HacraBuom Behy MHcTHTYyTa 32 dusuxy Beorpan
beorpap, 30.11.2020. roqune

IIpeamer:
Mon6a 3a nokperame nocrynka 3a u36op y 38arme Hay4HH CAPATHHK

C oG3upoM Ja ucrywaBaM KpUTEpHjyMe MPOIMKCaHe O CTpaHe MMHHCTAapCTBa IIPOCBETE,
HayKe M TEXHOJIOLIKOI pa3Boja 3a CTHUAKE 3Bamba HayuyHW capajHuk, MoauMm Hayuno Behie
HHcturyTa 3a $usuky y beorpany 1a mokpeHe noctynak 3a Moj u36op y HaBeCHO 3Babe.

Y npunory n1ocTaBjbam:

1. Munuberse pyKOBOAMOLA Ca MPEIOroM YiaHOBa KOMUCHje 32 360D Yy 3Bakbe

2. Ctpyuny 6uorpadujy

3. Ilpernen HayuyHe aKTHBHOCTH

4. EnleMeHTe 32 KBaIMTaTHBHY H KBAHTHTAaTHBHY OllEHY HAyYHOT JONPHHOCA Ca JOKa3uMa
5. Cnucak 06jaB/beHUX HAYYHHX PaJioBa M BUXOBE KOMHje

6. Ilonatke o UUTUPAHOCTH

7. YBepemwe 0 0n0pambeH0j JOKTOPCKOj AUCEPTALU]U
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HacraBnom Behy MHcTHTyTa 32 usnky Beorpan
Bbeorpan, 30.11.2020. rogune

Ipeamer:
Muuuben-e pykosoauouna Ilentpa o u36opy ap Jeaene Mapjanosuh y 38ame Hayunn
capagHUK

Jenena Mapjanosuh je 3anocnena y JlaGopaTopHju 3a HEPaBHOTEKHE MPOLECE U MPUMEHY
nnasme (panuje JlaGopaTopuja 3a racHy eNEKTPOHHKY) MOA PYKOBOACTBOM ap I'opaaHe
Masosuh y oxBupy HaupoHanHOr LEHTpa M3y3eTHHX BPEJHOCTH 3a HEPABHOTEXHE MPOLIECE
Huctutyta 3a ¢usuxy y beorpany. Jemema MapjaHoBuh ce GaBH eKCHEpPUMEHTATHUM
MCTPaXXMBameM NMpo0oja ¥ KaPaKTEPUCTHKA HEPABHOTEIKHHUX NPaXKhebha Ha HUCKOM TPUTHCKY
y napama teyHocTd. Konerunna Mapjanosuh je ayTop 1 KoayTop YeTHpH HaydHa paja Koja
cy o6jaBJbeHa y MehyHapoHMM Yaconucuma kateropuja M21a, M21, M22 u M23. Pesyntatu
HEHUX UCTPAXHBakbha Cy NPE3CHTOBAHM Ha BENUKOM Opojy MehyHaponHux KoHdepeHuH)a.
buna je koaytop Beher 6poja npenasama no nosusy (19) u Beher Gpoja pagoBa WTaAMNAHKX y
uzBoay (20) u uenunu (12).

C ob3upom ja ucnywasa cBe npejasuheHe ycioBe y ckiany ca [IpaBHIHHKOM O MOCTYIIKY,
HauMHy BpeIHOBarba W KBAHTUTATUBHOM HCKAa3MBalky HAYyYHOUCTPAKUBAYKHX pe3yjrara
ucrpaxusaya MITHTP, carnacHa cam ca mokperameM mnoctynka 3a usbop ap JeneHe
MapjaHoBuh y 3Batbe Hay4HH capaJHHUK.

3a cactaB KomucHje 3a u36op ap Jenene MapjanoBuh y 3Barbe HAyYHH CapagHMK MPELTaKEM:

1) np Mparany Mapuh, nayuHor caBeTHuka MHcTUTYTa 33 Qusmky y Beorpany

2) np Hukony Illxopa, Buier HayyHor capaasika MHctuTyTa 33 husnky y Beorpany

3) np l'opnany Manosuh, HayuHor caBeTHnka MHcTHTYTa 3a Qu3KKy y Beorpaay

4) npo¢. np Cphana Byksuha, penrosHor npodecopa Ousnukor dakynreta YHUBEP3UTETA Y
beorpany

PyxoBoaunau Jlabopatopuje 3a
HEPaBHOTEXHE MpOLECce U anM7-xy njaa3me
) .

Hp 'opnana Manosuh, Hay4HH caBETHUK




Bbuorpagmuja np Jenrene Mapjanosuh

Jenena Mapjanosuh (pohena Cusomr) je pohena 23.01.1983. rogune y Kpymesiry.

Ousnuku daxkynrer YHuep3urera y beorpany — cmep Ilpumemena ¢pusuka u mHPOpMaTUKa je
yrucana mkoicke 2002/2003. roauHe 1 3aBpIiuiia ca mpocedyHoM orieHoM 8,34. Jlummomupana je
29.12.2010. rogune ca temoMm ,,IIpo00j M CTPyjHO—HAIIOHCKE KapaKTEPUCTHUKE MPAKIEHA Y
BoJieHO] mapu” ca orieHoM 10 o menTopcTBoM Jip Jparane Mapuh.

JlokTopcke cryamje Ha DusznukoM dakylaTeTry YHuUBep3utrera y beorpany — cmep ®dwusuka
joHU30BaHOr raca u 1azme ynucana je 2011. rogune. [lomoxuna je cBe M300OpHE HCIUTE ca
npoceyHoM orenom 10,00. Ilpemmor Tteme je ycnemHo oxOpanuia mpen Komerujymom
JOKTOPCKUX cTyauja Ha Pusnmukom dakynrery 27.06.2018. rogune, a Ha cemuuim HactaBHO—
Hayyaor Beha ®usmukor dakynrera onpxkanoj 21.11.2018. rommne ycBojen je W3Bemiraj
Komucuje 3a olieHy HCITyH€HOCTH YCJIOBA U ONIPaBAAHOCT MPEJIOKEHE TEME 3a U3PaTy JOKTOPCKE
aucepTaiyje nog MeHTopctBoM ap parane Mapuh nayuynor caBetHuka y UHCTUTYTY 3a (QU3HKY.
JIOKTOpCKy AucepTaiujy moja Ha3uBoM ,, [Ipo6oj u ocobune HepaBHOoTexHHX DC mpaxkmema Ha
HHMCKOM IIPUTHCKY y Hapama TeuyHocTH oadpanmna je 27.11.2020. rogune na ®dusmukom

dakynrery y beorpany.

Jenena Mapjanosuh je y pagnom oxnocy ox 1.01.2011. roguae y UHCTHUTYTY 32 QHU3UKY Y
beorpany y JlabopaTopuju 3a racHy eneKTpoHUKY (cana Jlaboparopuja 3a HepaBHOTEXHE MTPOIIeCe
U IPUMEHY IU1a3Me) o pyKoBoAcTBOM mpod. p 3opana Jb. Ilerposuha. Ha ceaqauuum Hay4nor
Beha MHctutyra 3a ¢usuky oxapkanoj 23.09.2014. rogune mzabpaHa je y 3Bame HCTpaKuBay
capaJHUK, a peu3abpaHa y UCTO 3Bame Ha ceaHui Hayunor Beha MuctutyTa 3a (usuky
onpxanoj 18.07.2017. ronune.

AyTOop ¥ KOoayTop je 4eTHpU HaydyHa paja Koja cy o0jaBjbeHa y MelyHapoJHUM dYacomucuma
kareropuja M21la, M21, M22 u M23. Pe3yntaTu HBeHUX UCTPaXKHBama Cy NMPE3EHTOBAHH Ha
BEIMKOM Opojy MehyHapoaHux KoHpepeHLHMja y BUIY IpenaBama 1o no3uny (19) u panosa
mramnanux y u3Boay (20) u y nenunu (12).



Ilpersen nayune akrusHocTH aAp Jeaene Mapjanosuh

Kanmunar Jenmena MapjanoBuh ce 0aBu uCTpakMBamHUMa Koja crmanajy y obrmact Qusuke
JOHU30BaHUX racoBa W 1asmu y Jlaboparopuju 3a HEpaBHOTEKHE MPOIECe U MPUMEHY IIa3Me
o pykoBojcTBoM Ap ['opaane Manosuh (panuje Jlaboparopuja 3a racHy €IeKTPOHUKY KOjy je
Boano akagemuk 3opan Jb. [lerpoBuh) y MuacTuTyTY 32 Qusuky y beorpany. ['maBHa temarnka
EHOT Pajia JecTe eKCrepuMeHTanHo uctpaxubame DC mpoboja nu HepaBHOTEKHOT MPAKIHEHA HA
HUCKOM NPHUTHCKY y mapama TedHocTH. DoKyc pasia je Ha mpoydaBamy €JIEMEHTapHUX Tpolieca,
BUXO0BE KUHETHUKE U (DEHOMEHOJI0TH]e TTpo00ja U Pa3IuIUTHX PEKUMa MPAKIBEHa KOje je 10 caaa
00yXBaTHJIO BOJICHY IIapy ¥ TIape aIKOXoJja: MeTaHoJIa, €TaHoJIa, H30Iponanosia u Oyranona. [{um
OBOT pajia je na ce obe30eze moaaly HEOMXOJHHU 3a pazyMeBame mpoleca Koju oapehyjy npoooj
1 0COOMHE PAXKHEHha Y TapaMa ¥ TSYHOCTUMA KOje Ce KOPUCTE Y MHOTOOPOJHUM MpUMEHama — y
MEIUIIMHYI, HAHOTEXHOJIOTHjH, 00pa i U CHHTE3U MaTepHjajia, 3allITUTH )KUBOTHE CPE/IMHE.

HcTtpaxxuBauky pajx U Hay4HH pe3yJITaTH Koje je 10 caaa ocTBapuia aAp Jenena MapjaHoBuh cy
00e30e1miIi OCHOBY 3a ONKCHBame Mpo0oja y mapamMa TEYHOCTH U OMOTYNMIIM MOCTaBJbambe
enementapuux benchmark recroBa, npe npesnacka Ha MOJEIOBamke MPOO0ja U MPAKICHA U3HA]
TE€YHOCTH, Y MeXypuhuma y TeYHOCTH U AUPEKTHO Y TEUHOCTH.

[IpBu KOpak y BEHOM paay je Oumo nma moctojehw excriepuMeHTanHu ypehaj Hajgorpamu u
MIPUJIArOU Pajy ca mapama OpraHucKux TeuHocTd. [Ipu Tome cy mape opraHnckux TEYHOCTH, Kao
ITO Cy UCTPAKMBAHU AJTKOXOJIH, IPeCcTaBIbase Moce0aH N3a30B y paay Ha HUCKMM MPUTHCLIMMA,
300r GopmMHpama yribOBOJOHUYHHUX HeurcToha (monuMepHux guimoBa u npamune). [p Jenena
MapjanoBuh je ycmemHo HpuiIarojuia eKCIepuMeHTalIHU ypehaj u mpoueaype mpuripeMe U
TeCTUpama CUCTEMA, IITO je 00e30€I1MI0 HEOITXOIHY TTOY3/IaHOCT U PEMPOIYIIHOMIIHOCT MEPEHa.
3axBasbyjyhu Tome, pe3ysiTaTé BeHUX UCTPaKMBamba Cy MHKOPIIOpUPaHH U Y 0a3y pedepeHTHUX
mojiaTaka 3a mMpo0o0j W HEPABHOTEKHA NMPaKIEmha IEHTPa M3Y3eTHHX BPETHOCTH ,,lleHTap 3a
HEpaBHOTEXHE Mpoliece”, Koju je Beh Ayrm HU3 TOAMHA IMO3HAT Kao HAJIOYy3AaHU]U H3BOP
rojaTaka 3a eneKTpuyHu po0oj. Jleo oBux pesynTara je 1 00jaBJbEH Y IPETICIHOM pasy:

e Gas breakdown and secondary electron yields, D. Mari¢, M. Savi¢, J. Sivos$, N. Skoro, M.
Radmilovi¢-Radjenovi¢, G. Malovi¢ and Z. Lj. Petrovi¢, European Physical Journal D, 68 (6)
(2014) 155 (7pp).

Mepewa npobojuux HamoHa (IlameHOBHMX KpHBHUX), JOHH3ALMOHMX KOe(HIIMjeHaTa, MpUHOCA
CEKYHJIAapHUX €JIEKTPOHA, CIEKTPAIHO Pa3I0’KEHA CHUMama IPOCTOPHE CTPYKTYpPE NMPaKmbema,
BPEMEHCKU pa3jioKeHa CHUMama (opMHpama W pa3Boja Npaxmbemha M CHUMama CTPYjHO—
HAaIOHCKHUX KapaKTepHUCTUKA 00e30eI1I0 je moJaTKe 3a:



1) bopmupame 6a3a 3a MoJIeIOBamke MPodoja y mapamMa TEeYHOCTH, KOHKPETHO Y BOJEHO] Mapu U
rapama rope moMeHyTHUX alKoXoJa u

2) HOpMHpame CeTOBa IojaTaka 3a CyJapHe mnpeceke (eHr. CrosS Sections) um 3a mpopauyH
TPAHCIOPTHUX Koe(UIlMjeHaTa eJeKTpoHa, MO3UTUBHUX U HETaTUBHUX JOHA U Op3UX HEyTpaja y
WCIUTHBAaHUM Iapama.

OpuruHanHu JONPUHOCH Hay4YHE aKTUBHOCTU JAp Jenene MapjanoBuh cy crneaehu:

e V ciydajy ajmKoxoJla METaHOJIa M €TaHOJIa M3MEPECHU jJOHHM3AIMOHH KOC(HIIMjEHTH CY
npomvpuian uHTepBan Beh mocTojehux pesynrara y auTeparypu, JOK Cy Yy Clydajy
M30TpoIIaHoiia U OyTaHoIIa, 110 HALlIeM ca3Hamby, OBO IIPBa MEPEHa T€ BPCTE.

e Ogpehen je mprHOC CEKyHIApHHUX EIIEKTPOHA Yy Tapama ajkoxoJjia 3a Koje J0 cajia HHje
OWIIO MmojaTaka y JIOCTYITHO]j JINTEPATYPH.

e 'V ciydajy BOJICHE Iape, 3aroveT je pajl Ha mpoydaBamy yTullaja GopMuparma Karbulila Ha
po6oj u oapehena cy BpemeHa npeneTa joHa u ApudT Op3uHE, 0 KOjuMa UMa BPJIO MaJIo
noJlaTaka y JIMTEpaTypd M KOjU YIJIABHOM JIeKE Ha BpJIO HUCKAM BPEIHOCTHMA
PEIyKOBaHOT eleKTpu4YHOT 1mosba E/N.

Pesynratu 0oBUX HCTpaKMBama Cy JI0 cala 00jaBJbeHH y TPHU pajaa y MehyHapoaHUM HaydHHM
YyacomnmucuMa, y KojuMa je KoJiernHulla MapjaHoBuh TpBU ayTop, ca KJbYYHHM JIOTIPUHOCOM Y
pea3anuju:

e Breakdown and dc discharge in low-pressure water vapour, J. Sivo§, N. Skoro, D. Marié, G.
Malovi¢ and Z. Lj. Petrovié¢, Journal of Physics D: Applied Physics, 48 (42) (2015) 424011 (9pp)

e DC discharge in low-pressure ethanol vapour , J. Sives, D. Mari¢, N. Skoro, G. Malovi¢ and Z. Lj.
Petrovi¢, Plasma Sources Sci. Technol., 28 (2019) 055011 (8pp)

o Low-pressure DC breakdown in alcohol vapours, J. Sive§, D. Mari¢, G. Malovi¢, and Z. L.
Petrovi¢, European Physical Journal D, 74, (2020) 64 (10 pp)

Tpeba ucrahu na je cnenuduuHOCT KOpUITheHe eKCIIepUMEHTaTHE TEXHUKE, Y OHOCY Ha TUITHYHE
eKCIIEpUMEHTE ca pojeBHMa JOCTyIHE y JApyruMm Jjaboparopujama, y ToMe MTO oMoryhasa
HOpMHpame U BepuUKaIH]y Mpeceka y 00sacTi Behux BpeJHOCTH PEIyKOBAHOT €IEKTPUYHOT
nosea E/N (~ KTd) xoje cy Hajuennhe 3acTymbeHe y npakTH4HUM npuMeHama. [logamu no0ujenn
y JIOCAJallllbUM MEpeHhHMa Yy MPaXmbelhUMa y MapaMa TeYHOCTH MpPEeNCTaB/bajy M OCHOBY 3a
Oynyhu pax y OKBUPY KOT OM C€ MPUMEHUIHN y HCTPAXKHUBAKHY U MOJCIOBAKY KOMIUIEKCHH]HX
cucTemMa kao mro cy obnact (eHr. Interface) mamely racoBute u Teune ase u cama TEUHOCT.



EjeMeHTH 32 KBAJIUTATHUBHY OLlEeHY HAYYHOT JonpuHoca ap Jejene Mapjanosuh

1. KBasmurer Hay4HHUX pe3yJTara

1.1 3nauaj nayunux pezyimama

Jp Jenena MapjaHoBuh ce y TOKY TocaJanimer paja 0aBuiia eKCepUMEHTATHHM UCTPAKUBABEM
DC mpo6oja 1 HEpaBHOTEKHOT MPaXHEHa HA HUCKOM HPUTHCKY y THapama TE€4YHOCTH, TAE je
noceOHa MaXmka YCMEpeHa Ha MPOyYaBame EJNEMEHTApHUX IPOIeca, HHUXOBE KHHETHKE H
¢deHoMeHoOrMje Mpo0oOja M PA3IUUUTHUX PEKHMa HEPABHOTEKHOT Mpaxmema. Ypahena je
npoBepa u npuiaroheme mocrojehnx eKcrepuMeHTaHuX TeXHUKA pajay ca rmapaMa TeYHOCTH, a
noce0OHa MaXkmwa je nocsehena KoHTponu uncrohe mape, paay Ha CTAOMITHOM HMPUTUCKY, JOOUjamby
MOY3JaHUX M PENpPONYyHUOMIHUX pe3y/iTaTa, CHUMAamy CIHEKTPAIHO Pa3JIOkKEHE IMPOCTOPHE
CTPYKType TMpaXiemha W OCTBApHBAKY BHCOKMX NPUTHCAKA pajd NpOyvaBama yTUIAja
(bopmupama Karspuila Ha Mpo0oj y napu TeYHOCTH. M IeHTH(UKOBAHU Cy JOMUHAHTHU MIPOIECH Y
po0ojy U Mpaxmkemhy, KA0 M BPCTE YECTUIIA KOje MMajy 3HAYAjHY YJIOTY Y OBHUM IPOIICCHMA.
CrpoBenieHa cy JeTaJbHa MEPeHha, KAKO y CIA00CTPYjHO] 00JIACTH, TaKO M Ha JaKUM CTpyjama, y
nmapamMa METaHoJIa, €TaHoJa, WU30IpoNanoyia u OyraHoja, Koja Cy Jana MoJaTKe HEONXOJHE 3a
omoryhaBame mocraBibaba benchmark tecroBa, mok je y ciydajy BoaeHe mape ypabhena
JeTaJbHHja aHajn3a KOjoM je MpOLIMpeH ceT moctojehux moparaka: Op3uHa ApudTa U Bpeme
npesiera joHa, ONTHYKM €MUCHUOHHU CIEKTPU M CIIEKTPATHO Pa3jioKEeHa MEpera, MPOCTOPHO—
BpPEMEHCKa aHaJIM3a pa3Boja aOHOPMAITHOT MPaKkekha KOjOM je TocMaTpaHa KMHETHKa Mporieca
KOjH JI0BOJIE 10 (hopMUpama KaTOJHOT [a/1a U 100ujeHa HHpOopMalrja 0 Y031 Pa3InuuTUX BpcTa
yecTHla (€JIeKTpOHa M TEMIKMX YeCTHIA) Y (OpMHUpamy aOHOPMAITHOT TNPaKIbEHa, YTHIA]
dbopmupama Karnspuila Ha 1mpo6oj. TokoMm paga Ha OBUM MPaXHEHUMA YOUEHU Cy U JIETaJbHO
npoy4yeHn (EHOMEHH Kao IITO Cy I0jaBa JBOCTPYKHX KOHCTPHKOBAHWX KaHAlA MPaXmkEma U
HarJjie IPOMEHE PeXHMa MPaXHEHha y 00JaCTH JaKUX CTPYja, KOJU TIPEACTaBIbajy 100Opy OCHOBY
Jla ce JIETaJbHUM MOJIEIOBamkeM 00jaCHU MpPOMEHA peXHMMa pajia MpaKibema Kao U OCOOUHE y
MOjeAMHUM PEeXKHMHUMA.

