voltage waveform. That streamer is modeled with controlled current source. Its input port is
connected to the mathematical sinusoidal signal with frequency of 90 kHz and predetermined delay. Also, there is a
channel appearing only in the negative part of the target current affecting the waveform by increasing the current
amplitude. The channel is added in the circuit model as a controlled current source with input port connected to the
mathematical sinusoidal signal at 30 kHz with no delay compared to the voltage.

This research was supported by the Science Fund of the Republic of Serbia, 7739780, APPerTAin-BIOM project
and MSTDI-451-03-68/2022-14/200024.
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PROC-P1-195 e Equivalent electrical circuit modeling of a He dielectric barrier
discharge plasma jet

M. Puaé?, N. Skoro?, K. Kutasi?, N. Puag&*
! Institute of Physics, Pregrevica 118, University of Belgrade — Belgrade (RS)
2Wigner Research Centre for Physics, Budapest (HU)

A model of an electrical circuit characterizing dielectric barrier discharge (DBD) jet is proposed.
Characterization is done by analyzing waveforms, phase shifts and V-I characteristics when plasma is
interacting with three different targets: Cu, PET and H20, respectively. The schematics of the DBD jet
is presented in Figure 1.a). The lower electrode is powered with high-voltage sinusoidal signal at 30 kHz
frequency, while the other electrode and target holder are grounded. Scheme of the equivalent electric
circuit is presented in Figure 1.b). Left-hand side scheme corresponds to the plasma OFF regime. The
circuit is the same for all three targets, Rt is zero, and the grounded elements Rge and Cge do not change.
As expected, small changes are observed only in the elements corresponding to the target electrical
characteristics, Rie and Ce. As for the plasma ON regime, it is found that the shape of the iw(t) signal
shows a streamer (bullet) appearing in the last quarter of the positive part of the input voltage amplitude.
The shape of the streamer current corresponds to the third harmonic, oscillating at 90 kHz, with some
delay compared to the voltage. Hence, the plasma ignition is reflected in the form of a large resistor Ry,
in orders of MQ, and by voltage controlled current source in the additional branch of equivalent electric
circuit representing streamer current (right-hand side of the Figure 1.b)).

Thanks/Acknowledgement
This research was supported by the Science Fund of the Republic of Serbia, 7739780, APPerTAin-BIOM project
and MSTDI-451-03-68/2022-14/200024.

Figure 1. a) Schematics of the experimental setup. Voltages on R=100 kQ resistors are used for
monitoring the grounded electrode current ige(t) and the target current iw(t);
b) Schematics of the equivalent electrical circuit. Left-hand side of scheme corresponds to the plasma

OFF regime, right-hand side corresponds to the plasma ON regime.
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PROPERTIES OF LOW-PRESSURE RF DISCHARGES
SUITABLE FOR TREATMENT OF ABSORBANTS

A. Derzsi!, B. Horvath!, K. Kutasi!, K. Spasic?, M. Pua¢?, N. Puaé?
and N. Skoro?

'Wigner Research Centre for Physics, Budapest, Hungary
2Institute of Physics, Belgrade, Serbia

E-mail: derzsi.aranka@wigner.hu

Particle-in-Cell/Monte Carlo Collisions simulations are performed to provide a detailed
characterization of low-pressure capacitively coupled radiofrequency gas discharge plasmas suitable
for treatment of absorbants. Based on the simulations, discharge characteristics such as particle
densities, and particle flux and energy distributions at the surfaces relevant for treatment of Zeolite
are determined.

Zeolite has long been recognized as a mineral with excellent absorptive properties. This material, made
up of arrays of aluminum, silica, and oxygen, has been recently introduced as a novel microporous
material suitable for application in water decontamination. Since it is a porous material, the absorption
process results in not only capturing particles between grains, but also insertion of the particles into its
pores. Due to its high effective surface area, desorption is typically performed using suitable solutions.
However, this way of Zeolite regeneration proved to be ineffective for some adsorbed pharmaceuticals.
Experimental investigations performed so far showed that in this case regeneration can be efficiently
performed by plasma treatment which also represents an efficient and ecologically responsible
procedure. These procedures are based on the interaction of adsorbed particles and chemically active
species created in the plasma. However, the desirable effects can be achieved only for a narrow range
of treatment conditions. For the reliable, knowledge-based optimization of the applications, a detailed
characterization of the plasma reactor used for surface treatment is required, including information on
the plasma properties and surface processes. In this work, one-dimensional in space and three
dimensional in velocity space (1d3v) Particle-in-Cell/Monte Carlo Collisions (PIC/MCC) simulations
are performed in low-pressure capacitively coupled plasmas in Argon, under conditions corresponding
to the experiments for treatment of Zeolite (4.5 cm electrode gap, driving frequency of 13.56 MHz,
pressures < 600 mTorr, voltage amplitudes < 450 V). For these conditions, the voltage-current
characteristics, as well as the power and emission spectrum for the discharge are available from the
experiments. In the simulations, electrons, Ar" ions, and fast Ar atoms are traced. As surface processes,
secondary electron emission due to heavy particles and elastic reflection of electrons are considered.
The PIC/MCC simulations provide information on many plasma parameters and distributions of interest,
such as densities of the traced particles and their flux and energy distribution at the surfaces, the
spatiotemporal distribution of the electric field, the power absorption and energy of particles, as well as
the ionization and excitation dynamics in the discharge.

Acknowledgement: This work was supported by the grant 2019-2.1.11-TET-2020-00162
“Characterization of radiofrequency gas discharges applied for surface treatment” of the Hungarian

National Research, Development and Innovation Office and bilateral project Hungary-Serbia (2021-
2023).
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electrodes while for the higher voltages they dominantly collide with electrodes where they may disappear or be reflected. The nature of the dominant
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Physical of quency (RF) 1 can be analyzed by observing evolution of electron swarm between two electrodes. That leads to
Monte Carlo method as a superior technique for RF breakdown investigation. After analysis of voltage breakdown curve in argon [1], we are now focusing on
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of this mixture is appearance of the second minimum at lower pressures in voltage breakdown curve. This minimum is direct consequence of the secondary
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New phenomenology of gas breakdown in DC and RF fields

Zoran Lj Petrovi¢"** Jelena Sivos', Marija Savi¢!, Nikola Skoro, Marija
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Abstract. This paper follows a review lecture on the new developments in the field of gas
breakdown and low current discharges, usually covered by a form of Townsend’s theory and
phenomenology. It gives an overview of a new approach to identifying which feedback agents
provide breakdown, how to model gas discharge conditions and reconcile the results with
binary experiments and how to employ that knowledge in modelling gas discharges. The next
step is an illustration on how to record volt-ampere characteristics and use them on one hand to
obtain the breakdown voltage and, on the other, to identify the regime of operation and model
the secondary electron yields. The second aspect of this section concerns understanding the
different regimes, their anatomy, how those are generated and how free running oscillations
occur. While temporal development is the most useful and interesting part of the new
developments, the difficulty of presenting the data in a written form precludes an easy
publication and discussion. Thus, we shall only mention some of the results that stem from
these measurements. Most micro discharges operate in DC albeit with complex geometries.
Thus, parallel plate micro discharge measurements were needed to establish that Townsend’s
theory, with all its recent extensions, is still valid until some very small gaps. We have shown,
for example, how a long-path breakdown puts in jeopardy many experimental observations and
why a flat left-hand side of the Paschen curve often does not represent good physics. We will
also summarize a kinetic representation of the RF breakdown revealing a somewhat more
complex picture than the standard model. Finally, we will address briefly the breakdown in
radially inhomogeneous conditions and how that affects the measured properties of the
discharge. This review has the goal of summarizing (rather than developing details of) the
current status of the low-current DC discharges formation and operation as a discipline which,
in spite of its very long history, is developing rapidly.

1. Introduction: Townsend’s theory and low-current DC discharges - 100 years ago and now
With the development of basic phenomenology and theory of gas breakdown, Townsend’s theory was
forged some 100 years ago [1-3]. In this paper we shall give a review of how in the past 20 years the
basic Townsend’s theory and phenomenology have been revived, extended, revitalized and put in
perspective of modelling higher current technological discharges and plasmas. This was primarily
done by the groups of Art Phelps and the Gaseous Electronics Laboratory in Belgrade.

¥ Author affiliation: also at Serbian Academy of Sciences and Arts, Belgrade, Serbia.

* To whom any correspondence should be addressed.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
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Recent advances in diagnostics and modelling of complex plasma systems opened an opportunity
to revisit the breakdown in gases both in DC and RF fields and also for micro gaps. We shall first
discuss the experimental techniques to determine the breakdown voltage. Typical errors, such as
neglecting the long-path breakdown on the left-hand side of the Paschen minimum, conditioning of the
electrode and measuring properties within an unstable (oscillating) regime, will be covered briefly. In
addition, we shall describe a proper methodology to establish volt-ampere (V-1) characteristics and
how to use those with the goal of determining the breakdown voltage and the secondary electron
yields.

Time-resolved imaging [4] provides us with information on the development of the anatomy of the
discharge and its different modes. Using the spatial profile one may decide which of the mechanisms
dominate the discharge. The Townsend regime is the low-current diffuse discharge with exponential
growth towards the anode [5]. It is necessary to observe such a profile to ascertain that the discharge
operates in the Townsend regime where Townsend’s theory may be used to establish the condition for
breakdown and effective secondary electron yield. The temporal development of the normal glow or
abnormal glow following the breakdown reveals transient multi-regime operation that requires a hew
paradigm.

When considering volt-ampere characteristics, one may first observe the negative differential
resistance in the Townsend regime which may be explained by a combination of space-charge effects
and an energy-dependent secondary electrons yield. Thus, V-l characteristics should be used in
addition to the Paschen curve to determine the secondary electrons yields. With the newly found field
of discharges in and above liquids, we have also analyzed breakdown in water vapor and ethanol [6,7].

RF and microwave breakdowns have a different phenomenology as the secondary ions production
of electrons at the cathode may not be necessary. Yet the RF breakdown is prone to phenomena not
often observed in DC breakdowns, like S shaped (double valued) Paschen-like curves, frequency/gas
number density scaling and additional mechanisms like multipactors. The principal experimental
problem with the RF breakdown is the magnitude of the displacement current that thwarts the
measurement of the conduction current making it difficult to ascertain the initiation of the discharge.

2. Gas breakdown, feedback mechanism, 1750 g
secondary electron yields and how to use 1500 - Iy I ,,/,g =
them 1250 - § /‘?k ﬁ'k " _
Traditionally, the gas breakdown s ‘L 5 5 ]
characterized by Paschen curves. In figure 1 1000 . ‘D / "]
we show one such example of Paschen curves 2 . ]
for the topical water vapor and ethanol vapor ~° . [
[6,7]. e e ]
While most people will argue (including ./ ~ gl "
the present authors) that the Paschen law itself . e
is developed with limiting assumptions 5004 fa . [ = GHOH
Bpd Ay B S L
Vp = N (1) 0.1 1 10
In(Apd) — In{ln(uﬂ pd (Torrcm)
v
the breakdown equation from the Townsend’s
law is in principle exact if the assumptions of Figure 1. Paschen curves for water [6] and
the primary feedback through ions are correct: ethanol vapor [7].
y(E/N)(e“E™e —1)=1. @)

Different forms of analytical laws have been employed for the DC breakdown in order to provide
some insight [8,9], but one needs to be aware of the approximate nature of some of the basic formulae.
Still, the same limitations that enter the analytical form of Paschen law may enter the implementation
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of equation (2). Over the years, a large amount of data on y have been accumulated, yet seldom those
have been compared and systematically collected. Even more importantly, comparisons to binary
collision (beam-surface) experiments [10] have been almost avoided in the literature presumably due
to poor agreement (both qualitative and quantitative). One example where both systematic collection
of data and comparisons to binary 10
experiments have been made is the paper of
Phelps and Petrovi¢ [3].

In figure 2 we show a comparison of the
secondary electron vyields obtained from
Paschen curves in argon for a range of
experiments [3]. These should be compared
with a constant yield of 0.08 obtained by
beam experiments with an atomically clean
surface [10] or to the dot-dash line obtained
for the same conditions of the cathode as
found in discharge experiments. Discharge 10° . . . .
results are one order of magnitude too high 10 10° 10° 10* 10° 10°

104

10?4

effective electron yield per ion

at higher E/N, one order of magnitude lower
at moderate E/N and two orders of
magnitude higher at the lowest E/N. Phelps
and Petrovi¢ managed to reconcile the binary
collision data and the discharge results by
including the following:

E/N (Td)
Figure 2. Effective secondary electron yield y
for argon obtained from breakdown data [3].
The different types of points indicate
different experiments - see [3]. The dot-dash
curve shows binary collision experiment data.

e ionization coefficient fitted in a wide range of E/N;
e aregion close to the cathode where electrons gain energy and become in equilibrium with the local
field, the simplest way of representing this being using a delay distance do;

ion-induced yields at the cathode, modified to represent surfaces that are not atomically clean;
back-diffusion, i.e. the return of newly emitted electrons back to the cathode;

secondary electron production by metastables;

secondary electron production by fast neutrals;

secondary electron production by resonant radiation — the photo effect;

trapping of resonant radiation;

secondary electron production by fast neutrals;

secondary production due to molecular emission.
The solid and dashed lines in figure 2 indicate the model predictions based on binary collision data
(for two limits of possible contributions by molecular radiation). These two lines encompass most of
the available experimental data. The good agreement with the experiments shows that all pertinent
processes have been included. It also shows that the process of secondary yields modelling may be
quite complex and quite challenging due to the need for a wide range of data.

The fact that Townsend’s theory could associate all the yields with the flux of ions is because all
fluxes are proportional to the electron flux and the system is linear in the breakdown-Townsend
discharge phase. On the other hand, one cannot expect linearity to hold for higher current modes, such
as glow discharges. For those, one is left with fitting the experimental data. Thus, we compared the
fitting procedure with one based on the breakdown data from Phelps and Petrovi¢ [3]. We found [11]
that fitting of the glow discharge is well represented by the procedure recommended for the
breakdown data [3], except when pd is quite low and fast neutral effects become dominant. Yet, for
RF discharges, for example, or for some more complex geometries, one needs to provide a clear
guidance as to how the secondary electron yield may be modelled. Also, we need a considerable effort
to provide the data for a number of relevant gases, as argon is the only gas covered so far by the
detailed analysis.
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3. Volt-ampere characteristics and spatial emission profiles
There are two ways to determine the breakdown voltage. The first option is very accurate albeit very
difficult — one can extrapolate pre-breakdown currents. The second one, favored by our group, is to
establish a self-sustained discharge in the low-current diffuse, i.e. Townsend, discharge and then
extrapolate the measurements to zero current. All other techniques suffer from arbitrariness, either
induced by the long statistical time lags or by a direct transition to the glow regime. The Townsend’s
regime is recognized by an exponential growth peaking at the anode and a normally broad diffusion-
determined profile over the entire surface [5,12], as can be seen in figure 3.

In conducting such measurements, we
(re)established that in the Townsend /
regime one has a negative differential anode
resistance. As the effective resistance of
the discharge is negative, sometimes,
coupled with the external circuit, the
overall loop resistance may become
negative and oscillations may occur
[13,14]. As it turns out, the space charge
due to ions increases the field in front of
the cathode, which increases the electron
production allowing a lower field
elsewhere and thus the overall voltage is - =
reduced [14,15]. Thus, the dependence s S S o 15
of yon the mean energy is the reason for C/Iy 2 0.0 '
the negative differential resistivity, ZKCm]
brought about by space charge induced Figure 3. Spatial profile of the Townsend’s regime
electric field and represented as a low-current diffuse discharge [12].
current dependence of y. As the discharge
approaches constriction, non-linearities become important [16] and a sudden transition eventually
takes place. It has also been shown that if y were constant, the slope of the V-l characteristics in
Townsend’s regime could become positive [16]. Thus one may conclude that for the full
representation of the secondary electron yield one needs to fit not only the Paschen curve but also the
V-1 characteristics. The realm of oscillations often precludes us from achieving stable operation in
Townsend’s regime but it is also a source of information on important processes. Thus, fitting of the
induced damped or free running oscillations may reveal identity of the dominant ionic species,
multiplication and may be related to basic transport properties of relevant particles.
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Figure 4. Axial profiles of higher current discharge regimes in argon, at (a) pd = 1.1 Torr cm (close
to the Paschen minimum); (b) pd = 0.3 Torr cm (in the left-hand branch of the Paschen curve).
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Another important aspect that stems from figure 3 is that spatial profiles not only give us
information on the regime of operation (see figure 4 — the peak in front of the anode is for Townsend’s
low current discharges, the peak in the bulk corresponds to the glow discharge) but also (if put on an
absolute scale) a basis to establish absolute cross sections and even profile of the field. It also shows
whether and to what extent is equilibrium (with the field) developed or whether fast neutral excitation
is important as recognized by the peak right in front of the cathode.

4. Scaling of the basic properties of micro discharges

Micro discharges were basically developed to take advantage of the non-equilibrium plasma that is
formed around the Paschen minimum, but at a much higher pressure. Atmospheric pressure would
require a 10 um gap. On the other hand, to achieve a stable operation at high pressures one needs to
use complex geometries as it proved very difficult to operate parallel plate micro discharges. Yet,
many authors have assumed parallel plate geometries with narrow strips crossing at small distances
and assumed that the breakdown occurs at the shortest distances. This has led to a number of papers
where the left hand side of the Paschen curve showed no or little variation that could be erroneously
interpreted as the onset of field emission (that was predicted to occur only for d < 10 um [9]). We have
made an effort to perform measurements in well defined and contained parallel plate discharges, to test
the applicability of Townsend’s phenomenology at small gaps [17].

Before proceeding to any modelling, we needed to test the laws of scaling, which for low pressure
collision dominated discharges are E/N, pd and jo? (and also «/N and B/N for time varying fields and
for magnetic fields). The critical scaling is due to the current density j. Rarely are the V-I
characteristics represented through j (as it should be) and even then it is not stated that j is actually
determined by dividing the current by the entire area of the electrodes. In reality, however, constriction
dominates in the glow regime. Even in the Townsend’s and in the abnormal glow regimes the radial
profile is quite different and so is the effective area. Taking advantage of transparent yet conducting
materials for electrodes and also of ICCD cameras, we were able to record V-1 characteristics and scale
them to the real current density even in cases of complex constricted modes. First, we established that
in the normal size discharges, when the current density is properly determined, it remains constant
throughout the glow regime (so it is represented by a single point in V-1 characteristics [18].

Secondly, we have been able to show that for discharges bordering on micro discharges (0.5 and
1 mm gaps) the jd? scaling works and finally we have extrapolated those findings (by using pD scaling
where D is the diameter of the constricted region) to smaller gaps where we could not easily record the
current profiles [17]. It was found, as can be seen in figure 5, that a Townsend type of scaling holds at
those gaps until perhaps some smaller geometries where field emission really comes into play [19].
We have even shown that the spatial profiles scale well so that the ionization coefficient could be
determined rather accurately from the axial emission profile of micro discharges [20].

It was also shown that the Paschen curves obtained for micro discharges (and sometimes even for
the standard size discharges) that do not show a change of voltage on the left hand side beyond the
minimum are due to an incorrectly assumed shortest distance for the gap when long path breakdown
was allowed [21]. Reducing the chances for the long path breakdown brings back the Paschen curve to
agreement with that obtained for standard dimensions/pressures.

The fact that we proved scaling and also were able to obtain accurate readings of ionization
coefficients proves that it is possible to apply Townsend’s phenomenology and even to some degree
theory to micro discharges. The jo? scaling allows Townsend regime to operate at considerably higher
current densities.

5. Time resolved measurements

A preliminary publication of our results on time dependent recordings of the development of the
breakdown and DC discharge regimes was given in [9,22], while the majority of the data remain
unpublished. The results may be summarized as follows. During the initial stage, the discharge passes
through the Townsend regime and, as the current increases, glow and abnormal glow regimes are
visited. During the minimum of oscillations, the discharge almost immediately returns to the
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Townsend regime and then changes occur again and again following oscillations in current. Studies
such as this one performed for a parallel plate geometry are needed to provide the background for
understanding developments in more complex geometries [23] and different scales.
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Figure 5. V-1 characteristics for standard size and micro discharges obtained by using the jd?
scaling and pD scaling for the size of the constricted regions. One should not pay attention to the
actual vertical scale, normally it is taken care of by subtracting the breakdown voltages in each
case, but in the case of micro discharges we could not make accurate measurements as it was not

possible to achieve stable operation in the Townsend regime. The vertical scale variations are
due to different conditions on the electrodes surface [17].

6. Discharges with inhomogeneous cathodes

The usual assumption in the low current limit is that the discharge is uniform over the entire surface
and the radial profile is the solution to the diffusion equation. Only in the higher current (glow) regime
a constriction develops and only when the field ceases to be constant along the axis. This has been
questioned recently for micro discharges when it was found that the scaling laws are maintained only
when an assumption of localized modes is made, the modes that have a dimension proportional to the
diffusion length for the given pressure [17]. The problem is hindered further by the high pressure that
reduces the diffusion length and by the fact that the ratio of gap to radius becomes very small in
practical experiments [17].

We have, however, observed localized discharges in Townsend regime for standard size discharges
(1 cm) and moderately low pressures [24]. In figure 6 we show one such example in nitrogen where
the discharge is limited in the radial direction by the region of deposited material due to numerous
pulses in the high current mode. It is clear that the deposited region has a lower secondary electron
yield ¥ and thus the discharge cannot be self-sustained over that area for the given voltage. In order to
overcome this region of reduced y, the volt-ampere characteristics have to be quite different as
compared to the one with pristine cathode. Even a positive differential resistance is observed [24].

The characteristics of such a discharge may be a prototype for the breakdown in pulsed DC
discharges where numerous discharges change the properties of the cathode considerably. In addition,
one may construct cathodes of different materials and design desired characteristics. For example,
cathodes coated by a semiconductor [25, 26] have been often used for achieving some properties that
are not easily accessible by conducting electrodes. The high resistance of the semiconductor which is
in the innermost circuit assures a broader range of stable operation [14]. Combining conducting and
semiconductor materials may help reduce the breakdown potential while achieving a V-I characteristic
that is less prone to oscillations.
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7. RF breakdown

When rate of change of the field is such that
ions cannot complete their trajectories, then it
is possible to operate in conditions when
electrons may be the only particles sustaining
the discharge. The feedback is provided by
returning electrons in the second half of the
period and thus a full circle is achieved. It has
been assumed in old textbooks and papers [27]
and in more recent papers [28, 29] that an
optimum breakdown condition is achieved
when the average electron can cross the gap in
one half period. In fact, the breakdown
condition has been used to obtain experimental
values of the drift velocities for RF fields and
convert them to DC values by assuming that
in RF fields the drift velocity is a sinus
function peaking with the DC drift velocity
and having no delay [29]. We modelled the
RF breakdown using a detailed Monte Carlo
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Figure 6. Townsend regime discharge in N,
with Cu cathode and for d =0.8 cm, D = 2 cm,
p =2 Torr and V, = 310 V. The axial profile
shows exponential growth peaking at the anode
while the radial profile is very narrow covering
only a small part of the diameter (D).
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Figure 7. Development of density and ionization rate for the breakdown of RF
swarms. Solid curves represent mean velocity (different colours are for better
contrast), while the dotted sinusoidal lines represent inversed AC field. Both curves
are for 0.2 Torr; the top curves are for the minimum breakdown voltage (93 V)
while the bottom curves are for the maximum breakdown voltage (447 V) [30].
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representation of all the collisions and field dependence on time. Figure 7 shows the temporal
development of the concentration of electrons and of the ionization rate [30]. As the quasi-Paschen
curve for the RF breakdown has double values for breakdown voltage at the same pd (for a range of
pd) we show results at the lower and at the higher breakdown point. Outside these borders the
discharge cannot be ignited. At the lower point, the breakdown condition is achieved by merely
matching the production without much of the electrodes overlapping with the swarm. At the higher
end, however, the swarm overlaps considerably with the electrodes thus representing significant losses
to the electrodes. At the same time, the peaking ionization must compensate for all the losses.

We found that, while the standard explanation of the RF breakdown is very good, still some fine
tuning needs to be done by a full kinetic representation (such as a Monte Carlo simulation) to be able
to describe all the intricacies. In addition, one needs to extend our model by the contribution of ions
and fast neutrals as well as photons. These will modify the Paschen like curve and hopefully make it
more realistic but for a wide range of conditions one may find that electrons dominate in sustaining the
plasma. We also have to include the secondary electrons formed by the electron impact on electrodes.
This effect will lead to the so-called multipacting modes.

One should also note that numerous attempts to use analytical and semi analytical models based on
simplified expressions for the basic properties have migrated from DC discharges to the RF
breakdown. These results provide insight into pertinent processes [31-34] but require some form of
fitting to provide quantitative agreements.

8. Conclusions

The oldest chapter in the book on plasma physics, the breakdown and low current discharges, has been
changed tremendously in the past twenty years. The main agent facilitating the feedback needed to
achieve DC breakdown, the ions colliding with surfaces, have been changed to include photons, fast
neutrals, metastables as well as ions. By including all these processes, as well as back-diffusion [3,35]
one was able to predict effective yields and Paschen curves based on the binary collision data [3].

The field of low pressure DC discharges proved to be a fertile ground for both fundamental studies
and for obtaining and testing the applicability of the fundamental data that would eventually be used
for modelling of more complex systems. Extensions to micro discharges and RF breakdown have been
made, together with first attempts to model RF plasmas with secondary electron yields [36] as
obtained in a more detailed and recent analysis.

With the new drive for benchmarking plasma modelling systems [37], we believe that the best
strategy would be to start from the swarm benchmarks and then use the negative differential resistance
of a DC Townsend discharge as a benchmark for space charge effects and also use some additional
breakdown properties. This would provide clear and simple experimental observables that may be
modelled exactly and independently and provide the next step for more complex plasma benchmarks.
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Abstract

CrossMark

This paper contains results of the detailed simulation study of the breakdown in low-pressure radio-
frequency (RF) argon discharges. Calculations were performed by using a Monte Carlo code
including electrons only, with the assumption that the influence of heavy particles was negligible.
The obtained results are in a good qualitative agreement with the available experimental data and
clearly show the multivalued nature of the left-hand branches of the breakdown voltage curves. The
physical processes defining the breakdown conditions were analyzed based on the spatial profiles of
electron density, local mean energy and the number of elastic and ionization collisions. Under the
conditions where two breakdown values existed one could identify two regimes and two different
balances between the electron losses and production. Using the dependence of the breakdown
voltage on the product of the pressure and the interelectrode distance, and the product of the
frequency and the interelectrode distance, similarity laws for RF breakdown have been reexamined.

Keywords: plasma modeling, Monte Carlo simulation, radio-frequency breakdown,

similarity law

1. Introduction

Capacitively coupled radio-frequency (RF) discharges are
attracting increasing attention due to their wide applications in
many technological processes [1] such as plasma etching for
semiconductor materials, thin film deposition, plasma cleaning
[2] and increasingly popular biomedical applications [3-5].
One of the crucial issues is understanding the pertinent
processes that drive the breakdown and transition to RF plasma
and how those could be modeled. In that respect a wealth of
information can be obtained from the breakdown voltage
curves. Gas breakdown represents the first step in plasma
generation. A specific characteristic of RF plasmas is that the
self-sustained discharge may be maintained merely through
ionization by electrons. There the feedback process is the return
of electrons when the field changes direction, as a replacement
of the ion drifts towards the cathode, which is the feedback in
DC discharges [6-9].