1.2 Ilapamempu keanumema uaconuca

Kangumar np Jenena MapjanoBuh je o6jaBuia ykymHoO 4 paga y Meh)yHapOoJIHUM 4acOTUCUMa U
TO:

e 1 paxy mMehyHnaponHoMm yaconucy n3y3etHux Bpeanoctu (M21a) Plasma Sources Science
and Technology (IF=4.220 SNIP= 1.632 (Bpexnoctu 3a 2019. roauny))

e 1 pang y BpxyHckoM MehynapomHom uacomucy (M21) Journal of Physics D: Applied
Physics (IF=3.170 SNIP=1.329 (Bpennoctu 3a 2015. ronuny))



e 1panywmehynapoanom uaconucy (M23) European Physical Journal D: Atomic, Molecular,
Optical and Plasma Physics (IF= 1.290 SNIP=0.725 (Bpexnoctu 3a 2019. ronuny))

e 1panywmehynapoanom uaconucy (M22) European Physical Journal D: Atomic, Molecular,
Optical and Plasma Physics (IF= 1.240 SNIP=0.712 (Bpexnoctu 3a 2014. ronuny))

VYkymnan uMmnakt ¢akrop 06jaBibeHuX panosa Ap Jenene Mapjanosuh uznocu 9.92.

JlonatHu OMONMOMETPUjCKH IOKa3aTe/bH IMpeMa YIIYICTBY O HAuMHYy IIHCama H3BEIITaja o
n300pHrMa y 3Bama Koje je yCBOjuo MaTH4HU HaydHHU 0A00p 3a GU3UKY CY:

No M CHUIT
YKymnHO 9.92 26 4.398
YcpenmeHo Mo YiaHKy 2.48 6.5 1.0995
YcpenmeHo mo ayTopy 1.9776 5.0643 0.87515

1.3. ITo3umuena yumupanocm HayuHux paooea KaHouoama

IIpema 6a3u Google Scholar Citations pagoBu ap Jenene MapjanoBuh cy mutupanu 59 (6e3
MTaTa Koayropa U ayronutata 45 nurata) myrta, a Xupuos unaekc je 3. Ilpema 6a3u Web of
Science panoBu np Jenene MapjanoBuh cy uutupanu 45 myra (6e3 nuTaTa Koayropa U ayTolurara
39 nurara). [Ipema oBoj 6a3u XupIoB HHIASKC KaHIUAaTa je 3.

1.4. Melhynapoona capaomwa

e 2013-2017 yuemhe y eBponckoj COST akmuju (European Cooperation in Science
and Technology): ,,TD1208 - Electrical discharges with liquids for future
applications”

e VYuenthe y mkonu oapxanoj y Jbyossanu y dpedpyapy 2014. rogune — Training School
in Ljubljana, Slovenia mox nasusom Chemistry initiated by electrical discharges with
liquids y oxBupy COST akiuje TD1208 Electrical discharges with liquids for future
applications

e Vuenhe y mkomu oapxaHnoj y beorpany y cenrem6py 2016. romgure — 3" Training
School: Advanced Diagnostics of Discharges with Liquids and Plasma Treated Liquid
Phase y okeupy COST akuuje TD1208 Electrical discharges with liquids for future
applications



1.5. Ocmanu nokaszamenu ycnexay Hay4Hom paoy

Hp Jenena MapjanoBuh je oaprkana mpeaaBame, y OKBUPY CEKIIM]je YCMEHUX MPE3CHTAIH]a, MO/
Ha3uBoM ,,DC breakdown in vapours of liquids” (Oral sessions) na melhynapoaHoj koHdepeHIHju
42" |EEE International Conference On Plasma Science (ICOPS 2015) oapxasoj ox 24. 1o 28.
Mmaja 2015. ronune y beneky, Antanuja, Typcka.

Jlp Jenena Mapjanosuh je oapskaina npenasame (Oral contributions), y okBupy cekiidje yCMEHUX
mpe3eHTaluja, moja HasuBoM ,,Discharges in Alcohol Vapours at Low Pressures” na mel)yHapoiHoj
xondepenmuju 22" International Conference on Gas Discharges and Their Applications (GD
2018) oaprxkanoj ox 2. o 7. centem6pa 2018. roqune y HoBom Cany, CpoOuja.

Jp Jenena Mapjanosuh je oapxana npeaasame mo mo3uBy (Progress invited talk) moa Hasusom
,,Breakdown and characteristics of non—equilibrium low—pressure DC discharges in vapours of
liquids” ma Mehyrapoasoj kondepernmmju 30" Summer School and International Symposium on
the Physics of lonized Gases (SPI1G 2020) oapxanoj ox 24. 1o 28. aBrycra 2020. roaune y [lamy,
Cpbwuja.

2. Hopmupame 6poja KoayTOpCKHX pajoBa

Cau my0OnmkoBaHM pajoBu ap Jenene MapjanoBuh cnaiajy y pagoBe eKCIIepUMEHTAITHE IPUPOJIC.
[Ipema IlpaBWIHWMKY O TIOCTYNKY W HAauyMHY BpPEIHOBAamkA W KBAHTUTATHBHOM HCKa3HUBaMbY
HAYYHOUCTPAKMBAUYKMX pe3yliTaTa HUCTPaXHWBada y CJIy4ajy eKIepUMEHTAIHUX paloBa
npeasuheHo je 10 7 koayropa. YKynaH HeHopMHpaH Opoj 6o10Ba je 96.5, 1ok je HopMupan 6poj
M 60m0Ba 91.238 miTo je 3HaTHO BHIIIE Y OJTHOCY Ha 3axTeBaHUX 16 00/10Ba 3a U300p y HAYYHOT
capa/IHUKa.

3. Yuemthe Ha npojexktuma MITHTP Peny6auxe Cpouje

Hp Jenena MapjanoBuh je ydecTBoBaja Ha cienehum mpojekTuMa MUHHUCTapCTBa MPOCBETE,
HayKe M TeXHOJIOIIKOT pa3Boja:

2010—nanac: ,,®yHIaMEHTAIHU MPOLECH U NMPUMEHE TPAHCIOpPTAa YECTHLa y HEPABHOTEKHHUM
Tuia3Mama, TparoBuMa u HaHoctpykrypama“ (OM171037).

2010—nanac ,IlpuMeHe HHCKOTEMIEpaTypHUX IJIa3MH y OMOMEIMLIMHH, 3aIUTHTH YOBEKOBE
okonuHe u HaHoTexHonorujama* (MMN41011).



4. AKTHBHOCTH Y HAYYHHM ¥ HAYYHO-CTPYUYHHUM JAPYIITBUMA
4.1. Opzanu3zayuja Hay4nux cKynoea

Jlp Jenena Mapjanosuh je GuiIa y JTOKAIHOM OpPraHH3aI[MOHOM KOMHUTETY 3a KoH(pepeHmujy 27"
Summer School and International Symposium on the Physics of Ionized Gases, ox 26. g0 29.
asrycra 2014. rogune y beorpany, Cpowuja.

Jlp Jenena Mapjarnosuh je G¥a y JIOKaJTHOM OPraHM3alMOHOM KOMHTETY 3a KoH(pepeHIujy 22M
International Conference on Gas Discharges and Their Applications, ox 2. 5o 7. centrembpa 2018.
roquHe y HoBom Cany, Cpowja.

Jlp Jenena Mapjarnosuh je Guia y JIOKaJTHOM OPraHM3aIMOHOM KOMHTETY 3a KoHdepeHimjy 20
International Workshop on Low-Energy Positron and Positronium Physics and 21% International
Symposium on Electron-Molecule Collisions and Swarms, ox 18. g0 20. jyma 2019. romune y
beorpany, CpOuja.

5. YTunaj HayuyHux pesyJrara

YTunaj HaydHHX pe3yaTara ce orjiena y Opojy IUTara Koju Cy HaBelIeHW y Tadku 1.3. oBor
0JIeJbKa, a 3Ha4aj pe3yirara je onucan y tTauku 1. [IyH crmcak pajoBa v moJaiu 0 IHTHPAHOCTH
u3 SCOpus 6aze cy JaTH y IPUJIOTYy.

6. KoHkpeTaH JONPHHOC KAHAMIATA y peaau3alMju pagoBa y HAYYHHM LHEeHTPHUMA Y 3eM/bH
U HHOCTPAHCTBY

Kangunar je cBojy MCTpaKMBauKy W HaydyHY aKTHBHOCT peanu3oBasia y MHCTUTYTY 32 QU3HKY y
JlabopaTopuju 3a racHY €JIEKTPOHHKY MOJT PYKOBOACTBOM akaneMuka 3opana Jb. [Terposuha (cama
JIaGoparopuja 3a HEpaBHOTEKHE IpOIece W MPUMEHY IUIa3Me ToJ| PyKOBoJACTBOM Ap ['oprmane
Manosuh). Hben ponpuHoc ce oriena y eKCHEpUMEHTAIHMM MeEpemhHMa HEONXOTHUM 3a
KOMILIETHpame 0a3e ceToBa MmojaTaka 3a Mpo00j M HEpPaBHOTEXKHA MPaXHkEHa y TacoBHMA, a
noceOHo 3a Mpo0oj U Npaxmbema y napama TeYHOCTH. Jlana je KibydaH JONpUHOC y CBUM (a3ama
peanu3aliyje paJoBa Ha KOjuMa je MOTIHCcaHa Kao MPBU ayTop — Y eKCIIEPUMEHTATHUM MepemhHUMa,
o0pajy, aHANM3W W WHTEPIPETAlMjH pe3yiaTara, Kao M y TMUcakby HAYyYHHX pajoBa H
KOMYHHUKAIMjH ca YPETHUIIMMA U PEIICH3eHTUMA YacoTIHca.



EneMmeHTH 32 KBAHTUTATUBHY OIl€eHY HAYYHOT JonpuHoca ap Jejene Mapjanosuh

OctBapenu M—0010BH 110 KaTeropvjama nyoaukamnuja

Kareropuja M-60o10Ba no Bpoj YKynHo Hopmupanu 6poj
nyoaMKauuju nyoaukanmja M-00o10Ba M-0ox0Ba

M21a 10 1 10 10
M21 8 1 8 8
M22 5 1 5 5
M23 3 1 3 3
M31 3.5 7 24.5 21.333
M32 1.5 12 18 14.405
M33 1 12 12 12
M34 0.5 20 10 10
M70 6 1 6 6

*Hopmupame je ypaheno y cknany ca [Ipumorom 1 IIpaBunHuka.

Tlopeheme ocTtBapenor Opoja M—0010Ba ca MUHMMAJIHUM VCIOBAMA ITOTPEOHNUM 32 M300p V 3BaIbE

Hay4dHOTI capaJHHUKa

IHoTpedHo OcTBapeno OcTBapeno
(HopMupaHo*)
YKynHo 16 96.5 91.238
M10+M20+M31+M32+M33+M41+M42 10 80.5 73.738
M11+M12+M21+M22+M23 6 26 26

*Hopmupasse je ypaheno y ckiany ca ITpunorom 1 IpaBuiHuka.




Cnucak pagosa ap Jesene (Cuom) Mapjanosuh

Pan y mehynapoaanm yaconucuma uzy3eTHux Bpeanoctu (M21a):

1.Jelena Sivos, Dragana Mari¢, Nikola Skoro, Gordana Malovi¢ and Zoran Lj Petrovi¢
DC discharge in low-pressure ethanol vapour

Plasma Sources Sci. Technol., 28, 055011 (8pp), 2019, IOP Publishing Ltd

ISSN: 0963-0252, doi: 10.1088/1361-6595/ab0952

IF: 4.220

Bbpoj xereporurara: 1

Pan y BpxyHckum MehyHapoanum yaconucuma (M21):

1.Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj Petrovié
Breakdown and dc discharge in low-pressure water vapour

Journal of Physics D: Applied Physics, 48 (42), 424011 (9pp), 2015, 10P Publishing Ltd
ISSN 0022-3727, doi: 10.1088/0022-3727/48/42/424011

IF: 3.170

Bbpoj xereporurara: 6

Pan y ucraknyrum mehyHapoanum yaconucuma (M22):

1.Dragana Mari¢, Marija Savi¢, Jelena Sivo$, Nikola Skoro, Marija Radmilovié-Radjenovié,
Gordana Malovi¢, and Zoran Lj. Petrovi¢

Gas breakdown and secondary electron yields

European Physical Journal D, 68 (6), 155 (7pp), 2014, Springer-Verlag

ISSN 1434-6060, doi: 10.1140/epjd/e2014-50090-x

IF: 1.240

Bpoj xereporurara: 33

Pan y mel)ynapoanum yaconucuma (M23):

1.Jelena Sives, Dragana Mari¢, Gordana Malovi¢, and Zoran Lj. Petrovic¢
Low-pressure DC breakdown in alcohol vapours

European Physical Journal D, 74, 64 (10pp), 2020, Springer-Verlag

ISSN 1434-6079, doi: 10.1140/epjd/e2020-100540-3

IF: 1.290

bpoj xereporurara: 1

IIpenaBame mo no3uBy ca Meh)yHapoaHor ckyna mraMnasno y ueauau M31

1. Zoran Lj Petrovi¢, Jelena Sivo§, Marija Savi¢, Nikola Skoro, Marija Radmilovié¢ Radenovi¢,
Gordana Malovi¢, Sasa Goci¢ and Dragana Mari¢

New phenomenology of gas breakdown in DC and RF fields
18" International Summer School on Vacuum, Electron and lon Technologies


http://iopscience.iop.org/journal/0022-3727

Journal of Physics: Conference Series 514 (2014) 012043 (9pp)
Published by: IOP Publishing
ISSN 1742-6588, doi:10.1088/1742-6596/514/1/012043

2. Zoran Lj. Petrovi¢, Nevena Puac, Dragana Mari¢, Dejan Maleti¢, Kosta Spasi¢, Nikola Skoro,
Jelena Sivos, Sasa Lazovi¢ and Gordana Malovié¢

Development of Biomedical Applications of Nonequilibrium Plasmas and Possibilities for
Atmospheric Pressure Nanotechnology Applications

28" International Conference On Microelectronics (MIEL)

PROC. 28" International Conference On Microelectronics (2012) 31-38

Published by: Electron Devices Society of the Institute of Electrical and Electronics Engineers,
INC & IEEE, 345 E 47TH ST, NEW YORK, NY 10017 USA

ISBN 978-1-4673-0238-8, ISSN: 2159-1660, doi: 10.1109/MIEL.2012.6222791

3. Zoran Lj. Petrovi¢, Vladimir Stojanovi¢, Nikola Skoro, Zeljka Nikitovi¢, Gordana Malovié,
Jelena Sivos§ and Dragana Mari¢

Development of Fast Neutral Etching for Integrated Circuits and Nanotechnologies Fast Neutrals
in Gas

29" International Conference on Microelectronics (MIEL)

PROC. 29" International Conference on Microelectronics (2014) 17-24

Published by: IEEE, 345 E 47TH ST, NEW YORK, NY 10017 USA

ISBN: 978-1-4799-5296-0, ISSN: 2159-1660, doi: 10.1109/MIEL.2014.6842079

4. Zoran Lj. Petrovi¢, Jelena Sivos, Konstantin Karajovié¢, Gordana Malovi¢ and Dragana Marié¢
Electrical breakdown in water vapor and ethanol

69" luvsta Workshop On Oxidation Of Organic Materials By Excited Radicals Created In
Nonequilibrium Gaseous Plasma

December 9-13,2012, Crklje na Gorenjeskem, Slovenia, p. 55-58

Published by: Siovenian Society for Vacuum Technique (DVTS Drustvo za vakuumsko tehniko
Siovenije), Teslova 30, SI-1000 Ljubljana, Slovenia)

5. Dragana Mari¢, Jelena Sivo§, Nikola Skoro, Gordana Malovié, Thomas Kuschel, Ilija
Stefanovi¢, Joerg Winter and Zoran Lj. Petrovi¢

Breakdown and Discharge Development in Various Gases and Electrode Configurations

19" Symposium on Application of Plasma Processes Workshop on lon Mobility Spectrometry
January, 26-31, 2013, Vréatna, Slovakia, p. 33-41

Published by: Department of Experimental Physics, Faculty of Mathematics, Physics and
Informatics, Comenius University in Bratislava (Slovakia); Society for Plasma Research and
Applications in cooperation with Library and Publishing Centre CU, Bratislava, Slovakia

6. Dragana Mari¢, Jelena Sivos, Nikola Skoro, Vladimir Stojanovi¢, Srdan Marjanovi¢, Ana
Bankovi¢, Sasa Dujko, Gordana Malovi¢ and Zoran Petrovi¢

Atomic and Molecular Processes of Interest for Modeling of Discharges in Liquids

6™ Conference on Elementary Processes in Atomic Systems (CEPAS)

July, 9-12, 2014, Bratislava, Slovakia, p.121-122

ISBN 978-80-8147-021-9

7. Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢
Discharges in alcohol vapours at low pressures


https://doi.org/10.1109/MIEL.2012.6222791

22" International Conference on Gas Discharges and their Applications (GD)

September 2-7, 2018, Novi Sad, Serbia, p. 327-330

Published by: Serbian Academy of Sciences and Arts, Kneza Mihaila 35, Belgrade, Serbia
ISBN:978-86-7025-781-8

IIpenaBame 1mo no3uBy ca Mel)yHapoaHOr CKyna IITaAMIIaHO y u3Boay M32

1. Zoran Lj. Petrovi¢, Dragana Marié, Nikola Skoro, Marija Savié, Jelena Sive§, Marija
Radmilovi¢ Radenovié¢, Milovan Suvakov and Gordana Malovic¢

New phenomenology in description of Townsend discharges and gas breakdown: from standard
size to micro discharges

The 4™ International Conference on PLAsma-Nano Technology & Science (IC-PLANTS)

March, 10-12, 2011, Gifu, Japan, 1-07

Published by: Plasma Nanotechnology Research Center

2. Jelena Sivo§, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢

Electrical breakdown in low-pressure ethanol vapour

16™ International Conference on Plasma Physics and Applications

June, 20-25, 2013, Magurele-Bucharest, Romania, p. 018-50

Published by: INFLPR, Str. Atomistilor, Nr. 409, Magurele, Bucharest, Romania, Eds. B. Mitu and
G. Dinescu

ISSN 2344-0481

3. Zoran Lj. Petrovi¢, Sasa Dujko, Jasmina Miri¢, Danko Bosnjakovi¢, Ana Bankovi¢, Srdan
Marjanovi¢, Dragana Marié¢, Jelena Sivos, Nikola Skoro, Marija Savi¢, Olivera Sasi¢ and Gordana
Malovi¢

Cross Sections for Scattering of Electrons and Positrons in Modeling of lonized Gases and Non-
Equilibrium Plasmas

International Symposium on Non-equilibrium Plasma and Complex-System Sciences (IS-NPCS)
February, 26-28, 2014, Icho Kaikan, Osaka University, Osaka, Japan, 106

4. Jelena Sivos, Dragana Mari¢, Nikola Skoro, Gordana Malovié and Zoran Lj Petrovi¢

DC Breakdown in Vapours of Liquids

42" |EEE International Conference on Plasma Science (ICOPS)

May, 24th- 28th, 2015, Belek, Antalya, Turkey, 4E-1 (1 pp)

Published by: Suleyman Demirel University, Isparta, Turkey, Sandia National Laboratories,
University of New Mexico, IEEE

5. Nikola Skoro, Dragana Mari¢, Vladimir Stojanovi¢, Jelena Sivo$, Gordana Malovié¢ and Zoran
Lj. Petrovi¢

Heavy-particle collisions in water vapour discharges at low pressures

23" Europhysics Conference on the Atomic and Molecular Physics of lonized Gases
(ESCAMPIG)

July, 12-16, 2016, Bratislava, Slovakia, p. 406-409

Published by: European Physical Society

ISBN: 979-10-96389-02-5



6. Nikola Skoro, Dragana Mari¢, Vladimir Stojanovi¢, Jelena Sivos, Gordana Malovi¢ and Zoran
Lj. Petrovi¢

Heavy-Particle Processes in Low-Pressure Water Vapour Discharge

28" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August 29-September 2, 2016, Belgrade, Serbia, p. 456

Published by: University of Belgrade, Faculty of Physics, Belgrade, Studentski trg 12, P. O. Box
44, 11000 Belgrade, Serbia

ISBN: 978-86-84539-14-6

7. Zoran Lj. Petrovi¢, Antonije Pordevi¢, Jana Petrovi¢, Jelena Sivoe§, Marija Savi¢, Gordana
Malovi¢ and Dragana Mari¢

RF Breakdown as a Swarm Experiment

82" JUVSTA Workshop

December 4-7. 2017, Bankoku Shinryokan, Okinawa, Japan, p. O-2

Published by: Osaka University, Japan

8. Dragana Mari¢, Jelena Sivo$, Nikola Skoro, Vladimir Stojanovi¢, Srdan Marjanovi¢, Ana
Bankovi¢, Sasa Dujko, Gordana Malovi¢ and Zoran Lj. Petrovié¢

Atomic and Molecular Processes of Interest for Modelling of Discharges in Liquids

Gordon Research Conference on Plasma Processing Science: Plasmas with Complex Interactions —
Exploiting the Non-Equilibrium

July 24-29. 2016, Proctor Academy in Andover NH, United States

9. Zoran Lj. Petrovi¢, Sasa Dujko, Dragana Mari¢, Gordana Malovi¢, Nevena Pua¢, Danko
Bosnjakovi¢, Olivera Sasi¢, Marija Puag, Jelena Sivo§, Milovan Suvakov and Nikola Skoro
Non-Equilibrium in lonized Gases Determined by Charged Particle Collisions with Molecules

XX International Workshop on Low-Energy Positron and Positronium Physics, XXI International
Symposium on Electron-Molecule Collisions and Swarms, V Workshop on Non-Equilibrium
Processes

July 18-21, 2019, Belgrade, Serbia, p. 5

Published by: Serbian Academy of Sciences and Arts and Institute of Physics Belgrade

ISBN: 978-86-7025-819-8

10. Jelena Sivos, Dragana Mari¢, Nikola Skoro, Gordana Malovié¢ and Zoran Lj. Petrovi¢
Breakdown and Discharges in Low-Pressure Alcohol Vapors

10" International conference on plasma nanoscience (iPlasmaNano-X)

September 15-20, 2019, Pore¢, Croatia, p. T-12

Published by: University of Orleans, Orleans, France

11. Zoran Lj. Petrovi¢, Antonije Pordevi¢, Marija Puac¢, Jana Petrovi¢, Jelena Sivos, Gordana
Malovi¢ and Dragana Marié¢

Measurements and simulations of RF breakdown in gases

7" ICAPT International Conference on Advanced Plasma Technologies

February 24—March 1, 2019, Hue, Vietnam, p.45

Published by: Plasmadis, Ljubljana, Slovenia

12. Jelena Marjanovié¢, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢
Breakdown and Characteristics of Non-Equilibrium Low-Pressure DC Discharges in Vapours of
Liquids



30" Summer School and International Symposium on the Physics of lonized Gases (SPIG)
August 24 -28, 2020, Sabac, Serbia, Publ. Astron. Obs. Belgrade No. 99 (2020), p.148
Published by: Astronomical Observatory, VVolgina 7, 11060 Belgrade 38, Serbia

ISBN: 978-86-80019-94-9; ISSN 0373-3742

Caonmreme ca me)ynapoaHor ckyna mramMnaso y ueausu M33

1.Nikola Skoro, Jelena Sivo§, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovié
Volt-Ampere Characteristics of Water Vapour Discharges

30" International Conference on Phenomena in lonized Gases (ICPIG)

August 28" — September 2" 2011, Belfast, Northern Ireland, UK, C8-153 (4pp)

Published by: Queen's University Belfast, University Road, Belfast BT7 1NN, Northern Ireland,
UK

2. Nikola Skoro, Dragana Mari¢, Jelena Sivos§, Gordana Malovi¢, William Graham and Zoran Lj.
Petrovi¢

Breakdown and low current discharges in water vapour

ECM 112 and 4" ICAPT

September, 9-13, 2011, Strunjan, Slovenia, p. 164-167

Published by: Siovenian Society for Vacuum Technique (DVTS Drustvo za vakuumsko tehniko
Siovenije), Teslova 30, SI-1000 Ljubljana, Slovenia

ISBN 978-961-92989-3-0

3. Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran L. Petrovié¢
Volt-Ampere Characteristics of Low Pressure DC Discharges in Water Vapor

26" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August 27-31, 2012, Zrenjanin, Serbia, p. 273-276

Published by: University of Novi Sad, Faculty of Sciences Department of Physics, Trg Dositeja
Obradovica 3 21000 Novi Sad, Serbia

ISBN 978-86-7031-242-5

4. Vladimir Stojanovic¢, Jelena Sivos, Dragana Mar¢, Nikola Skoro and Zoran Lj. Petrovi¢

Monte Carlo simulation of electron transport in H>O vapour

26" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August 27-31, 2012, Zrenjanin, Serbia, p. 35-38

Published by: University of Novi Sad, Faculty of Sciences Department of Physics, Trg Dositeja
Obradovic¢a 3 21000 Novi Sad, Serbia

ISBN 978-86-7031-242-5

5. Dragana Mari¢, Jelena Sivos, Nikola Skoro, Gordana Malovié and Zoran Lj. Petrovi¢
Low-Pressure Breakdown in Ethanol Vapour

31%t International Conference on Phenomena in lonized Gases (ICPIG)

July, 14-19, 2013, Granada, Spain, p. PS4-048 (4pp)

Published by: Spanish National Research Council (CSIC)

6. Jelena Sivo§, Dragana Marié, Nikola Skoro, Gordana Malovi¢ and Zoran Lj. Petrovié
Breakdown in water vapour and ethanol vapour: heavy particle processes



3" National Conference on Electronic, Atomic, Molecular and Photonic Physics

August 25th, 2013, Belgrade, Serbia, 21-24

Published by: University of Belgrade, Faculty of Physics, Studentski trg 12, 11000 Belgrade,
Serbia, Ed. by B.P. Marinkovi¢, G.B. Popari¢

ISBN 978-86-84539-10-8

7. Jelena Sivos, Dragana Mari¢, Nikola Skoro, Gordana Malovié¢ and Zoran Lj. Petrovié

Abnormal Glow Discharge in Ethanol Vapour

27" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August, 26 — 29, 2014, Belgrade, Serbia, p. 387-390

Published by: Institute of Physics,Belgrade, Pregrevica 118, P. O. Box 68 11080 Belgrade, Serbia
and Klett izdavacka kuca d.o.o. MarSala Birjuzova 3-5, IV sprat 11000 Belgrade

ISBN 978-86-7762-600-6

8. Jelena Sivos, Dragana Mari¢, Nikola Skoro, Gordana Malovié and Zoran Lj. Petrovi¢

Electrical Breakdown in Low-Pressure Methanol Vapour

27" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August, 26 — 29, 2014, Belgrade, Serbia, p. 391-394

Published by: Institute of Physics,Belgrade, Pregrevica 118, P. O. Box 68 11080 Belgrade, Serbia
and Klett izdavacka kuca d.o.o. Mar$ala Birjuzova 3-5, IV sprat 11000 Belgrade

ISBN 978-86-7762-600-6

9. Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢
Low-pressure DC discharge in vapour of Methanol and Ethanol

32" International Conference on Phenomena in lonized Gases (ICPIG)

July, 26-31, 2015, Romania, lasi, P2.53 (4 pp)

Published by: Alexandru lIoan Cuza University, Faculty of Physics Iasi, Plasma Advanced
Research Centre (IPARC)

10. Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran L. Petrovi¢

Analysis of Transit Time of lons in Low - Current DC Discharge in Water Vapour

28" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August 29- September 2, 2016, Belgrade, Serbia, p. 316-319

Published by: University of Belgrade, Faculty of Physics, Belgrade, Studentski trg 12, P. O. Box
44, 11000 Belgrade, Serbia

ISBN: 978-86-84539-14-6

11. Vladimir Stojanovi¢, Nikola Skoro, Jelena Sivos, Gordana Malovié, Dragana Mari¢ and Zoran
Lj. Petrovi¢

Modeling Emission from Water Vapor DC Discharge at Low Pressure

28" Summer School and International Symposium on the Physics of lonized Gases (SPIG)

August 29- September 2, 2016, Belgrade, Serbia, p. 328-331

Published by: University of Belgrade, Faculty of Physics, Belgrade, Studentski trg 12, P. O. Box
44, 11000 Belgrade, Serbia

ISBN: 978-86-84539-14-6

12. Jelena Sivo§, Dragana Mari¢, Nikola Skoro, Gordana Malovié¢ and Zoran Lj. Petrovi¢
Volt-ampere characteristics and abnormal glow discharges in methanol and ethanol vapours
29" Summer School and International Symposium on the Physics of lonized Gases (SPIG)



August 28- September 1, 2018, Belgrade, Serbia, p. 222-225

Published by: Vinc¢a Institute of Nuclear Sciences, University of Belgrade, P.O. Box 522, 11001
Belgrade, Serbia

ISBN: 978-86-7306-146-7

Caonmremwe ca meh)ynapoasor ckyna mrammnaso y nuzsoaxy M34

1. Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢

Axial emission profiles of Townsend discharge in water vapour

XXI Europhysics Conference on Atomic and Molecular Physics of lonized Gases (ESCAMPIG)
July, 10-14, 2012, Viana do Castelo, Portugal, p. 9 (2pp)

Published by: European Physical Society

ISBN 2-914771-74-6

2. Zoran Lj. Petrovi¢, Jelena Sivos, Dragana Marié, Nikola Skoro and Vladimir Stojanovié
Kinetics of Electrons in H.O at High Values of Reduced Electric Field

65" Annual Gaseous Electronics Conference (GEC)

October 22nd-26th, 2012, Austin, Texas, USA

Bulletin of the American Physical Society, vol. 57, no. 8, PR1.00032

Published by: American Physical Society

ISSN: 0003-0503

3. Jelena Sivos, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and. Zoran Lj. Petrovié
Breakdown in ethanol vapour

5t Central, European Symposium on Plasma Chemistry

August, 25-29, 2013, Balatonalmadi, Hungary, P-FUNG6, p.113

Published by: Research Centre for Natural Sciences, Hungarian Academy of Sciences H-1025
Budapest, Pusztaszeri Ut 59-67., Wigner Research Centre for Physics, Hungarian Academy of
Sciences H1121 Budapest, Konkoly Thege Miklos at 29-33., Diamond Congress Ltd., Conference
Secretariat H-1012 Budapest, Vérmezé ut 8, HUNGARY

ISBN 978-615-5270-04-8

4. Zoran Lj Petrovi¢, Jelena Sivos, Nikola Skoro, Gordana Malovié, Dragana Mari¢
DC breakdown in ethanol vapor

66" Annual Gaseous Electronics Conference

September 30" — October 4", 2013, Princeton, New Jersey, USA

Bulletin of the American Physical Society, vol. 58, no. 8, HW1 35, p.54

Published by: American Physical Society

ISSN: 0003-0503

5. Zoran Lj Petrovi¢, Jelena Sivos, Marija Savi¢, Nikola Skoro, Marija Radmilovi¢ Radenovi¢,
Gordana Malovi¢ and Dragana Mari¢

New Phenomenology of Gas Breakdown in DC and RF Fields

18" International Summer School on Vacuum, Electron and lon Technologies (VEIT)

October, 7 — 11. 2013. Sozopol, BULGARIA, IL-18, pp 37-38

Published by: Institute of Electronics of the Bulgarian Academy of Sciences and the Dutch
Institute for Fundamental Energy Research, The Netherlands; Eds. M. Dimitrova and Ch. Ghelev



6. Dragana Mari¢, Jelena Sivos, Nikola Skoro, Gordana Malovié and Zoran Lj. Petrovi¢
Breakdown and Discharges in Vapours of Liquids

COST TD1208 Annual meeting, “Electrical discharges with liquids for future applications”
March, 10-13, 2014, Lisboa, Portugal

7. Jelena Sivo§, Dragana Mari¢, Nikola Skoro, Gordana Malovi¢ and Zoran Lj. Petrovi¢
Properties of low-pressure DC discharges in H>O and C>HsOH vapours

XXI1 Europhysics Conference on Atomic and Molecular Physics of lonized Gases (ESCAMPIG)
July, 15-19, 2014, Greifswald, Germany, 9 (2pp)

Published by: European Physical Society

ISBN: 2-914771-86-X; EPS ECA (Europhysics Conference Abstracts number): 38 B

8. Zoran Lj. Petrovi¢, Jelena Sivos, Nikola Skoro, Dragana Mari¢ and Gordana Malovié
Breakdown in vapors of alcohols: methanol and ethanol

67" Annual Gaseous Electronics Conference

November, 2-7. 2014. Raleigh, North Carolina, USA

Bulletin of the American Physical Society, vol. 59, no. 9, GT1.00010 p. 34

Published by: American Physical Society

ISSN: 0003-0503

9. Dragana Mari¢, Jelena Sivo§, Nikola Skoro, Gordana Malovi¢ and Zoran Lj. Petrovié
Secondary electron yield in low-pressure H2O vapour discharge

XIX International Symposium on Electron-Molecule Collisions and Swarms (POSMOL)
July, 17- 21, 2015, Portugal, Lisboa, E 29, 53 (1 pp)

Published by: Faculdade de Ciéncias e Tecnologia, Universidade Nova de Lisboa

ISBN: 978-989-20-5845-0

10. Jelena Sivo§, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢
Breakdown in Alcohol Vapours

COST TD1208 2" Annual meeting “Electrical discharges with liquids for future applications”
February, 23-26. 2015. Spain, Barcelona, 63 (1 pp)

Published by: COST Action TD1208 “Electrical discharges with liquids for future applications” &
Universitat Politécnica de Catalunya

ISBN: 978-84-606-5787-3

11. Nikola Skoro, Jelena Sivo$, Dragana Mari¢, Gordana Malovi¢ and Zoran Lj. Petrovi¢
Breakdown data for vapours of organic liquids

BIOPLASMAS & PLASMAS WITH LIQUIDS - Joint Conference of COST ACTIONS TD1208
“Electrical discharges with liquids for future applications” & MP1101 Biomedical Applications of
Atmospheric Pressure Plasma Technology

September, 13-17. 2015. Italy, Bertinoro, P-41 (1 pp)

Published by: COST Action TD1208 “Electrical discharges with liquids for future applications” &
Research Group for Industrial Applications of Plasmas of Alma Mater Studiorum —Universita di
Bologna

12. Jelena Sivo§, Nikola Skoro, Dragana Mari¢, Gordana Malovi¢ and Zoran L. Petrovi¢
Emission Properties of Low-current dc Discharges in Alcohol Vapours

COST TD1208 "Intematicnal Conference on Electrical Discharges with liquids (ICEDL 2016)"
March, 14-17. 2016. Turkey, Kocaeli, 50 (1 pp)



Published by: COST Action TD1208 “Electrical discharges with liquids for future applications”&
Kocaeli University, 1zmit, Turkey
ISBN: 978-605-9160-20-9
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VOLT-AMPERE CHARACTERISTICS AND ABNORMAL GLOW

DISCHARGES IN METHANOL AND ETHANOL VAPOURS
J Sivos, D Mari¢, N Skoro, G Malovié, ZL Petrovié
29 Summer School and International Symposium on the Physics of lonized Gases ...

Effects Of Electrons and Heavy Particles On Halpha Emission In Pure H,O
DC Discharge At High E/N (E-Electric Field, N-Gas Density)

Z Petrovic, V Stojanovic, N Skoro, J Sivos, D Maric, G Malovic

Bulletin of the American Physical Society 61

Analysis of heavy particle processes in low current dc discharge in water
vapor

J Sivos, D Maric, N Skoro, G Malovic, ZL Petrovic

APS, MW6. 053

50

Since 2015

57
3
1

YEAR

2014

2015

2014

2020

2019

2019

2019

2019

2018

2016

2016

https://scholar.google.com/citations?hl=en&user=64dUV34AAAAJ&view_op=list_works&gmla=AJsN-F4AMZgY4zvdXLWZ2H4jbfnhVunSzIW2PSY;...

12


javascript:void(0)
javascript:void(0)
javascript:void(0)
https://scholar.google.com/citations?view_op=view_org&hl=en&org=10783715643068815485
https://scholar.google.com/citations?view_op=search_authors&hl=en&mauthors=label:plasma_physics
https://scholar.google.com/citations?hl=en&user=64dUV34AAAAJ&view_op=list_works&sortby=title
https://scholar.google.com/citations?hl=en&user=64dUV34AAAAJ&view_op=list_works&sortby=pubdate
javascript:void(0)
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=17633010129174172099
javascript:void(0)
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=18372674694884721324
javascript:void(0)
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=14699120817886257533
javascript:void(0)
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=17745122075530618942
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

12/9/2020 Jelena (Sivos) Marjanovic - Google Scholar

TITLE CITED BY YEAR

Effects Of Electrons and Heavy Particles On Halpha Emission In Pure H,O 2016

DC Discharge At High E/N (E-Electric Field, N-Gas Density)
Z Petrovic, V Stojanovic, N Skoro, J Sivos, D Maric, G Malovic
APS, MW6. 047

DC breakdown in vapours of liquids 2015
J Sivos, D Mari¢, N Skoro, G Malovi¢, ZL Petrovié
2015 IEEE International Conference on Plasma Sciences (ICOPS), 1-1

Breakdown in vapors of alcohols: methanol and ethanol 2014
ZL Petrovic, J Sivos, N Skoro, D Maric, G Malovic

APS, GT1.010

Development of fast neutral etching for integrated circuits and 2014

nanotechnologies fast neutrals in gas
ZL Petrovi¢, V Stojanovi¢, N Skoro, Z Nikitovié, G Malovi¢, J Sivos, D Mari¢
2014 29th International Conference on Microelectronics Proceedings-MIEL 2014 ...

Kinetics of Electrons in H,O at High Values of Reduced Electric Field 2012
Z Petrovic, J Sivos, D Maric, N Skoro, V Stojanovic

APS, PR1. 032

Development of biomedical applications of non-equilibrium plasmas and 2012

possibilities for atmospheric pressure nanotechnology applications
ZL Petrovi¢, N Puag, D Mari¢, D Maletié, K Spasi¢, N Skoro, J Sivos, ...
2012 28th International Conference on Microelectronics Proceedings, 31-38

Low-pressure DC discharge in vapour of Methanol and Ethanol
J Sivo$, DM SkoroPP, G Malovi¢, ZL Petrovié

Axial emission profiles of Townsend discharge in water vapour
J Sivo§, N Skoro, D Mari¢, G Malovi¢, ZL Petrovi¢

Volt-Ampere Characteristics of Water Vapour Discharges
N Skoro, J Sivos, D Mari¢, G Malovi¢, ZL Petrovi¢

https://scholar.google.com/citations?hl=en&user=64dUV34AAAAJ&view_op=list_works&gmla=AJsN-F4AMZgY4zvdXLWZ2H4jbfnhVunSzIW2PSY;...

2/2


https://scholar.google.com/citations?hl=en&user=64dUV34AAAAJ&view_op=list_works&sortby=title
https://scholar.google.com/citations?hl=en&user=64dUV34AAAAJ&view_op=list_works&sortby=pubdate
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)

4/4/2019

Home
About SPIG
Committees

News

Deadlines

Topics & Program
Invited Lectures
Workshops
Registration
Papers

Location

Travel Information
Accommodation
Social program
Sponsors

Links

Contact

First Announcement
Final Announcement
Conference Poster

SPIG 2012 Homepage
SPIG 2010 Homepage
SPIG 2008 Homepage
SPIG 2006 Homepage

Previous SPIG Lecturers

www.spig2014.ipb.ac.rs/committee.html

SPIG SCIENTIFIC COMMITTEE

SPIG 2014

Z. Mijatovi¢ (Chair), Serbia
S. Buckman, Australia
J. Burgdorfer, Austria
M. Danezis, Greece
Z. Donko, Hungary

V. Guerra, Portugal
M. Ivkovi¢, Serbia

D. Jovanovi¢, Serbia
K. Lieb, Germany

I. Manceyv, Serbia

D. Mari¢, Serbia

N. J. Mason, UK

A. R. Milosavljevi¢, Serbia
K. Mima, Japan

Z. Miskovi¢, Canada
B. Obradovi¢, Serbia
G. Popari¢, Serbia

L. C. Popovi¢, Serbia
Z. Rakocevi¢, Serbia
Y. Serruys, France

N. Simonovi¢, Serbia
M. Skori¢, Japan

M. Trtica, Serbia

SPIG2014 Committees

27" Summer School and
International Symposium on
the Physics of Ionized Gases

August 26 - 29, 2014, Belgrade, Serbia

SPIG 2014 ORGANIZING COMMITTEE
Institute of Physics Belgrade

Mari¢ (Co-chair)

D. Tosi¢ (Co-Secretary)

D.
A. R. Milosavljevi¢ (Co-chair)
S.
N.

Skoro (Co-Secretary)
Z. Lj. Petrovi¢
B. P. Marinkovi¢
M. Cveji¢
J. Sivos
K. Spasi¢
M. Rankovi¢

Serbian Academy of Sciences and Arts

M. Ivanovi¢

I mlnstltute
University

of Physics
of Belgrade

SPIG ADVISORY COMMITTEE

D. Beli¢

N. Bibi¢

M. S. Dimitrijevi¢
S. Purovi¢

N. Konjevi¢

J. Labat

B. P. Marinkovi¢
M. Milosavljevi¢
Z. LJ. Petrovi¢
J. Puri¢

B. Stani¢

' Serbian Academy of
;i?’ Sciences and Arts

© 2013 ALL RIGHTS RESERVED copyright LGE | Webmaster
design by Sanja Tosic & Nikola Skoro photos by S. Tosic & G. Lalovic

News

Jun 26 2015
SPIG-central
website started

Dec 23 2014
Papers of Invited
Lectures - JPCS

Sep 02 2014
SPIG 2014
Poster prize

Sep 02 2014
Photos from
SPIG 2014

Deadlines

Sep 15 2014
Full papers of Invited
lectures

Meetings

August 28 2014
COST Celina WG1
Meeting

Follow us!