4 Author to whom any correspondence should be addressed.

0963-0252/18,/075013+10$33.00

Although gas breakdown has been studied for more than
100 years, many aspects are poorly understood. A simplified
explanation dating back to an early version of the textbook by
von Engel [8] (and perhaps dating back even further) is that
only the group of electrons that completes the transition in
one half period from one electrode to the other has a chance
of being multiplied. Basically, the drift velocity that is inte-
grated and averaged over the half period has to be equal to the
gap between two electrodes [6, 7]. Most certainly the points
that need clarification are the mechanism of the double-valued
breakdown curve, the validity of the proposed mechanism of
the relationship between drift in one half period and the gap,
and also the role of non-locality on the development of the
breakdown. All of these processes are properly accounted for
in the simulation presented here.

In the first half of the 20th century there has been a major
development of techniques to solve the time dependent Boltz-
mann equation [10-16] continued by Wilhelm and Winkler in
the *70s and Makabe in the *80s [17, 18]. First exact solutions
for the time dependent transport were obtained by using Monte

© 2018 IOP Publishing Ltd
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Carlo (MC) simulations [19] and numerical solutions to the time
dependent Boltzmann equation [20, 21]. Numerous approximate
experimental and theoretical papers have been published on the
breakdown in RF using simplified semi-analytic forms [22-26].
At the same time fluid, hybrid and particle-in-cell (PIC) models
of RF plasmas include early stages of the growth of ionization
[18, 27, 28]. In recent years, computer modeling and simulation
has emerged as an effective tool that complements laboratory
experiments and analytic models. PIC/MC simulations have
been used extensively to study fundamental processes in capa-
citively coupled RF discharges [29-32].

In this paper calculations were performed for argon dis-
charges by using an MC code under the condition of a low
degree of ionization so that the transport of particles could take
place in the externally defined uniform field. In doing so we tried
to use the advantage of the well tested MC codes that may
provide very accurate time dependent transport data [33, 34]. At
the same time the development of the plasma through weakly
ionized phases was studied in order to test the applicability of the
transport coefficients and fluid models in representing such a
breakdown. Thus, we have used a fully tested and benchmarked
code for electrons (that also has the facility to include heavy
particles, ions and neutrals) with a full range of sampling and
treatment of the cross-section data. The logic is that during the
breakdown the swarm physics exactly describes the charged
particle ensemble and only a much higher density particle needs
to include the space—charge effects. As it has been mentioned
earlier, that electrons alone may maintain discharge through
ionization and described the main features of the breakdown
curves, we start with electrons as the only agents precipitating
the breakdown. Only after we start comparing with the experi-
ment do we add other effects (ion induced secondaries, meta-
stable induced secondaries, fast neutrals and their effect, photon
induced secondaries and finally electron induced secondary-
multipactors). But those are not in the scope of this paper. This
paper represents one of the first steps in obtaining a more
complete description of the low-pressure RF argon discharge,
which provides us with an insight into the basic physics of the
breakdown (preliminary results are presented in [35]).

2. Methods

For this study an MC code, which was developed and tested
(tested both for DC and RF benchmarks [33, 34, 36]) is used.
Since MC technique have been explained elsewhere [37, 38],
only a brief description of the code will be given here. We
developed an MC code that traced electrons only. Heavy
particles and the effect of photons were also added, but those
results are not included in this paper. The code was tested for
electron (and ion) transport and was shown to give accurate
electron energy distribution functions (EEDFs) and transport
coefficients in model gases and in argon [33, 37].

The calculations were carried out for argon discharges
generated between infinite plane-parallel electrodes at a fre-
quency of 13.56 MHz (unless specified otherwise). Argon was
chosen for many reasons: first of all, it is an atomic gas with a
simple energy transition spectrum and it is easy to operate with.

At the same time, its cross-section data and other necessary input
data are available and well tested, thus are reliable. One can refer
to argon as a ‘benchmark’ gas in discharge studies. We included
a set of cross-sections that were shown to provide excellent
agreement with the measured transport data and which included:
elastic scattering of electrons, excitation to the effective triplet
state levels, excitation to the effective singlet state levels and
ionization. The two excitation cross-sections had been well
tested for argon swarms [39, 40]. This paper includes a complete
set of the electron—argon interactions included in the modeling
representing all the processes that we needed to produce the
basic breakdown curves and explain their features.

At the beginning, the electrons were released from the
middle of the gap between the two electrodes with no initial
energy. Any further electron motion and different interactions
depended on the applied alternating current (AC) field, random
number generator and the solutions of the kinetic and balance
equations. At this point, the surface effects of the electrodes were
not included. When an electron reached the boundary, it was
assumed to be removed and had no influence on the discharge
kinetics. We had a facility to add reflection or other surface
processes easily based on the available experimental data.

In our simulations the breakdown voltage curves were
recorded in accordance with the procedure described in
[6, 41, 42]. On the right-hand side of the breakdown voltage
curve, the breakdown voltage was determined by fixing a
pressure and increasing the applied voltage. For the left-hand
side of the curve, the voltage was fixed while the pressure was
varied. In the MC simulations these two procedures were
equally simple while the case of experiments with variations
of pressure may be more complex.

Figure 1 shows the changes in the number of electrons over
time for: (a) the fixed maximum voltage of V= 160V and at
three different pressures (p; = 0.134 Torr, p, = 0.135 Torr and
p3 = 0.136 Torr) and (b) the fixed pressure of 0.2 Torr and five
different voltages (60, 94, 270, 447 and 700 V). As can be seen
from figure 1(a), at the pressure p; = 0.134 Torr there was no
electron amplification in the required quantity that could com-
pensate the electron losses at the electrode, so the total number
of electrons decreased over time and the slope is negative. At the
pressure p, = 0.135 Torr, however, there was a notable increase
in the total number of electrons over time, which can be inter-
preted as an increased number of ionizations due to the higher
density (as compared to p;) of the background atoms and con-
sequently a larger number of collisions. The breakdown occur-
red somewhere between p; = 0.134 Torr and p, = 0.135 Torr.
The pressure resolution was 0.001 Torr. A more accurate pres-
sure can be obtained by interpolation between the nearest two
values of pressure, in this case p; and p;.

Figure 1(b) is presented to depict how the number of elec-
trons changed over time with large variations in the voltage. The
pressure (0.2 Torr) and voltages that were chosen correspond to
the vertical line in figure 2(a). When the pressure was fixed (see
figure 1(b)), there were two values where the mean number of
electrons was barely maintained, which means that those are the
boundaries of the breakdown (94 and 447 V). In-between the two
breakdown values one has excessive growth in the density (in a
real circuit this would push the operating point to either of the
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Figure 1. The time dependence of the simulated number of electrons for: (a) the fixed voltage of 160 V and various pressures and (b) constant

pressure of 0.2 Torr and various voltages.
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Figure 2. The breakdown voltage curves for argon RF discharges at 13.56 MHz and the gap size of 23 mm. The Monte Carlo Simulation
(MCS) includes electrons only. (a) Comparison of the breakdown voltage curve obtained by MCS (red circles) and experimental available
data [6] (blue squares). Vertical line for p = 0.2 Torr and different voltages indicates sampling points presented in figures 3 and 4. (b) MCS
obtained curve indicating sampling points of spatial profiles presented in figure 5. Sampling points are marked by numbers and letters.

two breakdown voltages). Results within that range are on a
positive slope, whereas results outside that range showed decay
advancing towards termination (e.g. data for 60and 700 V).
Outside the breakdown region (above 447 V and below 94 V) the
density of the electrons rapidly diminished (60 and 700 V).

In both figures 1(a) and (b), there are periodic oscillations
of the electron number. In figure 1(a), with a fixed voltage,
these oscillations are the same in the sense of period and
amplitude. In figure 1(b) the period of the oscillations is the
same while the amplitudes are different depending on the
applied voltage. With changes in voltage the effective rates
that define the speed of relaxation may change and affect the
undulations of the properties such as the number of electrons.
This is because the high voltage electrons reached the ioniz-
ation energies more easily and in larger numbers so the

number of electrons changed more rapidly within one period
of time. The losses at the electrodes may have balanced the
increased production, they increased because more of the
electrons were being pushed to the electrodes by a strong AC
field. As the voltage decreased less energy was transferred
from the field to the electrons and the number of ionizations
reduced (the increasing number of electrons within one period
was smaller). For a lower voltage both the loss and production
were smaller as the electrons did not reach the electrodes
(oscillations were barely noticeable for a voltage of 60 V).
One can conclude that the period of oscillation of the electron
number was determined by the frequency of the external AC
field while the amplitude of the oscillation of the electron
number depended on the amplitude of the applied AC field
(energy transfer from the field to the electrons).
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Figure 3. Spatial distributions of: electron concentration, mean energy and rates of elastic scattering and ionization for the pressure of
0.2 Torr and two breakdown points: (a) V = 94 V and (b) V = 447 V (points are marked in figure 2(a), (a) corresponds to (1) and (b)
corresponds to (4)). The light blue line represents the AC field, while the dashed light blue line corresponds to the field dependence inverted
to represent the force affecting the electrons. Interelectrode gap is 23 mm and frequency is 13.56 MHz. Number of electrons in the simulation
was selected to have a similar statistical quality of the results with the smallest rate (i.e. ionization). Thus the color scales are not representing
any quantitative data that may be compared for different conditions only the indication of the profile of the ensemble.

3. Results and discussion

3.1. Spatial profiles of electron density and ionization rate as a
representation of the potential for achieving breakdown

The dependence of the RF breakdown voltage on the pressure
is presented in figure 2. The results of our MC simulations
(red circles) are compared with the experimental data taken
from [6] (blue squares) in figure 2(a). As can be seen on the
left-hand side of the simulated curve, for a fixed pressure
there are two values for the breakdown voltage. The discharge
may start between these two values, while above and below it
quenches rapidly (as indicated in figure 1). This observation is
in agreement with the previously published experimental data
[6], at least qualitatively. The crosses correspond to the
sampling points on a vertical line p = 0.2 Torr. Two points
are on the breakdown curve (94 and 447 V) and two points
are in-between (170 and 300 V). In principle, in a simulation
operation above the breakdown conditions the growth of
electrons is allowed. In experiments, however, the operating
point will move towards either of the two breakdown curves.
The development of the spatial profiles (see figures 3, 4)
along the vertical line provides an insight into the pertinent
physical processes. On the other hand in figure 2(b) the
sampling points marked by letters are on the breakdown
curve. The spatial profiles associated with these points and
shown in figure 5 indicate a difference in the physical pro-
cesses with a variation of p (pd).

The spatio-temporal development of the profiles of:
electron density, mean energy, elastic collisions and ioniz-
ation are shown in figure 3. The calculations were performed
for a frequency of 13.56 MHz, a gap size of 23 mm, a pres-
sure of 0.2 Torr and two breakdown points: (a) 94 V and (b)
447V (as indicated in figure 2(a)). As the voltage increased,

the low voltage breakdown point was reached, but most of the
electrons did not reach the electrodes. The profile of the
electron cloud is broad, not really sinusoidal, but generally
follows a sinusoidal shape. There were maxima in density,
elastic scattering and in mean energy when the cloud was
closest to the electrodes. The peaks were delayed by a large
phase delay to the voltage waveform. In fact, the peak started
moving towards the center of the gap only at the phase when
the field changed direction and not for the maximum of the
field. This can be easily understood because for ionization
only two regions close to the maximum of the applied voltage
(field) were abundant in the collisions while still following a
similar temporal and spatial dependence.

At the higher breakdown point the spatial profiles were
much narrower and there was a strong overlap with the
electrode. While the electron density peaks were slightly
away from the electrode the highest energy /the most likely to
ionize the electrons’ peak was right at the edge of the
electrode.

It is important to note that our MC code obtained a
double-valued voltage on the breakdown curve by treating
electrons only. For some gases [43] even ‘S’ shaped curves
with three points may be observed. The explanation of this
phenomenon is as follows: for the lower voltage one needs to
compensate losses at electrodes by increasing ionization, and
any increase in voltage leads to a higher ionization. If we
move to higher voltages, ionization is increased but so are the
losses at the instantaneous anode. This is a consequence of
pushing electrons closer to the electrodes with an increasing
AC field. The losses may be represented by imagining the
remaining electron ensemble spatial distributions that extend
over the electrode edge into its bulk and this distribution
increases with the applied voltage. At a certain point this part
of the ensemble that passes past the electrode will increase so



Plasma Sources Sci. Technol. 27 (2018) 075013 M Puac et al

Figure 4. Spatial profiles of the electron concentration and ionization rates for the pressure of 0.2 Torr and voltages of (1) 94V, (2) 170V,
(3) 300 V and (4) 447 V. Points are marked in figure 2(a). Interelectrode gap is 23 mm and frequency is 13.56 MHz. All figures are obtained
with the same initial number of electrons so the relative magnitudes of the same coefficient are indicated by the colors scale.
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Figure 5. Spatial distributions of concentration of electrons, electron energy and rates of elastic scattering and ionization: (a) 447 V 0.2 Torr,
(b) 296 V 0.147 Torr, (c) 180 V 0.1335 Torr, (d) 94 V 0.2 Torr, (e) 115V 1 Torr and (f) 169 V 2.5 Torr. Points are marked in figure 2(b).
Interelectrode gap is 23 mm and frequency is 13.56 MHz. All figures are obtained with the same initial number of electrons so the relative

magnitudes of the same coefficient are indicated by the colors scale.
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much that ionization in the gas (in front of the electrode)
cannot compensate the losses and the discharge will switch
itself off. In figure 3 this is represented by the spatial profile
of the electron concentration and mean energy, which indi-
cates the potential for ionization.

The profile of the increasing ionization rate of the group
closest to the anode is shown in figure 4 along the fixed
p = 0.2 Torr for four points marked in figure 2(a). With an
increasing voltage more and more of the ionization-capable
electrons would be lost at the surface. At the lower applied
voltage (94 V) though, the swarm oscillates between two
electrodes without reaching them and the majority of ioniz-
ation-capable electrons have no difficulty ionizing.

3.2. Variation of the spatial profiles with pd along the
breakdown curve

Having presented results that indicate the changes in the spatial
profiles of all the discharge parameters along a vertical line
(p = const.), figure 5 exhibits the spatial profiles along the
Paschen-like breakdown potential curve. Stating that the curve
is Paschen-like does not imply in any way that the Paschen
mechanism is relevant here in its entirety. The points on the V-p
plane that have been selected to show the spatial profiles of the
various properties of the electron swarm ensemble are marked
on the breakdown curve shown in figure 2(b).

Plots (a) and (d) in figure 5 are repeated from the previous
figures. The first represents the higher point on the breakdown
curve, the second the lower point on the breakdown curve for
p = 0.2 Torr. Plots (b) and (c) on the left are the rapidly rising
branch of the breakdown curve. It is clear that under those
conditions the magnitude of the field manages to bring all of
the electrons close (within one mean free path) to the electrodes
during one half period. Those points have all the characteristics
of the operation well above the lower breakdown points and
close to the upper branch. The principal issue here is whether
the losses at the electrode may be balanced by the production of
electrons in its proximity, the production that is made more and
more difficult by the reduced number of collisions in a similar
fashion to the left-hand branch of the DC—Paschen curve. As a
result of this balancing between losses and gains the peak of the
mean energy and the number of ionizing collisions clearly
occur right before reaching the electrode and after the max-
imum in the field. At the same time the peak in density occurs a
little later as a consequence of the ensuing burst of ionization.
The number of elastic collisions follows the profile of the
density better, while, as stated, the number of ionizations fol-
lows the profile of the mean energy.

The spatial profiles in figure 5(c) also become somewhat
closer to the lower branch profiles of figure 5(d), where the
majority of ionizations occur in the bulk of the discharge, and
the whole ensemble merely brushes against the electrodes.
The balance between losses and gains, as displayed in
figure 5(d), seems optimal as there are minimal losses while
the number of collisions provides ample opportunities to
compensate for them. As the pressure increases (for a fixed d)
the number of collisions increases further and thus it is more
difficult to achieve higher energies so the breakdown voltage

increases but slowly. More importantly, the density profile of
the electrons loses sharp peaks and becomes more sinusoidal
in the center of the gap with vanishing density due to losses
close to the walls. The mean energy is still modulated fol-
lowing the field dependence albeit with a delay. A similar
modulation is observed in the elastic collisions mainly due to
the energy dependence of the cross-section. It is important to
note that collisions occur on both halves of the gap, as the
density profile, while modulated, does not show complete
migration of electrons towards the instantaneous anode and
away from the cathode. As a result of the ensemble over-
lapping from one to the other electrode, the highest energy
electrons responsible for ionization will be generated
throughout the gap and under those conditions, ionization,
however weak, spreads on both halves almost equally
(figures 5(e), (f)). The difference between ionization profiles
in figures 3(a) and 5(d) is that in the former one we have
enhanced the number of events by the accumulation of events
through releasing more electrons for the same set of condi-
tions to make the simulation conditions the same for all
figures in the cluster of figure 5.

Furthermore, we employed an MC code to provide a
more detailed picture of the physical processes by observing
the energy distribution function that has to be related to the
processes occurring in the region of active ionization (i.e. near
the electrode). As can be seen in figure 6, the overlap of the
distribution function with the relevant cross-sections (both
excitation of metastable and ionization) is of essential
importance for the maintenance of the discharge. For high
voltages (figure 6(a)) there is a significant overlap of the
EEDF and cross-section for ionization. A great deal of high
energy electrons that can ionize were being absorbed by the
electrodes and lost. Under these conditions (V = 447 V and
p = 0.2 Torr) there was a fine balance between the losses and
production of electrons. A significant increase in the EEDF
right in front of the electrode at higher voltages (i.e. lower
pressures) is also observed. The increase means energy (and
the mean free path) for lower pressures was the result of a
reduced number of collisions as the electrons crossed the gap
so ionization was to become more efficient. As for high
pressures (figure 6(b)) only the tail of the EEDF at the elec-
trodes is overlapping with the cross-section for ionization.
There is no significant loss of ionization-capable electrons
and discharge is easier to maintain which can be observed as
smaller increase of voltage in right branch of breakdown
voltage curve as compared to the left branch.

3.3. Scaling of RF breakdown profiles: breakdown voltage
depending on the gap length and frequency

RF breakdown has a different nature compared to DC break-
down. Therefore, pd scaling that is applicable in DC breakdown
voltage curves needs to be extended to include frequency
dependence. Figure 7 shows the breakdown voltage curves for
various: (a) gaps and (b) frequencies. The curves have a similar
shape with a large variation of parameters. For a fixed frequency
one cannot maintain the scaling, as in addition to pd scaling
there is also fd (interelectrode distance times frequency) scaling
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Figure 6. Electron energy distribution function at the electrodes separated by 23 mm at the frequency of 13.56 MHz for: (a) V =447V,
p = 02Torr and (b) V=169V, p = 2.5 Torr. Right-hand side y-axes shows set of cross-sections for argon.
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Figure 7. (a) Simulated breakdown voltage curves for: (a) a fixed frequency of 13.56 MHz and various gaps sizes and (b) a fixed gap of

23 mm and various frequencies.

that needs to be satisfied [44—46]. The same is valid for a fixed
gap. Scaling with proper variation of both the frequency and the
gap is shown in figure 8.

Both the frequency and gap are varied while keeping the
fd constant and observing the pd dependence. We can see a
very good overlap that is excellent at higher values of pd
while at lower values of pd and higher breakdown voltages
there is more of a difference, presumably due to the non-
linearities brought about by the overlap of the electron cloud
with the electrode. While presenting breakdown curve scaling
is important and indeed points out the validity of the scaling.
The critical test of the scaling would be the observation of the
spatial profiles depicted in figure 9 for pd around 0.34 Torr cm
and a number of frequencies with the corresponding gaps. It is
clear that for a narrow range of fd and pd all the spatial
profiles coincide. That is the physical foundation of the
scaling laws, which basically scales the number of collisions
per length and time.

1000 —— — r———
] e 23mm  13.56MHz
e 11.5mm 27.12MHz
A 2mm 155.24MHz
.D
—~ .A
2
¢
S ]
¢ 6
100—_ 3 ° <
Argon
0,1 1 10
pd (Torr cm)

Figure 8. Scaling according to pd and fd scaling laws of RF voltage
breakdown curves. Box indicates region with points for which the
spatial profiles are plotted in figure 9.
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Figure 9. Spatial distributions for a number of points that have the same product of frequency and distance between electrodes
(fd = constant) and also for a fixed pd = 0.34 Torr cm. All figures are obtained with the same initial number of electrons so the relative

magnitudes of the same coefficient are indicated by the colors scale.

4. Conclusion

In this paper the physical background of low-pressure RF
argon discharges is studied. It is found that the simplified
phenomenology of transfers from one electrode to the other is
often not met especially at higher pressures where electrons
may produce sufficient ionization while crossing shorter dis-
tances. At lower pressures, conditions to reach the electrodes
are acquired at the cost of an increased breakdown voltage.
Under those conditions the balance between new electrons
being produced and the increase in mean energy determines
the breakdown. Thus it is possible to have two breakdown
points (and the region of the double-valued breakdown curve
coincides with the region where electrons reach electrodes in

one half period) for one pd value. The higher point is where
the balance is encountered due to the losses of high energy
electrons hitting the anode and being absorbed by it.
Another issue of scaling is illustrated well with the obtained
results. The breakdown follows the standard pd scaling very well
but it has to adjust itself to the fd scaling as well. The fd scaling
has been discussed within the terms of breakdown physics by
Lisovsky et al [45] and it addressed [44]. However both scalings
have been established in the earlier electron transport (swarm)
studies [14—-16, 46] basically as a condition to maintain the
number of collisions per certain distance or in certain time. The
spatial profiles of the electron properties shown in figure 9 give
an indication of how scaling involves identical spatial distribu-
tions and other properties thus supporting the predicted scaling.
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Results, presented and discussed here, confirm that the
modeling of RF breakdown by using a detailed MC code pro-
vides an excellent and relatively easy entrance into the pertinent
physical processes. In the later stages plasma properties become
important and one has to follow the space—charge development,
which makes the situation much more complex. Yet the onset of
the breakdown is purely a swarm phenomenon and the begin-
ning of the development of the plasma may be clearly envi-
sioned and explained even quantitatively by a swarm model.
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Review

Using Swarm Models as an Exact
Representation of Ionized Gases

Zoran 1j. Petrovi¢,* Dragana Mari¢, Marija Savi¢, Srdan Marjanovic,

Sasa Dujko, Gordana Malovi¢

In this review, several examples of ionized gases are presented where swarm models may be
employed to provide full description. Those situations include low space charge pre-breakdown,
Townsend region breakdown where space charge effects may be calculated from the
swarm model and used as the first order perturbation to
describe oscillations and transient signal and afterglows.
In addition, implications are considered for micro-
discharges, discharges in and close to liquids, gas-filled
particle traps, thermalization of particles in living tissue,
and many more. In all those situations, swarm models
provide full description of the discharge, while for most
other collision dominated non-equilibrium plasmas
swarm physics (transport-related phenomena) provides

a part of the foundation of modeling.

1. Introduction

Swarm data and the basic transport equations have been
the foundation of the modeling of low temperature (ie,
non-equilibrium) plasmas.*™ In doing so, it is often
assumed that the transport data obtained under such
conditions fit well the fluid or other equations used to model
plasmas. Without going into discussion of whether that is
the case or not, we need to stress that the use of swarm data
or of the swarm derived cross-section sets®" is a
prerequisite in achieving proper energy, momentum, and
number balances in plasma models and in having properly
calculated non-equilibrium distribution functions. Even
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though in RF fields and in the presence of strong variations
of the distribution function, the use of swarm parameters
may become complex due to non-locality® %) these data
have been used successfully and with little evidence of
inadequacy. That is presumably due to a robust nature of
plasma models (physics) dictated primarily by the space
charge adjustment that provides a field distribution
necessary to maintain the existence of the plasma itself.
In this paper, we shall, however, focus on the ionized
gases where the swarm models are an exact representa-
tion of the system, as exact as the available data allow it
and as exact as small perturbations of the external field
do not constitute a major source of the relevant particles.
Usually it is assumed that by cornering yourself into the
low current limit and favoring situations where ionized
gas does not use its ability to self adjust the field profile,
will lead to very few, if any (with exception of swarm
experiments of course), examples where such physical
models is adequate. That, luckily, is not true and we have
a number of examples where swarm models provide
sufficient and even complete description. This paper
attempts to provide a review of such examples and also to
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provide an insight on how swarm models may be used as
plasma models. This work is naturally primarily focused
on the results of our group.

1.1. What Are Swarms?

Swarms have been defined as ensembles of charged
(although the paradigm may be extended beyond charge)
ensembles of particles freely moving through the back-
ground gas, gaining energy from the external electric field,
being under the influence of the external magnetic field,
and dissipating energy and momentum in collisions with
the gas molecules. It is assumed that all collisions are with
the pristine, unperturbed gas and also that space charge
effects and Coulomb coupling are both negligible. In other
words, it is the zero ionization limit of plasmas where
collisions reign supreme and where the field is “known,” i.e.,
defined by the external voltage. The behavior of charged
particles is defined by collisions and also by the energy gain
and the field configuration. Thus, this is the end where
atomic and molecular physics, integrated into the transport
theory, and overall kinetic calculations dominate.

An additional condition is also often introduced that
boundaries (such as metallic walls, sometimes grounded,
sometimes at some potential) are not felt throughout
most of the volume of the discharge. That, however, is not
absolutely necessary, it is merely there to provide the
basis for the so called hydrodynamic expansion that
allows us to separate the distribution function into a
velocity space distribution (f) multiplied by the real space
particle density profile (n(r,t)) by using spatial gradients
of the density:

00

fro )= f0 ) © (-V)'n(r1) (1)

k=0

and spherical harmonics:
F) =D ()P (cos o)™, (2)
1=0

where P}"(cos 6) are Legendre polynomials and 6 and ¢ are
polar angles.

Very important aspect of this expansion, that allows us a
much easier numerical solution to the Boltzmann equation,
is the fact that if it is satisfied we effectively assume the
distribution function to be uniform throughout the entire
volume of the discharge. The standard swarm experiments,
and swarm physics have always been strongly associated
with well-defined experiments, that are able to achieve
such conditions throughout most of the volume of the
discharge. To do so, a combination of the use of high
pressure and control of the current density is required. In
any case, substituting Equation (1) and (2) into Boltzmann
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equation:
_J+ a_J+i E+ B_J—_(fF
ot ¢ or m( ex ) dc 4 0) (3)

where J(f,Fy) is the collision operator, provides the means to
define and calculate the transport (swarm) coefficients.

On the other hand, most low temperature plasmas
operate under conditions where hydrodynamic approxi-
mation may not be appropriate. Those include low pressure
discharges, where mean free path may be comparable tothe
size of the vessel, sheaths, and electrode regions and also
high gradient areas, like those found in the front of the
streamers, thermalization from the initial distribution, or
the very high E/N conditions, when charged particles may
achieve a runaway. Thus we shall apply swarm models in
both sets of circumstances allowing for non-hydrodynamic
conditions when required.

1.2. Swarm Models

A swarm model would be a model based on a Boltzmann
equation (BE),**~*#, Monte Carlo simulation (MCS),*>7#! or
some of the simplified equations such as the Momentum
transfer theory (MTT).**~2* More than actual modeling, one
may use transport data to directly calculate properties in
hydrodynamic region. If, however, it is not hydrodynamic
then the ionized gas should perhaps be modeled by MCS.

An important feature of swarm models is that those are
often approximate, like MTT in general, or BE if only two
terms are maintained (in expansion given by Equation (2))
or some model collisional operator is employed. Verifying
exact nature of the model is thus an important issue
and for that purpose, swarm benchmarks are often
employed.[*>1822725] we will not spend more time on this
issue as it has been well covered by a number of papers.[2°!