Ei L

7


http://www.spig2014.ipb.ac.rs/index.html
http://www.spig2014.ipb.ac.rs/history.html
http://www.spig2014.ipb.ac.rs/committee.html
http://www.spig2014.ipb.ac.rs/news.html
http://www.spig2014.ipb.ac.rs/dates.html
http://www.spig2014.ipb.ac.rs/program.html
http://www.spig2014.ipb.ac.rs/invited.html
http://www.spig2014.ipb.ac.rs/wshops.html
http://www.spig2014.ipb.ac.rs/registration.php
http://www.spig2014.ipb.ac.rs/papers.html
http://www.spig2014.ipb.ac.rs/site.html
http://www.spig2014.ipb.ac.rs/travel.html
http://www.spig2014.ipb.ac.rs/accommodation.php
http://www.spig2014.ipb.ac.rs/social.html
http://www.spig2014.ipb.ac.rs/sponsors.html
http://www.spig2014.ipb.ac.rs/links.html
http://www.spig2014.ipb.ac.rs/contact.html
http://www.spig2014.ipb.ac.rs/SPIG2014_FirstAnnouncement.pdf
http://www.spig2014.ipb.ac.rs/SPIG_finalannoun.pdf
http://www.spig2014.ipb.ac.rs/doc/SPIG_Poster.pdf
http://spig2012.pmf.uns.ac.rs/
http://webhost.rcub.bg.ac.rs/~spig2010
http://www.ipb.ac.rs/~spig2008/
http://www.ipb.ac.rs/~spig2006/
http://www.spig2014.ipb.ac.rs/doc/Spig_Stat2006-2012_Lect.pdf
http://www.spig2014.ipb.ac.rs/index.html
http://www.spig.ac.rs/index.html
http://iopscience.iop.org/1742-6596/565/1
http://www.spig2014.ipb.ac.rs/papers.html#posters
http://www.spig2014.ipb.ac.rs/social.html
http://www.spig2014.ipb.ac.rs/costcel.html
https://www.facebook.com/spig2014
https://twitter.com/SPIG2014
http://www.ipb.ac.rs/index.php/en/
http://www.sanu.ac.rs/english/
mailto:nskoro@ipb.ac.rs
JECA
Highlight


4/4/2019 Committee - 22nd International Conference on Gas Discharges and their Applications22nd International Conference on Gas Discharges a...

22 |nternational Conference on
Gas Discharges and Their Applications

September, 2-7, 2018.
MNovi Sad - Serbia

Home General Information - Committee Program -~ Registration

You are here Home > Committee

Call for Papers Location & Travel -~ Contact

Executive management
committee:

Dr. J.E. Jones, Chair
Prof. G.R. Jones
Prof. JW. Spencer
Prof. K Hidaka

Dr. A.B. Murphy
Prof. D. Hong

Dr. P. Robin-Jouan

International scientific
committee:

Dr. J.-M. Bauchire, France

Dr. J.-P. Borra, France

Prof. Yann Cressault, France
Prof. M. Farzaneh, Canada
Prof. C.M. Franck, Switzerland
Prof. A. Haddad, UK

Prof. K. Hidaka, Japan

Prof. D. Hong, France

Prof. G.R. Jones, UK

Dr. J.E. Jones, UK

Dr. A.B. Murphy, Australia
Prof. Z. Lj. Petrovic, Serbia
Prof. G.J. Pietsch, Germany
Prof. /. Rakov, USA

Prof. Ph. Robin-Jouan, France
Prof. A. Robledo-Martinez, Mexico
Prof. Kohki Satoh, Japan

Dr. M. Seeger, Switzerland
Prof. JW. Spencer, UK

Dr. S. Stangherlin, Switzerland
Dr. T. Teich, Switzerland

Dr. Igor Timoshkin, UK

Prof. J. -Y. Trepanier, Canada
Prof. K.-D. Weltmann, Germany
Prof. Y. Wu, China

Dr.J. D. Yan, UK

Dr.J. L. Walsh, UK

Local organizing committee:

Prof. Zoran Lj. Petrovi¢, Chair
Dr. Nevena Puac, Co-Chair
Dr. Sasa Dujko, Co-Chair
Dr. Nikola Skoro, Secretary
Dr. Danko Bosnjakovi¢
Kosta Spasi¢

Prof. Bratislav Obradovic
Dr. Dragana Mari¢

Dr. Gordana Malovi¢
Jelena Sivos

Marija Puac

Dejan Maleti¢

Nenad Selakovit

Jasmina Ati¢

llija Simonovic¢

Vladan Simic

Contact Organisers Sponsors
LOC:

Email: gd2018@ipb.ac.rs ISTITUTE OF PHYSICS

Phone: +381 (0)11 3713144 BeLGRADE
Fax: +381(0)11 3162190 I
Panacomp Wonderland:

Email: mice@panacomp.net
Phone: +381 (0)21 466 075

m Panacomp

Wonderland Travel
i 5 Lufthansa iy Center

Serblan Academy of
Sclences and Arts

University of Selgrade

Institute of Physics Belgrade

22-nd International Conference on Gas Discharges and Their Applications
Novi Sad - Serbia, 2018

gd2018.ipb.ac.rs/index.php/committee/ 171


http://gd2018.ipb.ac.rs/
http://gd2018.ipb.ac.rs/index.php/committee/
https://www.srbija.gov.rs/
http://www.novisad.rs/
http://www.ipb.ac.rs/index.php/en/
http://gd2018.ipb.ac.rs/
http://gd2018.ipb.ac.rs/
http://gd2018.ipb.ac.rs/index.php/committee/
http://gd2018.ipb.ac.rs/index.php/registration/
http://gd2018.ipb.ac.rs/index.php/call-for-papers/
http://gd2018.ipb.ac.rs/index.php/contact/
JECA
Highlight


XX International Workshop on
Low-Energy Positron and Positrontum Physics

XXI International Symposium on
Electron-Molecule Collisions and Swarms

V Workshop on Non-Equilibrium Processes
18-21 July 2019, Belgrade, Serbia

POSMOL 2019

BOOK OF ABSTRACTS

XX MehynaponHa paguoHuiia o pu3uiu
HUCKO €HEPIryjCKUX MO3UTPOHA U MO3UTPOHHU]yMa

XXI MehynapoaHu CUMITO3H]YM O
€JIEKTPOH-MOJIEKYJICKUM CyJlapuMa U pOjeBUMa

V Paguonunia o HEpaBHOTEKHUM MIPOLECUMaA

98 [) SERBIAN ACADEMY OF I
e UNIVERSITY OF BELGRADE
sS4y SCIENCES AND ARTS INSTITUTE OF PHYSICS | BELGRADE



BOOK OF ABSTRACTS of the
XX International Workshop on Low-Energy Positron and Positronium Physics
XXI International Symposium on Electron-Molecule Collisions and Swarms

V Workshop on Non-Equilibrium Processes

18-21 July 2019, Belgrade, Serbia

Editors:

David Cassidy, Michael J. Brunger,
Zoran Lj. Petrovié¢, Sasa Dujko, Bratislav P. Marinkovi¢,
Dragana Mari¢ and Sanja Tosi¢

Publishers:
Serbian Academy of Sciences and Arts Institute of Physics Belgrade
Kneza Mihaila 35 Pregrevica 118, P. O. Box 68
11000 Belgrade, Serbia 11080 Belgrade, Serbia
Computer processing:

Dragana Mari¢ and Sanja Tosié¢

Printed by

Serbian Academy of Sciences and Arts
Belgrade

Number of copies
250
ISBN 978-86-7025-819-8

©2019 by the Serbian Academy of Sciences and Arts and Institute of Physics Belgrade, Serbia. All
rights reserved. No part of this book may be reproduced, stored or transmitted in any manner
without the written permission of the Publisher.



XX International Workshop on
Low-Energy Positron and Positronium Physics

XXI International Symposium on
Electron-Molecule Collisions and Swarms

V Workshop on Non-Equilibrium Processes

POSMOL 2019

BOOK OF ABSTRACTS

Editors

David Cassidy, Michael J. Brunger,
Zoran L. Petrovi¢, Sasa Dujko, Bratislav P. Marinkovic,
Dragana Mari¢ and Sanja Tosi¢

Serbian Academy Institute of Physics Belgrade
of Sciences and Arts University of Belgrade

Belgrade, 2019




POSITRON INTERNATIONAL
ADVISORY COMMITTEE

David Cassidy
(University College London), Chair
Gustavo Garcia

(Consejo Superior de Investigaciones Cientificas)

Michael Bromley
(University of Queensland)
Marcio Varella
(Universidade de Sao Paulo)
Masanori Tachikawa
(Yokohama City University)
Roberto Brusa

(Universita di Trento)

James Danielson
(University of California, San Diego)
Laszlo6 Liszkay

(University of Paris, Saclay)

POSMOL 2019

ELECTRON INTERNATIONAL
ADVISORY COMMITTEE

Michael J. Brunger

(Flinders University), Chair

Ilya I. Fabrikant

(University of Nebraska, Lincoln)
Roman Curik

(J. Heyrovsky Institute of Physical Chemistry)

Roma da Costa

(Universidade Federal do Espirito Santo)
Paulo Limao-Vieira

(Universidade Nova de Lisboa)

Dragana Marié

(Institute of Physics Belgrade)

Sylwia Ptasinska

(University of Notre Dame)

Petra Swiderek

(University of Bremen)

Hajime Tanuma

(Tokyo Metropolitan University)
Ronald D. White

(James Cook University)

LOCAL ORGANIZING COMMITTEE

Zoran Lj. Petrovi¢ (Serbian Academy of Sciences and Arts, Institute of Physics Belgrade) Chair
Bratislav Marinkovi¢ (Institute of Physics Belgrade) Co-Chair

Sasa Dujko (Institute of Physics Belgrade) Co-Chair

Sanja Tosi¢ (Institute of Physics Belgrade) Secretary

Dragana Mari¢ (Institute of Physics Belgrade) Conference Manager
Gordana Malovi¢ (Institute of Physics Belgrade)

Danko Bos$njakovi¢ (Institute of Physics Belgrade)

Andrej Bunjac (Institute of Physics Belgrade)

Jelena Sivos (Institute of Physics Belgrade) |

Marija Pua¢ (Institute of Physics Belgrade)

Ilija Simonovi¢ (Institute of Physics Belgrade)

Vladan Simi¢ (Institute of Physics Belgrade)

Nenad Selakovi¢ (Institute of Physics Belgrade)

Dejan Maleti¢ (Institute of Physics Belgrade)

Kosta Spasi¢ (Institute of Physics Belgrade)

Olivera Jovanovi¢ (Institute of Physics Belgrade)

Andelija Petrovi¢ (Institute of Physics Belgrade)

Goran Popari¢ (Faculty of Physics, Belgrade)

Biljana Grozdanié (Serbian Academy of Sciences and Arts)
Aleksandra Hreljac (Serbian Academy of Sciences and Arts)



JECA
Rectangle


30th Summer School and

International Symposium on the
Physics of Ionized Gases

Dr Jelena Marjanovi¢
Belgrade, 10 December, 2019

Dear Dr Jelena Marjanovi¢,

On behalf of the Scientific and Organizing Committees, we have a pleasure to invite you to
attend the 30™ Summer School and International Symposium on the Physics of lonized Gases
(SPIG 2020) and present a Progress invited talk.

The SPIG 2020 will be held from August 24" to 28™, 2020 in Sabac, Serbia. The details of the
conference are available at official website: http://www.spig2020.ipb.ac.rs/

Please note that due to the limited conference budget, the SP1G2020 organizers will try to
provide partial support to students and early stage researchers, as well as colleagues from
economically less privileged countries. Thank you for your understanding and support.

We look forward to welcoming you to Sabac.

Yours sincerely,

RIS Dragans Ce”

Luka C. Popovié Dragana Ili¢
(Co-Chair of the Scientific Committee) (Co-Chair of the Loc. Org. Committee)
T »
OZZ/UM 7312—& ‘ A~ /
\ A I
Dusko Borka Vladimir Sre¢kovié
(Co-Chair of the Scientific Committee) (Co-Chair of the Loc. Org. Committee)

SPIG 2020 Organizer:
University of Belgrade, Faculty of Mathematics, Department of Astronomy

SPIG 2020 Co-organizers:
University of Belgrade, Institute of Physics
Astronomical Observatory of Belgrade


http://www.spig2020.ipb.ac.rs/

Dr Jelena Marjanovic

30" Summer School and

International Symposium on the

SPIG 2020

Physics of lonized Gases

Belgrade, September 1%, 2020

We certify that Dr Jelena Marjanovi¢ has presented a Progress invited talk ‘Break-
down and characteristics of non-equilibrium low-pressure DC discharges in vapours
of liquids’ in the 30th Summer School and International Symposium on the Physics
of Ionized Gases held in virtual format, August 24-28, 2020 (http://spig2020.ip-

b.ac.rs/).

Yours sincerely,

N erre bt

Luka C. Popovi¢
(Co-Chair of the Scientific Committee)

L i

Dusko Borka
(Co-Chair of the Scientific Committee)

SPIG 2020 Organizer:

@fﬁcxjwe ST

Dragana Ili¢
(Co-Chair of the Loc. Org. Committee)

[~ £
o t/
Vladimir Sreckovi¢
(Co-Chair of the Loc. Org. Committee)

University of Belgrade, Faculty of Mathematics, Department of Astronomy

University of Belgrade, Institute of Physics

Astronomical Observatory of Belgrade
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Publ. Astron. Obs. Belgrade No. 99 (2020), 148 Progress Report

BREAKDOWN AND CHARACTERISTICS OF NON-EQUILIBRIUM
LOW-PRESSURE DC DISCHARGES IN VAPOURS OF LIQUIDS

JELENA MARJANOVIC', DRAGANA MARIC', GORDANA MALOVIC' and
ZORAN LJ. PETROVIC'?

'Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade,
Serbia
2Serbian Academy of Sciences and Arts, Kneza Mihaila 35, 11001 Belgrade,
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E-mail sivosj@ipb.ac.rs

Abstract. The study of non-equilibrium discharges in liquids and their vapors have become
very popular due to a variety of possible applications, such as in nanoscience for the
synthesis of nanographene layers and fast growth of carbon nanotubes (Hagino et al. 2012),
for the treatment of materials and surfaces (Fumagalli et al. 2012), in biomedicine (Stalder
et al, 2006), for polymerization processes and thin-film synthesis (Brunet et al. 2017), in
fuel industry - sources of hydrogen (Petitpas et al. 2007), for purification and
decontamination (Kitano et al. 2006), etc. However, emergence of new devices demands
knowledge on elementary processes and their balance in discharge that can be obtained
from studies of breakdown and electrical characteristics of discharges. Here we present
results of the comprehensive experimental investigation of breakdown properties, spectra,
spatial and spectrally resolved emission and V-A characteristics in low-pressure discharges
in vapours of methanol, ethanol, isopropanol, n-butanol and water that provide sets of data
for different operating regimes (Sivos et al. 2015, 2019). Furthermore, we performed a
detailed analysis of unusual behaviour of the discharge observed at the transition from
normal to abnormal glow regime in methanol and ethanol vapour and the existence of
double channels of the discharge observed in Townsend and normal glow regime in water
vapour. Therefore, this paper aims to give an overview of breakdown data and data for
Volt-Ampere (V-A) characteristics of discharges in vapours of studied liquids; and to
emphasize some of the issues that can be important in the analysis and interpretation of
results.
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SPIG2020 - Program by day

Monday, Aug 24th (Day 1)
e  Organized bus transfer* for SPIG2020 - time (TBA)

e 17:30 Opening ceremony
e 18:00 Session dedicated to 30th jubilee of SPIG conferences

e 20:00 Welcome cocktail* with the concert of traditional music and dance

Tuesday, Aug 25th (Day 2)
e 9:00-19:30 SPIG 2020

Wednesday, Aug 26th (Day 3)
e 9:00-18:00 SPIG 2020

¢ 18:00 Organized bus transfer to Belgrade*

Thursday, Aug 27th (Day 4) - ONLY VIRTUAL (through Webex Event)
e 9:00-20:00 SPIG 2020

Friday, Aug 28th (Day 5) - ONLY VIRTUAL (through Webex Event)
e 9:00-14:00 SPIG 2020

*IMPORTANT NOTE:

In the case of unfavorable epidemic situation in Serbia, SP1G2020 will be shifted to fully
virtual conference. This will be announced in the Final Announcement on August 1,

2020.
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SPIG 2020 PROGRAMME
Sabac, Serbia, August 24 — 28, 2020

Monday 24™ August 2020
SPIG 2020 (day 1) REGULAR

PR — Progress Report: 15+5
min

16:00-17:30 | Arrival and registration

17:30-18:15 | Opening ceremony

Plenary Session 1, Hall A, Chair: L. C. Popovié

18:15-19:00

20:00-22:00 | Welcome Cocktail

Tuesday 25™ August 2020
SPIG 2020 (day 2) REGULAR+VIRTUAL
Plenary Session 2, Hall A, Chair: Z. Petrovi¢

09:00-09:45

09:45-10:30

10:30-11:00 | Coffee break

Plenary Session 3, Hall A, Chair: A. Milosavljevic

11:00-11:45

11:45-12:30

12:30-14:30 | Lunch break

Hall A - Parallel Session: Hall B - Parallel Session
Collisions (devoted to R. Janev) Chair: B. Obradovié
Chair: N. Simonovi¢

14:30-15:00

15:00-15:30
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15:30-16:00 | Ronald McCarroll (France): Adiabatic
Representation of Atomic Collision
Processes (Virtual)

Suvasthika Indrajith (France): Effects of
ionizing radiations on the reactivity inside
clusters of linear hydrocarbons:
polymerization vs. cyclization
[15:30-15:50]

16:00-16:30 | Roberto Celiberto (Italy): Electron-
molecule collisions in fusion plasmas: a
long-standing collaboration with
Professor Ratko Janev (Virtual)

Dragan M. Pavlovi¢ (Serbia): Plasma
channel evolution in the triggered lightning
discharges

[15:50-16:10]

Aliaksandra Kazak (Belarus): The
atmospheric pressure air plasma jets for
innovative medical applications
[16:10-16:30]

16:30-17:00 | Coffee break

Hall A - Parallel Session
Collisions (devoted to R. Janev)
Chair: T. Grozdanov

Hall A - Parallel Session
4. GENERAL PLASMAS
Chair: 1. Savi¢

17:00-17:30 | Song Bin Zhang (China): Quantum
collision dynamics involving plasma
shielding effects with Prof. Ratko Janev
(Virtual)

Miroslava Vukéevié¢ (Serbia): Soliton
structures in different astrophysical
systems

[17:00-17:20]

17:30-18:00 | Yue Ying Qi (China): Atomic structure
and dynamic process in ideal and non-
ideal plasma with Prof. Ratko Janev
(Virtual)

Nikola Veselinovi¢ (Serbia): Correlation
analysis of solar wind parameters and
secondary cosmic rays flux
[17:20-17:40]

18:00-18:30 | Predrag Krstic (USA): Vibrationally
resolved collisions of hydrogen ions
and molecule (Virtual)

Porde Savi¢ (Serbia): Modeling broad line
polarization in active galactic nuclei
[17:40-18:00]

18:30-20:00 | Poster session (1) [ Regular and virtual poster presentation

[*Optional: 3min presentation of posters]

20:00 Conference dinner

Wednesday 26™ August

SPIG 2020 (day 3) REGULAR+VIRTUAL

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

min

min

Plenary Session 4, Hall A, Chair: B. Marinkovié¢

09:00-09:45 | K.-D. Weltmann (Germany): Physical Applications in Life Science (Virtual)

09:45-10:30 | Nigel Mason (UK): New frontiers in Atomic and Molecular Physics (Virtual)

10:30-11:00 | Coffee break

Hall A - Parallel Session 3. LOW
TEMPERTURE PLASMAS
Chair: G. Popari¢

Hall B - Parallel Session 1. ATOMIC
COLLISION PROCESSES
Chair: M. S. Dimitrijevi¢

11:00-11:30 | Niksa Krstulovi¢ (Croatia): Cavity
Ring-Down Spectroscopy as a Tool for
Plasma Diagnostics (Virtual)

Milo§ Rankovi¢ (Czech Republic):
Electron collisions with dielectric gases
considered as SF6 replacement
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11:30-12:00

Daiji Kato (Japan): Compact electron
beam ion trap for spectroscopy of
multiple charged ions (Virtual)

Nikolay Shvetsov-Shilovskiy
(Germany): Semiclassical two-step model
for strong-field ionization: Further
developments and applications

12:00-12:20

Sanja Zivkovi¢ (Serbia): Analytical
capabilities of TEA CO2 laser based
LIBS setup

Dejan Mili¢evi¢ (Serbia); Study of
structural modifications in poly(L-lactide)
(PLLA) induced by high-energy radiation

12:30-14:30

Lunch break /SPIG Committee meeting at 1

3h

Hall A - Parallel Session
4. GENERAL PLASMAS
Chair: D. Marié

14:30-15:00

Gregor Primc (Slovenia): Probing
neutral oxygen atoms by laser-optic
catalytic sensor

15:00-15:20

Ivan Krsti¢ (Serbia): Spectroscopic
investigation of discharge and afterglow
phase of microsecond pulsed glow
discharge

15:20-15:40

| Jelena Marjanovié (Serbia):

Breakdown

and characteristics of non-equilibrium
low-pressure DC discharges in vapours
of liquids

16:00-18:00

Excursion (visit of the city museum)

Thursday 27" August 2020

SPIG 2020 (day 4)