We will, however, define conditions where swarm
models are expected to be appropriate and then proceed
to illustrate some, such as:

e Low space charge density ionized gas in general like the
charges in the atmospheric gas.

e Pre-breakdown avalanches requiring external field but
not quite making it to the self-sustained regime.

e Breakdownwheretheinitial phase and the transitiontothe
self-sustained regime are in swarm regime while the final
stage may be a fully developed plasma, and thus the
conditions for the breakdown are defined by the swarm
regime.

e Gaseous dielectrics are also defined by the operation in
the swarm regime as their use is to prevent development
of the plasma in the first place.

e Gas-filled traps such as Penning Malmberg Surko trap for
positrons.
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Using Swarm Models as an Exact Representation. ..

e Detectors of elementary particles starting from
Willson’s chamber and Geiger counter, through drift
and avalanche chambers and finally including the
most frequently used resistive plate chambers (RPC)
detectors.

e Low current diffuse discharge (Townsend discharge) that
operates in the low space charge limit, although even
when space charge starts making the entrance it is
usually as a perturbation to the swarm model.[2”~2°]

o Afterglows, after the collapse of the ambipolar field.

e Thermalization of elementary particles emitted from
radioactive sources or of cosmic rays and of their
secondary products, and many more.

2. Pre-Breakdown, Free Electrons in Ionized
Gases

Pre-breakdown, or transport of charged particles in field
free conditions or in fields too weak to achieve self-
sustained operation have been studied for many years. For
obvious reasons, the primary target of such studies has
always been modeling of swarm experiments that have
been designed to provide high accuracy without uncer-
tainties in interpretation so that the measured transport
coefficients may be used to normalize the sets of cross-
sections.Itisimportant tosay that modeling may be done in
the real space and thus provide the connection between
observables and actual transport coefficients under the
study. Modeling may also be in the velocity space where
calculating data is easier and then one comes to the point
when it is possible that due to differences between the real
space (bulk) and velocity space (flux) transport coefficients
oneneedstoactually model non-conservative aspects of the
complete transport in the experiment in order to fit the
measured observables and the resulting transport data.[®!
Inabasic swarm model in weakly ionized gas, would be the
use of an equation:

j=envy (4)

where j is the current density, v, the electron drift velocity,
and n is the charged particle density together with the
swarm data for the drift velocity. The spatial and temporal
profiles of swarms are usually described in hydrodynamic
approximation by using the so called continuity equation*°':

on on Pn  ?n
*E‘F (Vz' - Vaft)n - Vdr&‘i’DT ﬁ+w

0%n

where D is the diffusion coefficient (which may be either
transverse (T) or longitudinal (L)) and non-conservative rate
coefficients are v (ionization — i and attachment — att).

(5)
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Equations such as 4 and 5 have been used successfully to
model a number of experiments*°~*?! provided that
hydrodynamic approximation holds. Best examples of
the validity of this approach and the use of continuity
equation may be observed in photon emission profiles of
time of flight experiments of Blevin and Fletcher.?*%! In
some way, these profiles are akin to the detected profiles of
avalanches by Raether!®¥ in gaseous elementary particle
detectors (see also ref.*>] and discussion of detectors later
on in the paper).

When, however, assumptions going into the hydrody-
namic approximation are not valid,'® then a door is opened
for kinetic effects such as diffusion or attachment heating or
cooling,*° transient negative mobility,****] negative
absolute mobility,***”) anomalous time varying diffu-
sion[*®49]  negative  transient  diffusion®®  Holst
Oosterhuis (Frank Hertz) luminous layers,>*> negative
differential conductivity (NDC),**** and many more. A group
of kinetic phenomena may occur even when hydrodynamic
conditions are not met and transport is not local.

As an example of how we may use swarm physics to
get an insight about the functioning of a device, we may
use a display of NDC to discuss its role in gas-filled
(diffuse discharge) switches. In Figure 1, we show drift
velocity of electrons in pure CF, where the most
prominent feature is a peak around 20Td. The region
beyond the peak where drift velocity counter intuitively
decreases is the NDC.

One class of devices, the so called diffuse discharge
switches, were developed to control inductive storage of
energy. Apparently, the power density in inductive
discharges is two orders of magnitude greater than
the power density of capacitive storage, which proved to
be essential for applications in space. Unlike capacitive
storage switch, the switch for inductive storage requires a
high conductivity at low E/N and low conductivity at high.
Thus it has been possible just to use the calculated drift

Figure 1. Drift velocity v,, (points triangles flux, solid circles bulk)
and attachment rate (line) for electrons in pure CF4.[55] The drift
velocity shows NDC from 20 to 60 Td while the attachment rate
peaks at around 120 Td.
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velocity versus E/Nto select the best candidates for practical
devices.*¢°7]

2.1. DC Breakdown

In studies of the breakdown, the self-sustained discharge is
achieved when production exceeds the losses. For electro-
positive gases, losses are difficult to calculate and depend
strongly on the geometry of the discharge. In case of
electronegative gases attachment dominates the losses and
as itis a gas phase process, it is easily established in general
terms. Thus, one could claim that the breakdown E/N
(which defines the breakdown voltage for a specific
geometry) is that where ionization rate becomes greater
than the attachment rate; or when the effective multipli-
cation coefficient (v; —va) (or represented in spatial
Townsend rate coefficients (« — m)) becomes zero. Actually
it has to be larger than zero to compensate other geometry

Z. 1j. Petrovi¢, D. Mari¢, M. Savi¢, S. Marjanovi¢, S. Dujko, G. Malovi¢

dependent losses, but zero point is a good indicator of the
dielectric strength of the gas (mixture). In Figure 2, we also
show effective multiplication rate coefficient for tetra-
fluoroethane mixtures with argon.[5%>%

One can see in Figure 2 that for a low content of the
electronegative gas (5%), the breakdown E/N is smaller,
around 25 Td. For 50%, it is more than 70 Td and for pure
tetrafluoroethane it is more than 110 Td. Thus, having in
mind a cross-section set for a good gaseous dielectric, it is
required that there is an attachment process (dissociative
presumably) peaking at high energies just below the
threshold for ionization in order to postpone to higher E/N
the predominance of production over losses. Good dielec-
trics, however, also have an attachment (scavenging
process) that would peak at the lowest energies and thus
remove low energy electrons before they have a chance of
accelerating to higher energies. SF¢ is such a gas with
several non-dissociative and dissociative attachment
processes covering continuously energies from zero to just

Figure 2. Effective multiplication rate for the mixture of tetrafluoroethane (5 and 50%) and argon. As we had to show the ionization rate
(denoted by ) in a logarithmic plot, the negative part due to the attachment rate (denoted by m) is shown separately on a linear scale.!5¥59]
MC denotes results of a Monte Carlo simulation, while TTAis an abbreviation for the two term approximation theory. Both sets of calculated
results are compared to experiment. The cross-sections were obtained by employing a standard swarm procedure to the available
experimental transport data.l®59! The principal thing that should be observed here is that for gases with large attachment, the breakdown
E/N may be easily established from the calculated ionization and attachment rates as a crossover point. For many application, such analysis

is sufficient for making engineering decisions.
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Using Swarm Models as an Exact Representation. ..

below the ionization. Other issues in developing a good
dielectric would certainly include plasma chemistry that
ensues after a possible breakdown. It is preferable that the
original molecule is re-formed to ascertain the longevity of
the dielectric, and should the gas from the dielectric be
released to the atmosphere, toxicity of products of a
discharge may become an issue. Except for the plasma
chemistry calculations of the dissociative effects, all other
aspects of gaseous dielectrics may be modeled by a swarm
model or related zero dimensional chemical kinetics
models.

Similar issues need to be resolved in gas discharge
switches except that the conducting phase involves high
conductivity plasma that may (or may not) require a full
plasma model. Yet the breakdown itself, a critical feature of
the switch, is established easily through swarm modeling.
Returning to the diffuse discharge opening switch, the basic
principle involving NDC in gaseous mixture may be
improved upon by adding a gas with a high threshold
attachment that would reduce further the conductivity at
the high (off phase) E/N, but in this case without the low
energy attachment (as that would be a hindrance). CF,
would be excellent for this purpose (as shown in Figure 1).

The issue of breakdown in general terms is also related
purely to swarm modeling and it has been covered in some
detail by Phelps and Petrovi¢.°®! The standard Townsend
model of breakdown consists of an electron-induced
avalanche and ion feedback producing new electrons at
the cathode by secondary emission. It turned out!®® that
actually photo emission at low E/N, fast neutrals at high,
and metastables at all E/N contribute significantly to the
breakdown, sometimes even dominating. Adding to this
theloss processes not accounted for in the Townsend model,
such as back-diffusion, we may actually have an effective
secondary electron yield obtained from the breakdown
curves (according to the Paschen’s theory) one order of
magnitude lower or up to two orders of magnitude higher
than the secondary electron yield measured in a binary
beam experiment.[*” Townsend’s theory worked basically
because in the SWARM regime, all fluxes are proportional
(linearly) and thus the effective production could be
associated with the flux of only one particle. However, in
real plasmas with non-linearities and especially temporal
developments the basic Townsend theory may not be
adequate and thus analysis akin to that of Phelps and
Petrovi¢ (that is still a swarm-type modeling) may be in
order.

2.2. RF Breakdown

Basic data for radio-frequency plasma applications can be
acquired from simulations and experimental results, and
from recorded breakdown voltage curves. DC breakdown
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voltages versus pd (p-pressure, d-gap between two parallel
electrodes) are known as Paschen curves. For RF breakdown,
pd scaling may be expected to work again but the curves,
although similar in shape, are not determined by the
Paschen law. Nevertheless, these curves are often called
Paschen curvesintheliterature whileitis better to callthem
RF breakdown curves or sometimes even Paschen-like RF
breakdown curves.

One should never attempt to determine secondary
electron yields from RF breakdown curves in a direct
manner, at least for the following reason. A necessary
condition for a self-sustained discharge is to have feedback
between the electron growth toward instantaneous anode
and theirinitialization at the cathode.In DC breakdown, it is
the drift of ions toward the cathode coupled with a
secondary electron production that provides the feedback.
In RF fields, however, electrons go in both directions,
depending on the phase, so a discharge may be supported
purely by electrons. We have performed calculations with
only electrons and also with added heavy particles, ions,
and fast neutrals.

Initially, electrons were released from the middle of the
gap. Cross-section sets have been compiled and tested
(argon, oxygen — Itikawal®!]; synthetic air — Phelps!®?)). In
our previous paper, we have examined radio-frequency
breakdown in argon under conditions when ion-induced
secondary emission is negligible (electron-dominated
regime).°®! In this paper, we move further by including
ions and their contribution to secondary electrons emitted
from electrodes surfaces. Breakdown points are determined
by slowly increasing the voltage to approach the break-
down from below the curve (right hand side and lower
branch of the curve) and by increasing pressure to approach
higher breakdown voltage branch (left hand side). Break-
down point is established as the one where the number of
electrons begins to increase over extended time of many
periods (detailed discussion is given in ref.l®%]).

At first, we examine MC simulation that includes only
electrons with distance between electrodes of 1 cm. Figure 3
shows RF breakdown curves for synthetic air. Furthermore,
we adjust two parameters to try to fit the experimental
data, the first being thereflection coefficient for electrons on
the surface of electrodes (R) and also the secondary electron
yield y (gamma) due to ion bombardment. One can observe
deformation of Paschen-like curve pushing breakdown
point toward lower voltages when reflection coefficient is
increased arbitrarily. However the “second minimum,” as
Korolov et al.%*! obtained in their experiment (also shown
in Figure 3), is only achieved through an addition of the
effect of secondary electron emission due to ions. Multi-
pacting effects are observed only at much lower pressures
and higher voltages. A good agreement with Korolov et al.
was achieved by an assumption that secondary electron
yield for ions is 0.002.
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Figure 3. Paschen-like RF breakdown curves in synthetic air.[64!
Gap is 1cm, frequency 13.56 MHz. Open points are the available
experimental results in the literature.[®5! At first, only reflection of
electrons (R) was adjusted but it failed to reproduce the shape of
the experimental data. Furthermore, a secondary electron yield
due to ion bombardment (y) was added and a good fit of the left
side branches has been achieved for y=0.2%. It must be noted
that Korolev et al. managed to fit their experimental points
equally well by using a particle in the cell (PIC) code. While
technically their code is a plasma code and thus more complex
and perhaps less detailed than our Monte Carlo code. Their code
has all the ingredients of a swarm model but it was not certain to
what degree in their modeling the plasma-related features were
necessary to fit and explain the experiments.

Z. 1j. Petrovi¢, D. Mari¢, M. Savi¢, S. Marjanovi¢, S. Dujko, G. Malovi¢

InFigure 4, we show space time resolved development of
electron swarm properties in an RF breakdown in argon.
Results are presented for both conditions where a self-
sustained mode (lower (a) and higher (b) peak voltages) is
operational (i.e,, this is done in the region of the breakdown
curves where for a fixed pd there are two values of the
curve). For argon, we have used data from ref.[?%] At the
lower branch of the breakdown curve, majority of electrons
does not make a translation from one electrode to another
as assumed in simple models!®*®”) and the discharge is
maintained by a small group of higher energy particles
some of which reach the electrodes. At higher branch, most
electrons make the excursion along the entire gap.
Remaining and newly produced electrons stay by the
electrode until direction of the field changes and thus some
phase shift between the positions and the field waveforms
are observed together with a skewness for some properties.
In both situations, the critical issue is in achieving high
energies and consequently ionization to compensate the
losses at the surface.

3. Low Current Discharges

In the low current limit of DC discharges, the space charge
effects are either negligible or small enough to be treated
as a perturbation to the external field.[?”2868%] [n
particular, the diffuse low current regime known as

B Figure 4. Spatial profiles of electron density, energy, and electron-induced ionization under conditions of an RF breakdown.!®3!
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Using Swarm Models as an Exact Representation. ..

Townsend regime of DC discharges is often taken as a
representation of swarm conditions!’®”! (steady state
Townsend experiment!*>72]),

3.1. Townsend Regime/DC Discharges

If one records axial and radial profiles of emission along
the Volt-Ampere (V-A) characteristics (Figure 5) of the
low current DC discharges, it is clear that for the lowest of
currents the profile is diffusion defined and centered!”*
while electron density exponentially increases all the
way to the anode. That is the sign of the space charge free
conditions and the swarm-based models will suffice or in
other terms the regime is the so called Townsend
discharge. The profiles in the two other regimes (Figure
5 — normal and abnormal glow) reveal a strong effect of
the space charge, one in the radial the other in the axial
direction. Nevertheless, even under those circumstances,
charged particles may not be strongly coupled and for the
purposes of theoretical description may behave like
swarms, within the limitations of the modified local
electric field, thus allowing the swarm physics and
transport theory to be the foundation for the description
of plasma.

In spite of being supposedly free of space charge effects
and any strong coupling, the V-A characteristics shows
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Figure 5. Spatial profiles of emission in low current DC
discharges, covering the three regimes with three
characteristic profiles: (a) Townsend regime or diffuse low
current discharge-falling well under the realm of swarm
models; (b) glow discharge-constricted low current discharge;
and (c) abnormal glow-diffuse high current dischargel”! (© 10P
Publishing. Reproduced with permission. All rights reserved —
doi: 10.1088/0963-0252/18/3/034009). Anode is at 1.1cm and
cathode at ocm and some small amount of scattered light
indicates the positions of electrodes.
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negative slope even in the low current limit (according to
the basic Townsend theory, it should be constant) and as a
result of the overall V-A characteristics and external circuit
the discharge may slip into oscillations of different
kinds.[”*74]

The model developed to explain these oscillations due
to the negative slope (and thus to extend Townsend’s
theory) is an example of swarm-based models where
space charge effect is calculated based on swarm
calculations and added as a perturbation. The basic
assumption is that the field right next to the cathode is
affected by the space charge and is affecting the energy of
ions. The feedback coefficient — the secondary electron
yield — cannot be assumed to be constant, as it has been
well established that it is dependent on the energy of ions
hitting the surface.[*® During oscillations, the voltage and
the field will change and affect secondary electron yield
(the development from Equation (6) to (11) follows the
theory in Phelps et al.2”):

Y =¥+ kuU + ki, (6)

The term ky describes the linear component of the
voltage dependence. However, the critical assumption in
the model is the term proportional to the current. It is
actually representation of the space charge which is
proportional to the current which then provides addi-
tional effect due to the slightly skewed electric field right
next to the cathode. It is possible to use the density
profiles of electrons and ions (ions being much slower
have a much higher density and predominantly define
the field perturbation) obtained by swarm physics
considerations (drift and free diffusion). Using a Poisson
equation we get:

C 1 jz 1
ESz(Z) — ES = aw—ﬂa
[0z — exp(ao(z — d)) + exp(—aod)], (7)
where n, and n. are concentrations of ions and electrons, j,
electrical current density in z-direction, W, drift velocity of
ions, e elementary charge of electrons. The corresponding
voltage drop is thus equal to:

d
8Ug = —/0 (Esz(2) — E§)dz

2 (ap.d), (8)

where fis:

2|1 exp(—aod) (1—exp(—wod))
Jloo,d) =d [E T wd T (wd) ’
9)
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with round the loop multiplication being

g(t) = yvlexp(a(t)d) — 1] = 1. (10)

The effective normalized discharge resistance is

A, AU 7 fled)

Ry=pp =22 _
NT TP TR coW,i2G d?

(11)

where A is the area of the electrode and g is the
logarithmic derivative of the multiplication factor g
(g =7+ yad exp(ad)d).

Experimental tests have confirmed the theory both in the
field distribution and in the scaling of the effective
resistance.”””! Ry depends on variation with the field (and
current) of the secondary electron yield but the theory also
provides a foundation for the standard scaling of discharge
parameters E/N, pd (Nd), and even jd®. This bit of theory is
added here as an example of how swarm-type consider-
ations are weaved into the plasma theory as its fundamen-
tal aspect and also how swarm data enter such calculations
as the basic input on atomic and molecular collisions.

3.2. High E/N-Runaway Swarms

If one extends the range of measurements to the left hand
branch of the Paschen curve, two things become obvious.
The first is that the voltage drop between the Townsend
regime and the glow discharge diminishes (see Figure 2 in
ref.[76]) and sometimes it is even a continuous transition.
The reason is simply in the large mean free paths and then
the effect of the space charge become less obvious (spread
over a larger area). Another effect is observed if energy
distribution function (EDF) is sampled, whereby the EDF has
astrong peak at maximum available energy thusindicating
a runaway.”” This is a situation where the initial
conditions (energy distribution) is maintained (augmented
by the energy drop in during the travel through the
discharge) and thus properties vary from one point to the
next. The low energy tail of secondary electrons also
develops, which varies according to the position. Thus a
hydrodynamic model is not appropriate, but a MCS may
produce excellent results. It may also allow for exact
inclusion of the boundary conditions, such as energy-
dependent yields due to ions and electrons, energy-
dependent angular distribution of secondary or reflected
particles, energy-dependent energy loss, and energy-
dependent electron reflection. The procedure allows for
exact, experimental data to be included for any other
possible boundary effect related to electrons, ions, neutrals,
reactive species, metastables, and photons. At high E/N that
corresponds to the left hand side of the Paschen curve,
electrons are not very efficient in ionization (requiring a
rapid increase in the voltage necessary for the breakdown
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as pd is reduced) and even then the multiplication
coefficients are only slightly higher than 1.

Duetothelow pressure, meanfree paths becomelarge for
both electrons and ions and they gain much larger energy
then in standard discharges. This is particularly critical for
ions, allowing them to extend much beyond the standard
low energies (below 1 eV) all the way up to the maximum
available energy. This opens the door for charge transfer
collisions producing fast neutrals. It turns out that fast
neutrals are at those conditions more efficient in excitation
than either electrons or ions and this all leads to a peak of
emission close to the cathode, that is the signature of
fast neutral excitation.”®7) Under those circumstances,
momentum transfer in heavy particle collisions leads to a
transfer of kinetic energy producing Doppler profiles with
excessively high energy wings.[”>Y. As a result, one could
predict a possible application for fast neutral etching that
would reduce the charging problems®?# in treating
dielectrics in nanoelectroncs and allow even higher aspect
ratios of nanostructures with an increased spatial
resolution.

While being mostly non-hydrodynamic, the high E/N
discharges are best described by swarm physics. They also
open the need for similar models of ions and fast neutrals.

3.3. Microdischarges, Atmospheric Pressure
Discharges, Discharges in Liquids

By the virtue of the jd” scaling (that has been tested), the
Townsend regime may be extended to higher currents at
very small gaps. While being counterintuitive, this is a well
established fact at least as long as the standard gas
discharge physics operates (ie., below the onset of field
emission).®¥ Extension of the Townsend regime into
higher currents allows for applications of microdischarges
that take advantage of the flexibility and ability to directly
adjust and achieve a high efficiency of excitation and
dissociation (by merely changing the E/N) while still having
a high enough total output of photons and/or chemically
active species!®® for possible applications.
Microdischarges are one way to produce non-equilibrium
plasma at high pressures. They simply operate close to the
Paschen minimum and thus allow for much higher pressure
for the given reduction in the discharge gap. In the
atmosphere, the kinetics of charges is defined by swarm
physics, yet if a field is added, the increase of charge density
is quite large and a quick transition to highly conductive
thermal plasma ensues. Atmospheric pressure discharges
often have a high charge density, but in general, the whole
atmosphere is an ionized gas that may be described by the
physics of swarms. Of the plasmas, the corona discharge
consists of streamers and diffuse discharge, which falls
under the swarms jurisdiction.®®! Calculation of transport of
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electrons, ions, and other particles may proceed mainly by
using free electron and ion diffusion, but one needs to take
into account clusters formed by water vapor molecules and
other issues.

One of the lines of the fastest development and new
applications are the discharges in water (liquids in general),
at the interface between liquid and gas phase, and in gas
phase of vapors.®”#8! In liquids one needs to re-establish
both cross-sections, transport theory, and transport coef-
ficients. More data are needed for low pressure transport (in
gas or vapor).®*°? In addition, we need to establish
techniques to determine and apply data at high pressures
and in liquid, i.e., and multiple collision conditions,®* and
under the influence of hydration and breakdown!*? of
clusters. In addition, even the low pressure collision and
transport data for the most important ions in water vapor
are missing®® The liquid-related discharges!®* provide a
number of challenges and in many circumstances swarm
modeling (albeit adjusted to the needs of very high densities)
is required. A comprehensive review on discharges associ-
ated with liquids may be found in a forthcoming article,
containing most importantly list of open issues.[*?

3.4. Afterglow

Upon switching off of the discharge, the space charge may
remain for a while as long as the charged particle densities
are sufficient to produce a modified field profile. At some
moment, the ambipolar field will collapse and free diffusion
will ensue thatis modeled by swarm physics. In that period,
electrons are supposed to continuously lose energy and
diminish in numbers. Under some circumstances (depend-
ing on the gas, impurities, initial energy, and distribution
function and electron and ion densities), an increase of the
mean energy occurs during the afterglow leading to a
transient peak in the decay of the mean electron energy.
Sometimes that peak may be even greater than the initial
mean energy, again depending on the gas and on the initial
conditions. This phenomenon has often been explained by
evoking atomic and molecular physics, including processes
such as Penning ionization, Rydberg states, superelastic
collisions and recombination.[>°¢]

However, a very important process is often overlooked. It
is the above-mentioned diffusion heating or cooling!*”)
(also there is a possibility of an attachment cooling or
heating[‘w]). While the aforementioned processes depend
on the initial densities of excited states, this process is
universal as it depends only on the ground state momen-
tum transfer cross-section. The presence of the Ramsauer—
Townsend minimum in some gases allows very large mean
free paths and escape of electrons to the wall of the vessel,
thus increasing losses (speeding up thermalization as this
could be regarded as evaporative cooling).

Plasma Process Polym 2016, DOI: 10.1002/ppap.201600124
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Results of a MCS are shown in Figure 6 where we present
the development of the mean energy in a limited size
discharge vessels and also for an infinite plasma inargon.In
an infinite case, thermalization is slow while in the parallel
plate geometry decay is much faster (Figure 6a). We also
show the decay of the number density of electrons
(Figure 6b). In Figure 7, we show energy distribution
functions in the parallel plate and in infinite cases. In the
latter case, the high energy tail disappears quickly, while
the rest of the distribution is close to the Maxwell
Boltzmann (MB) distribution with the same energy. This
graph also shows as a very general conclusion that, even
when the bulk of the distribution function is a Maxwellian,
the extrapolation to the high energy tail by a Maxwellian
may lead to errors of many orders of magnitude. The reason
is that the high energy loss processes such as ionization

Figure 6. Thermalization (a) and decay of the number (b) of
electrons in Ar from the initial MB distribution at 7eV (argon
at1Torr and a gap of 1cm) in plane-parallel geometry and in free
space. Arrow marks the point in time where the energy
distributions that are shown in Figure 7 are sampled. Two
Maxwell Boltzman distributions are shown for comparison,
each at a mean energy equal to that in the decayed measured
distribution (6.5 and 4.4 eV).

www.plasma-polymers.org
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Figure 7. Energy distribution functions at the point marked in
Figure 6 for the parallel plate geometry (solid) and infinite
geometry (dashed). Two Maxwell Boltzmann distributions for
the mean energies corresponding to the two distributions are
shown.

deplete the high energy tail of the EDF especially in the low
pressure discharges. The bulk of the distribution, and
therefore the mean energy, slowly head toward the room
temperature thermal equilibrium energy.

For the parallel plate system, due to the long mean free
paths as compared to the size of the discharge (even for
1Torrofargonand 1 cm dimension), a holeis rapidly burned
in the Ramsauer-Townsend energy range. At higher
energies, the distribution is similar to that of the
corresponding Maxwellian, albeit with the high energy
tails removed by high energy loss collisions. With the peak
of the mean energy greater than the initial energy, the
diffusion cooling should be taken into account by including
a complete calculation of thermalization (with all the cross-
sections and atomic and molecular processes). Diffusion
cooling will invariably take place depending on the cross-
section shapes; in case of resonant attachment a similar
heating/cooling situation may arise and these processes
may affect strongly non-local (non-hydrodynamic) systems
such as plasma sheaths, Langmuir probe at low pres-
sures®”) and distribution function at the beginning of
thermalization or close to the walls.

4. Data Bases for Pristine Gases and Gases
with a Large Density of Excited States and
Radicals

It is often discussed that the main basis of the plasma
modeling is in a set of fluid equations supplied by the
swarm data. It is truly important to set up the data bases
with a well-prescribed procedures for evaluation in order to
be able to appraise different calculations with seemingly
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same gas mixtures. In addition, coherence between the
cross-sections and transport data should be achieved and
maintained. The fluid models that use swarm coefficients
must be compared to the kinetic and hybrid codes that are
based on the cross-sections. Consistency between the two
sets should be achieved and it is the task of the atomic,
molecular collision physics and necessarily also the swarm
physics. Anumber of data bases has been developed for the
purpose of providing low temperature plasma physics with
data starting with the JILA data Center (Joint Institute for
Laboratory Astrophysics of the Colorado University at
Boulder and National Institute for Science and Technol-
ogy),°® the data base of Art Phelps at JILA,'°?! NIST Data
reviews,®® the data base of Prof. Hayashi,®® our data
base,'*°°! and many more. The most focused and certainly
the largest in number of participants and quantity of data s
the currently active LxCAT data base.l*°**°? One needs to
include the data for ions!*°®°®! including the most
comprehensive data base of Prof. L. Viehland as included
in IxCATI*®Y and fast neutrals.*®* If the system is a
candidate for being described by swarm models sometime
it suffices just to observe the available data for some of the
transport coefficients to at least appreciate qualitatively the
feasibility of the particular system. However, if some
kinetic phenomena and in particular non-hydrodynamic
kinetic phenomena are involved a full-fledged kinetic
simulation is necessary. In that case, however, in order to
have proper balances of number, momentum, and energy a
swarm normalized cross-sections are necessary to obtain
the quantitative comparisons with experiments.

A separate issue is the modeling of plasmas when the
background gas may not be regarded as pristine (unper-
turbed). This issue may be introduced to plasma modeling
by making a self-consistent (coupled) calculations of the
excited state populations and then of the energy distribu-
tion functions and effective rates and other coefficients.
While the very presence of the excited states breaks the
principal definition of swarms as developed for swarm
experiments!*°® this, self-consistent modeling extends the
applicability of swarm physics to the realm of higher
currents/densities of electrons and elevated temperatures.
Under these circumstances, a whole new realm of transport
data opens, that involves the cross-sections for excited
states (stepwise excitation, stepwise ionization, etc.). Not
surprisingly first important applications involved model-
ing of CO, lasers, % but also hydrogen discharges*°71%¢]
and nitrogen containing discharges.*°>*1% perhaps the
widest and the simplest similar modeling is that involving
properties of discharges in rare gases with a large
abundance of metastables in particular in argon.****!
Interest in CO, has been reactivated recently due to the
activity in energy conversion and storage.***! In a similar
fashion, swarm models may be applied to discharges where
fragments of the molecules that may have certain

DOI: 10.1002/ppap.201600124

R Early View Publication; these are NOT the final page numbers, use DOI for citation !!



Using Swarm Models as an Exact Representation. ..

properties abound. For example, the issue of attachment in
CF, when a significant part of the molecules has been
dissociated has been considered in ref.**°! In this section,
we did not attempt to make a comprehensive review, we
only show few examples and we apologize to those whose
work was not included in the list. There are many better
sources for detailed bibliography and many much more
comprehensive reviews. We only wanted to stress the
importance of data when swarm modeling is attempted
and also that this approach may be used in the realm of
strongly perturbed gases by a large degree of excitation or
dissociation thus extending the domain of applicability of
swarm physics but requesting a wide range of new data.

5. Conclusion

In addition to all the examples covered here, we have
recently made swarm-type modeling in a number of cases
involving ionized gases but outside the realm of standard
low temperature plasmas. These applications will be the
subject of a separate publication**¢);

1) Studies of swarms of positrons may be modeled in the
same manner as electrons (without the comfort of
production in collisions through ionization, although
ionization produces a lot of secondary electrons).!**!
With real swarm experiments lacking, the models
cannot be used to get quantitative scaling of the
cross-sections, but the results provide an insight into
processes and new kinetic phenomena, such as Positro-
nium (Ps) formation fueled negative differential con-
ductivity of the bulk component of the drift velocity.™**®!

2) Inthe absence of swarm data measurements, one may
define averaged properties that may be used in the same
fashion as the swarm data, for example thermalization
times (or full thermalization development), ranges of
particles, density of deposited energy, and more.[*2°]

3) Trajectories of particles have been used to describe the
properties, although each individual particle does not
have enough distinction to give a full insight on the
pertinent processes. Still, overall image, obtained by a
large set of particles or individual trajectories that are
selected, provide sufficient information to make impor-
tant conclusions.!*20121]

4) Thermalization of positronium in gases.

5) Modeling of PET like environment and modeling of
chemistry induced by the initial positrons in living
tissue/liquid.[®%!

6) Modeling of gas-filled positron (and electron) traps, such
as Penning Malmberg Surko traps*?42%] or other gas-
filled traps.

7) Avalanches and current pulses in gas-filled RPC
frequently used detectors in elementary particle

[122,123]
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detection and the corresponding properties of the gases
used in the mixture.!*2®
8) Streamer breakdown conditions.*?7128!

9) Modeling of ionization fronts in streamers.[*2%2]

The list does not end here and in all those cases swarm
studies provide models or an insight into the most salient
properties of the discharge. At the same time, one should
pay more attention to understanding plasma modeling
(from the global to the complex hybrid and PIC codes), the
role of plasmamodels in crossed electricand magneticfields
(e.g., for propulsion studies) and the description of some
atmospheric and astrophysical systems (elves, blue jays,
clouds of electrons and positrons formed in the vicinity of
neutron stars, etc.).

Swarm physics is one of the building blocks of the
physics of non-equilibrium plasmas. Another impor-
tant building block is the swarm data which originate
from swarm studies. In addition to being sufficient for
some systems, learning how to deal with those will
improve our knowledge on applying swarm-based
transport equations and data in plasma models. In
the meantime, each of the problems mentioned here is
interesting, even fun to pursue and a worthwhile
contribution.
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Abstract. In this paper we present a systematic study of the gas breakdown potentials. An analysis of
the key elementary processes in low-current low-pressure discharges is given, with an aim to illustrate how
such discharges are used to determine swarm parameters and how such data may be applied to modeling
discharges. Breakdown data obtained in simple parallel-plate geometry are presented for a number of atomic
and molecular gases. lonization coefficients, secondary electron yields and their influence on breakdown
are analyzed, with special attention devoted to non-hydrodynamic conditions near cathode.

1 Introduction

It is often said that atomic and molecular collisions define
the physics of non-equilibrium (so-called low-temperature)
plasma. However, in plasma modeling, where space charge
and field profile effects intervene with atomic and molec-
ular collisions, often it is claimed that the collisional cross
sections, rate coefficients and swarm transport data do
not need to be very accurate as the processes are so com-
plicated that high accuracy is not required. Gas break-
down, on the other hand, is the point where inaccuracies
of the atomic collision and swarm data are amplified and
at the same time the conditions for the breakdown often
define the operating conditions for the plasma. To illus-
trate this we may give an example that ionization rate
enters the breakdown condition in exponent and also that
rate is often exponentially dependent on the gas density
normalized electric field E/N. The mean energy and the
shape of the distribution function that define the rate (to-
gether with the cross section for ionization) are on the
other hand strongly dependent on all relevant inelastic
processes. Breakdown under DC fields and slowly vary-
ing AC fields also depends on surface collisions of ions
and atoms. Thus, breakdown condition is a very sensitive
projection of atomic and molecular collision and swarm
transport physics onto the realm of plasma physics.

Gas breakdown has been studied over 100 years and
yet many open issues still remain. In DC discharges,
the breakdown is usually described by the standard
Townsend’s theory [1]. Within the past 20 years, with
development of experimental and modeling techniques, it
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Campeanu, Masamitsu Hoshino, Oddur Ingélfsson, Paulo
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became clear that the standard (basic Townsend’s theory
as depicted in the textbooks) theory of breakdown and
low-current discharges (the so-called Townsend’s regime)
requires improvement. Phelps and coworkers [2-5] initi-
ated a comprehensive revision of the theory in all its as-
pects.

This revision in the lowest current limit (breakdown)
included taking into account the contribution of all feed-
back mechanisms and space-charge effects in breakdown
and low-current discharges [5]. These authors only covered
one gas (argon) with detailed analysis. This is why we felt
that a survey of the existing well documented breakdown
data would be of value as the basis for further study on
the data and elucidation of the issues in use of secondary
electron yields in plasma modeling. All of the presented
results were obtained in our laboratory and an utmost
care has been invested to avoid the usual problems in de-
termining the breakdown data (often depicted as Paschen
curves). Those include variable surface conditions, jump-
ing straight into the glow discharge mode, recording the
operating conditions for the glow discharge and also the
uncertainties that arise from the long statistical delays in
initiation of gas discharges.

For many years swarm experiments have represented
the primary source of data for gas discharge modeling,
which, on the other hand, was based on the transport the-
ory for swarms. With only very few exceptions, the models
are based on the hydrodynamic (in equilibrium with the
electric field and spatially uniform) transport data. This
is however not applicable in most breakdown experiments
as the early stages of the breakdown occur before equi-
libration of the electron swarm. Thus we present also an
analysis of electron excitation cross sections and studies
of spatial profiles of emission to separate excitation by
electrons and fast neutrals [6]. Our results also allow us
to determine the width of the non-hydrodynamic region
close to the cathode and the effective multiplication as
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well as the approximate determination of the field distri-
bution in dark Townsend discharges. These data all need
to be applied to determine the secondary electron yields
and in modeling of plasmas.

Over the past two decades determination of the sec-
ondary electron yields [6,7] has had renewed interests, for
two reasons. First, a systematic survey [5] has been made
of all the processes that participate to secondary electron
production and it was shown that the basic assumption of
Townsend’s theory that ions produce the secondary elec-
trons is correct only in a very narrow range of conditions,
while photons and gas phase ionization by neutrals con-
tribute to the secondary electron production in a much
wider range of E/N. Most importantly, it became pos-
sible to model the observed secondary electron yields in
the breakdown by using binary collision (beam to surface)
data.

It was shown that it is not possible to use directly
the binary collision (beam-surface) data for the analysis
of gas discharges and low temperature plasmas as those
would have specific distributions of all the relevant fluxes
that otherwise might be connected through nonlinear re-
lations. The analysis performed for the breakdown (where
all fluxes are in linear relation to the initial flux of elec-
trons) proved to be quite robust and still fit most of the
data for the glow discharges [8,9]. Nevertheless, it is pos-
sible that for some gases or some plasmas, nonlinearities
may prevail and the required model may depart from the
breakdown model.

In this paper we present the data on breakdown volt-
ages (shown as Paschen curves) for a large number of
gases, we show some examples on how these data are
coupled with Volt-Ampere (V-A) characteristics, and we
proceed to determine secondary electron yields for rare
gases (assuming ions to be the primary agent producing
secondary electrons) with the inclusion of the effects of
equilibration and proper determination of the ionization
growth coefficient.

2 Breakdown voltages and Paschen curves

Breakdown is usually represented by a Paschen curve i.e.
dependence of the breakdown V}; voltage on the pd (pres-
sure p x gapd). Parameter pd is a scaling parameter pro-
portional to the number of collisions over a unit distance.
In this respect, a typical sharp increase of the breakdown
voltage at low pd-s can be explained by the need to com-
pensate for a small number of collisions. On the other
hand, at high pd-s, due to a large number of collisions,
breakdown voltage is increased in order to enhance en-
ergy gain between collisions, when mean free path is get-
ting shorter and the energy gained between two collisions
becomes smaller. In the range of the Paschen minimum,
production of charges by ionization and secondary electron
emission and losses by attachment, diffusion and drift are
well balanced.

In Figure 1 Paschen curves for several atomic and
molecular gases are presented. Measurements with Ha,
SFg, CF4, H,O and CoH50H vapours are taken with the

Eur. Phys. J. D (2014) 68: 155

2000 T

L] = He
e Ne
1000 4 A Ar
A ® * )Pér
e
S Lot
= S 1
a o
> 3a !
*A 1) - *
» ‘) " g
Am‘ * A A °
®esoe °°
100 T T
0.1 1 10
pd [Torr cm]
(a)
4000 .
*
o H, > SF, & HO
. N, © O, C,H,OH
4 CH, * CF
o e
Sooo % * ¢ .
= e ®
< o *
> } 'MB?\%W"’OO o
AA ‘gvk o 000 e B
] o
L]
A, e
M, A
200 . : ‘
0.1 1 10

pd [Torr cm]
(b)

Fig. 1. Paschen curves for (a) atomic gases: Ar, He, Ne, Xe,
Kr [6] and (b) molecular gases Ha, SFs, O2, CHy4, No [12],
CF4 [10], and H2O [11] and C2H5OH vapours. Measurements
with Ha, SFg, CF4, H2O and CaH5;OH vapours were obtained
with copper cathode, for other gases stainless steel cathode was
used.

copper cathode, with 1 cm electrode gap and 5.4 cm diam-
eter [10,11]. For all other gases, stainless steel cathode was
used in measurements in 2.9 cm gap and 8 cm electrode
diameter [6,12]. Some of the data had preliminary presen-
tation in the second edition of the textbook by Lieberman
and Lichtenberg [13].

For most of the gases Paschen minimum is situated
at pd of the order of 1 Torr cm and breakdown voltages
are of the order of several hundred volts. In the case of
electronegative gases, it is usually shifted towards smaller
pd-s and higher voltages. This can be understood from the
point of view of the balance of production and losses of
charged particles. In electronegative gases, at low E/N i.e.
high pd, attachment becomes important. As a loss mech-
anism for electrons, it will increase the breakdown volt-
age and shift the Paschen minimum to lower pressures
as an even higher E/N is required to provide sufficient
ionization.

There are several issues that one has to be aware of
in breakdown measurements. Breakdown voltage depends
on the gas mixture through identities of ions and on the
cathode material. Even more important than the cathode
material is the state of the cathode surface — roughness or
possible oxide layers and other impurities deposited on its
surface either by exposing the cathode to the laboratory
environment or during the discharge operation. Sometimes
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the state of the cathode surface has larger influence on
the Paschen curve than the material of the cathode itself.
For this reason, in our experiments cathode surfaces are
treated in low-current (~30 pA) hydrogen discharge prior
to the breakdown measurements. This procedure proved
to give stable conditions during measurements and repro-
ducible results over large periods of time. Even when basic
breakdown voltage varies due to surface conditions, the
Paschen curve (and also the V-A characteristics) main-
tain their shape and so normalization onto the breakdown
voltage is a good way to analyze the data [5,14].

Another issue that has to be taken into account in
experiments is the regime in which the discharge ignites.
Breakdown voltage should not be confused with the oper-
ating voltage. The point where the discharge operates is at
the crossing of the circuit load-line and the Volt-Ampere
characteristics. Quite often, especially with a small se-
ries resistance and sufficiently large overvoltages, this is
in the regime of a glow discharge, where voltage can
be significantly smaller than the breakdown voltage. Ac-
tual breakdown voltage, in the sense that is represented
by the Paschen law, can only be found by extrapolating
Volt-Ampere characteristics to zero current in the dark
Townsend discharge mode. An alternative technique is to
study the pre-breakdown currents [15,16]. Sometimes it is
even necessary to record the spatial profile of the discharge
in order to confirm the exponential increase of emission
from the cathode all the way to the anode, which is typical
for low-current Townsend discharge.

It is important to emphasize that, besides the Paschen
curves, Volt-Ampere characteristics are essential in under-
standing the process of breakdown. These data are needed
to establish the electric field/energy dependence of the
secondary electron yields and as a consequence the slope
of the V-A characteristics in the Townsend regime is de-
fined. The slope of the characteristics is typically negative
in the low-current region and it reveals the ion energy
dependence of the secondary electron yield and field dis-
tortion due to the initial growth of space charge [2,3,17].
In practice, for a full description of the discharge a 3D
plot should be constructed [18], such as the one shown in
Figure 2, with discharge voltage ('), pressure x electrode
gap product (pd) and discharge current (i) presented at
the axes.

Low-current limit represents Paschen curve and in
this case it is projected onto 1 pA as further changes of
voltage at even lower currents would be negligible. Mea-
surements are taken in a parallel-plate electrode system,
with 1 c¢cm gap, 5.4 cm electrode diameter and copper
cathode. Considerable difference between the glow regime
and Townsend regime voltages is clearly seen from the
characteristics.

3 Model of the gas breakdown and secondary
electron yields

Secondary electron emission is one of the key mechanisms
of DC breakdown and operation of discharges. Still, there
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Fig. 2. Experimental V-A-pd characteristics for argon.

is a great confusion in literature in respect to the meaning
of the data entering the breakdown condition. In fact, the
secondary electron yield data obtained from the gas break-
down have always failed to match the direct measurements
in the binary beam-surface experiments. As Phelps and
Petrovi¢ [5] confirmed in the case of argon, the basic phe-
nomenology of Townsend’s theory required extension. Al-
most constant secondary yield of around 8% for argon ions
that has been obtained by ion beams on surfaces cannot
be applied to model even the basic low pressure break-
down. While one could justify a greater secondary yield
due to additional processes, in the main section of mean
energies the yield is actually ten times smaller than that
from beam measurements. Phelps and Petrovié¢ developed
a comprehensive model for argon that included all pos-
sible feedback mechanisms — secondary emission by ions,
metastables, fast neutrals and photons. They also included
back-diffusion of electrons and discussed conditions at the
surface where standard gas discharge experiments cannot
reach the conditions defined for atomically clean surfaces
in ultra-high vacuum. Their study showed that one has
to take into account energy dependent yields for each of
the species from binary experiments in order to be in ac-
cordance with results of direct breakdown measurements.
Here, we shall follow the standard procedure to determine
secondary yields from the breakdown data and we shall
also try to correct some of the problems and provide the
data required for such corrections.

Under the conditions of the breakdown and low-
current Townsend discharges, the effective secondary
emission yield (v) is related to the ionization coefficient
(@) in accordance with the Townsends self-sustaining con-
dition:

1
T~ ola/N)xNd _ 1 1)

where N represents the gas number density and d is the
gap between the electrodes. v(E/N) may be deduced from
Paschen curves by using o/ N(E/N) data from the liter-
ature [19] as was done in [6]. One may also use an ana-
lytic form of a/N(E/N), e.g. Marié et al. [20], as it was
shown in [21]. This procedure is the standard one. Per-
haps the most important problem in the procedure is that
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the non-hydrodynamic region close to the cathode (dy) af-
fects the total multiplication, and therefore the secondary
electron yield obtained from the Paschen curve. The sec-
ond problem is that the ionization rate taken from the
literature may give quite different multiplication as com-
pared with the actual experiment. Even small errors in
ionization coefficient result in large discrepancies of the
secondary electron yield.

4 Determination of the equilibration distance

It is well-known that hydrodynamic conditions are charac-
terized by transport coefficients that are constant in space
and time [22]. However, in low-current electrical discharges
at low pressures electrons do not reach the equilibrium
state immediately after leaving the cathode. Only at a
certain distance from the cathode electrons establish equi-
librium with the gas and parameters of electron transport
become spatially independent [23,24]. In a simplified ap-
proach the width of the non-hydrodynamic region may
be used to separate discharge into two regions: one that
can be referred to as the non-equilibrium region, with no
ionization and the other where ionization behaves as if
electrons are in hydrodynamic equilibrium. The problem
is then how to determine the delay distance from inde-
pendent measurements, by using semi-empirical formula
such as the one suggested by Phelps and Petrovié [5] or
by kinetic calculations.

It was shown that inclusion of the effect of equilibra-
tion causes a large difference in secondary electron yield
data [5], but most authors in the available literature obtain
the secondary electron yields from the breakdown data
without paying attention to this correction. The role of
the equilibration length in determination of the secondary
electron yield was studied by Folkard and Haydon [24]. A
more detailed discussion of the application of the delay dis-
tance and correct determination of the effective electron
yield have already been published for the case of argon [6]
and for nitrogen [21].

The appropriate form of multiplication factor under
Townsend’s breakdown conditions is [5]:

1
Y= eald—do) _ 1 (2)

where d is the gap between electrodes, and dy is the delay
distance which has to be passed before electrons reach hy-
drodynamic equilibrium allowing avalanching character-
ized by the equilibrium ionization coefficient a. As there
is a great need to determine accurate yield coefficients
for plasma modeling, there is also a need to establish
procedures to determine the equilibration distance.

In our experiments it is possible to obtain equilibra-
tion distances from spatial scans of emission. The width
of the non-hydrodynamic region dy may be used to sep-
arate the discharge into two regions. Figure 3 shows two
examples of spatial profiles of emission which illustrate the
procedure for determination of the equilibration distance
and ionization coefficients. In the case of xenon, the non-
hydrodynamic width is exhibited as a flat region close to
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Fig. 3. Examples of the spatial emission profiles in xenon
(upper plot) and neon (lower plot), with non-hydrodynamic
regions indicated.

the cathode followed by exponential growth of emission.
In the case of neon, there is even a sudden jump of emis-
sion just after the equilibration distance. It is still not
clear what is the origin of emission in the region next to
the cathode [25], as one would expect that there is no
emission in non-equilibrium region. Growth of emission in
hydrodynamic region is determined by a single exponen-
tial that is in excellent agreement with the equilibrium
ionization coefficient [26]. While this is not the most ac-
curate method to determine ionization coefficients, it is
useful in some situations when the data are lacking and
also to indicate the realistic conditions in a particular sys-
tem which may be affected strongly by the contamination
of the gas. Finally, this is the only direct way to obtain
total multiplication as required by the breakdown theory.

When the spatial scans of emission are not available in
the experiment that is being analyzed but were available
for other experiments, the delay distance dy can also be
determined by using semi-empirical formulas such as that
given in [5] through the expression for the effective value
of the electrode potential difference before the exponential
growth of the current:

v016\/1+<]130/£>2. 3)

Probably the best method to produce delay distances is by
using Monte Carlo simulations. In this paper we apply a
Monte Carlo code that has been well documented in previ-
ous publications (details can be found in [27,28]), so only
a brief description will be given here. The code is based on
generalized null-collision technique [29]. In the code we fol-
low electrons released at the cathode until they reach the
anode. The set of cross sections that is used involves inelas-
tic (excitation) processes, ionization and elastic scattering.
Each of these processes has associated differential cross
sections that are necessary only to establish the angle of
scattering. The probability of scattering is determined on
the basis of the total cross section. From the simulation of
the spatial profile of excitation, one may observe a region
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Fig. 4. The dependence of the delay distance do on the reduced
field E/N for argon. The delay distances were obtained by
three different techniques. Calculations were performed assum-
ing isotropic angular distribution of electrons, the gap between
the electrodes of 1.72 cm.

next to the cathode where excitation is zero, followed by
an exponential growth of emission and finally a growth
with the hydrodynamic ionization coefficient. The hydro-
dynamic region is extrapolated to the zero value and that
point determines the distance as applied in equation (2).

In Figure 4 we compare results for the equilibration
distance as a function of the reduced field E/N in argon
obtained by experiment (symbols), Monte Carlo simula-
tion (solid line) and semi-empirical formula (dashed line).
The results obtained by using three different techniques
show good agreement, except for the lowest and high-
est values of the reduced field. It is necessary to consider
here the accuracy of experimental determination of the
distance dy at those values of E/N. At low values of E/N
multiplication is very high and it is not so sensitive on the
accuracy of determination of dy which is small anyway.
On the contrary, at high E/N i.e. low pressures, overall
multiplication is small, so inclusion of dy does not make
significant difference. We may say that the agreement be-
tween the experimental data, semi-empirical formula and
Monte Carlo simulations is excellent for the purpose of
determining the secondary yield coefficients. Still, in ex-
periment, due to reflection from the cathode and scatter
of light, the results can be significantly scattered, as it is
shown in Figure 4, so for the purpose of determination of
secondary electron yields, we use results of Monte Carlo
simulations when possible.

While Figure 4 shows results for equilibration distance
along the Paschen curve, further on, we explore dy behav-
ior for the general non-self-sustained conditions. Pressure
dependence of dy at a fixed E/N is shown in Figure 5a
and the E/N dependence at a fixed pressure in Figure 5b.
In both cases, we present the results obtained using our
Monte Carlo simulation code (curve) and semi-empirical
formula (symbols). For a fixed reduced field, the delay
continuously decreases as the gas number density (pres-
sure) increases. On the other hand, the E/N dependence
of the equilibration distance for a fixed gas number density
(pressure) shows that the equilibration distance becomes
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Fig. 5. The dependence of the delay distance on: (a) the gas
number density for a fixed reduced field for argon; (b) the
reduced field for a fixed gas number density for argon.

smaller as the reduced field increases (for a fixed gas num-
ber density). In both cases, the results obtained by semi-
empirical formula and the Monte Carlo simulations are in
satisfactorily agreement. The experimental measurements
are in fact less reliable than the simulation due to limited
spatial resolution and possible scattering of light. Thus
we really seek a general agreement and put our confidence
in simulations. On the contrary, the measured exponential
growth, if defined well and if not overlapping with the con-
tribution of fast neutrals, provides better representation
of multiplication in the actual experiment. Agreement be-
tween results proves that scaling for the equilibration em-
ployed in the development of the semi-empirical formula
is appropriate.

In Figure 6 we show calculated equilibration distances
for different gasses. We have performed analysis mainly
for the rare gases and in a limited sense as compared to
Phelps and Petrovi¢ [5]. Partly, the reason is that exper-
imental determination of the delay distance in molecular
gases is very difficult due to several sources of emission and
complex quenching. In those gases we recommend Monte
Carlo simulation of the whole system both the delay gap
and the exponential growth. In Figure 6 it can be seen
that the equilibration distance increases with the atomic
mass; however it does not change much for a specific gas
in the range of E/N-s investigated here.
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Fig. 7. Comparison of secondary electron yields for argon ob-
tained with different data for ionization coefficients. The first
three sets of data were obtained using our Paschen curve, the
first two (stars) with our multiplication coefficient without and
with the inclusion of the delay distance doy in the analysis. The
third set (circles) was obtained by using the ionization coef-
ficients from [19] to determine the multiplication. The same
ionization coefficients were used in the fourth set [30] but the
basis for the results was their measurements of the Paschen
curve.

5 Determination of the secondary electron
yields and the role of ionization rate

As discussed in previous subsection, the non-
hydrodynamic region near the cathode does not
necessarily have a significant influence at very low
and very high F/N. However, not taking into account
the existence of non-equilibrium region can significantly
change results for secondary electron yields in medium
range of reduced electric fields. In Figure 7 we compare
the secondary electron yields in argon obtained by taking
into account and not taking into account the equilibration
length dy (solid and open stars respectively). «/N(E/N)
data obtained directly from the experiment are used
here to determine . As expected, taking equilibration
length into account has the largest effect close to the
minimum and in the right branch as compared to the left
branch. Yet, towards both ends the differences induced
by including dy diminish. The largest difference between
the secondary yields with and without dj is a factor of
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Fig. 8. Secondary electron yields for several different gasses,
with the same cathode surface (stainless steel).

two and it coincides with the minimum of the Paschen
curve.

Taking the ionization rate from the literature may give
a quite different multiplication as compared with the ac-
tual experiment and even small errors in the ionization
coefficient result in large discrepancies of the secondary
electron yield. In Figure 7 we also show secondary elec-
tron yields obtained from our Paschen curves by using ion-
ization coefficients from the review [19] which are mostly
based on experiments of Kruithiof (circles). These results
are up to a factor of 10 different from our data mostly at
high E/N.

We also show results of Auday et al. [30] who have an-
alyzed their Paschen curve with the ionization rates from
Dutton (triangles). Although those two sets of Paschen
curves are apparently quite similar, the differences of
yields are considerable, as large as a factor of 10.

For the low values of E/N, v in our experiment rises
more strongly than those obtained by using values of a/N
from the literature. This can be explained by the fact that
secondary emission of electrons can be due to any com-
bination of numerous mechanisms of varying importance
depending on the value of E/N. In the case of small values
of E/N, dominant mechanism is the photoelectron emis-
sion.

Finally, a similar analysis for the secondary electron
yields has been carried out for several other gases. In Fig-
ure 8 we show only final results obtained by using the
most complete (correct) procedure. As expected the yield
increases presumably proportional to potentials of the ion
and the metastable states.

6 Conclusions

Measurements of properties of low-current discharges
which include Paschen curves, Volt-Ampere characteris-
tics and spatial profiles of emission proved to be a fertile
basis for modeling of plasmas and discharges. In this paper
we gave a short overview of the results of our breakdown
studies covering five rare gases and eight molecular gases.
We pointed out the most important issues in deducing
secondary electron yields from the breakdown and swarm
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experiments, compared results obtained by employing dif-
ferent procedures and we presented results for secondary
yields for several rare gases obtained by a proper proce-
dure. One should bear in mind that in this analysis the
effective coefficients are attached to ion fluxes and a more
thorough analysis along the same lines as done by Phelps
and Petrovié [5] should be performed for all gases together
with an analysis of the applicability of the data in higher
current discharges.

In conclusion, we may say that the treatment of elec-
tron non-equilibrium motion near the cathode includes de-
termination of the delay in reaching the hydrodynamic
rates of electron excitation and ionization. The results ob-
tained when the equilibration distance is accounted for
allow us to conclude that not taking into account the non-
equilibrium region and correct values of ionization coeffi-
cients one may make quite large errors in obtaining sec-
ondary yields for the relevant particles in the discharge.
These differences between the v coefficients may result
in some of the discrepancies between the swarm and the
binary collision technique data for v coefficients, which
remains yet to be analyzed.