ONLY VIRTUAL

PL — Plenary lecture: 35+10 min

min

TL — Topical lecture: 25+5

PR — Progress Report: 15+5
min

Plenary Session 5, Room A, Chair: A. Ivkovic¢

09:00-09:45 | Masaharu Shiratani (Japan): Materials Processing with Low Pressure Plasma:
Present Issues and Possible Solutions

09:45-10:30 | Sibylle Giinter (Germany): The two concepts of magnetic confinement: tokamak
and stellarator

10:30-11:00 | Coffee break & Chat Room
Plenary Session 6, Room A, Chair: D. Ili¢

11:00-11:45 | Netzer Hagai (Israel): Following Supermassive Black Holes Over Cosmic Time

11:45-12:30 | Dimitri Batani (France): Current status of the laser fusion research and the shock
ignition approach

12:30-14:00 | Lunch break
Room A - Parallel Session Room B - Parallel Session
4. GENERAL PLASMAS 3. LOW TEMPERATURE PLASMAS
Chair M. Skorié Chair: M. Kuraica

14:00-14:30 | Alicja Domaracka (France): Ion Andrew Gibson (Germany): Numerical

processing of astrophysical ices

simulation-based optimisation of plasma
sources for medical applications
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14:30-15:00

Sebastijan Brezinsek (Germany):
Plasma-wall interaction in W7-X
operating with graphite divertor

Marie-Lise Dubernet (France): VAMDC
— Results and Perspective

15:00-15:20 | Damir Devetak (Germany): Dissipative | Zeljko Mladenovié¢ (Serbia):
phenomena in QCD plasma state Atmospheric pressure helium plasma jet
created in heavy ion collisions propagating in humid air - influence of
water vapour on chemical composition
and plasma parameters
15:20-15:40 | Coffee break & Chat Room
Room A - Parallel Session Room B - Parallel Session
4. GENERAL PLASMAS 2. PARTICLE AND LASER BEAM
Chair: S. Tosié INTERACTION WITH SOLIDS
Chair: Z. Miskovi¢
15:40-16:10 | Joél Rosato (France): Spectroscopic Régis Bisson (France): Simulating
modeling for the investigation of plasma-wall interaction in fusion reactors
magnetic fusion plasmas and stars with | With beam-surface experiments
magnetic field
16:10-16:40 | Masanori Nunami (Japan): Turbulence | Kamran Akbari (Spain): Relativistic
simulations for stellarator plasma Theory of the Interaction of Two-
transport Dimensional Materials with Moving
Charged Particles [16:00-16:20]
16:40-17:00 | Coffee break & Chat Room
Room A - Parallel Session 3. LOW Room B - Parallel Session 1. ATOMIC
TEMPERATURE PLASMAS COLLISION PROCESSES
Chair: S. Djurovié Chair: 1. Mancev
17:00-17:30 | Augusto Stancampiano (France): Dmitry Voloshin (Russia): PIC MCC and
Plasma jets and multijets in contact with | fluid simulation of processing plasmas:
liquids in biomedical experiments: collision radiative models and ion energy
electro fluid dynamic and reactive distribution functions
species distribution
17:30-17:50 | N. Ben Nessib (Saudi Arabia): The Ramén L. Panadés-Barrueta (France):
Fully Relativistic Multiconfiguration On the automatic computation of global
Dirac-Hartree-Fock Method for Atomic | (intermolecular) pot.entia¥ energy surfaces
Structure Calculations for Multiply Horr romrtuim e silmlpiions
Charged Ions: The Example
of Ca XV
17:50-18:10 | Aleksandra Nina (Serbia): Propagation | Luca Vialetto (Netherlands): Monte Carlo
of electromagnetic waves in perturbed flux modelling of electron kinetics in CO2
lower ionospheric plasma
18:10-20:00 | Poster session (2) - Virtual presentation of posters

[*Optional: 3min presentation of posters]
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Friday 28™ August 2020

SPIG 2020 (day 5)

ONLY VIRTUAL

PL — Plenary lecture: 35+10 min

TL — Topical lecture: 25+5

PR — Progress Report: 15+5 min

min
Room A - Parallel Session 4. GENERAL | Room B - Parallel Session 1. ATOMIC
PLASMAS COLLISION PROCESSES
Chair: V. Srec¢kovi¢ Chair: M. Trtica
9:00-9:30 Jovan Milosevi¢ (Norway): Quark gluon | Tiago Silva (Portugal): A detailed
plasma in an early phase of the Universe reaction mechanism set for vibrational
and in the laboratory chemistry in CO2 plasmas
9:30-9:50 Andjelka Kovadevic¢ (Serbia): Rise of Jasper Peschel (Sweden), Dissociation
LSST - detection of oscillations in AGN dynamics of the diamondoid adamantane
emission light curves at different upon photoionization by XUV
cosmological scales femtosecond pulses
9:50-10:10 Jelena Petrovi¢ (Serbia): The evolution of | Ilija Simonovié¢ (Serbia): Kinetic and
stellar interiors in massive binary systems | fluid modelling of non-equilibrium
transport of charged-particle swarms in
neutral gases and nonpolar liquids
10:10-10:30 | Aleksandra Ciprijanovié¢ (Serbia): Multi- | Ana Silva (Netherlands): A reaction
messenger studies of cosmic ray mechanism for vibrationally cold CO2
acceleration in galaxy cluster accretion plasmas
shocks
10:30-10:50 | Nikolai Bezuglov (Russia): Penninning Abeer Almodlej (Saudi Arabia): The
ionization processes involving cold Modified Semi-Empirical Stark
Rydberg alkali metal atoms Broadening method of calculations: The
example of Alkali like ions
11:00-11:30 | Coffee break & Chat Room
Plenary Session 7, Room A, Chair: D. Borka
11:30-12:15 | Dragan Huterer (USA) Dark Matter and Dark Energy: Gases that Dominate the
Universe
12:15-13:00 | Jaime de Urquijo (Mexico) The measurement of electron and ion swarms transport
and reactivity: Current state and future challenges
13:00-13:30 | Discussion and Chat Room (D. 1li¢, V. Sreckovic)
13:30-14:00 | Closing of the conference
LIST OF POSTERS
Maximum dimensions of your poster should be 60cm (width) x 90cm (height).
No Session Title Author
1 | 1.1 A DFT study of dissociative electron N. Tanska
attachment to C5XH4N and C4XH3N2
(X=H,Cl,Br) aromatic molecules
2 |11 Excitation of the (001) mode of CO2 IN 2.45 M. M. Vojnovi¢, V. V. Stankovié,
GHz microwave E field and DC B field M. M. Risti¢, G. B. Poparié
3 | 1.1 Rates for excitation of the CO2 Fermi V. V. Stankovi¢, M. M. Vojnovi¢,
resonance members in rf electric field M. M. Risti¢, G. B. Popari¢
4 |11 Cross sections calculations for electron B. Zywicka, P. Mozejko
scattering from rhodanine and cyanoacetic acid
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Glows and Breakdown

C9

DISCHARGES IN ALCOHOL VAPOURS AT LOW PRESSURES

J. SIVOSY, N. SKORO?, D. MARICY, G. MALOVIC! AND Z. LJ. PETROVIC!?

institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade, 11080, Serbia
2 Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11001, Belgrade, Serbia
*sivosj@ipb.ac.rs

ABSTRACT

The basic properties of a breakdown in alcohol
vapours (methanol, ethanol, isopropanol and n-
butanol), Paschen curves and the corresponding
distributions of emission intensities in Townsend
regime of discharge were recorded in the range
of pd (pressure x electrode gap) in the region of
Paschen minimum. We obtained effective
ionization coefficients of alcohols for the E/N
range 1kTd-5kTd from the experimental
profiles of emission. Recorded profiles of
emission enabled us to identify conditions where
processes induced by heavy particles (ions and
fast neutrals) are dominant in inducing emission
from the discharge.

1. INTRODUCTION

Rapid growth in diversity of potential
applications of plasmas in and in contact with
liquids brought a need to resolve the issues
addressed to mechanisms and elementary
processes in these discharges. The idea is to
answer at key challenges in this field which
regard to transport, chemistry, availability/lack
of fundamental reaction rates and cross sections.
Interactions of non-equilibrium plasmas with
liquids are interesting due to broad domain of
applicability from material processing [1] to
health care [2] and environmental remediation
[3]. Recently, studies of discharges involving
alcohols and their vapours draw attention to their
application in biomedical field, food industry,
environmental technology, material synthesis —
fast growth of carbon nanotubes, production of
graphene layers and nanoparticles [4-6], in fuel
industry for production of hydrogen [7] and for
mixtures of gases in high energy particle
detectors [8]. The technical advances in the
design of new devices are not sufficient in

development of applications. Detailed analysis of
phenomena which take part in these discharges
can be conducted through measurements of
elementary properties of the discharge regarding
breakdown, operating regimes, discharge
structure etc.

In this work, we show measurements of
breakdown properties of several alcohol vapours
at low pressure. All measurements of electrical
properties are supported with recordings of axial
discharge structure by an ICCD camera.

2. EXPERIMENTAL SET-UP

The breakdown is achieved between plane
cathode made of copper and flat quartz window
with a deposited thin platinum film that served as
an anode. Diameter (2r) of electrodes is 5.4 cm,
while the gap is variable. In this paper we show
results obtained at two different distances d:
1.1cm and 3.1cm. The electrode system is
placed inside a tight quartz tube, to prevent long-
path breakdown. The vapours were evaporated
from liquid samples of 99% (methanol,
isopropanol and n - butanol) and 95% ethanol.
During measurements, the pressure is kept well
below the vapour pressure to prevent the
formation of liquid droplets. The electrical
circuit (fig. 1) allows igniting the discharge in
the low-current dc regime using a large series
resistance Ro to limit the current. The breakdown
voltage is determined by extrapolating discharge
voltages to the zero current. Profiles of the
discharge are recorded by an intensified charge-
coupled device (ICCD) camera (Andor IStar
DH720-18U-03) equipped with a photographic
lens. Emission profiles are acquired integrally, in
visual range of spectra, and by using optical
filters for CH band at 431 nm and Ha line at
656 nm.
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Fig. 1 Experimental sét-up scheme

Spectra of emission are also recorded, by
spectrograph ORIEL MS127i with a focal length
of 138 mm. A detailed description of our
experimental technique is given in [9].

3. RESULTS AND DISCUSSION

Breakdown voltage dependence on pd (pressure
times electrode gap) is measured at two electrode
gaps: 1.1 cm (fig. 2a)) and 3.1 cm (fig. 2b)) for
four selected alcohol vapours (methanol, ethanol,
isopropanol and n-butanol).
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Fig. 2 Paschen curves of discharge in alcohol vapours at two
electrode gaps: a) 1.1 cmand b) 3.1 cm
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Curves are recorded for pd range from
0.06 Torr cm to 2 Torr cm. The reduced electric
field E/N (E — electric field, N — gas density) is
indicated in the plot by several dashed lines
representing constant E/N values. Recorded
Paschen curves show that minimum shifts
towards the lower pressures for more complex
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alcohols. For each point of the Paschen curves,
spatial profiles of the discharges operating in
low-current limit were recorded.

In addition, we have made measurements of
emission spectra for methanol, ethanol (fig. 3),
isopropanol and n-butanol vapours, that enabled
identification of species that participate in these
discharges. All four alcohols in the spectral range
from 300 nm to 900 nm exibit emission from OH
(at 306 nm), CH (431 .nm) and Ha (656 nm). So,
according to the measured spectra, we can
assume that the most prominent heavy particles
that participate in processes of collisional
excitation and ionization are H atoms and some
heavier dissociation fragments (OH and/or CxHy
species) that are produced in vapour dissociation
[10].
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Fig. 3 Emission spectra of alcohol vapours discharges: methanol
(black) and ethanol (red)

Since emission is the most intense at 656 nm and
431 nm, we chose Ha and CH band-pass optical
filers for spectrally resolved recordings of
emission from discharge.

In figure 4 we illustrate how the change of pd
(E/N) influences the structure and basic
processes in the discharge. We show profiles of
emission scaled by the pd parameter (d is the
distance from the cathode), so we may compare
emission intensity distributions at different
electrode gaps/pressures, i.e different E/N. At
low pd-s and high E/N, heavy particles, ions and
neutrals, gain enough energy to perform
excitation and even ionization. At
pd=0.2 Torrcm  heavy-particle  processes
dominate over electron processes, which is
revealed through emission profile peaking close
to the cathode (fig. 4a)). The most probable
candidates for inducing such high emission in the
cathode region are CH radicals and hydrogen fast
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atoms. In the right-hand branch of the Paschen
curve, at pd = 0.6 Torr cm, we observe two peaks
of emission intensity, smaller at the cathode and
higher at the anode, which indicates excitation by
electrons (fig. 4b)). A small peak of emission at
the cathode is due to the processes induced by
CH radicals. In the case of Ha profile, we
observe a typical, exponential, increase of
emission intensity from the cathode to the anode,
which indicates excitation by electrons, with
distinct non-hydrodynamic region close to the
cathode [11,12]. The data presented on fig. 4 also
indicate that basic processes governing
breakdown and low-current discharges stay the
same for the same pd, for the range of gaps
covered here, so the discharge structure remains
unchanged.
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Fig. 4 Axial profiles of emission from Townsend discharge in
methanol vapour taken in the a) left branch (pd = 0.2 Torr cm) and
b) in the right branch (pd = 0.6 Torr cm) of the Paschen curve. At
x-axis the distance from the cathode d is multiplied by p to enable
comparisons of profiles recorded at the same pd at different
electrode gaps. Full lines represent profiles integrated in visual
spectra, the dashed profiles are recorded through a band-pass CH
filter and dash-doted profiles are recorded through a Ha filter

Based on experimentally recorded emission
profiles for the low current limit (no space
charge effect) of the discharges in the
Townsend/diffuse regime (breakdown
conditions) we were able to determine effective
ionization coefficients for studied alcohols.
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Basically, when the discharge is running in the
low-current limit, the emission profile reflects
electron multiplication between the electrodes
(best observed if plotted in the semi-log scale)
and the slope corresponds to the ionization
coefficient once equilibrium with the local field
is reached [11]. However, at high E/N emission
in front of the cathode coming from heavy-
particle excitation mask electron excitation
profile. Thus, in fig. 5 we show effective
ionization coefficients from our experimental
data for the range of E/N from 1 kTd to 5 kTd.
We also show results for ionization coefficients
from the literature [13-15] for comparison.
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Fig. 5 The dependence of reduced effective ionization coefficient
(ceff/N) on the reduced electric field (E/N). Results obtained from
our experiment for methanol (open black circles) and ethanol (open
red circles) are compared with data for methanol from Hasegawa
and Date [13] (black line) and Shlumbohm [14] (black X) and with
data for ethanol from Hasegawa and Date [13] (red line) and von
Engel [15] (red crosses). The inset shows results from our
experiment for methanol, ethanol, isopropanol and n-butanol

Our results agree well with Hasegawa and Date
[13] in the range of E/N > 1 kTd. Due to
experiment limitations and instability of
discharge operation we couldn’t obtain data for
the range of E/N < 1 kTd.

4. CONCLUSION

In this paper, we present the data from
experimental studies of the dc breakdown in four
alcohol vapours: methanol, ethanol, isopropanol
and n-butanol. The measured data provide the
basis to describe the breakdown in alcohol
vapours, to identify species and elementary
processes that participate in these discharges.
The results also provide basis for further
progress in modelling of the breakdown in
alcohols.
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DC BREAKDOWN IN VAPOURS OF LIQUIDS*

Jelena Sivo§, Dragana Mari¢, Nikola Skoro, Gordana
Malovi¢ and Zoran L. Petrovi¢
Institute of Physics, University of Belgrade, Pregrevica 118,
11080 Belgrade, Serbia

Research of discharges in liquids and their vapours has
opened many possibilities for novel applications of non-
equilibrium discharges in medicine, fuel and sensor industry,
food industry and nanotechnology'?. As breakdown in
liquids is a quite complex phenomenon, research on the
breakdown in vapours of relevant liquids can provide initial
information necessary to study eclementary processes in the
gas phase and at surfaces®.

Breakdown measurements in vapours of water, methanol and
ethanol presented here are done between plane-parallel
electrodes, separated by 1.1 cm and biased by a DC voltage.
Vapours are obtained from bi-distilled de-ionized water, 99 %
methanol and 95 % ethanol. Determination of breakdown
voltages and recording of Paschen curve is enabled by the
electrical circuit with high resistance which provided highly
reproducibility and reliability of data. Cylindrical quartz
chamber allows recording of axial (side-on) discharge profiles
with ICCD camera, integrated in visible spectra and with
narrow band-pass filters: at 656 nm (Ho) for all vapours and
at 431 nm (CH band) in alcohols.

Breakdown voltages and spatial profiles of low-current
discharge are measured in the range of pressures from 0.07 to
4.5 Torr, well below the vapour pressure to avoid droplet
formation. Spectrally resolved measurements of emission
profiles indicate importance of heavy particles* formed in
dissociation of vapour molecules. In water vapour, heavy-
particle processes are dominant only at high E/N (above
6 kTd), while in methanol and ethanol vapours significant
contribution starts from 3 kTd. In the right-hand branch of
the Paschen curve (lower E/N), electron induced excitation
becomes significant. In this range of conditions, it is possible
to determine ionization coefficients and secondary electron
yields from Paschen curves and emission profiles of the
discharge. Still, this range is quite narrow for the vapours that
we studied, as instabilities, streamer mechanism of
breakdown and condensation impede reliable measurements.
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Abstract. The results covered in this paper provide breakdown data represented by Paschen curves for
methanol, isopropanol and n-butanol, along with the corresponding axial profiles of emission in Townsend
regime of the discharge and including the optical emission spectra. Paschen curves were recorded in the
range of pd (pressure x electrode gap) from 0.10 to 3.00 Torr cm. The optical emission spectra (OES) are
recorded for wavelength range from 300 to 900 nm, for discharges in all studied alcohols. The recorded
spectra enabled identification of species that participate in these discharges. All three alcohols exhibit
emission from excited radicals OH (at 306.4nm), CH (at 431.2nm) and Ha (at 656.4 nm) produced mostly
in dissociative excitation by electrons. Recorded profiles of emission enabled us to identify conditions where
processes induced by heavy particles (ions and fast neutrals) are dominant in inducing emission from the

discharge.

1 Introduction

Alcohols are organic compounds that are widely used in
numerous applications. In recent years, with increasing
public awareness of the need for environmental protec-
tion, and the reduction of greenhouse gas emissions in the
fight against global warming, eco-friendly and renewable
energy sources have attracted attention. Certainly, hydro-
gen is one of the most promising fuels and clean energy
sources, however, the main problem is its storage, due to
the low density. One of the solutions is to obtain it directly
on-site from other compounds. Alcohols have proven to be
particularly attractive and suitable for hydrogen produc-
tion using low-temperature non-equilibrium plasmas [1—-
4]. Tt has been proposed that Direct Alcohol Fuel Cells
(PEMFC fuel cells) may be used in vehicles, but also in
other portable electric or electronic devices [5-8]. In rela-
tion to the use of alcohols as a fuel or as its precursor,
studies of combustion and initialization of the discharge
are needed.

Further development of environmentally friendly energy
sources requires an improvement of existing materials and
obtaining new ones with enhanced characteristics such
as technologies to prepare materials required to grow
nanostructures for fuel cells (for example [8-10]). Carbon

* 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: sivosj@ipb.ac.rs

nanomaterials, such as nanotubes and graphene, are very
interesting for a wide variety of applications due their
unique structure and exceptional electrical, physical and
morphological properties. Specifically, one of the most
prominent features of graphene is its high conductivity,
which makes it attractive as a material for channels in
the next generation of ultra-fast transistors and for trans-
parent electrodes in solar cells. Many studies have shown
that plasmas in alcohols can be used as a carbon source
[11-15]. Tt turns out that hydroxyl groups and oxygen
atoms from alcohol play an important role in crystalliza-
tion and formation of nanographene layers [14].

Another important application within the context of
gas discharges is in elementary particle/ionizing radiation
detection, where alcohol vapours and other hydrocarbon
gases are used as quenchers [16-19]. In some cases, alcohols
are also applied to suppress aging of detectors [20]. Even
though alcohols are used in small percentages in gaseous
detectors, in mixtures with atomic buffer gases, they have
a critical influence on the shape of electron energy distri-
bution and transport coefficients, due to large vibrational
excitation cross sections [21,22].

Thus, there is a versatile field of application of these
non-equilibrium discharges, both in liquid state or as a
vapour. The development of future and improvement of
existing applications are based on a good understanding
of elementary processes that take place in the discharges.
A special challenge is to extend the techniques and under-
standing of the gas phase discharges into the realm of dis-
charges in liquids, liquid-gas interfaces and gas mixtures
involving vapours [23]. The information, on fundamental
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processes, can be obtained from measurements of elemen-
tary properties of discharges such as breakdown, operating
regimes, discharge anatomy, etc. Hence, the importance
of breakdown studies lays in the fact that they can reveal
information on individual processes and their balance in
discharges [24-30].

Back at the beginning of the twentieth century,
Townsend had formulated the theory of initiation of elec-
trical breakdown in a gas [29,30], which predicts that the
breakdown voltage (V4,) scales with the pd product, where
d represents the length of the electrode gap and p is the
pressure. Product pd is proportional to the number of col-
lisions that one particle makes while covering some dis-
tance. A Paschen curve (plot of the breakdown voltage
dependence on pd), is unique to each gas or gas mix-
ture and provides information for a better understanding
of the underlying processes in electrical breakdown. Our
research aims at providing some of the basic data on a
breakdown and various operation regimes of low-pressure
DC discharges in vapours of liquids (water and alcohols)
[27,28,31]. The lack of such data in the literature is one of
the key reasons why it is necessary to address this type of
research.

In this paper, we present measurements of the Paschen
curves obtained for the discharges in the vapours of pri-
mary alcohols (methanol and n-butanol) and secondary
alcohol (isopropanol) at low—pressures and compared to
previously published results for ethanol [31]. All measure-
ments of electrical properties are supported by record-
ings of axial discharge profiles by an ICCD camera.
Therefore, our study of low—pressure discharges in alco-
hol vapors provides a complete set of breakdown data
together with spatial emission profiles of the low—current
discharges. Such sets may be the basis for further analysis
or may be employed directly (e.g. ionization coefficients)
[22,24,32]. The present measurements can also provide
new or give additional insight into the understanding of
relevant atomic and surface processes associated with elec-
trical breakdown [24,33,34].

2 Experimental setup

The electrode system consists of two flat electrodes 5.4 cm
in diameter and is placed inside a tightly fitted quartz
tube. The distance between electrodes is adjustable and
the present measurements were performed in a plane-
parallel electrode geometry, at two different electrode dis-
tances: 1.1 and 3.1cm. The cathode is made of copper,
while the anode is a quartz window with a deposited
thin, transparent, conductive platinum film. A simpli-
fied schematic of the experimental set-up is provided at
Figure 1.

The discharge chamber construction allows side-on
recordings and we used two setups to register emission
coming from the discharge. In the first case, the camera
was equipped with a glass lens allowing us to acquire axial
discharge profiles of the spectrally integrated emission in
the visible range of spectra, defined by the transparency
of the lens and the quantum efficiency of the ICCD pho-
tocathode. For spectrally resolved measurements we used
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Fig. 1. Schematics of the experimental setup and the electrical
circuit used in measurements. All the recordings were made
with an ICCD camera mounted with an objective lens, a filter
or a spectrograph (SG). The series resistor Ro is used to limit
current and keeps it as low as possible for measurements in the
Townsend discharge. Ry, is the “monitoring” resistor used to
measure discharge current.
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band—pass optical filters in front of the lens thus enabling
recordings of emission profiles for a narrow range of wave-
lengths. In another setup, optical spectrum of emission
from alcohol vapour discharges was recorded by focus-
ing light from the discharge to a 100 um entrance slit
of the ORIEL MS127i spectrograph. In both cases sen-
sitive ICCD camera (Andor IStar DH720-18U-03) was
used to detect the signal. The spectrograph is equipped
with a ruled grating with a wavelength range from 200 to
1200 nm with spectral resolution 0.22 nm. A more detailed
description of the experimental procedure is given in [31].
The requirements of the experiment (very small currents,
steady state Townsend discharges) dictated the need to
limit the resolution in order to increase the sensitivity.

The vacuum chamber is pumped down to the base pres-
sure of below 107% Torr. Prior to the measurements, the
surface of the cathode is treated by a relatively high cur-
rent discharge in hydrogen (30 A), approximately 30 min,
until a stable voltage is achieved. The cathode surface
treatment can remove oxide layers and impurities from the
cathode, up to an extent where the surface becomes sta-
ble during the long periods of measurements. This proce-
dure has been proven to provide reliable and reproducible
breakdown data [24,33]. After the cleaning of the cathode,
the discharge chamber is again vacuumed to the pressure
of around 107 Torr. Both, treatment in hydrogen dis-
charge and measurements in alcohol vapours are done in a
slow flow regime, to ensure that possible impurities formed
in the discharge chamber are continuously removed.

We have performed measurements for three primary
alcohols: methanol, ethanol (see our earlier paper [31])
and n-butanol, and one secondary alcohol — isopropanol
(2—propanol). The vapours are obtained from 99.5% purity
methanol, isopropanol, and n-butanol. Water is an abun-
dant impurity in alcohols (max. 0.2%), while other volatile
impurities such as acetone, aldehydes and formic acid
(max. 0.002%) are present in small quantities. Also, iron
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(0.0005%) and some non-volatile substances (<0.001%)
are present only in traces. Therefore, a small percentage
of water vapour may be found in the discharge. Effects
of inherent gas impurities can be critical in two cases.
First, it is known that breakdown data in atomic gases
are sensitive to molecular impurities, due to significant
vibrational energy losses introduced by molecular gases.
Second, the attachment to impurities may strongly affect
discharges in gases that are not subject to attachment. In
that respect dissolved oxygen would be the most impor-
tant impurity. However, neither of the two possible pro-
cesses are expected to affect strongly the results for gas
discharges where ionization is a key process and is domi-
nated by the most abundant gas. Therefore, water will not
affect the results strongly (beyond its percentage abun-
dance) through either of the two effects and the same
is true for all other present components. Also, it should
be stated that even without evaporating the dissolved
oxygen it would not affect the breakdown potential and
other properties of the discharge as the operating point
is defined by the ionization to the most abundant gas
i.e. alcohols.

The alcohol vapour is introduced into the discharge
chamber from a test tube with a liquid sample, through a
pressure regulating valve. Immediately after opening the
valve, alcohol begins to boil due to the pressure difference
above its surface (1076 Torr) and the pressure of dissolved
gases in the sample itself. In this way, alcohol becomes
devoid of dissolved volatile constituents. The impurities
are reduced in the liquid sample to a minimum throughout
the boiling and vacuuming processes. Boiling stops when
a significant part of volatile impurities evaporates. After
boiling has ceased vapour is maintained at a moderate
pressure (lower than the vapour pressure) in the cham-
ber for period of 1-2h in order to saturate the electrodes
and the chamber walls. The vapour pressures of methanol,
isopropanol and n-butanol at room temperature (25°C),
are around 127, 44 and 7 Torr, respectively [35], so during
the measurements operating pressures are kept well below
these values to avoid the formation of liquid droplets.

The electric circuit is designed (as explained in greater
detail in our previous papers [28,31,36]) to provide stable
operation of the discharge near the breakdown conditions.
The breakdown voltage for each pd is determined from the
low—current limit of the discharge, by extrapolating the
discharge voltage to zero current in the dark Townsend
discharge mode [31,33,37].

3 Results and discussion
3.1 Paschen curves—breakdown data

Figure 2 shows breakdown voltage as a function of pd,
where p is the pressure, and d is the electrode gap size.
These measurements have been performed at two inter-
electrode distances: 1.1 and 3.1 cm and cover the range of
pds from 0.10 to 3.00 Torr cm overlapping with the min-
imum of the breakdown voltage in all cases. The dashed
lines in the graphs indicate the values of the reduced
electric field E/N (1 Td=10"2! Vm?). Shapes of Paschen
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curves for all alcohols are typical for gaseous low-pressure
DC discharges [33]. Electrode gaps are measured to bet-
ter than 2% uncertainty, pressure and voltage to better
than 1%, which makes them too small to be presented in
graphs.

The minimum of Paschen curve, in the case of methanol
for the gap of 3.1 cm lies at 0.40 Torr cm, while breakdown
voltage is 433 V. At the same gap, for isopropanol and
n-butanol, the minimum lies at 0.30 Torrcm and break-
down voltages are 420V and 415V respectively. When
distance between electrodes is 1.1 cm minimal breakdown
voltages are: 455V at 0.40 Torrcm for methanol, 436 V
at 0.30 Torr cm for isopropanol, and 434V at 0.25 Torr cm
for n-butanol. Breakdown in ethanol vapour has been
presented in detail in [31]. In Figure 2d we compare
Paschen curves for ethanol with other studied alcohols.
One may notice a general trend that the minimum of
the Paschen curves shifts to lower voltages and lower pd,
as one goes from simple to more complex alcohols. As
molecule becomes more complex (more atoms) there are
more modes for vibrational excitation (and vibrational
excitation is the dominant process controlling the mean
energy of the discharge) and thus losses are likely to
be greater requiring breakdown at higher E/N. To the
right of the Paschen minimum one can reach greater E/N
by increasing the breakdown voltage and as a result the
Paschen curve for the most complex molecule is above
those that are less complex. To the left of the Paschen min-
imum the more efficient way to reach higher E/N (ie mean
energy) is to shift the minimum to the lower values of pd as
the values of the voltages for the minimums are similar.
Thus the most complex molecule has the lowest break-
down voltage to the left of Paschen minimum.

Paschen curves (Fig. 2) obtained at different electrode
gaps show good agreement at low E/N values (the right-
hand branch of the Paschen curve). At higher E/N (the
left-hand branch of the Paschen curve), some discrepan-
cies in breakdown voltages at different electrode gaps are
noticeable. The differences in breakdown voltages at dif-
ferent gaps may originate from slight pressure variations,
which can have a large impact in a region of the steep
rise of the curve. More importantly, processes at surfaces
(secondary electron emission) have a stronger effect at
high E/N, while low E/N breakdown is dominated by
gas phase processes [24]. Even the slightest changes at
cathode surface between two sets of measurements can
be detected through differences in the left-hand branch of
the Paschen curve. The applied experimental technique,
in our measurements, is designed to ensure minimal dis-
crepancies between different sets of measurements.

After the breakdown, discharge is stable at low-current
(around 1pA) up to pd = 0.70 Torrcm, except for
n-butanol where the boundary is at 0.40 Torr cm. Above
these values discharge ignites into oscillations. At higher
pd we obtain periodic relaxation oscillations from which we
can determine the breakdown voltages [38—41]. In the case
of alcohol discharges these periodic relaxation oscillations
have frequencies between 250 and 890 Hz. However, above
3.0 Torr cm, it becomes difficult to control the discharge,
oscillations become random and we cannot use them to
establish breakdown voltage with reasonable accuracy. At
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Fig. 2. Paschen curves for discharges in vapours of alcohols, at various reduced electric field (E/N) indicated by dashed lines
[1Td=10"2' Vm? and 1 Torr = 133.32 PaJ. (a) Methanol vapour at d=1.1cm (full circles) and at d=3.1cm (open circles), (b)
isopropanol vapour at d=1.1cm (full circles) and at d=3.1cm (open circles), and (¢) n-butanol vapour at d=1.1cm (full
circles) and at d=3.1cm (open circles), and (d) comparison of Paschen curves for alcohols that we studied at d = 1.1cm.
Paschen curve for ethanol is taken from our previous publication [31].

the same time we did not pursue adjustments of the inner-
most impedance that would require redesigning the exper-
iment to stabilize the discharge [42,43]. Spatial profiles of
emission from the discharges recorded along with break-
down data confirm that even at the highest pressures for
the pds covered here there is no evidence of a transition
to the streamer discharge.

3.2 Axial profiles of emission

We have recorded axial distributions of light intensities
integrated over the visible spectral range at different val-
ues of pd — from 0.10 Torr ¢cm to 0.70 Torr cm. Axial distri-
butions of emission in the low-current limit of the V' — A

characteristics (~1 pA) are shown in Figure 3 for the two
electrode gaps 1.1 and 3.1 cm for methanol (Fig. 3a) and
for 3.1cm for discharges in isopropanol and n-butanol
(Fig. 3b). Profiles are obtained from 2D side-on images
of the discharge (Fig. 3a).

It has been often stated that the anatomy of discharges
may be used to reveal information on overall particle
kinetics at different conditions [44-48]. In discharges in
alcohol vapours as it can be seen in emission profiles in
Figure 3, electron induced excitation is responsible for the
shape of emission distribution with the typical exponen-
tial increase in intensity towards the anode, at highest pds
(lowest E/Ns) covered by our measurements. At lower
pd i.e. higher E/N, even ions may gain enough energy
for excitation. Furthermore, charge exchange with neutral
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Fig. 3. (a) Axial profiles of emission from discharge in methanol vapour for different values of pd (pressure x electrode gap)
at electrode gaps: d = 1.1cm and d = 3.1cm. Below the graphs are presented 2D false—colour images of the discharge that
correspond to pd values at the given electrode gaps showed above. (b) Axial profiles of emission from discharge in isopropanol
(left), and n-butanol (right) vapours for different values of pd (pressure x electrode gap) at electrode gap d = 3.1 cm.
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Fig. 4. Emission spectra of discharge in alcohol vapours at low pressure (in the left—-hand branch of Paschen curve) and

d = 1.1cm. The width of the spectrograph slit was 100 pym.

atoms and molecules may be very efficient, as it has been
seen in [45,49,50], so fast neutrals play an important and
even dominant role at high F/N. With further increase
in E/N contribution of heavy particles increases, which
is clearly revealed in Figure 3 through the rising peak of
emission close to the cathode. In the range of Paschen
minimum, the contribution of heavy particles to excita-
tion is almost the same as the contribution of electrons

for all vapours of alcohols presented here. At even lower
pressures heavy particles become dominant.
3.3 Spectrally and spatially resolved emission

Optical emission spectra (OES) for discharges in selected
alcohols are presented in Figure 4. Here, we repeat the
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Fig. 5. Axial profiles of emission from discharge in n-butanol vapour at electrode gap d = 3.1 cm for two values of pd (pressure
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line in 2D images.

ethanol emission spectrum from [31] for comparison with
the alcohol spectra presented in this paper.

The spectra were obtained for conditions in the left-
hand branch of the Paschen curve, or in other words, at
low pressures and at high F/N. All recordings were done
at low currents (1 to 3 pA), i.e. for the discharge operating
in the Townsend regime, where space charge effects can be
neglected. The strongest line for simpler alcohols is Hy,
while for the more complex alcohols, that line is subdued,
and CH emission is the strongest.

Optical emission spectra measurements were performed
in the spectral range from 300 to 900 nm, in which the

most intense emissions belong to OH and CH radicals and
atoms O and H (Balmer series lines). The detected emis-
sion stems from the excited species produced in dissocia-
tive excitation of the parent molecule producing H atoms
and some heavier excited dissociation fragments (OH, CO
and/or CxHy) [31,51-55]. The optical emission spectrum
of ethanol vapour discharge was described in detail in [31].
If we look at all recorded OES, it is obvious that emissions
originated from OH, CH, and H,,, are the most prominent
in the herein studied discharges of alcohol. The emission
at 306.4nm originates from OH radicals [54-57]. On the
other hand, the emission of CH radicals comes from two
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dominant systems: (1) the A2A — X211 system, with the
band-head at 431.2 nm, and (2) the B2X~ — X2II system,
with the band-head at 387.2nm [50-54]. The isopropanol
and n-butanol have more carbon content than methanol
and ethanol do and contain many more C-H bonds,
so CH emission has the highest intensity in these dis-
charges [58].

The recorded optical emission spectra were used to
select the appropriate band-pass optical filters for spec-
trally resolved recordings of spatial emission distributions
from discharges. In the case of n-butanol, we used opti-
cal filters for extracting emissions at three selected wave-
lengths: 431.2nm (CH), 656.4nm (Ha), and 777.2nm (O).
Figure 5 shows axial profiles of emission from the discharge
in n-butanol vapour, obtained for electrode gap of 3.1 cm,
in the left part of the Paschen curve at pd = 0.15 Torr cm
and E/N = 10kTd, and in the right-hand branch of the
Paschen curve at pd = 0.50 Torrcm and E/N = 2.6kTd.
Axial emission profiles are extracted along the horizon-
tal discharge axis from 2D images (white dashed line in
Fig. 5).

At pd = 0.15Torrcm (Fig. 5a) the dominant part of
emission originates from excitation induced by heavy par-
ticles (ions, fast neutrals and metastables but presumably
mostly fast neutrals — see Phelps Petrovi¢ [45]). That is
indicated through the peak of emission close to the cath-
ode [46,47]. Axial profiles of CH (grey line), H, (red line)
and O (blue line) emission follow the integrated emission
profiles (black line) (Fig. 5a). The most significant contri-
bution to fast neutral induced emission (i.e. at low pres-
sures and high E/N) comes from the excited CH radical.
A less significant contribution to the heavy-particle exci-
tation belongs to O and H species.

With an increase in pressure, (e.g. at pd = 0.50 Torr cm,
Fig. 5b), the maximum of emission in front of the anode
becomes a dominant feature in the profile. The peak of
the total emission (black line) near the anode is due to the
excitation in electron—neutral collisions. Also, the shapes
of CH, H,,, and O profiles (at 0.50 Torr cm, Fig. 5b), reveal
that these emissions are the consequence of the electron
excitation. On the other hand, at 0.15 Torrem (Fig. 5a)
H and O atoms, and CH radical are excited in collisions
with heavy particles.

4 Conclusions

Non-equilibrium discharges in alcohols, either in the lig-
uid or gas phase, have become a very popular area of
research, largely because of their wide field of application
[1-14,23]. The main obstacles to further understanding of
these complex systems lie in the incompleteness and lack
of relevant data on elementary processes that exist in the
literature [23]. Therefore, we aim to provide information
necessary for understanding some of the properties of DC
breakdown, low-current and glow discharges in alcohol
vapours.

In this paper we present data from experimental studies
of the DC breakdown in three alcohol vapours: methanol,
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isopropanol and n-butanol, at low pressure. Paschen curve
that has the lowest breakdown voltage, i.e. the lowest min-
imum is for n-butanol, at both electrode distances: 1.1 and
3.1cm. On the other hand, methanol vapour has the high-
est breakdown voltages. Also, recorded Paschen curves
show that minimum shifts towards the lower pressures,
higher E/N, for more complex alcohols. The complex-
ity is proportional to the number of atoms in a molecule
so with increase in complexity there are more modes for
vibrational excitation that causes greater losses requiring
breakdown at higher E//N. To the right of the Paschen
minimum this is satisfied by increasing the breakdown
voltage but to the left of the Paschen minimum the more
efficient way to reach higher E/N (i.e. mean energy) is
to shift the minimum to the lower values of pd. Thus, the
most complex molecule has the higher breakdown voltages
to the right of Paschen minimum and the lowest break-
down voltage to the left of Paschen minimum. The depen-
dence of our results on the complexity must have some
relationship to the photon induced processes as the dis-
sociation must proceed along the same basic molecular
potential curves. However, we were not able to identify
the relationship. One could perhaps pursue the relation-
ship between photon induced dissociation/ionization pro-
cesses and their energy dependence with our observations
and see whether some deeper relationship may be defined.
In any case such a study should be based on distribution
functions and electron scattering cross sections on the side
of Paschen curve modelling and understanding of molec-
ular potential curves for photon processes.

Recorded axial profiles of emitted light from low—
current, discharge reveal that heavy—particles make a sig-
nificant contribution to breakdown in alcohol vapours, in
a wide range of values of pd i.e. E/N. Even at moder-
ate values of reduced electric field E/N, from 3 to 5kTd,
heavy—particle induced processes have a significant role
in the discharge. For higher values of E/N they become
dominant.

Spatially resolved emission measurements with optical
filters show that most of the emission in visible spectral
range originates from CH radicals, O, and H atoms, prob-
ably mostly through dissociative excitation rather than
ground state excitation [59]. Measurements of OES reveal
that OH band (head at 306.4nm), CH band (head at
431.2nm) and H, line (656.4 nm) have the largest share
in the emission spectrum in the range from 300 to 900 nm,
for discharges in all alcohols studied here, while CO (also
detected in ethanol discharge), C, and O lines are visible
in isopropanol and n-butanol discharges. The measured
data provide the basis to describe the breakdown in alco-
hol vapours, to identify species and elementary processes
that participate in these discharges. The obtained results
also can enable further progress in modelling of the break-
down in alcohols.
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Abstract
In this paper, we present data from experimental studies of the DC breakdown in ethanol vapour
at low pressure as well as electrical and optical measurements of DC discharge parameters from
low-current to high-current regimes. A Paschen curve and the corresponding distribution of
emission intensities at low-current were recorded in the range of pd (pressure x electrode gap)
from 0.10 Torr cm to 3.00 Torr cm, covering the region of Paschen minimum. Recorded axial
profiles of emitted light from low-current discharge reveal that heavy particles make up a
significant part in ethanol vapour breakdown in a wide range of values of pd i.e. E/N, for values
E/N > 3kTd they become dominant. Also, we recorded volt-ampere characteristics at working
conditions close to the minimum of the Paschen curve, together with spatial profiles of low-
current discharge. In the region of transition from normal to abnormal glow, sudden changes of
the regime of operation were observed.

Keywords: plasmas in liquids, electrical gas breakdown, DC discharges, alcohol vapour, volt—

ampere characteristics

1. Introduction

Non-equilibrium plasmas are an indispensable part in the
development of material processing and sputtering techni-
ques, in microelectronics for fabrication of large-scaled inte-
grated devices (LSI) and in the light sources industry [1].
Applications of non-equilibrium electrical discharges in
organic liquids and their vapours is of interest for environ-
mental technologies, sensor industries [2], nanotechnologies
and biotechnologies [3, 4]. For instance, organic molecules
(containing carbon and hydrogen atoms) play an important
role in the production of graphene layers [5] and in the growth
of nanotubes [6]. For a long time discharges in mixtures of
gases involving alcohols have been used for elementary
particle detectors [2, 7-9].