Monte Carlo simulation provides complete representa-
tion of non-equilibrium effect and influence of the elec-
trodes and it is exact representation of breakdown itself,
so it should be employed for modeling. A satisfactory
agreement between the experimental data and the re-
sults obtained using Monte Carlo simulation code and
semi-empirical formula proves that our treatment of the
electron non-equilibrium behavior close to the cathode is
accurate. It also became possible to make more direct com-
parisons between the secondary electron yields obtained
from Paschen’s law and from experiments consisting of a
beam of ions hitting the surface under high vacuum con-
ditions and separate detailed analyses should be made for
all gases that are of interest.

This work was supported by MESTD ON171037 and 11141011
projects.
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On Explanation of the Double-Valued Paschen-Like
Curve for RF Breakdown in Argon

Marija Savi¢, Marija Radmilovi¢-Radjenovi¢, Milovan Suvakov, Srdjan Marjanovic,
Dragana Mari¢, and Zoran Lj. Petrovi¢

Abstract—This paper represents an investigation of the depen-
dence of the breakdown voltage on the gas pressure in radio-
frequency argon discharges under conditions when ion-induced
secondary electron production isnegligible. Calculationswere per-
formed by using a Monte Carlo collision code including electrons
only. Our simulation results clearly show a region, occurring at
low pressure, where multiple values of the breakdown voltage exist
at a given pressure, in agreement with previous experimental ob-
servations. The two different regimes of operation, each satisfying
the breakdown condition, may be best analyzed in contour plots of
electron density, ionization rate, and mean energy.

Index Terms—Breakdown, Monte Carlo (MC) simulations,
radio frequency (RF) discharges.

AS breakdown is the first step in the generation of

plasma and therefore is one of the most fundamental
processes [1]. In studies of the breakdown characteristics of
gas discharges, the usual observable that is modeled is the
Paschen curve. This breakdown voltage curve represents a
balance between the number of electrons lost by diffusion and
drift in the interelectrode gap and the number of secondary
electrons generated at the cathode.

In the case of radio frequency (RF) discharges, it is actually
possible to achieve self-sustained operation with electrons only,
as the field changes direction. The Paschen-like breakdown
voltage dependence is similar in shape to that of the dc dis-
charges. The breakdown voltage generally forms a curve with
unique values for each pd. Under certain circumstances, the
left-hand branch of the curve exhibits a multivalued nature, i.e.,
a single pd corresponds to two different breakdown voltages
[2]. In other words, on lowering the pressure, the breakdown
voltage first decreases, passing through a minimum on the
breakdown curve, before increasing to approach a turning point
on the breakdown curve [2]. Lisovskiy and Yegorenkov [2]
assert that, at this turning point, the electrons will drift exactly
one-half of the gap in a one-half period of the field and are
therefore all going to be swept to the electrodes. At a pressure
lower than the turning point, it becomes impossible to achieve
breakdown for any value of the applied voltage (ignoring mul-
tipactor effect) period.
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Fig. 1. Breakdown voltage versus the gas pressure in argon RF discharges at
13.56 MHz and the gap size of 2.3 cm. The (solid circles) experimental data
taken from [2] are compared with (open circles) our MC simulation results
taking into account electrons only. Calculations were performed for the pressure
of 0.2 torr and five different voltages (red symbols).

Fig. 2. Time dependence of the number of electrons for the conditions shown
by red symbols in Fig. 1.

The purpose of this paper is to model the RF breakdown in an
electron-dominated regime (with negligible effects of ions and
multipacting) and try to understand the basic phenomenology
by employing kinetic representation.

A Monte Carlo (MC) code used for the studies of RF break-
down is developed and tested in our group. The code follows
the transport of electrons across the gap between electrodes.
The cross-sectional set consisting of momentum transfer, two
excitation, and ionization cross sections has been well tested

0093-3813/$26.00 © 2011 IEEE
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Fig. 3. Changes of various characteristics (the electron concentration, the electron energy, rates of elastic scattering and ionizations, respectively) during one
period along the vertical pd = const line. Calculations were carried out in argon at 13.56 MHz, 0.2 torr, and voltages of (a) 93.4 V and (b) 600 V both satisfying

the breakdown criterion as seen in Fig. 2.

for argon swarms [3]. We start the simulation with 100 000
electrons and follow the development. In the case of fast ion-
ization or losses, we rescale the numbers but weight the number
density.

Breakdown is essentially determined in the same way as
that in experiment, i.e., by slowly increasing the voltage to
approach from below the curve and by increasing the pressure
to approach higher voltage values in the double-value region.
We set out to establish the differences between two points
satisfying breakdown for the same pd. The voltage or pressure
steps close to the breakdown are very slow, and the uncertainty
of the breakdown voltage is on the order of 0.1 V. Simulations
are performed for the experimental conditions in [2].

In Fig. 1, we show the simulated Paschen curve; in shape,
we get agreement with the experiment, but apparently, our
turning point occurs at higher pressure. Slight differences may
be explained by the fact that we neglected ion motion and
secondary electron production, as well as electron reflection
and secondary electron production by energetic electrons. Also,
some possible experimental uncertainties could lead to the
differences. In any case, the two-value behavior of the Paschen
curve is confirmed, and agreement with experiment in that
respect is reasonable. In Fig. 2, we show the curves representing
the time dependence of electron density, and curves (b) and
(f) are the first curves with the positive growth in their own
conditions (93.4 and 600 V). In between these points, growth is
extreme, and outside, the curve electron density decays.

The spatial profiles (see Fig. 3) of the swarm properties
are shown for two stable breakdown points (b and f), and the
profiles are quite different. For the lower voltage, one needs to
achieve sufficient ionization to compensate for the losses, and
therefore, any increase in voltage leads to a higher ionization.
In both cases, most of the electrons are produced in proximity
of the electrodes. For the higher breakdown voltage, one can
see that most of electrons are pushed to the electrode by the
strong field, and therefore, losses have increased sufficiently
to compensate excessive production by ionization. Any further
increase of voltage will make losses greater than production by
ionization. It also becomes critical to observe where ionization
occurs and the degree of multiplication that is allowed to
develop before electrons are lost.

Kinetic representation of RF breakdown not only reveals
details of phenomenology but also provides tools to convert
experimental breakdown data into relevant coefficients.

REFERENCES

[1] A. V. Phelps and Z. L. Petrovi¢, “Cold-cathode discharges and breakdown
inargon: Surface and gas phase production of secondary electrons,” Plasma
Sourc. Sci. Technal., vol. 8, no. 3, pp. R21-R44, Aug. 1999.

[2] A. V. Lisovskiy and V. D. Yegorenkov, “RF breakdown of low-pressure gas
and a novel method for determination of electron-drift velocities in gases,”
J. Phys. D, Appl. Phys,, vol. 31, no. 23, pp. 3349-3357, Dec. 1998.

[3] Z. L. Petrovic, M. Suvakov, Z. Nikitovi¢, S. Dujko, O. Sasi¢, J. Jovanovit,
G. Malovi¢, and V. Stojanovi¢, “Kinetic phenomena in charged particle
transport in gases, swarm parameters and cross section data,” Plasma
Sources ci. Technal., vol. 16, no. 1, pp. S1-S12, Feb. 2007.



2614

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 39, NO. 11, NOVEMBER 2011

Numerical Modeling of Thermalization of Positrons
In Gas-Filled Surko Traps
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Stephen J. Buckman, and Zoran Lj. Petrovic

Abstract—In this paper, we present the results of our Monte
Carlo-based numerical simulation of a Penning—Malmberg-Surko
positron trap. The results of simulations show the effect that
various processes (such as positronium (Ps) formation, annihi-
lation, losses on walls, etc.) have on trapping efficiency. The
thermalization profile is shown, along with the evolution of the
energy distribution that morphs from a particle beam to a broad
swarm-type distribution.

Index Terms—Buffer gas trap, numerical simulation, particle
beams, positrons.

UFFER GAS traps are a general prerequisite for the
study of cold positrons and their interaction with matter.
Penning—Malmberg—Surko traps [1] and their variations [2]
have shown excellent performance and are widely accepted
as an ideal tool for atomic and molecular collision physics
and material science diagnostics. The gas most commonly
used for trapping is Ny because its electronic excitation cross
sections are comparable to or larger than those for positronium
formation in the near-threshold region. A small portion of CF,
is used in the last stage of the trap in order to speed up the
thermalization at lower energies through vibrational scattering.
Our model consists of three cylindrical stages with vary-
ing radii to achieve different pressures. Positrons are moving
through them, accelerating, and decelerating along the axis as
they fall in, and climb out of, potential wells. An axial magnetic
field is applied for beam confinement.

The Monte Carlo method, tested on numerous electron
benchmarks, is used for simulating the collisions with the buffer
gas. The potential of the electrodes was set so that each stage
of the trap (I, I, and I11) had the well depths of 10, 11, and
12 eV and pressures of 103, 104, and 10 torr, respectively.
The buffer gas is Ny with 10% of CF4 in the third stage. These
traps have strong axial magnetic field and cylindrical symmetry
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Fig. 1. Number of particles in the trap and loss processes. The process of
annihilation is negligible on this timescale.

with three stages at different potentials and gas pressures [1],
[2] which were selected to be similar with the setup in [1]. Cross
sections for e™ — N may be found in [3]. We normally release
between 10000 and 100 000 particles, and the simulations last
several hours.

The positrons enter the first stage with an energy width of
1 eV and are accelerated to an energy of 10 eV in the first
potential well. Particles that make the trip through the well,
bounce off the potential wall, return, and still have energy over
10 eV are lost and are represented in Fig. 1 as escaped. The
most important loss process, as shown in Fig. 1, is positronium
formation. Escape and losses to walls can be diminished by
changing the geometry of the trap and the combination of gas
pressures and magnetic field. As the positrons suffer more and
more collisions, their mean energy drops down (see Fig. 2).

In order to understand the performance of the trap, one
needs to visualize the positron energy distribution development
(see Fig. 2) which starts as a 10-eV beam. As particles enter
stages Il and Ill, they gain energy, but meanwhile, around
8 eV is lost due to electronic excitation of the Ny molecule.
This leads to the splitting of the original beam into several
beams (see Fig. 2) that combine together as they cool down and
become a particle swarm with a broad energy distribution and
a mean energy that eventually becomes close to thermal (see
Fig. 2), and the distribution becomes a Maxwell-Boltzmann
distribution.

The initial width of the beam is 1 mm, and it expands up to
6 mm. The particles on the front, leading the expansion, are
those that scatter and transfer most of their energy to the
transverse plane. These results are shown in Fig. 3 where a
3-D plot gives the magnitude of the perpendicular energy as

0093-3813/$26.00 © 2011 IEEE



MARJANOVIC et al.: MODELING OF THERMALIZATION OF POSITRONS IN SURKO TRAPS

Fig. 2.

Fig. 3.

a function of spatial position. The leakage to the side walls
is generated mainly by the particles with high perpendicular
scattering in the last stage, in spite of the fact that higher
perpendicular energies may be found in the initial stages when
the beam still has mostly the original radius. The losses are
mainly due to the very long time that positrons spend in the last
stage due to the need to employ rotational excitation and elastic
scattering to achieve the last stages of thermalization below
100 meV.

Modeling of the Surko trap by the electron-swarm-related
Monte Carlo code works well because of the similar nature
of the electron-molecule and positron-molecule scattering. The
functioning of the trap may be best visualized with temporally
resolved results for positron positions, energy distributions

2615

Evolution of the positron kinetic energy distribution over time. Distributions are normalized for better presentation over a wide dynamic range.

Radial distribution of the transversal kinetic energy, impacting the rate of the widening of the beam and the amount of loss to the walls.

of the particles, and losses. Thus, the code becomes a tool
that may provide means to optimize the trap further. This
may be accomplished, to a large degree, by observing visual
information.
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Recent development of microwave pulse generators, which are now capable of delivering very short and very
intensive pulses requires properly generalized classical breakdown theory. On the other hand, the trend to design
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analytical results and predictions of the fluid approach, demonstrating very good agreement.

DOI: 10.12693/APhysPolA.129.289
PACS/topics: 52.80.-s, 52.90.4z

1. Introduction

Microwave breakdown in gases under various physi-
cal and technical conditions is well-known and inten-
sively studied problem from early days of gaseous elec-
tronics [1-3]. More recent, interest in microwave-induced
breakdown is shifted to studies of microwave breakdown
at atmospheric pressures due to its relevance both for in-
dustrial applications [4-6] and for a deeper understanding
of fundamental plasma behavior [7-9]. The microwave
breakdown strength of the gas is useful information for
high power filter and antenna engineering [10], for deter-
mination of the conductivity and dielectric constant of
a plasma [11], for modification the ionosphere for long
range radio propagation [12], etc. The microwave break-
down phenomenon provides both problems and oppor-
tunities reflected in the applications of the microwave
breakdown theory. The application can be divided into
two main categories: the so-called no-breakdown devices
— where breakdown should be avoided for proper op-
eration of the device and breakdown devices — where
breakdown is an intrinsic feature of operation.

In numerous microwave devices, the geometrical con-
figuration contributes to local strongly enhanced mi-
crowave fields. Such regions are potentially dangerous
from the point-of-view of breakdown since the field here
may be much stronger than the globally predicted break-
down field. On the other hand, a locally overcritical field
does not necessarily imply global breakdown. In that
case, the influence of local field enhancement on the
global breakdown condition has to be included.

This paper contains result of our studies of the mi-
crowave induced dielectric breakdown of gases in a uni-
form electric field. Cavity resonators have often been
used [13, 14], but field distributions are inhomogeneous,

*corresponding author; e-mail: marija@ipb.ac.rs

resulting in a spatially dependent ionization rate and
breakdown which is strongly influenced by the diffusion
of charged particles out of the high electric field region.

2. Models

Several different models of the microwave breakdown
criteria exist, with varying degree of accuracy in the de-
scription. Fluid models provide description with enough
details that can be used in large classes of research be-
coming very important for technical applications [15].
On the other hand, the kinetic approach has potential
to offer a very detailed description of the mechanism
and represents the basis on which other models rely.
The great details in descriptions, however, make the ki-
netic approach very complex and more useful in pure
physical research with simplified geometry.

2.1. The Slater theorem for computing the electric field
in the gap

The electric field inside a microwave resonator can be
determined analytically based on an analytic solution to
the Maxwell equations. The electric and magnetic fields
inside a resonator have a complicated spatial variation,
which nevertheless satisfies the Helmholtz wave equation
under the constraints of the conductive boundary con-
ditions. Analytic solutions of the electric and the mag-
netic fields exist only for a few simple cavity geometries.
It is not usually possible to analytically find the magni-
tude of the fields inside most resonators, let alone their
geometric distribution. The field strength can be deter-
mined numerically using full-wave electromagnetic field
simulation [14].

The perturbation theory of Slater is used here to ob-
tain the local electric field. Only a small fraction of the
empty space inside an electromagnetic resonator is filled
with the dielectric material with relative permittivity &,
and relative permeability p,. The interaction between the
magnetic permeability of the material and the magnetic
field of the resonator will cause the reactance to increase

(289)
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and thus raise the resonant frequency by the inductive
loading. Likewise, the interaction between the electric
permittivity of the material and the electric field of the
resonator will cause the reactance to decrease and thus
lower the resonant frequency by the capacitive loading.
This frequency shift, fo — f can be expressed via the
Slater theorem [14]:

w? = (2nf)* =
[ (nomeH? — 06, E?)dV
2 1 dielectric ’ 1
O (¥ B ) v W
cavity

where H and F represent the magnetic and electric fields,
respectively, while wg = 27 f is the original, unperturbed
angular frequency. The top integral is evaluated over the
dielectric perturbation, and gives the energy stored in
the perturbation. The bottom integral is evaluated over
the entire empty cavity and is equal to the peak energy
stored per cycle in the resonator — Up.

2.2. An analytical-experimental approach

There is also a simple complementary approach ob-
tained by combination of an analytical and experimental
investigations suggested in [13]|. Actually, the method is
based on experimental data of the breakdown voltages at
low pressures and their extrapolation over a wide range
of pressures. The expression for the breakdown voltage
is written in the form [13]:

1/2 3/16
2 f\? D
Fy=3.75p 1+< ”f> ] <+6.4x104> (2)

Ve pL3

where Ey, represents the real rms electric field and the
characteristic length Lp determines the curvature of the
breakdown voltage curve curve.

2.3. Fluid approach

In the case of microwave electric fields, the continuity
equation describes the time evolution of the electron den-
sity n which is

on
8: =V (DeVne) + vng, (3)
where D, is the electron diffusion coefficient and v is the
net production rate of electrons per electron. The mi-
crowave breakdown can be determined as a balance be-
tween the ionization rate and the loss rate of electrons
by diffusion mathematically formulated by relation [15]:
D
Y= @
with the characteristic diffusion length A depending on
the geometry of the discharge vessel, i.e. radius R and
height L in accordance with the expression

1 24\% /w2
m(R>*(L)v 5)
where the diffusion to the end plates is given by the first

on the right, while the second term describes the diffusion
to the cylindrical walls.

In general, the electron diffusion is anisotropic, but at
very high frequencies the transverse and longitudinal dif-
fusions become almost isotropic with the values nearly
equal to the transverse one D, at w — 0. Therefore,
in Eq. (3), the electron diffusion coefficient D, can be
replaced by the transverse diffusion coefficient D, that
corresponds to the dc field. Combining Eq. (3) with
v; = auk:

€ ok,
- (©)
1+ (2)
where e = D, /u represents the characteristic energy,

while y is the electron mobility. When an ac electric field
E, coswt is applied in a weakly ionized gas, a dominant
collision processes are electron-neutral collisions charac-
terized by the collision frequency v.. The frequency effect
can be comprehended by introducing the effective field
strength
Eeff =

Ve
N "
Finally, substituting expression for the first Townsend
coefficient o« = Apexp(Bp/FEq.) [15] and replacing Fqc
by Feg given by Eq. (6), we obtain expression for the
electric field E, as a function of the pressure p:

ey/w? + v2exp (Bp\/oﬂ +v2/ (VCEr))

T v. A% Ap ’ )
where w represents angular frequency of the applied field.

3. Results

Atmospheric plasma source based on a microstrip split-
ring resonator (MSSR) is depicted in Fig. 1 with a
schematic view given in Fig. 2. We have modelled the

Fig. 1. Microstrip split-ring resonator.

electric field inside a microwave resonator numerically
based on evaluation integrals in the Slater theorem. Cou-
pling between electric and magnetic fields inside an elec-
tromagnetic resonator is demonstrated in Fig. 3. For the
microwave threshold field of the gas which fills the res-
onator volume, however, the magnetic field is very low
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Fig. 2. Schematic view of microstrip split-ring
resonator.
Fig. 3. Schematic view of split-ring resonator.

and can be neglected. Electric field can be treated as
uniform over the volume of the dielectric. Calculated
values of the magnitude of the electric field are shown
in Fig. 4.

Fig. 4. Magnitude of the electric field.

The breakdown field strength as a function of pres-
sure in nitrogen at microwave frequency of 1.85 GHz is
shown in Fig. 5. Our numerical results are presented
by solid line, while dot and dash lines correspond to the
predictions obtained by using Egs. (2) and (8), respec-
tively. Theoretical predictions based on both analytical
and fluid approaches provide relatively good results at
lower pressures. Our numerical results, however, are in
a good agreement with the data taken from [14] at all
pressure values.

A good agreement between our numerical results (solid
line) and results published in [14] (solid symbols) is also
achieved for the pressure dependence of the breakdown
field strength in nitrogen at 2.76 GHz at the temperature

Fig. 5. The breakdown field strength versus the pres-
sure in nitrogen at frequency of 1.85 GHz.

of 230 K (as can be seen from Fig. 6). Finally, how the
pressure at the minimum breakdown voltage curve de-
pends on frequency is illustrated in Fig. 7. As expected,
there is a linear dependence indicating that the pressure
at the minimum increases as the frequency is increased.

Fig. 6. The pressure dependence of the breakdown
field strength in nitrogen at frequency of 2.76 GHz.

Fig. 7. The pressure at the minimum as a function of
frequency in nitrogen.
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4. Conclusion

Nowadays, there is a growing interest in microplasma
sources due to their economics, portability, less opera-
tion costs, and small sizes. The utility derived from
macroscale plasmas combined with current microfabri-
cation techniques has allowed for the development of
microscale devices which use microdischarges for oper-
ation. Having in mind that relatively complicated ge-
ometrical configurations in microwave devices enhance
the strong local microwave fields and such fields may
be much stronger than the globally predicted breakdown
field. This paper is devoted to our numerical studies
of the microwave field strength computing in commer-
cially available resonator designs and filters. Numerical
method is based on Slater’s theorem. Our numerical re-
sults satisfactorily agree with the available data [14] indi-
cating their applicability for a wide range of parameters.

The results presented here, except for resonator and
filters, can be also useful in localized diagnostics of ICs
during their manufacture, in choosing appropriate con-
ditions for electro mechanical micro systems which may
eventually lead to nanomachining, in localized treatment
of materials and assembly of nanostructures and in micro
and nanobiological processing and diagnostics.
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This paper presents results of experimental studies of the direct current breakdown voltage curves and volt-
ampere characteristics of discharges generated in a system consisting of two plane-parallel electrodes tungsten
and molybdenum electrodes at separations from 100 gm to 1 um. The measurements were performed in the
pressure range from 22.5 Torr to 738 Torr. The results are presented in the form of Paschen curves. Based
on the measured breakdown voltage curves, the effective yields have been estimated in the case of different
cathode materials. Differences between them are attributed to the influence of the work function of the cathode
material on the current-voltage characteristics due to field emission effect in small gaps and high pressures.
At low-pressures, however, vaporation of impurities from electrodes material becomes significant. The present
paper delivers new data on DC breakdown under these experimental conditions and conditions on the validity
of the Paschen law in helium and provides better insight into the role of the field emission and the electrode
materials on the breakdown voltage.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Studies of low-temperature helium plasmas that exist in various astrophysical and laboratory environments are
relevant in numerous scientifically and technologically important areas. High pressure non-equilibrium microdis-
charge plasmas have applications including excimer radiation sources, sensors, plasma display panels, ozonizers,
immersion ion implantation, military and civilian aerospace applications, biomedical and environmental appli-
cations [1]- [5]. On the other hand, plasma diagnostics procedures are indispensable for better understanding of
microdischarge physics and optimizing device performance. One possibility to achieve high-pressure discharges
which are still non-equilibrium is to operate at very small gaps (of the order of a few micrometers) [6]- [8].

In the past few decades, a considerable number of studies on microdischarges have been made [9]- [12].
Fundamental knowledge of the electric breakdown in helium, however, has not kept pace with these increasing
interests, mostly due to the complexity of the phenomena related to the plasma breakdown process. At large
separations, the breakdown voltage follows the well known Paschen law and dependence on the pd product
(pressure times the electrode separation) [13]. At small gap sizes when a high electric field is generated, however,
departures from the Paschen law have been reported indicating that ion-enhanced field emission strongly affects
the left hand branch of the Paschen curve [14, 15]. The importance of the role of field emission and vapor
arc have been demonstrated for gaps smaller than 10 um, leading to the description of the “modified” Paschen
curve. The general conclusion is that the breakdown voltage decreases rapidly for smaller gaps due to field
emission [7,8,12, 14].

In spite of a large number of publications devoted to the measurements of breakdown voltages at micro separa-
tion there exist only few studies in the literature for separation smaller than 300 gm and in homogeneous electric
field [11, 16]. For this reason we built a new system to measure the DC breakdown from 100 pm to 1 ym separa-
tions between plane-parallel tungsten and molybdenum electrodes in homogeneous electric field. Tungsten and
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2 S. Matejcik et al.: Breakdown mechanism of direct-current helium discharges in micrometer gaps

molybdenum materials are used for many years in the field of lighting materials. They have many unique and ad-
vantageous properties at an elevated temperature and they are widely used for electric and electronic equipments,
electronic devices, medical devices, lighting devices and so on.

In this paper measurements of the breakdown voltage curves for DC discharges in helium over a full range of
pd values are presented. Measurements have been performed for several values of the gas pressure by varying
the micrometer gap sizes. The principal problems in obtaining accurate measurements of the electrical break-
down potential are addressed by the electrode preparation and simultaneous measurements of the current-voltage
characteristics. Experimental results are supported by the theoretical predictions based on the Fowler-Nordheim
theory. The roles of the field emission effect as well as the material and the conditions of the cathode materials
are analyzed and discussed.

2 Experimental

The discharge system contains two planar electrodes placed in the high vacuum chamber as shown in Fig. 1
[15,16]. The vacuum chamber itself consists of three parts: positioner for centering the electrode position in
three directions (with accuracy about 1 ym) and tilting the upper electrode which is located in the upper part. In
the middle part there is a glass crux with four fused silica windows. In the bottom part there is also positioning
system for tilting electrode as well as improved system for very ultra fine tilting. In this experiment, two different
geometries of electrodes were used. Tungsten electrodes were highly polished and their sides were covered by
dielectric glass cap in order to prevent discharge to ignite at longer paths. These electrodes allow to study the
breakdown voltages in whole range of pd of Paschen curve. Whereas the molybdenum electrodes with Bruce
profile were used to compare measured breakdown voltages on the right side of Paschen curve with tungsten
electrodes as well as the influence of long path discharge on the left side of Paschen curves. For both electrodes
the same procedures for measurement were applied. One of the electrodes was fixed while the other was moved
continuously with micrometer scale linear feed-through. The 0 ym separation of the electrodes was established
by checking the electrical contact between the electrodes and then the movable electrode was pulled away by the
means of the micrometer screw at the upper electrode. Both tungsten electrodes were equipped with dielectric
caps (immune to vacuum, dielectric breakdown strength =13.8kV /mm) to prevent the ignition of the discharge
at longer path at low pressures. The electrode surface has been polished by the finest diamond paste (0.25 pum)
grain size) in order to achieve the average roughness of the electrode better then 0.25 ym) and measured by using
SEM.

Fig. 1 Schematic view of the experimental apparatus built for the measurements of the breakdown voltage and volt-ampere
characteristics in direct-current discharges in micrometer gaps.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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Determination of the breakdown voltages were based on recording the current- voltage characteristics by using
a digital oscilloscope and the AD card (National Instruments NI USB-6211). The potential across the discharge
tube was increased with rate 0.3 V /s to 20 V /s (depends on the pressure). Faster ramp voltage can be used in the
left side of Paschen curve were free electrons are emitted easily from the electrode surface by field emission. The
AD card used for the current-voltage measurements has sampling frequency 10 kHz and averages 10 samples.
The discharge current was limited to 2 mA for protection of the electrodes. The value of resistor R; was in most
cases 300 k<2, in the case of resistor Ry, where the current was measured the value was 520 €.

3 Theoretical background

Field emission can be described as the extraction of electrons from the surface by the application of very high
electric fields. The current density of the emitted electrons is related to the applied electric field by the Fowler-
Nordheim (F-N) theory [17]:

ABPE? _B¢>3/2v<y)>

JFE = Wexp( BE (nH

where ¢ is the work function of the metal, (3 is the field enhancement factor, while A and B are constants given
by:

A=62x10"%A/eV

B =6.85 x 107 V/cm/eV3/2,
The terms v(y) and t2(y) represent corrections that were included later in the F-N theory [18]:

v(y) ~ 0.95 — y?

t2(y) ~ 1.1,
with y ~ 3.79 x 10~*\/BE/¢. The enhancement factor 3 strongly depends on the geometrical effects at the
surface such as roughness which in turn depend on the technique used to fabricate the devices. Fowler and
Nordheim [17] originally have been calculated the current for a cold flat surface, although the current weakly
depends on temperature, but it is strongly dependent on emitter shape. To take shape into account, there is a
geometric field enhancement parameter 5 = E/E,,, which is defined as the ratio of the local emitter field over
the applied field. In principle, this factor has a direct physical meaning only for metallic protrusions. If the shape
of the protrusion is reasonably simple, the parameter § value can be calculated quite accurately. Experimentally,
the numerical value of 8 can be determined from the F-N plot. At the same time, such plot may allow us
to determine if the current flow is due to field-emitted electrons (see, for example, [19]). In general, the F-N
equation (1), which are derived from quantum-mechanical considerations, implies that a perfect surface has a 3
value of unity. However, curve fitting of experimental results requires higher values of 3 [19]. This is attributed
to field gradient enhancements resulting from microscopic surface.