Recently, studies of discharges in ethanol (and other
alcohols) began drawing attention because of their application
in production of ecologically friendly sources of energy
(biofuels for internal-combustion engines, PEMFC fuel cells)
[10, 11], in nanoscience for fast growth of high purity carbon
nanotubes (CNT’s) and nanoparticles [12, 13], in the food
industry, biomedicine etc. One of the main advantages of

0963-0252/19,/055011+-08$33.00

applications of plasma operating in alcohols/alcohol vapours
is the simplicity of experimental design allowing for fast
emergence of new devices. However, development of appli-
cations cannot be based only on empirical technical advances
in the design of devices. Key knowledge required for further
advances is the understanding of discharges in liquids and
their vapours and information about elementary processes
taking part in the discharge [14].

One direction that research should take are measurements
of elementary properties of the discharge regarding break-
down, operating regimes and discharge structure etc. Break-
down studies can reveal information on processes and their
balance in discharges. Moreover, secondary electron pro-
duction is an important parameter of the discharge and to
obtain it, and consequently to develop realistic models of
discharges, it is not sufficient to only model the Paschen
curve, but also the volt—-ampere (VA) characteristics of the
discharge [15].

In this paper we present measurements in low pressure
ethanol vapour of a Paschen curve, showing the dependence
of breakdown voltages (V},) as a function of the product of
pressure and electrode distance (pd). Besides, we recorded

© 2019 IOP Publishing Ltd
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Figure 1. Schematic of the experimental setup and the electrical
circuit used in measurements. Recordings are obtained with an ICCD
camera with an objective lens and a spectrograph (SG).

VA characteristics at working conditions close to the mini-
mum of the Paschen curve. We also noticed and performed a
detailed analysis of the unusual behaviour of the discharge
regime switching, observed in the abnormal glow. All mea-
surements of electrical properties are supported with record-
ings of axial discharge structure by an ICCD camera. Hence,
our study of low pressure discharges in ethanol vapour pro-
vides a complete set of breakdown data together with spatial
profiles of low-current discharge as well as thorough invest-
igation of electrical and optical properties of the discharge
operating in a wide range of currents in the VA
characteristics.

2. Experimental setup

Figure 1 shows a simplified schematic of the experimental
setup. Discharge is initiated between two parallel-plate elec-
trodes, placed inside a tightly fitting quartz tube. Each of
electrodes is 5.4 cm in diameter. The cathode (C) is made of
copper, while the anode (A) is made of quartz covered by a
thin, transparent, conductive platinum film. The distance of
electrodes can be adjusted and for this experiment it was set
to 1.1 cm.

Construction of the discharge chamber allows side-on
recordings and we used two setups to register emission
coming from the discharge. In the first case, the camera was
equipped with an objective lens allowing us to acquire axial
discharge profiles of spectrally integrated emission in the
visual range of spectra, defined by the transparency of the
objective and the quantum efficiency of the ICCD photo-
cathode. Additionally, placing band-pass optical filters that
have maximum transparency at 431 nm (region of hydro-
carbon CH radical emission band , the A -> 211 transition)
and at 656 nm (region of Ha line emission, then =3 ton = 2
transition ) in front of the objective lens allowed us to record
the profiles of emission at quoted wavelengths. In another
setup, to obtain a spectrum of emission of ethanol discharge
we focused light from the discharge volume to a 100 ym
entrance slit of spectrograph ORIEL MS127i. In both cases, a

sensitive ICCD camera (Andor IStar DH720-18U-03) was
used for detecting the signal. The spectrograph is equipped
with a ruled grating with a wavelength range from 200 to
1200 nm and spectral resolution 0.22 nm.

In order to obtain reproducible results, it is necessary to
perform preparations before every measurement. In the
beginning, the system is pumped down to an initial pressure
of the order of 107°Torr. Before the measurements, the
cathode surface is conditioned in a hydrogen discharge with a
current around 30 pA (for approximately 40 min), until the
operating voltage stabilizes. Hydrogen is chosen because it is
lightweight, so no cathode material is dispersed. At the same
time, this treatment effectively removes chemical oxides and
adsorbed layers of impurities from the cathode surface and
thus produces the same surface conditions for each
measurement.

Additionally, values of pressure are measured to better
than 1% uncertainty. As for the gap d it is also of the order of
2% uncertainty but it is fixed for all measurements as it does
not change from one pressure to another. The critical issue is
the changes in the surface conditions and there we needed to
ascertain the reproducibility of results. For argon, the repro-
ducibility is excellent (better than 1% over long time periods)
but for gases such as ethanol the reproducibility is not as good
as there is always a possibility of deposition. Thus, we
repeated cleaning cycles and checked for the reproducibility
over the period of measurements. Changes in the breakdown
voltage were taken as an indication that surface of the cathode
has been conditioned (deposition or possibly cleaning) and
we repeated cleaning that always produced results within
narrow margins (to one volt). Thus, one may conclude that
the uncertainty of measurements of the voltage is less than
1%, the current is accurate to several percent but bearing in
mind extrapolation to the zero current uncertainty is mainly
defined by the uncertainty of the voltage measurements, while
uncertainties in current average out if results were obtained
carefully. The experimental uncertainty is of the order of the
size of the points or less.

Ethanol vapour is obtained from 95% ethanol (C,HsOH)
(M = 46.07 gmol ). The main impurity in ethanol is water,
while other impurities, such as acetone, methanol, aldehydes,
formic acid are present only in traces (<0.001%). Therefore a
small percentage of water vapour is present in the discharge.
Typically, molecular gas impurities produce a very large
effect on the discharges in atomic gases due to lack of
vibrational energy losses in the former. Another strong effect
arises from the attachment to impurities that may strongly
affect the gases that are not subject to attachment. However,
neither of the two effects are important in the ethanol vapour
and they will not affect the results strongly. We could not
clean the samples any further by freezing and evacuating the
liquid as the freezing of ethanol occurs at a very low temp-
erature. The vapour is introduced into the chamber at low
pressure from a container with a liquid sample, through a
pressure regulatory valve at a low flow rate. Immediately after
opening the valve alcohol begins to boil due to the pressure
difference over its surface and the pressure of gases dissolved
in the sample itself. Throughout this process alcohol becomes
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Figure 2. Example of VA characteristics of ethanol vapour discharge
at pd = 0.20 Torrcm and d = 1.1 cm, with an illustration of
breakdown voltage determination in the inserted graph.

devoid of dissolved volatile constituents and after few sec-
onds the sample surface becomes still. After that, the vapour
is maintained at moderate pressure (~20 Torr) in the chamber
for periods of 1-2 h in order to saturate the electrodes and the
chamber walls. The vapour pressure of ethanol, at room
temperature, is around 45 Torr [16], so during the measure-
ments operating pressure is kept well below this value to
avoid the formation of liquid droplets.

The electric circuit is designed to provide operation of the
discharge both at breakdown conditions (i.e. low-current
limit) and at higher currents. The breakdown voltage for each
pd is determined from the low-current limit of the discharge,
by extrapolating the discharge voltage to zero current in the
dark Townsend discharge mode [15, 17]. In figure 2 we show
VA characteristics with the low-current limit enlarged and
inserted in a separate graph in order to illustrate determination
of the breakdown voltage. One should pay attention to the
linear extrapolation with small changes of voltage from the
lowest current points to the zero current limit. Usually we
limit ourselves to below 10 pA currents.

The discharge current is determined by measuring volt-
age drop on the resistor R,,,. Recording of VA characteristics
is accomplished in a pulsed regime, by imposing a short pulse
of voltage in addition to running discharge at a small DC
current (~1 pA). Pulses last long enough to allow the for-
mation of the steady-state discharge and measurement of
constant values in voltage and current signals. Pulsed mode of
operation prevents the heating and conditioning of the cath-
ode surface during the measurements, while a small DC
current is also used to eliminate the breakdown delay time
[18, 19]. The pulses are synchronized with the ICCD camera
so electrical measurements and recording of emission can be
acquired simultaneously.

1600 5 e
1400 ; ’
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Figure 3. Paschen curve for discharges in ethanol vapour at
d = 1.1 cm, at various reduced electric field (E/N) indicated by
dashed lines [1 Td = 10" Vm® and 1 Torr = 133.32 Pa].

3. Results and discussion

3.1. Paschen curve

The Paschen curve for the discharge in ethanol vapour at an
electrode gap of 1.1 cm is shown in figure 3. Breakdown
voltage dependence on pd, where p is pressure and d is
electrode gap, cover a range from 0.10Torrcm to
3.00 Torr cm.

The shape of the Paschen curve is typical for low pres-
sure DC discharges [15]. The minimum breakdown voltage of
435V occurs at around pd = 0.35 Torrcm, which corre-
sponds to the reduced electric field value of E/N = 4 KkTd.
After breakdown, the discharge operates stably at low-cur-
rents up to pd = 0.70 Torr cm, but above this value discharge
ignites into oscillations. For pds in the range between 0.70
and 3.00 Torr cm, we could not operate the discharge outside
the oscillatory regime- the oscillations are the same as the
oscillations annotated in the VA characteristics, and we have
chosen the modes that allowed us to determine the breakdown
voltage most accurately [20, 21]. There are periodic relaxation
oscillations with frequencies between 250 and 800 Hz.
However, above 3.00 Torr cm, it becomes difficult to control
the discharge, oscillations become random and we cannot use
them to establish a breakdown voltage with reasonable acc-
uracy. Spatial profiles of emission from the discharge recor-
ded along with breakdown data confirm that even at the
highest pressures covered here, there is no evidence of
transition to the streamer discharge in the range of pd cov-
ered here.

3.2. Spectrally and spatially resolved measurements

Measurement of emission spectra enables identification of
species existing in the discharge. In figure 4 we present
optical emission spectrum for ethanol vapour discharge
recorded at pd = 0.10 Torrcm at low current, i.e. for the
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Figure 4. Emission spectrum of discharge in ethanol vapour at
pd = 0.10 Torrcm and d = 1.1 cm. The width of the
spectrograph slit was 100 pm.

discharge operating in Townsend regime. Very few lines are
observed because of the very small current of 3 pA.

In the spectral range 300-700 nm, we detected OH, CO,
CH, and Ha (Balmer series line) emission. All observed
emission stems from excited species produced in dissociative
excitation of the parent molecule [22-25] producing H atoms
and some heavier excited dissociation fragments (OH, CO
and/or CxHy). As previously observed in ethanol discharges
[6, 23, 25], it is possible to form CO from the molecule of
ethanol either in collisions with electrons or radicals/H,O
molecules. Additionally, the spectra baseline features a broad
peak at wavelengths between 500 nm and 600 nm which can
be caused by CO, continuum [26], CO band emission [27] or
C, Swan band emission [26].

Besides measurements of emission spectra we also
recorded spatially resolved emission. These recordings
include spatial profiles of the total emission in a visual
spectral range and spatial distribution of emission in a narrow
wavelength interval around the most intense lines in the
visible part of the spectrum (431 nm and 656 nm). Axial
emission profiles shown in figure 5 are extracted along the
discharge axis from 2D images obtained for emission spec-
trally integrated in visual spectra and filtered by CH and Ho
band-pass optical filers.

Profiles  for  different pd  values  between
0.10-0.60 Torrcm present how the change of E/N (pd)
influences the structure and basic processes in the discharge.
Since during these recordings discharge operates at a low-
current limit i.e. in the Townsend regime, where the density
of space charge is insignificant so electric field between
electrodes is nearly homogeneous [18], one would expect an
exponential rise of emission towards the anode as electrons
gain enough energy for excitation processes in electron—
neutral collisions. However, presented integrated profiles
(solid lines) for all pd values reveal a strong emission peak in
front of the cathode. The work of Phelps and colleagues has
shown that heavy-particle (fast neutral) excitation is the

dominant cause of the emission in front of the cathode
[19, 28]. While CH emission singled out from the discharge
(dashed lines) follows the integrated profiles in shape, Ha
emission (dash dotted lines) exhibit dissimilar shape and a
much lower emission intensity as compared to the CH
emission.

At the 0.10 and 0.20 Torr cm (figures 5(a) and (b)), in the
left-hand branch of the Paschen curve, predominate emission
comes from the wavelength range covered by the CH filter
suggesting that CH species have the most important role in
heavy-particle excitations. With the increase of pressure, at
pd = 0.60 Torr cm (figure 5(d)), CH emission partakes less in
the total emission. The peak of the total emission near the
anode, that emerges at pd = 0.20 Torr cm (figure 5(b)) and
exceeds maximum of emission in front of the anode at
pd = 0.60 Torr cm at the highest values of pd (lowest E/N)
(figure 5(d)), is created due to excitation processes in elec-
tron—neutral collisions. In this case, the Ha emission intensity
(dash dotted lines) is also much higher. The shape of Ha
profile in the range from 0.20 Torrcm to high pd values
suggest that only electron excitation plays role in the case of
H atom in that range. However, at low pd (high E/N) H atoms
are also excited in collisions with heavy particles.

3.3. Volt-ampere characteristics

For a complete picture of ethanol vapour discharge properties,
along with the breakdown and low-current recordings, it is
also necessary to obtain VA characteristics. In figure 6 we
show VA characteristics of ethanol vapour discharge at
pd = 0.20 Torr cm measured in the range of discharge cur-
rents from ~1 pA to several mA together with 2D images of
typical operating regimes for low pressure DC discharges
[29, 30]. These regimes are clearly distinguished [28, 29].

In the diffuse Townsend regime (up to 20 pA), VA
characteristics shows a slightly negative slope, with a nega-
tive differential resistance of Rp = —84 k(). The negative
differential resistance, jointly with the breakdown data, is
important in the analysis of secondary electron yields
[15, 31]. Between Townsend and normal glow regime, for
currents from 20 pA to 300 pA, is a region of free-running
oscillations characterized by a more rapidly decreasing
voltage.

After this region, the discharge becomes constricted and
operates in a stable regime of normal glow. With a further
increment of the current, discharge becomes diffuse again and
runs in an abnormal regime that is characterized by a very
steep positive slope in VA characteristics for currents above
740 pA. In 2D images recorded for all discharge regimes, i.e.
at all discharge currents investigated, there is a peak of
emission in front of the cathode. As for the low-current case
discussed before, it has been shown that the peak of emission
at the cathode in higher current regimes is a result of fast
neutral excitation. These fast neutrals are mainly produced by
fast ions going through charge—transfer collisions with
molecules of the background gas [19, 32]. These processes
are prone to occur at lower pressures since the ion energy gain
has smaller dissipation in collisions. Lower pressures
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Figure 5. Axial profiles of emission from discharge in ethanol vapour for different values of pd (pressure x electrode gap) and E/N (reduced
electric field) at electrode gap d = 1.1 cm. Filtered emission is recorded at the same intensity scale and corrected for the filter transparency.

Letters C and A indicate the positions of the cathode and anode.

typically correspond to the conditions at the left-hand side of
the Paschen curve, where the E/N-s are high enough, which is
the case for the VA characteristics shown in figure 5. Parti-
cularly, for ethanol vapour the most probable candidates for
heavy particles that participate in excitation and ionization are
fast H atoms and some heavier dissociation fragments (OH,
CO and CH species).

During our investigation of normal glow, sudden changes
in the operating conditions (even in regime) were observed.
Measurements reveal changes in the steady-state current and
voltage values within a single voltage pulse. Changes in
discharge operating modes have been noticed before, in the
case of a normal glow in argon [17] and in the case of hollow
cathode discharges [33, 34], where a sudden increase of
current is followed by a decrease of operating voltage within a
single pulse. However, in the present study the discharge
operates at the lower current and higher voltage after the
transition.

In figure 7 we show two examples of the effect where
current and voltage waveforms have pronounced step-like
shapes due to the mode change. The transition effect is pre-
sent in the current range from around 860 pA (beginning of
positive slope of the VA characteristics) to around 1430 pA.
In the first example, at lower current shown in figure 7(a) the
transition in operation mode occurs approximately 2 ms after
the pulse ignition. During the transition, the discharge
switches to a ~40V higher voltage and ~130 A smaller
current.

The transition is smooth and lasts around 15 us. In the
second example, shown in figure 7(b), the same effect is
present at a higher initial current of ~1680 uA, but the
transition here happens only 30 us after the initial time
interval of stable operation. The transition lasts around 3 s,
and the discharge switches to ~70V higher voltage and
~320 pA smaller current. It appears that the transition hap-
pens earlier within the pulse for higher initial currents. At
given conditions, mode change in consecutive pulses is very



Plasma Sources Sci. Technol. 28 (2019) 055011

J Sivos et al

Townsend regime Normal glow Abnormal glow
———

Min  Emission intensity ~ Max

8() LY xR0 R ] | L SR R R L | . : L LS |
40 4 u -
e
> L
= T AT
=~ 0 EmEEE R o, { ( ) /
1 (@ e L
N “zZ Q-
e | |
L0 W e
= pd =0.20 Torr cm ; [ ()
1d=11lcm :.‘ |
g0 Y, =486V 1 o |
R,=-84kQ N
10 100 1000 5000

i (UA)

Figure 6. VA characteristics of ethanol vapour discharge at

pd = 0.20 Torr cm and d = 1.1 cm. The voltage is shown as a
difference between discharge (V) and breakdown voltage (V).
Capital letters (T, N, A) correspond to 2D false colour images of the
discharge running in different regimes. Circles and arrows indicate
transitions in operating regimes shown in figure 7 (please see text for
details).

reproducible, it always occurs at the same time after the
beginning of the pulse. The transition is always smooth and
there are no instabilities or oscillations in the voltage and
current waveforms.

Together with the waveforms, recordings of light emis-
sion from the discharge are taken several times during one
pulse. Figure 8 shows axial profiles of emission recorded with
short exposure time (0.2 us) at time points marked in
figure 7(b). Generally, in both profiles, a significant influence
of heavy particles in excitation and ionization is present,
judging by the peak of emission near the cathode. Although
the discharge current drops after the step, the overall intensity
of emission is higher. However, ratios of maximum intensities
of profiles near electrodes obtained for both cases, before the
step (open circles) and after the step (full circles), are the same
(around 3). Moreover, from 2D images of the discharge taken
before and after the transition, we estimated that in the radial
direction both profiles have the same width and therefore the
same effective discharge area [35]. One significant difference
between profiles is in the position of emission peak that
corresponds to the negative glow i.e. coincides with the edge
of the cathode fall [36]. The edge of the cathode fall region
shifts closer to the cathode after the transition.

This kind of behaviour is very unusual, as one would
expect that the length of the cathode fall would increase with

the decrease of current [36]. The cause for such change in
electric field distribution, discharge current and voltage is not
clear. Bearing in mind that the timing of the effect is repro-
ducible in consecutive pulses, we cannot attribute the effect to
deposition or sputtering. Gas or electrode heating should not
have a significant influence, as the discharge pulses are kept
short and the discharge operates in slow flow regime to avoid
those effects. Furthermore, one would expect the effect to be
more significant at higher currents. From the estimates based
on the complete sets of cross sections for similar gases for
which such sets exist, the degree of dissociation does not
affect the results. The observed behaviour is probably con-
nected to changes in the balance of charged or excited spe-
cies: ions or electronically and vibrationally excited
dissociation products and adsorbed species created in dis-
charges [22]. Thus, in some time intervals, after the pulse
application, the dominant gas species produced in the dis-
charge may be changed and consequently influence the bal-
ance of charged and excited species. In order to clarify and
explain the mechanism behind the transition, additional
experimental measurements and modelling should be
performed.

4. Conclusions

Discharges in vapours and liquids, especially organic ones,
have become a very popular area of research due to a wide
range of applicability [4, 14]. However, lack of relevant and
complete existing data on elementary processes have become
important obstacles to further understanding of these complex
systems [37—41]. By measuring properties of DC breakdown,
low-current and glow discharges in ethanol vapour we aim to
provide information necessary for the understanding of this
kind of non-equilibrium discharge.

In this paper we present data from experimental studies
of the DC breakdown in ethanol vapour at low pressure as
well as electrical and optical measurements of DC discharge
parameters from low-current to moderately high-current
regimes. A Paschen curve in ethanol vapour has a minimal
breakdown voltage of 435V at pd = 0.35 Torr cm. Recorded
axial profiles of emitted light from low-current discharge
reveal that heavy particles make a significant contribution to
ethanol vapour breakdown in a wide range of values of pd i.e.
E/N. For E/N > 3kTd they become dominant. Spatially
resolved emission measurements with optical filters show that
most of the emission in visible spectral range originates from
CH radicals and H atoms, probably mostly through dis-
sociative excitation rather than ground state excitation [42].
Spectrally resolved measurements reveal that OH band (head
at 306 nm), CH band (head at 431 nm) and Ha line have the
largest share in the emission spectrum in the range from 300
to 700 nm, while CO lines are also visible. The measured VA
characteristics at pd = 0.20 Torr cm has the shape typical for
low pressure discharges.