4 Results and discussions

The behavior of gases under low pressures and uniform and non-uniform fields, in particular the breakdown
characteristics, are covered in details in work by Craggs and Meek [13]. Under low pressures, the gaseous
breakdown mechanism is dominated mostly by the electrodes and not affected much by the gases involved. Fig.
2 contains the current-voltage characteristics measured for tungsten electrodes in vacuum at very low pressure
of 1.5 x 10~° Torr. For the 1 um gap size and voltages greater than 150V, there is a clear increase in current
that grows larger as breakdown is approached. The current starts at around 0.5 uA (resolution of AD card) and
increases rapidly. If the electric field generated in micro gaps is sufficiently strong, some of the conduction
electrons in the metal lattice are literally pulled into the gap and accelerating toward the electrode. Even if
the mean free path is longer than the gap size and electrons could not gain sufficient energy to ionize atoms,
a breakdown occurs. With increasing electrode gap, increase of the current appears at higher voltages. From
these measurements, determined values of the breakdown voltages for 1 ym, 2.5 pm, 5 gm and 10 ym are 220V
(220kV /mm) 600V (240kV /mm), 1000 V (20kV /mm) and 1600 V (160 kV /mm. For the 1 um gap size the
voltage is estimated within the accuracy of around 20%, while for the 10 ym within 10 — 15%.

www.cpp-journal.org © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 2 Breakdown in vacuum for tungsten electrodes sep- Fig. 3 Comparison of measured current-voltage character-
arated by 1pum (black symbols), 2.5 um (red symbols), istics for the 2.5 ym gap size (black symbols) with corre-
5pm (blue symbols) and 10 pm (pink symbols). The sponding F-N theory curves in accordance with the equation
measurements were performed at very low pressure of (1) for various values of 3.

1.5 x 10~° Torr.

The influence of the enhancement factor on the current-voltage characteristic is illustrated in Fig. 3. Black
symbols represent our experimental results for the tungsten electrodes (¢ = 4.5eV’) separated by the 2.5 pm.
Calculations were performed in accordance with the F-N equation (1) for the enhancement factor of 35 (red
symbols), 40 (pink symbols), 50 (blue symbols) and 60 (green symbols). Since the experimental results agree
well with the calculations results obtained with 8 = 40, we assume such value for the enhancement factor.

Fig. 4 The breakdown voltage versus pd product. Our
measurements for tungsten electrodes (blue symbols) and
molybdenum electrodes (violet symbols) are compared with
the data for copper electrodes (open symbols) and tungsten
electrodes (red symbols) taken from [20].

The helium breakdown voltage curves for various gap sizes from 1 gm to 100 pm are shown in Fig. 4. Two
sets of measurements have been performed: i) with tungsten electrodes with dielectric cap (blue symbols) and
ii) with electrodes made of molybdenum with Bruce profile (violet symbols). The results are compared with
the Paschen curve obtained at constant electrode separation of 100 pm for tungsten electrodes (red symbols) and
10 mm (open symbols) gap sizes taken from [20]. On the left branch of the breakdown voltage curve, results
for the molybdenum electrodes at constant atmospheric pressure and variable electrode distance are much lower
and have a different shape than those for tungsten and copper electrodes ref. [20]. However, these results are in
agreement with expectations of long path discharge breakdown allowed by construction of electrodes. Thus on the
left side of Paschen curve breakdown voltage are more or less equal or slightly higher that minimum breakdown
voltage for Helium gas. In contrast to molybdenum electrodes, the results taken for tungsten electrodes do not
show long path breakdown at the left site of the Paschen curve due to dielectric cap. For the pd values greater
than 3 Torr X cm, all results have similar trends indicating that the electrode materials play no significant role

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.cpp-journal.org
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on the right hand branch of the breakdown curve. Our data for tungsten electrodes (blue symbols) satisfactorily
agree with data from other electrode materials for the pd values of 1.5 Torr x cm and higher. Below this value the
effects associated with the high values of the electric field cause departure from the standard Paschen law. In other
words, combination of small electrode distance and high reduced electric field leads to decrease of breakdown
voltages.

Based on the breakdown voltage curves from Figure 4, the effective yields have been estimated and shown in
Figure 5a. It is well known that the effective yield in microgaps depends on the cathode material in accordance
with the expression:

Yers = Ke P/,

@
where E is the electric field near the cathode and K and B are material and gas dependent constants. Although
the molybdenum and tungsten have very similar work function (4.2eV and 4.5 eV, respectively), their current-
voltage characteristics determined from expression (2) are different as shown in Figure 5b which could explain
the large discrepancies between the yields observed in Figure 5a, especially at large ratios E/p. On the other
hand, different purity of helium also affects the results. Although, we used the same purity of helium, differences
can be caused by the evaporation of impurities from electrodes material at low pressures.
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Fig. 5 The dependence of the effective yield on the F/p ratio estimated from the breakdown voltage curves and b) current
versus the electric field, for two different cathode materials: tungsten (blue symbols) and molybdenum (violet symbols).
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Fig. 6 Volt-Ampere characteristics for the 100 pm gap size at the pd of: a) 7.4 Torr X cm and b) 3.6 Torr X cm.
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The breakdown voltage curve for 100 um gap shows no apparent departure from Paschen law and thus we
consider it as a normal discharge. This is confirmed by the Volt-ampere characteristics recorded at two different
pd values of: 7.4 Torr x cm (Figure 6a) and 3.6 Torr x cm (Figure 6b). The measurements carried out at differ-
ent pressures have similar tendencies and correspond to the normal discharge characteristics. On the other hand,
at 5 um electrode separation and the atmospheric pressure the breakdown curve shows departure from Paschen
law and thus discharge generated at this electrode separation represents a different type of discharge due to im-
portant role of processes associated with high electric field. The Volt-ampere characteristic for this discharge (see
Figure 7) clearly demonstrates, that the current is practically limited by the field emission of the electrons from
the electrode.
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Current [nA] spacing and the pd value of 0.37 Torr x cm.

5 Conclusions

In this paper novel experimental results for the DC breakdown voltage curves in helium for the gap sizes ranging
from 1 gm m to 100 um were presented and discussed. Results for the tungsten electrodes are in a good agreement
with the previously published data [20]. Results for the molybdenum electrodes (Bruce profile geometry) are
systematically lower than results for tungsten and copper electrodes, especially at lower pd values (left hand
branch of the breakdown curve). The results show that the right hand branch, seems to be almost independent of
the electrode material.

Based on the measured breakdown voltage curves, the effective yields as a function on the E/p ratio have been
determined. The obtained values clearly illustrated dependence of the yield on the cathode material. Although
some materials have a similar work functions, their current-voltage characteristics that correspond to the F-N
equation (1) are different. It was also found out that differences between yields for various materials are due to
evaporation of impurities from electrodes material at lower pressures.

Besides the electrode materials, the electrode geometry and the electrode separations have important influence
on the Paschen curve. With increasing electrode separation, the breakdown voltage increases since the contri-
bution of field emission progressively decreases. Violation of the standard scaling law was observed when the
strength of the electric field is high enough to induce the field emission of electrons. Field emission combined
with other mechanisms is known to limit usable voltages to values well below those predicted by avalanche
breakdown.
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of the profiles of plasma-etched nanostructures
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SUMMARY

Particles and fields represent two major modeling paradigms in pure and applied science at all. Particles
typically exist in a spatial domain and they may interact with other particles or with field quantities defined
on that domain. A field, on the other hand, defines a set of values on a region of space. In this paper, a
methodology and some of the results for three-dimensional (3D) simulations that includes both field and
particle abstractions are presented. In our studies, charging damage to a semiconductor structure during
plasma etching is simulated by using 3D level set profile evolution simulator. The surface potential profiles
and electric field for the entire feature were generated by solving the Laplace equation using finite elements
method. Calculations were performed in the case of simplified model of Ar*/CF4 non-equilibrium plasma
etching of SiO,. Copyright © 2010 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Since its introduction in the 1970s, plasma etching has become an integral part of semiconductor
integrated circuit (IC) processing, treatment of materials (such as implantation) and especially for
achieving massively parallel production of well-organized and designed nanostructures [1-3].
Plasma etching requires a high etching rate, anisotropy, uniformity across the wafer, and process
reproducibility [4,5]. Precise monitoring of the etched profile in microelectronic devices during
plasma etching process is one of the most important tasks of front-end and back-end
microelectronic devices manufacturing technologies. Charging effects during plasma etching of
high-aspect ratio structures can cause gate oxide degradation during gate etching and profile
deformation issues such as notching or bowing [6-8]. The origin of this phenomenon is due to the
difference in directionality between ions and electrons when they cross the plasma sheath and
interact with three-dimensional (3D) structures. The potential for using modeling and simulation
to benefit industrial users of plasma processes and equipment has never been greater [9,10].
Plasmas are used in about 30% of all semiconductor manufacturing processing steps, and about
the same fraction of processing equipment is plasma-based in a typical microelectronics
fabrication facility. In the last several years, computational costs continue to decrease steadily and
considerable progress has been achieved in establishing the major modeling strategies that are
necessary to achieve practical industrial objectives. Nevertheless, low-temperature plasma
processing science is a relatively young field, and has not therefore received the in-depth,
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TE-mail: marija@ipb.ac.rs
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sustained attention that is required to have a significant, timely impact in industry. This situation
is perhaps most evident in the area of the database for physical and chemical processes in plasma
materials processing [11]. The profile surface evolution during plasma etching, deposition, and
lithography development is a significant challenge for numerical methods for interface tracking
itself. Level set methods for evolving interfaces [12,13] are specially designed for profiles, which
can develop sharp corners, change topology, and undergo orders of magnitude changes in speed.
Additionally, etching submicron features in insulating material such as SiO, or materials masked
with insulators, e.g. photoresist-masked polysilicon, is accompanied by feature charging effects
caused by the differences in electron and ion angular distributions. The plasma charging reported
by Yoshida [14] has been studied in recent decades [15,16]. The phenomenon can be described as
follows: because of the acceleration in the sheath, the angular distribution is more directional than
that of electrons. The difference causes the electron shading effect at the etched feature, thus
generating positive potential at the deep trench bottom. This charging effect leads to many serious
plasma process induced damage problems such as bowing, trenching, reactive ion etching lag, and
notching. The reduction in the device size and multilayer structures requires a high-aspect ratio in
the SiO, etching. As the aspect ratio increases, the charging effect becomes more observable as
reported by Makabe et al. [17,18]. The negative charge that might develop on the sidewalls can
bend the trajectories of the ions passing close to them. This bending effect may contribute to
microtrenching. In addition, etching rate reduction with time and notching of polysilicon sidewalls
during the overetching step have been attributed in part to feature charging effects. The main goal
of this paper is to include charging effects in our 3D level set etching profile simulator. For that
purpose, some basic aspects of the etching profile simulation procedure, the profile surface
movement via level set method, particle fluxes calculations using Monte-Carlo method and the
electric field (generated by the profile charge) calculations on the basis of the finite elements
method will be described. Finally, the obtained simulation results illustrating charging effect will
be presented and discussed.

2. SIMULATION TECHNIQUE

2.1. Sparse field level set method

In the level set method considered surface at a certain time ¢ is represented by the so-called level
set function ¢ (¢, x). The initial surface is given by {x|¢ (0, x) = 0}. The evolution of the surface
in time is caused by the surface processes in the case of the etching. The velocity of the point on
the surface normal to the surface denoted by R(z, x) is called velocity function. The velocity
function generally depends on the time and space variables and we assume that it is defined on
the whole simulation domain. At a later time ¢>0, the surface is as well as the zero level set
of the function ¢ (¢, x). Namely, it can be defined as a set of points {x|¢ (¢, x) = 0}. This leads to
the level set equation in Hamilton—Jacobi form:

2%

ot
in the unknown function ¢ (z, x), where Hamiltonian function is given by H = R (¢, x)|Vo(t, X)|
and where ¢ (0, x) =0 determines the initial surface. Several approaches for solving level set
equations have been developed. Among them, the most important are narrow band level set
method, widely used in etching process modeling tools, and recently developed sparse-filed
method [19]. The sparse field method uses an approximation to the level set function that makes
it feasible to recompute the neighborhood of the zero level set at each time step. As a result, the
number of computations increases with the size of the surface, rather than with the resolution of

+H(Vo(tx) =0, (D

the grid.
It is well known that Hamiltonian function H is convex if the following condition is fulfilled
O*H
—— 20, 2)
awxfaqo)?f -
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INCLUSION OF THE EFFECT OF CHARGING OF SURFACES

where ¢, is a partial derivative of ¢(z, x) with respect to x; During plasma etching and
deposition processes, the etching (deposition) rate, which defines the surface velocity function
R(t, x), depends on the geometric characteristics of the profile surface itself, or more precisely,
on the angle of the incidence of the incoming particles. In our studies, we shall consider an
etching beam coming down in the vertical direction, conditions that are characteristic for ion
milling technology, but angular dependence of the etching rates appears, more or less, in all
etching processes. In these cases, the most useful finite difference scheme that can be applied is
the Lax—Friedrichs scheme, one that relies on the central difference approximation to the
numerical flux function, and preserves monotonicity through a second-order linear smoothing
term. It is shown [20] that it is possible to use the Lax—Friedrichs scheme in conjunction with the
sparse field method, and to preserve sharp interfaces and corners by optimizing the amount of
smoothing in it. This is of special importance in the simulations of the etching processes in which
spatially localized effects appear, such as notching and microtrenching.

2.2. Particle fluxes calculations

Particles are usually used in one of the two ways in computer scientific applications: In the first
way, the particles know as ‘tracers’ are tracking in order to gather statistics that describe the
conditions of a complex physical system. The second way is based on performing direct numerical
simulation of systems that contain discrete point-like entities such as ions or molecules. In both
cases, there are one or more sets of particles, while each set contains some data associated with it
that describes its members’ characteristics, such as charge, mass, or momentum. The state of the
physical system is determined by these data.

Simulation of the etch process in details requires knowledge of the etching rates at all the
points of the profile surface during the etching process. These rates are directly related to fluxes
of the etching species on the profile surface, which are themselves determined by the plasma
parameters in the etching device. Electrons do not contribute directly to the material removal,
but they are the source, together with positive ions, of the profile charging that has many
negative consequences on the final outcome of the process especially in the case of insulating
material etching, SiO, for example. As can be observed from Figure 1 that shows the electron
energy distribution functions (EEDF) and the energy distribution function for Ar™ ions (IEDF),
a large number of electron have low energies while the energy of ions is spread to higher
energies. On the other hand, the angular distribution function for electrons (EADF) is different
from the angular distribution function for Ar" ions (IADF) indicating that ions are directed
toward small angles. These distribution functions obtained by particle-in-cell (PIC) calculations
using XPDC1 code [21-23] are used as the boundary conditions for the calculations of ion fluxes
incident on the profile surface.

The etching process in medium/high density fluorocarbon plasmas is believed to consist of
concurrent etching (of the SiO, substrate in our case) and deposition (of a fluorocarbon polymer
layer) phenomena [24]. In this paper, the deposition process is neglected and ion-enhanced
etching and physical sputtering and pure chemical etching of SiO, are considered. It is also
assumed that the electrons are absorbed at the hitting points, while the neutrals can be absorbed
or diffusively reflected, once or many times depending on its sticking coefficient. The positive
ions can be absorbed, or specularly reflected, depending on their energy and incident angle.
It is assumed that charged particles pass on their charge when they hit the surface, and that this
charge does not move after that, what is reasonable for insulating materials. At the boundaries
above the profile surface, periodic conditions are assumed. The surface neutrals coverage
(i.e. the fraction of surface covered by free radicals) 0, satisfies the balance equation:

dOy
dt
where J,, and J,,, are neutral and ion fluxes, S, is the neutral sticking coefficient, k; and k., are
etchant stoichiometry factors, and Ylfiff is the effective etching yield for ion-enhanced chemical
etching. Here, by the term ‘effective’, we denote a quantity related to the integral flux, not to an
individual particle. J., is evaporation flux that corresponds to pure chemical etching. It is related

- JnSn(l - gn) - kniJion eriffen - kevJeVGna (3)
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Figure 1. Energy distribution functions of electrons and Ar* ions (EEDF and IEDF, respectively) and
angular distribution functions of electrons and Ar" ions (EADF and IADF, respectively) obtained by PIC/
MCC simulations.

to the neutrals flux by the Arrhenius law:

Ey;
Jov = KSiOze%Jm 4)

Balance condition df,,/df = 0 gives the equilibrium surface coverage:

JnSn
n — eff . (5)
JnSan'i_kniJion Yni +hevJey
So, now we can write equation defining the etching rate ER in the form
_ 1 g eff : eff(1
ER = [JlonYnj en +JlonYni (1 011)+Jev9n]: (6)

Psio,

where pg;o, is SiO, density and eriff is the effective physical spattering etching yield. The etching
rate ER defines the velocity function V(¢, x) at the profile surface. In actual calculation, the
feature profile surface is represented by a set of connected triangles, and the above formula
should be applied to the every single particular triangle. So, instead of effective etching yields we
should define etching yields for every particular ion:

Yai(Ei0i) = Ani(\/Ei — \/ ED)cos o, (7
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and
Yop(Ei0n) = Asp(\/Ei — \/Em)cos oi(1+ Bgpsin®os), (®)

where F; is the ion energy and o; is the angle between the surface normal and the ion incident
direction at the point of incidence. Numerical values of the constants appearing in relations (3),
(4), (6), (7), and (8) are taken from the Reference [18]. The triangular representation of the
profile surface requires that instead of integral particle fluxes J, and J,,, corresponding
summations over every particle incident on the particular triangle

R,

Jp=—N,, 9

" A ©)

J1 n eft =8 Ym EI) i 10

on T Amemhz (Ei0), (10)

and

fion Yen = — =0 Yoi (E; 11

Jion AAtetch 21: Spl( 1,06), (11)

should be used. Here, N,, denotes the number of neutrals absorbed on the particular triangle, R,
(Rion) is the ratio of actual number of neutrals (ions) passing the upper computational domain
boundary during the etching time interval and number of neutrals (ions) used in Monte Carlo
calculations, 4 is the particular triangle area, and Aty is the etching time interval. The ions can
be absorbed, or specularly reflected, depending on their energy and incident angle. The
probability of specular reflection Py is given by [25]:

szl—cl\/E(g—ai). (12)

Neutrals (F radicals) density is supposed to be 10" m®. The simulation time is 100s, and it is
divided in 100 equal etching intervals (Monte Carlo steps).

2.3. Electric fields calculations

In general, electromagnetic field equations were identified with the ‘Maxwell equations’, i.e. with
partial differential equations, which are extremely rich in symmetries and (hence) conservation
laws. In the continuum, many conservation laws follow directly from invariances of the
Lagrangian (Noether symmetries) such as energy or momentum conservation, while others have
an inherent topological aspect, such as magnetic charge. When Maxwell’s equations are
discretized on a mesh, a number of symmetries of the continuum theory are modified or broken.
However, some conservation laws may be preserved on a discrete setting. This is because they
often relate a quantity on certain region of space to an associated quantity on the boundary of
the region. Because the boundary is a topological invariant, such conservation laws should not
depend on the metric of the space. A natural mathematical language that explores this aspect is
the calculus of exterior differential forms and associated algebraic topological structures [26].
In this approach, the scalar electrostatic potential is a 0-form, the electric and magnetic fields are
1-forms, the electric and magnetic fluxes are 2-forms, and the scalar charge density is a 3-form.
The basic operators are the exterior (or wedge) product, the exterior derivative, and the Hodge
star. Precise rules (i.e. a calculus) prescribe how these forms and operators can be combined.
In this modern geometrical approach to electromagnetics, the fundamental conservation laws
are not obscured by the details of coordinate system-dependent notation. By working within the
discrete differential forms framework, we are gauranteed that resulting spatial discretization
schemes are fully mimetic. Finite difference method cannot be used when the geometry of the
problem is irregular, as it is usual for the etching profiles. Hence, it is naturally to use finite
elements method. The calculations of the electric fields in this paper are performed by
integrating a general finite element solver GetDP [27] in our simulation framework. GetDP is a
thorough implementation of discrete differential forms calculus, and uses mixed finite elements
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to discretize de Rham-type complexes in one, two, and three dimensions. Meshing of the
computational domain is carried out by TetGen tetrahedral mesh generator [28]. TetGen
generates the boundary constrained high-quality (Delaunay) meshes, suitable for numerical
simulation using finite element and finite volume methods. As a part of the post-processing
procedure, the electric fields, obtained on the unstructured meshes, are recalculated on the
Cartesian rectangular domains containing the regions of the particles movement. In this
manner, the electric field on the particles could be calculated by simple trilinear interpolation.

3. RESULTS AND DISCUSSION

Our simulation results involve the profile charging calculations for the fixed profile surface. All the
calculations are performed on 128 x 128 x 384 rectangular grid. The initial profile surface is a
rectangle deep with dimensions 0.1 x 0.15 x 0.1 pm. Above the profile surface is the empty space
(trench region). The incident particles are generated randomly at the top of the simulation region.
In the case of the ion-enhanced chemical etching, the dependence of the surface velocity on the
incident angle is simple: V=V cos 0 and the evolution of the etching profile is displayed in Figure 2.
Although, this is the simplest form of angular dependence, but it describes the ion-enhanced
chemical etching process correctly [19]. In this case, we expect that the horizontal surfaces move
downward, while the vertical ones stay still. This figure shows that it with optimal amount of
smoothing gives minimal rounding of sharp corners, while preserving the numerical stability of the
calculations. In order to illustrate the obtained results more clearly, Figure 3 shows the surface mesh
of the tetrahedral mesh corresponding to the last profile in Figure 2. This mesh defines the profile
surface for the subsequent particle flux and electric field calculations.

The fluxes of different particles are shown in Figure 4. Collisions in the simulation domain
are neglected because mean-free path of ions and electrons is much longer than the simulation
domain size. Also, the probability that more than two particles exist in the simulation space at
the same time is very low because the life time of ions or electrons in the simulation region is
much shorter than the incident time interval. The neutral and the electron fluxes distributions
are similar: they are concentrated on the top of the wafer and upper portion of the sidewalls,
while the ions, due its directionality, are accumulated at the bottom of the profile. Solving the
Laplace equation with such a charge distribution as boundary condition leads to the potential
distribution on the profile shown in Figure 5. The maximal value of the potential at the bottom

Figure 2. The time evolution of the profile during ion-enhanced chemical etching.
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Figure 3. The surface mesh generated by Tetgen related to the last profile.

Figure 4. Fluxes of neutrals, electrons, and ions at the profile surface.

of the profile is somewhat bigger than the average ion energy, while the top surface is slightly
negatively biased. Since the electrons leave the plasma with relatively high energies, they have
very anisotropic distribution as they slow down in the sheath, so they are deposited mainly at
the sidewalls and cannot reach the bottom. The deposited electrons at the entrance to the nano
trench or nano hole actually also contribute to prevent other electrons from reaching the bottom
of the structure and neutralizing the charge. Negative ions from the plasma have low energies so
they cannot cross the sheath which was designed to slow down the much more energetic
electrons. Similar, Figure 6 illustrates the potential cut. The aspect ratio of a feature typically
refers to the ratio of the depth of the feature to its smallest horizontal cross-sectional dimension.
It was shown that for the aspect ratios greater than 7 the potential at the bottom of the structure
becomes equal to the potential corresponding to the ion energy. On the other hand, the potential
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Figure 5. Potential distribution on the profile surface for two different values of the aspect ratio:
(a) AR =4.5 and (b) AR=6.

Figure 6. Potential cut in the case of: (a) AR =4.5 and (b) AR =6.

Figure 7. Electric field on the profile surface (expressed in V/m) for: (a) AR =4.5 and (b) AR =6.

at the sidewalls of the structure closer to the top is small as it is defined by the energy of
electrons reaching the sidewalls.

The influence of the aspect ratio on the electric field vectors on the profile surface is depicted
in Figure 7. It is obvious that the field stimulate notch creation by directing the ions toward
sidewalls, as it is explained in Reference [8]. At the very top, the field accelerate the ions

Copyright © 2010 John Wiley & Sons, Ltd. Int. J. Numer. Model. (2010)
DOI: 10.1002/jnm



INCLUSION OF THE EFFECT OF CHARGING OF SURFACES

downward, but it quickly changes direction at the lower positions of the profile. The zero field
border height is determined by the etching plasma parameters.

4. CONCLUSIONS

As one of the crucial aspect of the modern technologies, plasma processing plays a significant
role in fabrication of integrated circuits (IC) and consequently in electronics and consumer goods
in general. Damage to ICs during manufacturing as a result of charging of the dielectrics during
finalization of interconnects is both reducing the profitability and reducing the ability to reach
large sizes of microchips and make complex system integration on a single chip. Therefore,
realistic three-dimensional etching profile simulations are needed, although still lacking. It is
understandable that realistic calculations should involve complex surface reactions set, the effects
of the profile charging, polymer deposition, as well as better statistic (greater number of particles)
in the Monte Carlo step of the calculations, which is usually limited by the available
computational resources. Emphasis should be placed on etching rates, uniformity, anisotropy,
selectivity, and critical dimension control. In this paper, we have presented 3D simulation results
for the profile evolution during ion-enhanced etch process as well as potential on profile and the
electric fields for different aspect ratio values. The electron shading effect and the resultant
charging damage to the structure begin to be significant in etched features having an aspect ratio
greater than about 2. The electron shading effect gets worse as the aspect ratio increases, since the
electron accumulation near the opening and top sidewalls of the feature makes it increasingly
difficult for anything but the positively charged high-energy species to get past that entrance and
any distance down into the deepening etched features that arrive at the wafer surface.
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Nauka o materijalima nalazi se u ZiZi savremenog
nau¢no-tehnoloskog progresa. U Sirokom dijapazonu
naucnih i inZenjerskih disciplina za sintezu novih mate-
rijala, nalazi se i upotreba neravnotezne plazme, kao
jedan od klju¢nih postupaka u razvoju Siroke klase
novih materijala. Narogito znacajna u razvoju mikro i
nano elektronske industrije, upotreba neravnoteZnih
plazmi predstavlja nezamenljiv tehnoloki proces za na-
grizanje dielektri¢nih interkonekt slojeva visokog od-
nosa dubine i Sirine [1-3]. Uzimaju¢i u obzir da ovi
koraci predstavljgju oko 80% aktivnosti u proizvodnji
integrisanih kola, neravnoteznim plazmama se posve-
¢uje velika paZznja u istrazivanjima koja, u skorije vre-
me, obuhvataju sve veti broj novih tehnika. Zahvalju-
juéi razvoju brzih ratunara, ratunarske simulacije su
postale veoma popularna i pouzdana istrazivatka teh-
nika, koja trenutno ima veliki udeo u istraZivanju nano-
tehnologije [4-8].

U ovom radu, narogitu paznju smo posvetili mode-
lovanju procesa sekundarne emisije elektrona kod ka-
pacitivno spregnutog reaktora cilindri¢cne geometrije,
koristenjem jedno-dimenzionalnog PIC/MCC (eng.
Particle in Cell with Implemented Monte Carlo Colli-
sions) koda [9-11].

Premda je uloga sekundarnih elektrona u proce-
sima elektri¢nog proboja u gasovima kod niskostrujnih
stacionarnih praznjenjenja tematika koja datira joS sa
pocetka XX veka, svi njeni aspekti joS uvek nisu u pot-
punosti izuceni. U skorije vreme, uticaj sekundarne emi-
sije elektrona na karakteristike plazmi se ponovo nalazi
u ZiZi interesovanja, pre svega zbog njihove uloge u
fundamentalnim istraZivanjima i zbog niza industrijskih
aplikacija[12-16].

Do sada, modelovanje plazma reaktora je podrazu-
mevalo ukljuéivanje i procesa sekundarne emisije elek-
trona pretpostavljgju¢i da je prinos sekundarnih elek-
trona konstantan, sto je u velikoj meri prouzrokovalo
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UTICAJ SEKUNDARNE EMISIJE ELEKTRONA
NA KARAKTERISTIKE RADIO-FREKVENTNIH

U ovom radu proucavan je uticaj sekundarne emisije elektrona na karakteristike ra-
dio-frekventnih (rf) plazmi. Koris‘enjem jednodimenzionalnog PIC/MCC (Particle in
Cell with Implemented Monte Carlo Collisions) koda model ovan je kapacitivno spreg-
nuti plazma reaktor, napajan pomocu dva rf generatora na razicitim frekvencijama.
Sekundarna emisija elektrona je jedan od kljuchih procesa, kako sam po sebi tako i
zbog uticaja na karakteristike praznjenja. Sekundarna emisija elektrona sa povrSina
modelovana je pomocdu izraza koji su predioZili Phelpsi Petrovi¢ (Plasma Sources ci.
Technol. 8 (1999) R21-R44) za tretirane i netretirane metalne povr3ine. Pokazano je
da su karakteristike plazme u velikoj meri zavisne od uslova na povrSinama elektroda.

znatgjna odstupanja rezultata modelovanja od eksperi-
mentalno dobijenih podataka. U ovom radu, modelova-
nje je ostvareno koriste¢i realne modele za prinos se-
kundarnih elektrona u argonu, koristeci izraze preuzete
iz rada Phelps-ai Petrovi¢a[12].

Simulirani asimetriéni dvo-frekventni kapacitivno
spregnuti reaktor (slika 1), predstavija vrstu resktora
koji se ngj¢esce koriste u praksi zbog niza pogodnosti.
Povoljna karakteristika dvo-frekventnih reaktora se sa-
stoji u moguénosti da se proizvodnja plazme i energija
jonakontrolisu razli¢itim generatorima. Pod uslovom da
je sprega izmedu generatora mala, moZzemo posti¢i se-
lektivnu kontrolu procesa u plazmi. Za praksu je zna
¢gjna kontrola jona koji udargju povriSinu unutrasnje
elektrode, odnosno kontrola onih jona koji se koriste u
obradi materijala.

Sika 1. Shematski prikaz asimetricnog kapacitivno spregnutog
reaktora sa dve frekvencije.

Figure 1. Schematic representation of the asymmetric
dual-frequency capacitively coupled reactor.

U literaturi se moZe n&i detaljno objadnjenje kako
dolazi do formiranja napona na unutrasnjoj elektrodi
usled ambipolarne difuzije cestica iz plazme. Ovde
¢emo reci samo da se prednapon, ili jednosmerna kom-
ponenta naizmeni¢nog napona, na unutrasnjoj elektrodi
formira tako da se izjednace gubici jona i elektrona iz
plazme. Prednapon unutrasnje elektrode uti¢e na srednju
vrednost elektri¢nog polja u prielektrodnoj oblasti. Zbog
brzo-promenljivog elektricnog polja u plazmi, koje ima
srednju vrednost razli¢itu od nule, joni kao znatno inert-
nije cestice od elektrona kretace se prate¢i srednju vred-
nost polja u vremenu. Srednja vrednost elektri¢nog polja
u prielektrodnoj oblasti je odgovorna za ubrzavanje
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jona, a samim tim uti¢e i na energiju jona koji bombar-
duju unutrasnju elektrodu i emituju sekundarne elek-
trone.

U simulacijama, interesovao nas je, pre svega, uti-
caj sekundarne emisije na karakteristike plazme. Karak-
teristike od posebnog interesa su koncentracija plazme,
fluks i raspodela energije jona koji dospevaju do elek-
troda (eng. lon Energy Distribution Function, IEDF), s
obzirom da koeficijent sekundarne emisije elektrona za-
visi od energijejonakoji udargju u neku od elektroda.

Za metalne elektrode uzeli smo koeficijente sekun-
darne emisije prema izrazima Phelps-a i Petrovica za
nekoliko slu¢agjeva razlicito tretiranih elektroda. U os-
novi su nam dve glavne postavke reaktora: @) kada je
unutradnja elektroda Cista i spoljasnja neoc¢iséena (skra-
¢eno Cista—neocistena reaktor) i b) kada je unutradnja
neoc¢istenai spoljasnja Cista elektroda (skraceno neocis-
¢ena—cista reaktor). Pored ove dve postavke, simulirali
smo i kombinaciju elektroda kada nema sekundarne
emisije na unutradnjoj, dok je na spoljasnjoj elektrodi
koeficijent sekundarne emisije y = 0,2 (skra¢eno 0-0.2
reaktor) i kada na obe elektrode nema sekundarne emi-
sije (skraceno 0-0 reaktor).

Praznjenje u gasu spada u domen plazme niskog
pritiska, neutralni gas je na pritisku od 20 Pa. Unutradnji
poluprecnik reaktora je 0,03 m, dok je spoljasnji polu-
precnik 0,0519 m. Generator viSe frekvencije je na 28
MHz, amplitude 2000 V i vezan je za spoljadnju (vecu)
elektrodu, dok je generator nize frekvencije na 2 MHz,
amplitude 500 V i vezan je za unutradnju (manju) ele-
ktrodu. Kapacitivnost kondenzatora je direktno poveza-
na sa geometrijom reaktora i vrednost od 100 pF je us-
kladena sa brojem naelektrisanih ¢estica koji pune kon-
denzator, odnosno sa padom potencijala u prielektrod-
noj oblasti.

Sekundarna emisija elektrona sa elektroda

Jedna od najznatagjnih pojava koja je ponovo pos-
tala aktuelna u poslednje vreme je sekundarna emisija
elektrona sa elektroda, koja je posedica udara razlicitih
estica 0 povrSinu elektrode. Za odrZzavanje praznjenjau
gasovima neophodna je proizvodnja sekundarnih elek-
trona koji treba da zamene elektrone izgubljene na povr-
Sinama elektroda i na zidovima reaktora. Uslov za sam
¢in proboja je da sekundarna lavina postane jednaka
primarnoj, odnosno da se ukupna proizvodnja elektrona
u kruznom toku primarne lavine, povratne sprege i se-
kundarne lavine izjednagi sa gubicima elektrona na ano-
di. Pod pojmom sekundarne lavine podrazumevamo sve
lavine koje nastaju iza prve i to, Sto posebno isticemo,
usled udarajona o povrsine elektroda.

Procese sekundarne emisije elektrona sa povrsine
izazvane razli¢itim vrstama ¢estica, opisujemo prinosom
sekundarnih elektrona y koji, u znatnoj meri, zavisi od
stanja povrdine i upadne energije cestica. Kada se joni i
atomi sudare sa ¢istom povrsinom moze se desiti neko-

liko vrsta procesa, ali je ngjvazniji izbacivanje elektrona
sa povrsine. Ovg proces direktno utice na tok elek-
tricnih praznjenja obezbeduju¢i i mehanizam povratne
sprege neophodne da se odrZava praznjenje u gasovima.
Sekundarnu emisiju elektrona uzrokuju ¢etiri osnovna
procesa:

— fotoelektronska emisija,

— emisija kao posledica sudara metastabila sa povr-
Sinom,

— potencijalna emisija u sudarima jona sa povrsi-
nom i

— kineti¢cka emisija u sudarima jona i atoma sa po-
vrsinom.

Sva cetiri navedena procesa su mogucéa kod praz-
njenja u argonu i medusobno su povezana. Ostali vazni
procesi na povrsinama ukljuéuju: sudarno gasenje meta-
stabila (Sto je povezano sa drugim procesom) i procese
refleksije elektrona, jonai neutrala sa povrdina.

Najpre ¢emo dati kratak pregled postojecih rezul-
tata za prinos sekundarnih elektrona izazvanih delova-
njem jona na tzv. éiste i neocis¢ene povrsine elektroda.
Pod pojmom ciste elektrode podrazumeva se elektroda
koja je tretirana zagrevanjem njene povrSine na tempe-
raturi od oko 2000 K u uslovima dobrog vakuuma, dok
se sama merenja koeficijenta sekundarne emisije elek-
trona vrde na sobnoj temperaturi u veoma visokom va-
kuumu. Ponekad se proces ¢istenja katode ostvaruje i
skidanjem njenog povrsinskog sloja jonskim spatero-
vanjem.

NeociS¢ene povrsine elektroda predstavljaju povr-
Sine obradene u radionici standardnim mehanickim i he-
mijskim tehnikama koje, potom, bivaju izlozene atmos-
ferskom gasu Sto moze rezultirati oksidacijom ili nekim
drugim kontaminirajuéem procesom u procesu pumpa-
nja do relativno niskog vakuuma, kao §to je depozicija
para iz pumpe. Stabilni oksidni slojevi se na ovg natin
ne mogu odistiti, ¢ak ni u slu¢aju plemenitih metala kao
sto je zlato.

Nadlici 2 prikazani su eksperimentalni rezultati za
prinos sekundarnih elektrona za snopove Ar* jona i Ar
atoma koji padaju na razlicite ¢iste metalne povrsine u
zavisnosti od njihove upadne energije. Slika je preuzeta
iz rada Phelps-a i Petrovica [12] i obuhvata sve prona-
dene podatke za energijeispod 1 keV.

Za vecinu katodnih povrSina koeficijent sekundar-
ne emisije elektrona po jonu gotovo da ne zavis od
upadne energije jona u opsegu jonskih energija ispod
500 eV. Ova nezavisnost od energije se pripisuje Au-
gere-ovom procesu koji se naziva potencijalno izbaci-
vanje elektrona. Oblast zavisnosti koeficijenta sekun-
darne emisije od upadne energije jona na energijama od
nekoliko keV pripisuje se kinetickom izbacivanju, prem-
da priroda ovog procesa joS uvek nije sasvim razjas-
njena. Granica na kojoj nastgje kineti¢ko izbacivanje je
odredena procesima multielektronske emisije elektrona
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Sika 2. Energijska zavisnost prinosa sekundarnih elektrona kada snopovi Ar* jona i Ar atoma padaju na razicite ciste katodne
povrine. Puni simboli predstavljaju rezultate razicitih autora za Ar* jone, dok otvoreni simboli odgovaraju rezultatima za Ar jone.
Figure 2. Energy dependence of the secondary electron yield for Ar* ions and Ar atoms hitting clean surfaces of different materials.
Full symbols represent results from various authors for Ar* ions and open symbols correspond to Ar atoms.

sa povrSine katode. MoZemo smatrati da je za vecinu sekundarnih elektrona koje su predstavljene na dlici 3.
metala koeficijent sekundarne emisije elektrona po jonu Analiticki izrazi za zavisnost koeficijenta sekundarne
priblizno jednak 0,1 zaenergije ispod 1 keV. emisije, y;, od energije jona, ¢;, Su:

Na slici 3 prikazani su eksperimentalni rezultati za — Zaiste povrSine, Phelpsi Petrovi¢ [12]:

7; koeficijente u lucaju Ar” jona, kao i zay, koeficijente

2
u slugaju Ar atoma koji padaju na metalne povrsine iz- 1x10°5 (5, —500)"

loZene u razlicitom stepenu kiseoniku, vodi, okolnom 7w =007+ e @
gasu ili koje su na nespecificiran natin kontaminirane. 1‘{70'0 )
Podaci sa dlike pokazuju da su na niZzim energijama
(<150 eV) vrednosti koeficijenta y; za Ar veoma rasute — Zaneoci&ene povrdine, Phelpsi Petrovi¢ [12]:
(viSe od jednog reda veli¢ine).Vecina ovih podataka za
Ar ukazuje na slabu energijsku zavisnost koeficijenta od a — 0,006 + 1,05x10 (& —80) @
jonske energije. ' g \° P

U naSim PIC/MCC proracunima koristili smo iz- 1+ (10) 1+(8000j

raze preuzete iz rada Phelps i Petrovi¢ [12] za prinos

Sika 3. Energijska zavisnost prinosa sekundarnih elektrona kada snopovi Ar* jonai Ar atoma padaju na radicite neoci&‘ene katodne
povrdine. Puni simboli predstavijaju rezultate razicitih autora za Ar* jone, dok otvoreni simboli korespondiraju rezultatima za Ar jone.
Figure 3. Energy dependence of the secondary electron yield for Ar* ions and Ar atoms hitting dirty surfaces of different materials.
Full symbols represent results from various authors for Ar* ions and open symbols correspond to Ar atoms.
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Prinos drugog sabirka u svakom od izraza (1) i (2)
jednak je nuli za energije incidentnih jona ispod 500 eV
i 80 eV, zaciste i neociStene povrsine redom. Nadlici 4
date su krive koje odgovargju izrazima za koeficijent
sekundarne emisije.

Sika 4. Koeficijent sekundarne emisije el ektrona u zavisnosti

od energije cestica za snopove Ar* jona koji padaju na razli-

cito tretirane povrSine. Obe krive su nacrtane koristeci izraze
@i@.

Figure 4. Coefficient of secondary electron emission induced

by Ar* ions hitting differently treated surfaces. Curves repre-

sent graphs of the relations (1) and (2).

Opravdanost rezultata simulacije

Pre pretstavljanja samih rezultata simulacije, daje-
mo kratak kvantitativni uvid u same parametre simu-
lacije kako bi utvrdili da ne postoje velika odstupanja
koja bi eventualno mogao da unese sam PIC/MCC kod.
Osnovni zahtev koji treba da zadovolji PIC tehnika jeste
dobra prostorna rezolucija pojedinih ¢elija, kako bi se
razlucile sve karakteristicne duZine koje se javljgju u
gasnim praznjenjima. Jedna od ngjmanjih karakteristi¢-
nih duzina je svakako Debay-eva duzina termalnih elek-
trona u sredidnjem delu praznjenja (balku), koja je u rf
gasnim praznjenjima reda Jp ~ 10~ m. Prostor praznje-
nja izdeljen je na 2000 ¢elija, odnosno ¢elijama duzine
Ax = 1,095x10° m, &o omogucava dobro razlaganje
duZine Jp. Ovim se minimizuje odstupanje izazvano ap-
roksimacijom konacnih elemenata s obzirom da je zado-
voljen uslov:

? ~011<1 3

D

Takode, vrlo vazan parametar simulacije je vre-
menski korak, 4t, za koji je uzeto da je 1/5000 periode
generatora od 28 MHz, odnosno At = 7,142857x10 ™ s.
Time je postignuto razlucivanje brzine ¢estica do:

AX/ At =1,533x10% m/s 4)

&to u potpunosti pokriva, ¢ak i za viSe redova velicine,
opseg energijasvih cestica koje se javljgju u simulaciji.

Potrebno je da vremenski korak razluci i maksimal-
nu kolizionu frekvenciju na osnovu koris¢enih preseka
sudara [17]. Uzima se u obzir ngjgori slu¢gj, odnosno
maksimalna vrednost totalnog preseka sudara, iz dome-
na od vaznosti, zajone Gim ~ 1,80x107% m? i elektrone
Oemax = 1,25x107° m?, zatim energije jona na kojima je
presek maksimalan (uzimamo $o vece vrednosti) za
jone Eing = 1000 eV i za elektrone Eenx = 100 eV.
Pritisak neutralnog gasa argona je 20 Pa na temperaturi
od 300 K. Izraz zakolizionu frekvenciju je:

= nna\/g 5)
m

gde se gustina neutralnog (pozadinskog) gasa, n,, dobija
iz zakona o gustini idealnog gasa, m je masa elektrona
ili jona, oi E su gore definisani totalni presek i energija
cestice, redom. Ovim je frekvencija sudarazajonei ele-
ktrone f, = 1,91x10° Hz i f, ~ 3,58x10° Hz, &o oprav-
dava kori&¢enje Monte Carlo tehnike sudara za dati vre-
menski korak, s obzirom da je frekvencija sudara u naj-
gorem sluéaju nekoliko redova veli¢ine niza od vred-
nosti 1/At.

Koncentracija plazme

Jedna od osnovnih karakteristika svakog praznjenja
jeste koncetracija naelektrisanih ¢estica u gasu, odnosno
njihova raspodela u prostoru praznjenja. Sredidnji deo
praZznjenja sadrZi vecinu naglektrisanih cestica koje su
kvazineutralnoj ravnoteZi, odnosno koncentracije jona i
elektrona su skoro identi¢ne, kao $to se moZe videti sa
slike 5. Prielektrodne oblasti sadrZe vrlo mali broj nae-
lektrisanih ¢estica, medutim, zbog toga $to postoji nerav-
noteZa u koncentraciji jonai elektrona (dika 5), one uti-
¢u gradijentom polja na ubrzanje jona ka elektrodama i
time direktno uti¢u i na procese na povrSinama. Profil
plazme dostiZe svoj ustaljeni oblik nakon samo nekoliko
mikrosekundi, a zatim se koncentracija ¢estica samo po-
vecava, bez velikih odstupanja od uspostavljenog profila.

Na dlici 5, na kojoj su date usrednjene vrednosti
koncentracija ¢estica u vremenu, moZe se primetiti uti-
caj koji sekundarna emisijaima na apsolutnu koncentra-
ciju elektrona i jona u plazmi. Najuocljivija je razlika
izmedu krive dobijene za sistem bez sekundarne emisije
(0-0) i krivih za sistem sa sekundarnom emisijom. Os-
novan zakljucak je da se za precizan opis profila plazme
mora u model praznjenja ukljuciti sekundarna emisija
elektrona od strane jona. Medutim, kao Sto se moze za-
kljueiti sa dlike 5, odnosno iz razlike krivin zay = 0,2 i
y = p(€) (y(¢) odgovara slucégjevima dista-neocistena i
neocistena-Cista), nije dovoljno samo da postoji koefi-
cijent sekundarne emisije za jone, ve¢ on mora da bude
konzistentan sarealnim fizickim procesima.
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Sika 5. Koncetracijajonai elektrona za cetiri konstrukcije re-
aktora sa razicito tretiranim elektrodama, nakon proteklih

5 us simulacionog vremena.

Figure 5. lon and electron concentrations for four reactor
constructions with differently treated electrodes, after 5 us

of simulated time.

Raspodela energije jona na elektrodama

Slede¢a vaZzna karakteristika plazme, naro¢ito za
praksu, jeste raspodela energije jona (IEDF) na unutras-
njoj elektrodi. Uzimgjué¢i u obzir da se dvo-frekventni
kapacitivno spregnuti resktori nagj¢esée koriste zapravo
zbog energetskih jona koji padaju na unutradnjoj elek-
trodi, vrlo je vaZno precizno poznavanje raspodele ener-
gijejonau blizini elektroda.

Na dlici 6 prikazane su krive raspodele za ¢etiri is-
pitivana ducga, gde se vidi razlika za razlicite koefici-
jente sekundarne emisije. Zavisnost IEDF-a od sekun-
darne emisije je sloZena, zbog toga &to veza izmedu ova
dva parametra ima oblik povratne sprege. Pored ovoga,

Sika 6. Raspodela jona po energijama koji padaju na unutrasnu
elektrodu.
Figure 6. lon energy distributions on the inner electrode.

koncentracija plazme koja je takode zavisna od sekun-
darne emisije, uti¢e na profil IEDF na unutraSnu elek-
trodu.

Sadlike 7 vidi se daje utica] sekundarne emisije na
raspodelu energije jona koji dospevaju na spoljasnu ele-
ktrodu, relativno mali. Relativno velike razlike u koefi-
cijentu za spoljasnju elektrodu (od 0 do 0,2) ne unose
bitne promene u raspodeli energije jona, $to znagi da ¢e
pri istim uslovima vise elektrona nastati iz povrsine sa
vecim koeficijentom sekundarne emisije.

Dosadasnji rezultati nas mogu dovesti do zakljucka
da zbog razlike u gustini plazme i IEDF-a na unutrasnu
elektrodu (slika 6) sekundarna emisija sa elektroda ima
veliki uticaj naraspodelu energije jonana unutrasnu ele-
ktrodu, Sto je vrlo vazan prametar kada se govori o pri-
meni rf plazme u obradi materijala.

Potencijal plazme

Potencijal plazme ima ulogu da zadrZi elektrone u
plazmi i daizazove da $to veci broj jona napusti plaz-
mu. S obzirom nato, potencijal plazme je uvek navecoj
vrednosti od potencijala elektroda. U toku vremena po-
tencijal plazme se menja, prate¢i uglavhom oscilacije
nisko-frekventnog izvora, pri ovome dolazi i do prome-
ne pada potencijala u prielektrodnoj oblasti. Na dlici 8
primeéuje se da za realne postavke reaktora (Ciste i ne-
oci&ene elektrode) nema razlike u prostornom potenci-
jalu plazme. Drugim recima, joni u reaktorima konfigu-
racije dista-neociStena i neociséena-dista elektroda pa
daju na unutrasnju i spoljasnju elektrodu pod istim us-
lovima. Naravno, ovo joS viSe dovodi u prvi plan uticg
sekundarne emisije, jer i pri istim uslovima u plazmi
promena koeficijenta sekundarne emisije dovodi do
drasti¢nih promena karakteristike plazme (slike 5i 6).

Napomena je da ovi zakljuéci vaze u ducaju real-
nog modelovanja sekundarne emisije prema izrazima
Phelps-ai Petrovi¢a, gde koeficijent sekundarne emisije

Sika 7. Raspodela jona po energijama koji dospevaju na
spoljasnju elektrodu.
Figure 7. lon energy distributions on the outer electrode.
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zavis od energije jona. Sa slike 8 moze se zakljuciti da
nerealni modeli sekundarne emisije drasticno menjaju
sliku procesa u praznjenju, §to se vidi iz razlike prostor-
nog potencijala za elektrode sa konstantnom sekundar-
nom emisijom.

Sika 8. Prostorni potencijal u plazmi usrednjen po vremenu.
Figure 8. Time averaged plasma potential.

Efektivni y koeficijenti

U ovom odeljku, cilj je da se pokaZe kako moze da
se predstavi koeficijent sekundarne emisije njegovom
efektivnom vrednoSéu, na osnovu simulacionih rezultata
za fluks jona (slika 9) i fluks sekundarnih elektrona
(slika 10).

Sika 9. Broj jona koji je pao na nekoj od elektroda u toku
vremena.
Figure 9. Number of ions that have fallen on the electrodes.

Po definiciji, koeficijent sekundarne emisije pred-
stavlja verovatnoca da jon proizvede sekundarni elek-
tron. Drugim re¢ima, odnos izmedu broja sekundarnih

elektrona koji nastaje na elektrodi i broja jona koji ne-
stane na njoj jednak je koeficijentu sekudarne emisije.
Koristeci ovu ¢injenicu, moZzemo na osnovu fluksevajo-
na i sekundarnih elektrona da izratunamo efektivni y
koeficijent, odnosno vrednost konstantnog y koeficijenta
koji bi u toku vremena dao isti broj sekundarnih jona
kao i sekundarna emisija zavisna od energije.

Sika 10. Broj sekudarnih elektrona emitovanih sa nekoj od
elektroda u toku vremena.

Figure 10. Number of secondary electrons that have been
emitted from the electrodes.

Na osnovu koeficijenata pravih, odnosno flukseva
jonai sekundarnih elektrona (slike 9 i 10), moZzemo na-
pisati izraz iz kojeg se moze nati efektivha vrednost
sekundarne emisije:

Os

(6)

Veit =
&

gde su as fluks sekundarnih elektrona sa povrdine, «;

fluks jona na povrsini i ye: efektivni koeficijent sekun-

darne emisije. Zarazli¢ite ducajeve imamo:

_1,111x10°

- spoljadnja0,2: = =02
POUSNADE: Vet = 5 Eopx 108
L . 3,310x10°
- spoljasnja neociScena: =" =0,0678
Solas Tt = 4 882108
5
- unutradnja neociséena yy = GOLXlOG =0,1066
5,700x10
Do 3,692x10°
- spoljadnjadista: =" =0,1136
POUBSNALSE T = 5 oo0x10°
5
- unutraSnjadista; yg = 3.3110° = 0,0703
5,306x10°

Iz dobijenih rezultata mozemo izvesti zakljucak
koja je povrsina elektroda ngjefikasnija u proizvodnji
sekundanih elektrona, pored konstantne 0,2 povrsine,



A. BOJAROV, M.RADMILOVIC-RADJENOVIC, M. SAVIC: UTICAJ SEKUNDARNE EMISIJE...

Hem. ind. 65 (1) 1-8 (2011)

koju smo uzeli kao primer. Najveci koeficijent sekun-
darne emisije imaju unutrasnja neocis¢ena i spoljadnja
Cista elektroda, Sto znaci da ¢e ova konstrukcija reaktora
biti ngjefikasnija u proizvodnju sekundarnih elektrona,
kao Sto smo vec i utvrdili (ikabs).

Vazno je napomenuti da date efektivne sekundarne
emisije vaze samo za dati reaktor, sa parametrima koje
smo naveli na pocetku. Za svaku drugu simulacionu po-
stavku, menjace sei efektivne sekundarne emisije. Odav-
de se moZe videti znagq) ove simulacije, kao i racunar-
skih simulacija uopste, s obzirom da smo uspeli da do-
bijemo vrednosti efektivne sekundarne emisije na osno-
vu preciznih fizickih modela koji se mogu Korigtiti u
praksi.

ZAKLJUCAK

Istrazivali smo uticaj sekundarne emisije elektrona
razli¢ito tretiranih povrSina na karakteristike dvo-frek-
ventnih kapacitivno spregnutih praznjenja. Osnovni mo-
tiv ovog istraZivanja je velika prakti¢na primena dvo-
frekventnih plazmi u industriji, kao i potreba preciznog
opisivanja sekundarne emisije sa povrsina, uzimajuci u
obzir da se upravo u praksi ovaj tip plazmi ngj¢esce ko-
risti za plazma-nagrizanje dielektrika.

Rezultate do kojih smo dodli govore nam da za pre-
cizan opis plazme moramo da uzmemo u obzir sekun-
darnu emisiju elektrona koja zavisi od energije jona koji
vr8e jonizaciju. Precizan model sekundarne emisije su
dali Phelpsi Petrovi¢, na osnovu kojeg smo u ovom ra-
du modelovali interakciju jona sa povrSinama el ektroda
na kojima dolazi do sekundarne emisije. Pokazali smo
na osnovu rezultata ssimulacije da gustina plazme zavisi
od sekundarne emisije i to tako $to se njena vrednost u
centru praznjenja drasti¢no povecava sa porastom y koe-
ficijenata. Raspodela energija jona na unutrasnjoj elek-
trodi je, takode, pokazala zavisnost od koeficijenta se-
kundarne emisije, dok smo sa druge strane pokazali da
to ne vazZi za raspodelu energije jona na spoljasnjoj ele-
ktrodi. Zakjucili smo da potencijal plazme zavisi od se-
kundarne emisije sa obe elektrode, tako Sto je zareane
povrsine pokazivao male razlike ukazujué¢i nato da pos-
toje proces koji dovode do kompenzacije efekata se-
kundarne emisije zarazlicite konfiguracije reaktora.

Svakako, ngjvaznijeje to §to smo uspeli da pomoéu
simulacije dobijemo efektivne koeficijente sekundarne

emisije, koji se mogu korigtiti u praksi za jednostavnije
opisivanje simuliranih plazma-reaktora, pri tom zadrza-
vajuéi precizni model sekundarne emisije. Znataj dobi-
jenih rezultata opravdava kori&enje simulacionih mo-
dela za dobijanje podataka, koji su korisni u praksi i koji
smanjuju vremenske i materijalne troskove eksperimen-
talnih postupaka.
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SUMMARY

INFLUENCE OF THE SECONDARY ELECTRON EMISSION ON THE CHARACTERISTICS OF RADIO

FREQUENCY PLASMAS

Aleksandar Bojarov, Marija Radmilovi¢-Radjenovi¢, Marija Savié
Institute of Physics, Belgrade, Serbia

(Scientific paper)

In this paper the influence of secondary emission on the characte-
ristics of rf plasmas has been studied. An asymmetrical dual-frequency
capacitively coupled plasma reactor has been modeled with one dimen-
sional PIC/MCC (Particle in Cell with Implemented Monte Carlo Col-
lisions) code. The main feature of the modeling code represents the rea-
listic model of the ion-induced secondary electron emission. Secondary
emission of electrons is one of the important processes that effects the
characteristics of rf plasmas. For modeling the secondary yield per ion, we
have used equations proposed by Phelps and Petrovi¢ (Plasma Sources Sci.
Technol. 8 (1999) R21-R44) for differently treated metal surfaces. In the
model, the energy dependence of the yields per ion for differently treated
metal surfaces has been implemented. Results are compared for yields for
the so called “dirty” and “clean” surfaces, and the spatial profiles of char-
ged particles and ion energy distributions were observed. The simulation
results indicate that the plasma characteristics are greatly affected by the
ion-induced secondary emission, changing the overall parameters of dual-
frequency capacitively coupled plasma reactors especialy in applications
as etching devices. Conclusion is that an exact model of the secondary
electron emission should be included, as to ensure better agreement be-
tween simulation and experiment.

Klju¢ne reci: Radio-frekventna praz-
njenja ¢ Racunarske simulacije praz-
njenja u gasovima e Sekundarna emi-
sija

Key words: Radio frequency dischar-
ges e Computer simulations of gas
discharges e Secondary emission of
electrons
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Pod terminom gasno praZnjenje podrazumevamo
proticanje struje kroz gas. Gas, sam po sebi, predstavlja
neprovodnu sredinu. Medutim, ukoliko u gasu postoje
nael ektrisane cestice, pod uticagjem dovoljno jakog elek-
tricnog polja, moZe do¢i do slabe provodnosti, ili ¢ak do
proboja u gasu. Gas se tada ponaSa kao provodnik, koji
omogucava proticanje elektricne struje uz malu otpor-
nost.

Utica lavina sekundarnih elektrona u procesima
elektricnog proboja u gasovima, kod niskostrujnih sta-
cionarnih praZznjenja, dobro je izu¢en u velikom broju
radova i udzbenika [1-3]. Uslov za sam ¢in proboja
podrazumeva da sekundarna lavina el ektrona postane je-
dnaka primarnoj. Preciznije receno, proboj nastaje kada
se ukupna proizvodnja elektrona u kruznom toku pri-
marne lavine, povratne sprege i sekundarne lavine izjed-
n&ti sa gubicima elektrona na anodi. Mi ¢emo pod poj-
mom sekundarne lavine podrazumevati sve elektrone
koji nastaju nakon primarne. Elektronska emisija sa po-
vrSine katode indukovana pozitivnim jonima, brzim ato-
mima, fotonima i metastabilnim atomima, sudarna joni-
zacija brzim jonima i atomima proizvedenim u ranijim
lavinama, sudarna jonizacija elektronima koji su reflek-
tovani sa anode i fotojonizacija gasa fotonima nastalim
u ranijim lavinama predstavljaju osnovne procese nasta-
janja sekundarnih elektrona[4].

Osnovu modela koji su razvili Phelpsi Petrovic [4]
¢ini ukljucivanje dodatnih mogucih izvora sekundarne
emisije elektrona, kao i emisije nastale usled dejstva fo-
tona, metastabila na katodu. Sekundarna emisija el ektro-
na moZe nastati i usled jonizacije izazvane dejstvom
neutrala u gasnoj fazi i degjstvom elektrona reflektovanih
sa anode. Pored toga, razmatran je i efekat povratne di-
fuzije elektrona na katodu. Samim tim, ovaj jedinstveni
model, osim &to predstavlja reviziju Townsend-ove teo-

*Rad saopSten na skupu ,,Osma konferencija mladih istrazivaga’, Beo-
grad, 21-23. decembar 2009.
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Rad prihvacen: 29. decembar 2009.

MODELOVANJE PROBOJA U GASOVIMA
NA NISKIM PRITISCIMA MONTE KARLO
TEHNIKOM*

Osnovna pretpostavka Townsend-ove teorije da joni prouzrokuju emisiju sekundarnih
elektrona sa katode vaZi u veoma uskom opsegu vrednosti redukovanog elektrichog
polja E/N. U skladu sa revidiranom Townsend-ovom teorijom koju su koncipirali Phelps
i Petrovié, sekundarni elektroni nastaju usled udara jona, brzih neutrala, metastabila i
fotona o katodu, ili jonizacijom atoma gasa brzim neutralima. U ovom radu smo poku-
Sali da izgradimo model koji ¢e omoguditi odredivanje vrednosti za prinos sekundar-
nih elektrona za razlicite tipove cestica, koriS¢enjem Monte Karlo tehnike. Dobijeni
rezultati su u saglasnosti sa analitickim rezultatima Phelpsa i Petrovica (Plasma
Sources Sci. Technol. 8 (1999) R1).

rije, pruza detaljan opis procesa koji dovode do sekun-
darne emisije elektrona.

Jedna od egzaktnih tehnika koja se moze koridtiti
za proucavanje sekundarne emisije elektrona sa elek-
troda je, svakako, Monte Karlo tehnika [5]. Za dobijanje
rezultata, predstavljenih u ovom radu, koristen je kom-
pjuterski kod baziran na Monte Karlo metodu, razvijen
u Institutu za fiziku [6]. Simulacije su izvrSene, ngjpre
za praznjenje u argonu, Koriste¢i dobro definisan set
efektivnih preseka detaljnije opisanih u radu [5].

MODEL PHELPS-PETROVIC

Predstavljeni model je analiticki aproksimativni
model pomoc¢u koga se mogu izvrSiti proracuni stacio-
narnih flukseva razlicitih vrsta cestica: elektrona, Ar”,
brzih Ar atoma, metastabila i rezonantnih fotona u pros-
torno uniformnom elektri¢nom polju.

Analizom do sada objavljenih rezultata, Phelps i
Petrovi¢ su pokazali da prinos sekundarnih elektrona
znatgino zavis od stanja povrdine katode. U tom smi-
slu, razlikujemo povrsine koje su na neki natin tretirane
(recimo za materijale sa visokom tackom kljuc¢anja za-
grefane na 2000 K u vakuumu, dok se eksperimenti vrse
na sobnoj temperaturi) i njih nazivamo ¢istim povrsi-
nama Osim njih, postoje i netretirane ili neocistene po-
vrSine, kod kojih je izvr&en neki postupak ¢isScenja, ali
ne zagrevanjem do visokih temperatura kao kod ¢istih
povrSina.

Ovg model nam omogucava da odredimo vred-
nosti prinosa sekundarnih elektrona sa katode induko-
vane jonima, brzim atomima, metastabilima ili fotoni-
ma, u zavisnosti od uslova na metalnoj povrsini, kao i
od vrednosti redukovanog elektri¢nog polja. Parcijani
doprinos pojedinih ¢estica (fotona, jona, metastabila i
atoma) sekundranoj emisiji elektrona [4], prikazan je na
dikamali 2.

U ovom radu smo korigtili izraze koje su predloZili
Phelpsi Petrovi¢ [4], za koeficijente sekundarne emisije
elektrona sa katode pri udaru atoma, jonai fotona o po-
vrSinu katode za ciste (eng. clean), odnosno neocistene
(eng. dirty) povrsine, jednagine (1)—6):
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Slika 1. Parcijalni prinos razlicitih procesa produkciji sekun-
darnih elektrona na katodi za praZnjenje u Ar za ciste povr-
Sine, prema modelu Phelps—Petrovi¢ [4].

Figure 1. Fractional contributions of various processes to
electron production at the cathode for Ar at breakdown for
clean surfaces, Phelps—Petrovi¢ model [4].

Monte Karlo tehnika

NaSe proratune smo izvrSili koriste¢i Monte Karlo
kod [6], sa presecima za sudare elektrona [5], atoma[7],
jona [8] i metastabilnih atoma [9] sa pozadinskim ga-
som. Nadlici 3 prikazani su preseci za sudare elektrona
i pozadinskog gasa.

DISKUSIJA REZULTATA

Prvi model prati jone u Monte Karlo kodu, iz koga
se izratunava njihov prinos sekundarnih elektrona. Fo-
toni su, kao $to je ranije pomenuto, praceni u posebnom
kodu. Sto se ti¢e metastabila, u ovom modelu je uzet
najjednostavniji slu¢gj. Ukupan broj nastalih metastabi-
la, ukljucujudi i deeksitaciju sa vidih stanja na metasta-
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bilno, podeljen je tako da je verovatno¢a da dodu na
katodu 50%, kao u dlu¢gju dve beskonacne planpara
lelne elektrode gde polovina ¢estica dospe ha jednu, a
polovina na drugu elektrodu. Grafici koji ovo ilustruju
dati su na slikama 4 i 5 za ocisene i neocistene povr-
Sine, redom.

Slika 2. Parcijalni prinos razlicitih procesa produkciji sekun-
darnih elektrona na katodi kod proboja u Ar za neociSéene
povrsine, prema modelu Phelps—Petrovic¢ [4].

Figure 2. Fractional contributions of various processes to
electron production at the cathode for Ar at breakdown for
dirty surfaces, Phelps—Petrovi¢ model [4].
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Slika 3. Graficki prikaz preseka za sudare elektrona i cestica
pozadinskog gasa [5].
Figure 3. Cross sections for electron-atom collision [5].

Drugi model prati jone i neutrale u Monte Karlo
kodu i direktno izratunava njihov prinos sekundarnih
elektrona. Fotoni su odradeni naisti natin kao i u pret-
hodnom slué¢aju. Metastabili su ovog puta takode uklju-
¢eni u Monte Karlo kod koji ih prati kao i druge ¢estice.
Produkcija metastabila je jedino iz direktnog pobudi-
vanja najedno od dva metastabilna stanja.



M.B. SAVIC, M. RADMILOVIC-RADENOVIC: MODELOVANJE PROBOJA U GASOVIMA...

Hem. ind. 64 (3) 171-175 (2010)

g 14

5 3

2

Q

[}

=

c

s 0,1—E

©

c

>

x

[}

2]

8

£ 001y —

£ 3 —m—joni N
—e— metastabili
—A— fotoni

1E-3 ey ——— ey ——

100 1000 10000

E/N [Td]

Slika 4. Prinos sekundarnih elektrona u funkciji E/N za razli-
cite tipove cestica, za ciste povrsine.

Figure 4. Secondary electron yield as a function of E/N for
different types of particles, clean surfaces.
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Slika 5. Prinos sekundarnih elektrona u funkciji E/N za razli-
cite tipove cestica, za neociScene povrsine.

Figure 5. Secondary electron yield as a function of E/N for
different types of particles, dirty surfaces.

Nestgjanje metastabila je uded ,kaljenja’ (quen-
ching-a) i pri prenosu koli¢ine kretanja (momentum
transfer-a). 1z koda belezimo broj metastabila koji su
udarili u katodu. Konag¢an prinos sekundarnih elektrona
od metastabila dobijamo mnoZenjem broja metastabila
koji su dosli do katode sa koeficijentom y = 0,02. Gra-
fici su dati na slikama 6 i 7 za ogi&ene i neocistene
povrsine, redom.

U narednom koraku ukljucili smo i refleksiju jona
od katode i anode. Koeficijent refleksije iznosi R = 0,5.
Rezultati dobijeni na ova nacin prikazani su na slikama
8 i 9 za ciste i neotiStene povrSine, redom. UKkljugi-
vanjem refleksije jona od katode i anode ocekivano je
da se poveta uticg jona na produkciju sekundarnih
elektrona. Uporedivanjem slika 6 i 8 mozemo zakljuditi
danavecim E/N, tj. manjim pritiscima, postoji blagi po-
rast prinosa sekundarnih elektrona od strane jona. Slicno
razmatranje vazi i u slu¢aju neogiscenih povrsina, sto se
ponovo zakljuguje posmatranjem slika 7 i 9. Sto se tice
metastabila, mozemo primetiti da je prinos sekundarnih

elektrona od ovog tipa ¢estica nesto manji nego u slu-
¢aju kada nema refleksije. Ovo moZzemo objasniti na
dedec¢i nxin: refleksija dovodi do povecanja broja su-
darai samim tim povecanja brojajona. Samim tim ima-
mo VviSe elektron-on sudara, tj. joni ,troSe" elektrone.
Kako znamo da metastabili nastgju direktnim pobudiva
njem elektrona na metastabilno stanje u sudarima elek-
tron—atom pozadinskog gasa, to i prethodno razmatranje
povlaci manji broj metastabila.
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Slika 6. Prinos sekundarnih elektrona u funkciji E/N za razli-
cite tipove cestica, za ciste povrsine.

Figure 6. Secondary electron yield as a function of E/N for
different types of particles, clean surfaces.
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Slika 7. Prinos sekundarnih elektrona u funkciji E/N za razli-
cite tipove cestica, za neocidéene povrsine.

Figure 7. Secondary electron yield as a function of E/N for
different types of particles, dirty surfaces.

Ukoliko uporedimo prikazane rezultate sa grafici-
ma koje su dali Phelps i Petrovi¢ [4] mozZzemo do¢i do
odredenih zakljucaka. Prvi model je (gde je preraspo-
dela metastabila na katodama 50%), kao $to se oceki-
valo, dao rezultate koji dosta odstupaju od analiticki
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predvidenog reSenja u pomenutom radu. Medutim, moZe
se ipak uogiti oc¢ekivani oblik krivih prinosa sekundar-
nih elektrona.
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Slika 8. Prinos sekundarnih elektrona u funkciji E/N za razli-
cite tipove cestica, za ciste povrsine.

Figure 8. Secondary electron yield as a function of E/N for
different types of particles, clean surfaces.
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Slika 9. Prinos sekundarnih elektrona u funkciji E/N za razli-
¢ite tipove cestica, za neociScene povrsine.
Figure 9. Secondary electron yield as a function of E/N for
different types of particles, dirty surfaces.

Drugi model (metastabili su ukljuceni u Monte Kar-
lo kod) znatgjno je boalji. Samim uklju¢ivanjem metasta-
bilau Monte Karlo kod o¢ekivali smo bolje daganje, &to
se i pokazalo opravdanim. Konkretno, kriva koja pred-
stavlja prinos sekundarnih elektrona od metastabila po-
kazuje dobro poklapanje u regionu srednjih E/N. Nama-
njim E/N, tj. ve¢im pritiscima, model joS uvek nije do-
bar, mada za ocis¢ene povrSine postoji odredeni pad
koji sei ocekuje.

Kao dodatak, prikazan jei ducg kada je ukljucena
refleksijajona od elektroda. Dobijeni su rezultati koji su
i o¢ekivani u slucgju povetanjabrojajonau praznjenju.

Na osnovu prikazanih rezultata moZzemo uogiti, u
skladu sa o¢ekivanjima, da na malim vrednostima E/N
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fotoni dominirgju u proizvodnji sekundarnih elektrona,
dok je, na visokim vrednostima E/N, najveci doprinos
neutrala. Za srednje vrednosti redukovanog elektri¢nog
polja, ne sme se zanemariti doprinos jonai metastabilau
generisanju sekundarnih elektrona.

Uspeli smo da dobijemo zadovoljavagjuce slaganje
sa andlitickim rezultatima iz rada Phelps i Petrovié¢ [4].
Bez obzira na prikazane rezultate, postoji joS dosta pros-
tora za usavrSavanje modela. Ono na ¢emu treba raditi
je pre svega model metastabila. U sadadnji model uklju-
¢ena je samo produkcija metastabila direktnim pobudi-
vanjem na metastabilno stanje i u sudarima brzi neutral-
-pozadinski gas. Neophodno je ukljuciti u Monte Karlo
kod joSi kaskade, tj. relaksiranje pobudenih stanja argo-
na na metastabilna stanja kao joS jedan proces produk-
cije metastabila

Na ¢emu jos treba raditi jeste i model fotona. Ideja
jedasei fotoni uklju¢e u Monte Karlo kod kao zaseban
tip ¢esticai da se kao takvi prate tokom praznjenja.

ZAKLJUCAK

U ovom radu ucinjeni su pocetni koraci ka dobi-
janju modela koji ¢e omoguditi izratunavanje parcijal-
nih prinosa sekundarnih elektrona za pojedinatne tipove
cestica, koris¢enjem Monte Karlo koda, kqji je razvijen
u Laboratoriji za gasnu elektroniku Instituta za fiziku u
Zemunu. Ovaj model je dovoljan za vige vrednosti E/N
dok se za niZe vrednosti mora joS razviti model trans-
porta fotona i formiranja molekularne emisije, a gene-
ralno se model tretiranja metastabila mora donekle po-
boljSati.
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SUMMARY

GAS DISCHARGES MODELING BY MONTE CARLO TECHNIQUE
Marija Savi¢, Marija Radmilovi¢-Radenovié

Institute of Physics Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
(Scientific paper)

The basic assumption of the Townsend theory — that ions produce secon-
dary electrons—isvalid only in avery narrow range of the reduced electric
field E/N. In accordance with the revised Townsend theory that was sug-
gested by Phelps and Petrovi¢, secondary electrons are produced in colli-
sions of ions, fast neutrals, metastable atoms or photons with the cathode,
or in gas phase ionizations by fast neutrals. In this paper we tried to build
up a Monte Carlo code that can be used to calculate secondary electron
yields for different types of particles. The obtained results are in good ag-
reement with the analytical results of Phelps and. Petrovi¢ (Plasma Sour-
ces Sci. Technol. 8 (1999) R1).

Klju¢ne reci: Sekundarnaemisijaele-
ktrona e Mode Phelps—Petrovi¢ e
Monte Karlo kod

Key words. Secondary €lectron emis-
sion e Phelps—Petrovi¢ model « Mon-
te Carlo code
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Breakdown Phenomena in Water Vapor Microdischarges

M. RADMILOVIC-RADJENOVIC, B. RADJENOVIC* AND M. SAVIC
Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia

The gas breakdown at the large gap sizes is reasonably well understood. However, the breakdown phenomenon
in microgaps is still not sufficiently explored. The high electric fields realized in small gaps combined with the
lowering of the potential barrier, seen by the electrons in the cathode as ion approaches lead to ion-enhanced field
emission leading to deviations from the standard Paschen law. In this paper, semi-empirical expressions for the
breakdown voltage based on the fitting of numerical solutions of the DC breakdown criteria in microdsicharges
have been derived. In the standard breakdown criteria the secondary emission coefficient that incorporates the
enhancement of the secondary electron emission has been included. The obtained expressions can be used for
determination the pressure and the gap dependence of the breakdown field strength in the water vapor, separately.

PACS numbers: 52.50.Qt, 52.65.Rr, 52.80.Pi

1. Introduction

In the past few decades the field of microdischarges
have become more common in everyday life. Microplas-
mas ecompase the adventages of low-pressure plasmas
with the advenatges of being micro [1-4|. Due to their
portability and the non-equilibrium character of the dis-
charges, microplasmas are finding application in many
research disciplines, from the optimizing the plasma
screens [5], localized silicon etching [6], tunable UV
source [7], gas spectroscopy [8, 9], spectroscopy of wa-
ter impurities [10], up to localized treatment of materi-
als and assembly of nanostructures [11]. On the other
hand, plasma-based microsystems can find application
in bio microelectromechanical system (bio-MEMS) steril-
ization, small-scale materials processing and microchem-
ical analysis systems [12]. However, integrability requires
not only a reduction in size, but also an understanding
of the physics governing the new small-scale discharges.

Making the gap small is the easiest way to obtain a big
force, which is restricted by the electric field of break-
down [13, 14]. It is necessary to be aware of the break-
down voltage in microgaps. When changing the size of
plasmas, there are scaling laws that are helpful in deter-
mining the operating parameters of various sizes of plas-
mas. The fact that microdischarges operate under con-
ditions, where boundary effects dominate, indicates the
importance of establishing scaling laws in a such small
gaps. The best way is perhaps to start from the low
pressure discharges and to employ the standard scaling
laws [15]. The motivation for our studies, resulting from
the fact that the electrical breakdown in microgaps oc-
curs at voltages far below the pure Paschen curve mini-

* corresponding author; e-mail: bradjeno@ipb.ac.rs

mum and that the modified Paschen curve should be used
instead for micron and sub-micron gaps [16]. Electrons
from the field emission are one of the possible reasons why
the breakdown and sparks occur in a vacuum, which of
course is not possible if one only considers the Townsend
avalanche mechanisms for the gas phase and the surface
ionization that are normally used to generate the Paschen
curve [17].

Microplasma can be generated in a wide range of the
pressure. In the large scale systems, the experimentally
observed Paschen law has been successfully explained by
the Townsend theory [18]. The Paschen’s law is based
on the observation that, over a large range of the pres-
sures and electrode separations, the probability of the
ionization per collision in the gas and the probability of
the production of electrons by ions by a secondary pro-
cess are both dependent on the average kinetic energy of
the electrons and ions and therefore on the reduced elec-
tric field E/N (the electric field E to the gas number ra-
tio N) [19]. The Townsend mechanism by which succes-
sive ionizations of the gas molecules induce the gas break-
down describes the process satisfactorily at large separa-
tions [20]. The significant parameter is pd (the product
of the gap distanced and the pressure P). Typically, the
Townsend’s mechanism (and by extension Paschen’s law)
applies at pd products less than 1000 Torr cm, or gaps
around a 1 cm at 1 atm [21].

The mechanism of the electrical breakdown is, how-
ever, completely different in microgaps [2, 3, 4, 14, 15].
A rapid fall of the breakdown voltage with decreasing
the gap size may be attributed to the onset of the ion-
-enhanced field emission in microgaps. Violations of the
similarity law take place for the left hand branch of the
curve, for such pd values where the electron mean free
path is comparable with the gap. When the electron
mean free path is comparable with the electrode sepa-

(752)
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ration the electrical breakdown is based on the cathode-
-induced breakdown model.

Water vapour in the atmosphere is the key trace gas
controlling weather and climate. It also plays a cen-
tral role in atmospheric chemistry, influencing the het-
erogeneous chemical reactions that destroy stratospheric
ozone. The effects of water vapour are large in the up-
per troposphere and lower stratosphere, but there are
few measurements of water vapour concentrations and
its long—term variation in this altitude only region. The
influence of water vapour on the breakdown voltage of
uniform field gaps has been investigated by Ritzl [22],
who was found that the breakdown voltage in air in-
creases by 2% for a change in the partial pressure of wa-
ter vapour. Letter on, some results indicated that the
presence of water vapour raised the breakdown voltage
by 2.7% above that of dry air [23]. Allen and Phillips [24]
investigated the effect of humidity on the spark break-
down voltage. Recently, measurements have been per-
formed for low-pressure breakdown in water vapor [25].

In this paper, high-pressure breakdown field strength
in water vapor has been theoretically studied [26]. The
expressions for the DC breakdown criteria including the
ion—enhanced secondary emission coefficient has been nu-
merically solved for water vapor in order to determine
the breakdown voltage versus the gap spacing and the
pressure, respectively. The results of this research can
be applied in the construction of compact pulse power
generators for bioelectric applications.

2. Semi—empirical expressions

Combining the expressions for the electron yield [13]:

y=Ke PP, (1)
and for the ionization coefficient [27]:

afp = Ae BP/E (2)
with the expression for the DC breakdown criteria:

(e —1) =1, (3)
we obtain the transcendental equation [28]:

Ke-D/E (eApde’Bp/E _ 1) —1, (4)

where the material dependent constant D can be calcu-
lated using the expression:

D =6.85x107¢2/8, (5)
knowing a field enhancement factor 8 and the work func-
tion of the metal ¢ expressed in eV. On the other hand,
from the experimental values of the slope of the log~y
versus 1/E, the values of D were also determined for
some materials, for example, aluminum, stainless steel
and conventional steel (as can be seen, from Table I
in Ref. [13]). In this paper we have used the value of
9.3 x 10® V/m that corresponds to the aluminum. Con-
trary, determination of the constant K that appears in
Egs. (1) and (4) may be quite difficult, especially if there
are additional complications due to electron attachment,
ionization by metastables, ect. [14]. In practice, the con-
stant K can be found from the ratio of the field emis-

sion current density to the positive ion current density
onto the cathode. A and B are gas dependent constants
that can be found elsewhere [27]. The expressions for the
breakdown field strength will be determined by solving
transcendental Eq. (4) numerically by using the package
Mathematica and then by fitting these solutions.

3. Results and discussion

For a fixed pressure, the transcendental Eq. (4) has
been numerically solved by varying the interelectrode dis-
tance d. The obtained numerical solutions for the break-
down field strength E against the gap size d are shown
in Fig. 1. These values can be fitted by a simple formula:

E=ad ' +bxd, (6)
where the fitting coefficients a, b and ¢, for the a few
pressures are listed in Table I.

Fig. 1. The breakdown field strength versus the gap
spacing for pressure in the range from 1 atm up to 4 atm.
The gap was varied between 0.5 ym up to 15 um.

TABLE I

Fitting coefficients for the Eq. (6) for various values
of the pressure.

Pressure [atm] a b c
1 —26.122 90.012 —0.281
2 —20.662 82.597 —0.267
3 —14.906 76.304 —0.228
4 —11.456 73.16 —0.196

As can be seen from Fig. 1, the breakdown field
strength defined as the ration of the breakdown voltage
and the gap size strongly depends on the interelectrode
separation. For gaps less than 5 pym, the breakdown phe-
nomena are attributed to the ion-enhanced field emis-
sion [14]. At large separations, however, processes in
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TABLE II

The Values of the fitting coefficients m
and n, for a few gap sizes, in Eq. (7).

Gap [pm] ‘ m ‘ n
0.5 90.188 —0.0442
85.898 —0.0456
83.266 —0.052
82.527 0.0574

the gas cause breakdown rather then secondary electron
emission.

In a similar way, for a fixed gap sizes, the transcen-
dental Eq. (4) has also been solved by varying the gas
pressure, in order to obtain the pressure dependence of
the electric field strength. Numerical solutions are pre-
sented in Fig. 2 and fitted by using expression:

E=m-p", (7)
with fitting coefficient m and n given in Table II.

Figure 2 clearly illustrates the weak dependence of the
breakdown field strength on the pressure, even for the
gaps of the order of a few micrometers. Such trend in
the curves presented in Fig. 2 can be explained by the
exponential dependence of the ion-enhanced field emis-
sion on the electric field and not on the pressure.
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Fig. 2. The breakdown field strength as a function of
the gas pressure for the gaps from 0.5 to 3 pm.

4. Conclusion

This paper contains theoretical studies of the break-
down field strength in the microgaps. Departures from
the large scale similarity laws are expected with the on-
set of field emission on such small gaps indicating that
Townsend mechanism is not sufficient to explain the
breakdown mechanism. The semi—empirical expressions

for the breakdown filed strength suggested here are based
on the fit of the numerical solutions of the breakdown cri-
teria including field emission effects in microgaps. The
new breakdown field curve obtained, when the field emis-
sions are accounted for, retains the right branch of the
conventional Paschen curve, i.e. field emissions can be
neglected in large gaps. The left branch, however, is sub-
stituted by a rapid decrease of the breakdown voltage
and increases in the breakdown field strength below the
minimum of the conventional Paschen curve. This reduc-
tion in the breakdown voltage is observed for gap sizes
smaller than 5 pum and is a direct consequence of the
onset of field emissions.

The results of our studies should be useful for de-
termining minimum ignition voltages in microplasma
sources as well as the maximum safe operating voltage
and critical dimensions in other microdevices.
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