Measurements in a narrow current range in the abnormal
glow part of the VA characteristics reveal sudden transitions
while operating in a stable discharge regime. Without any
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instabilities or oscillations and with no significant change in
the externally observed spatial structure, the discharge
switches between steady-state modes of operation changing
from higher to lower current and from lower to higher voltage
within a single voltage pulse. The transition into a more
preferable operating mode, after some time of stable opera-
tion, is probably due to changes in the balance of charged and
excited species, dissociation products and adsorbed species
created in the discharge. The effect is interesting from the
point of view of fundamental discharge properties and from

the point of view of applications that work in pulsed or high
frequency glow regime.
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Abstract

CrossMark

In this paper we report studies of basic properties of breakdown, low-current Townsend
discharge and high-current discharge regimes in water vapour. Paschen curves and the

corresponding distributions of emission intensities at low current were recorded in the range
of pd (pressure x electrode gap) from 0.1 to 10 Torrcm covering the region of Paschen
minimum. From the experimental profiles we obtained effective ionization coefficient of water
vapour for the E/N range 650Td—7kTd and fitted the results by using the extended Townsend
analytical formula. Using the obtained ionization coefficient, we calculated the effective yield
of secondary electrons from the copper cathode. Results of the measurements of Volt-Ampere
characteristics in water vapour were presented together with the images of the axial structure

of the discharge in a wide range of discharge currents for two pd values. Recorded profiles
showed development of the spatial structure of the discharge in different operating regimes.
We were able to identify conditions where processes induced by heavy particles, probably
fast hydrogen atoms, are dominant in inducing emission from the discharge. Finally, standard
scaling laws were tested for low current and glow discharges in water vapour.

Keywords: plasmas in liquids, electrical gas breakdown, volt-ampere characteristics,

ionization coefficients, secondary electron yields, scaling laws

(Some figures may appear in colour only in the online journal)

1. Introduction

In recent years, an increasing interest in discharges in liquids
and vapours of liquids has opened new options and motiva-
tion to study non-equilibrium plasmas [1, 2]. Development of
different sources operating at low or atmospheric pressures or
even in the liquid was mostly driven by several applications
[3, 4] of such plasmas in medicine [5, 6], surface treatment [7,
8], nanotechnologies [9-11], light sources [12] and environ-
mental remediation [13, 14]. A common feature of all applica-
tions is the complex operation environment. At low pressure
it usually consists of mixtures of gas and vapour(s) and for
atmospheric pressure discharges water vapour is present in
humid air or discharge is run in vapour saturated atmosphere
obtained either by evaporating the liquid electrode [15] or by
creating a mist [16]. In case of discharges operating in the
liquid, the operation environment is often a heterogeneous
liquid—air bubble system [17].

0022-3727/15/424011+9$33.00

Taking into account that in devices used for applications
one has to handle the non-equilibrium properties of the dis-
charge itself and that complicated electrode geometry sources
are usually being used, unravelling all processes taking place
in the discharge is an arduous task. On the other hand, studies
of non-equilibrium plasmas, even when directly motivated by
a very specific application, lead to unravelling some of the
very fundamental principles. Those are both numerous in such
plasmas and necessarily connected with the need to have suf-
ficient range and depth of data and a phenomenology, that is
well tested by quantitative comparisons with experiments. In
other words, the fundamental nature of the scientific studies
of non-equilibrium plasmas stems from the way in which the
more detailed atomic and molecular and surface processes are
combined to build a complex picture of the discharge itself.

Our investigation aims at providing some of the basic data on
breakdown and low-pressure operation regimes in a wide range
of discharge currents in water vapour. Such data are scarce in

© 2015 IOP Publishing Ltd  Printed in the UK
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the literature. Contrary to complex geometries employed for
devices used in applications, fundamental processes are best
elucidated in a quantitative fashion in a simple geometry. Thus,
measurements in non-equilibrium parallel-plate dc discharge in
water vapour ignited at different conditions aim to provide a
comprehensive reference set of data that can be used in inter-
preting and modelling more complex discharges [18-23]. While
limiting ourselves to the breakdown and low current regimes of
dc discharge may seem to be a limitation that is not necessary,
it is done so that by using exact calculations we may determine
observables and thus produce data on some of the elementary
processes that are of universal importance in all regimes of
operation—such as ionization rate, secondary electron yield
and fast neutral excitation rates and cross sections.

In our earlier paper [24] we presented measurements of
breakdown voltages and spatial profiles of low-current dc
discharges in water vapour obtained from two types of water
samples of different purity. We have shown that breakdown
parameters are not dependent on purity of water vapour, pre-
sumably since at high E/N all impurities have similar energy
loss cross sections and ionization cross section. This is in
contradiction of some earlier studies of low energy transport
in water vapour [25] where dependence of the diffusion on
oxygen content proved to be strong due to the effect of reso-
nant attachment to oxygen molecule at low energies.

In this paper we start from the data presented by [24] and
present breakdown voltages, ionization coefficient and sec-
ondary electron yields which are obtained consistently from
the breakdown data (i.e. Paschen curves and spatial profiles
of low-current discharge). In addition we compare our data to
the few existing experimental results. We also show measure-
ments of Volt-Ampere (V-A) characteristics at two different
pressures, which are necessary for a complete analysis of sec-
ondary electron production in addition to the breakdown data
[26, 27]. Along with V-A characteristics recorded in a wide
range of discharge currents, we register profiles of emission
coming from the discharge for several distinctive operating
conditions. This allows us to have a view on different dis-
charge regimes and link the shape of the V-A characteristics
to the spatial profiles of the discharge, i.e. to the relevant pro-
cesses under those circumstances [28, 29].

2. Experimental setup

In our experiment, the discharge is established in a parallel-
plate system of electrodes, placed within a tightly fitting
quartz tube. Separation between electrodes is adjustable. The
cathode is made of copper, while the anode is a transparent
film of platinum deposited on a quartz window, both 5.4 cm in
diameter. Such a construction of the discharge chamber allows
us to record axial and radial profiles of emission while pre-
venting a long path breakdown at low pd (p is the pressure and
d gap between electrodes).

Water vapour is obtained from bi-distilled de-ionized water
and introduced into the vacuum system at a slow flow rate
(even though it was shown as stated above that this measure is
not necessary for the breakdown and other high E/N studies).
After the initial period of boiling, water in the tube becomes
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Figure 1. Schematic of the experimental setup.

still and devoid of dissolved oxygen and other volatile con-
stituents. In order to achieve saturation of all surfaces in the
chamber, the vapour is allowed into the system for several
hours before measurements and after that, the pressure is kept
below 20 Torr to avoid condensation [24].

The electrical circuit (figure 1) allows igniting the discharge
in the low-current dc regime using a high series resistance Ry
to limit the current. Higher current pulses are generated by
using a pulse which is superimposed onto a running (very
low current) discharge by the pulsing circuit. Resistance Rg
limits the current pulse. This permits operation at high cur-
rents during a limited period of time (usually several ms),
sufficient to stabilize the discharge and allow for recording
while still being too short to allow continuous damage to the
electrode. The breakdown voltage is determined by extrapo-
lating discharge voltages from the discharge operating at the
lowest possible currents (~1uA) to the zero current. For this
to be a valid procedure one needs to operate in the Townsend’s
regime where space charge perturbation on the V-A character-
istics is linear and small. The V-A characteristic in a broader
range of currents is obtained by switching from the low-cur-
rent to the high-current discharge regimes during pulses and
taking steady-state values of the discharge current and voltage
when there are no oscillations [30].

Profiles of the discharge are recorded by a sensitive inten-
sified charge-coupled device (ICCD) camera (Andor IStar
DH720-18U-03) equipped with a photographic lens. The
beginning of the ICCD camera recording can be synchro-
nized with the pulse by setting an appropriate delay in order
to record profiles of the steady-state part of the pulse. The
profiles are recorded with the emission integrated in visual
spectra and also by using an interference band-pass Ha filter
with 5% of transparency around 656 nm.

Further details of the measurements are described else-
where [31, 32].

3. Results and discussion

3.1. Breakdown and low-current discharge profiles

The Paschen curve for water vapour is shown in figure 2.
Breakdown voltage dependence on pd (pressure times elec-
trode gap) ranging from 0.1 to 10 Torrcm is measured at two
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Figure 2. Paschen curves measured for two electrode gaps: 0.75cm
and 2.1 cm. Arrows mark discharge working points shown in

figure 3. This figure contains some data already shown in [24] and
repeated here for comparison and completeness.

electrode gaps: 0.75 and 2.1cm. The reduced electric field
(E/N) is indicated in the plot by several dashed lines repre-
senting constant E/N values. Recorded curves agree well
within the whole pd range. Differences in breakdown voltages
existing at low pd, i.e. in the left branch of the curve, may
come both from pressure instabilities due to the steep rise of
the curve and from different diffusion losses that are affected
by differences in electrode gap to diameter ratio for the two
measurements [33, 34]. A small inflection around 2 Torrcm is
present in the right-hand part of the curve recorded for d =
0.75cm. The minor perturbation of the curve may be due to
the proximity of the dew point for water vapour [24] but its
origin has not been established yet as well as whether it is
present for all conditions.

For every point of the Paschen curves, spatial profiles of
the discharges operating at low-current limit were recorded.
At low currents, i.e. in the Townsend regime, density of space
charge is insignificant and therefore the electric field between
electrodes is almost homogeneous [35]. Several emission pro-
files are presented in figure 3. We selected profiles (of inte-
grated emission as well as Ha emission) at pd = 0.11Torrcm
(figure 3(a)) and pd = 0.65 Torrcm (figure 3(b)) to illustrate
how the change of pd (E/N) influences the structure and basic
processes in the discharge. We show profiles scaled by the px
parameter (x is distance from the cathode), so we may com-
pare emission intensity distribution taken at different elec-
trode gaps/pressures. At the same time, this may serve as an
additional test of the validity of scaling with the pd parameter
[36, 37].

In the region of the minimum of the Paschen curve, i.e. for
pd = 0.65 Torrcm, we observe a typical, exponential, increase
of emission intensity from the cathode to the anode, which
indicates excitation by electrons (figure 3(b)). The beginning
of the steady increase in the emission intensity is shifted from
the cathode, leaving some space for the non-hydrodynamic
region next to the cathode [38—40]. A small peak of emission
at the cathode edge is due to the optical reflection. From the

slope of the profile we can determine the ionization coefficient
of water vapour (see section 3.2).

On the other hand, at low pd-s and high E/N, heavy parti-
cles, ions and neutrals, gain enough energy to perform excita-
tion and even ionization. At pd = 0.11 Torrcm heavy-particle
processes dominate over electron processes, which is revealed
through emission profile peaking close to the cathode (figure
3(a)). Hydrogen fast atoms are the most probable candidate
for inducing such high emission in the cathode region [41, 42].
Excellent agreement of the shape of integrated emission pro-
files (full lines) with the profile recorded using H, filter (with
the intensity scaled by 70 for easier comparison) (dashed line)
supports this assumption. Additionally, a good overall agree-
ment of the profiles integrated in the visual spectrum that are
recorded for different electrode gaps confirms the validity of
scaling laws. The basic processes governing breakdown and
low-current discharges stay the same for the same pd for the
range of gaps covered here so the discharge structure remains
unchanged.

A large number of recorded spatial profiles need not be
presented here but it is worth stating that they cover continu-
ously the transition between the two regimes. If calibrated by
some technique those profiles may be used to obtain quantita-
tive data on heavy particle collisions in water vapour.

3.2. Effective ionization coefficient and secondary electron
yield

One way to obtain binary collision data for the gas phase and
for the collisions with surfaces is to employ swarm experi-
ments and low-current discharges operating in the low current
limit (zero space charge effect). Such conditions, which are
part of the definition for swarms, also apply for breakdown
itself (as the initial stages go through growth of electrons dic-
tated by the external fields) and for the low current limit of the
discharges in the dark (Townsend) or the low current diffuse
regime [26, 27, 43]. Basically, when the discharge is running
in the low-current limit, the emission profile reflects electron
multiplication between the electrodes (best observed if plotted
in the semi-log scale). Accordingly, the slope corresponds to
the ionization coefficient once equilibrium with the local field
is reached [38, 39, 44].

In figure 4 we show effective ionization coefficients in
water vapour discharge determined from the fit to experimen-
tally recorded emission profiles of a low-current dc discharge,
recorded in the range of reduced electric fields (E/N) between
650Td and 7kTd. We also show results for ionization coef-
ficients from the literature [45—48] for comparison. These sets
seem to agree well in the range of low E/N where Prasad and
Craggs [46] results exist. Moreover, results of Hasegawa et
al [45] and de Urquijo et al [47, 48] agree well throughout
the entire available range (150-650Td). Our results are sys-
tematically lower than Hasegawa et al data in the range of
overlap of E/N. The difference may stem from the different
nature of experiments, but possibly also due to fast neutral
contribution. In Hasegawa et al [45] authors obtain ionization
and the attachment coefficient by fitting the Townsend’s theo-
retical equation for the current growth to the experimentally
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Figure 3. Axial profiles of emission from Townsend discharge in water vapour taken (a) in the left branch (pd = 0.11 Torrcm) and (b) in
the minimum (pd = 0.65 Torrcm) of the Paschen curve. Distance from the cathode x is multiplied by p to enable comparisons of profiles
recorded at the same pd at different electrode gaps. Full lines represent profiles integrated in visual spectra, the dashed profile is recorded

through a band-pass Ha filter.

T T T
H,O
10% .
N/‘\
E
= 107 5 = our results
5 x  Hasegawa etal
S *  Prasad&Craggs
o de Urquijo
fit-our results
104 * - fit-Hasegawa & de Urquijo
100 1000 10000
E/N (Td)

Figure 4. The dependence of reduced effective ionization
coefficient (a.p/N) on reduced electric field (E/N). Results obtained
from our experiment (squares) are compared with data from
Hasegawa et al [45] (crosses) and Prasad and Craggs [46] (stars)
and de Urquijo et al (circles) [47, 48]. Lines represent fits of the
ionization coefficient by analytical formula as given in the table 1.

obtained current growth in a steady state Townsend experi-
ment. Different vapour purities (degrees of contamination)
may explain some of the difference, but that is not very likely
to have a considerable effect. Our own tests indicate that
for the high E/N effect of water purity is very small on the
breakdown voltage due to large mean electron energies and
large cross sections in all gases in the relevant energy range.
While the same may be said for the ionization coefficient it is
likely to be more affected than the breakdown voltage itself.
Nevertheless, we can state that the differences are compat-
ible with the combined experimental and possible systematic
uncertainties of the two experiments. While one may find an
advantage for one set of data or the other, the analysis of our
experiment should proceed using our ionization coefficient as
it represents directly the multiplication in our system which is

required for the calculation of the secondary electron emission
yields.

In figure 4 we also show two fits by the modified
Townsend’s analytical formula to our experimental data and
the data compiled of Hasegawa et al [45] and de Urquijo
[47, 48]. The semi-empirical formula proposed by Phelps
and Petrovi¢ [26, 49] and further evaluated for a number of
gases in [50] has several terms identical to the Townsend’s
formula for ionization coefficient but the values of parame-
ters are different. Physical meaning for using the multi-term
formula can be found in the existence of several groups of
electrons in the discharge, with the coefficient B; showing the
range where the term i is significant and A; giving the maximal
contribution of the particular term [50]. Moreover, the domi-
nant term in the multi-term formula should be similar to the
standard Townsend single term formula fit for the same gas.
Coefficients obtained by fitting the experimental data by the
3-term analytical formula are given in table 1. In the table we
also provide the E/N region where the fits are valid. It should
be noted that the negative Ai coefficient in the formula allows
adjustment of the fit to represent decreasing of a/N with E/N
due to a decrease of the ionization cross section at higher elec-
tron energies [50]. Fitting coefficients obtained for the present
experimental results are valid for our range of measurements
(650Td-7kTd), but they also follow the trend of Hasegawa
and de Urquijo in the lower range of E/N.

Furthermore, taking experimentally determined ionization
coefficient (multiplication) obtained from the spatial emission
profiles, we may calculate secondary electron yields using
the condition for self-sustaining discharge [38, 39, 44, 51].
Such an approach has an advantage as it takes into account
often difficult to represent non-hydrodynamic effects close
to the cathode and possible effects of impurities thus giving
the actual electron multiplication in the experiment [26]. A
disadvantage of this technique is that it produces results of
somewhat lower accuracy than pulsed discharge integration
techniques. In the case of water vapour, at lower E/N resolving
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Table 1. Coefficients of the Townsend formula fit in the E/N range 130Td-7kTd.

Formula
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Figure 5. The dependence of the effective secondary electron
coefficient (yegr) on the reduced electric field (E/N). Full symbol
data was calculated disregarding the equilibration length dj, open
symbols—with dy. Our results (squares) were obtained with copper
cathode, Hasegawa et al [32] results (crosses)—with stainless steel
cathode with gold-plated quartz inset.
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Figure 6. V-A characteristics for two different pd-s (0.6 Torrcm and
0.3 Torrcm) at fixed gap d = 1.1 cm. Labels (a)—(d) indicate different
characteristic regimes of the discharge where the side-on images are
presented in figure 6.

the length of non-hydrodynamic region at the cathode (dy) can
be elusive due to the shape of the profile next to the cathode.
At higher E/N, fast heavy particles make excitations in the
cathode region, preventing determination of dy At high E/N
(low pd) this is not critical, as overall multiplication is small,
so dy does not influence determination of the secondary yield

considerably. Nevertheless, measurements presented here give
us a consistent set of key parameters that determine break-
down in water vapour.

The effective secondary electron yield presented in figure 5
was calculated using the experimentally obtained Paschen
curve and ionization coefficient. The secondary electron yield
was calculated taking into account the equilibration length
(dp) where it was possible (open symbols) and without the d
length (full symbols). A major difference in the coefficients is
observed only for lower E/N fields, i.e. for the values obtained
from the right branch of the Paschen curve, where accounting
for the equilibration length has the largest effect [26, 39, 40].
Additionally, in figure 5 we also plot results of Hasegawa
et al [45] obtained with a cathode made of stainless steel with
a gold-plated quartz inset entrenched in the central area [52].
Results by Hasegawa et al do not take into account the equi-
libration length. Compared to the corresponding results from
our experiment, the agreement is very good, bearing in mind
the different cathode materials.

3.3. Voltage—current characteristics and structure of the
discharge

In figure 6 we show V-A characteristics of the discharge at
the fixed electrode gap (d = 1.1 cm) and at two different pres-
sures. We have selected conditions around the minimum of
the Paschen curve (pd = 0.6Torrcm) and in the left-hand
branch (pd = 0.3 Torrcm). In the right-hand branch, above
0.7 Torrcm, the discharge instabilities impede the measure-
ments. Oscillations of the discharge, streamer formation [24]
and multiple-channel discharge [53] take place. In this paper
we present only the steady-state measurements. Along with
the voltage and current measurements (figure 6), we record
axial images of the steady-state regimes by the ICCD camera
(figures 7 and 8). Composite data containing the V-A charac-
teristics and axial images of the discharge reveal the connec-
tion between the shape of the characteristics and the structure
of the discharge. V-A characteristics and corresponding side-
on images of the discharge demonstrate regimes typical of
non-equilibrium low-pressure discharges [29, 31-33, 35, 49]:
(a) Townsend discharge; (b) beginning of the normal glow,
with distinct radial constriction of the discharge; (c) higher-
current normal glow; (d) abnormal glow.

In the diffuse low-current (Townsend) discharge (labelled
by (a) in figures 6 and 7) operating voltage lowers as current
increases, resulting in a negative slope of the V-A character-
istics. The negative differential resistivity of the discharge in
the case of pd = 0.6 Torrcm is around 60k, while for pd =
0.3 Torrcm is around 15k€Q. The negative differential resist-
ance in the Townsend regime plays an important part in the
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Figure 7. 2D images of the characteristic regimes of the discharge,
taken with the ICCD camera in side-on view. Dashed lines indicate
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discharge structure at pd = 0.6 Torrcm, while the right hand-side
column is for pd = 0.3 Torrcm. The electrode gap is d = 1.1cm in
both cases. Labels (a)—(d) correspond to labels in figure 6.

analysis of secondary electron yields [27, 54]. We will leave
the comprehensive analysis of the secondary electron yields in
water to some further study which would involve all particles

able to produce secondary electrons from the cathode surface.
That goal, however, will have to involve several species of
ions and fast neutrals [19-22]. The cross section set for those
is being developed [55, 56]. An important part in the cross
section analysis would be calculations of spatial emission pro-
files in the Townsend region and achievement of quantitative
agreement with the measured data.

At the beginning of the normal glow (label (b) in figures 6
and 7) a distinct constriction of the discharge is formed. This
kind of behaviour is typical for the normal glow [28, 29, 35,
57], although one would expect a less distinct constriction
at the lower pressures. Still, since at the lower pressure the
diffusion losses become important [28, 33, 34], the effective
diameter of the discharge is likely to be smaller [29]. Such
behaviour is also apparent through the development of the
abnormal glow regime (labelled by (d) in figures 6 and 7), as
the full diameter of electrodes at lower pd-s is achieved by the
discharge at much higher currents.

At pd = 0.3 Torrcm, as under the breakdown conditions
observed in figure 2, an additional peak of emission near the
cathode can be seen throughout all regimes of the discharge.
It has been well established in the literature that the cathode
peak of emission is a result of fast neutrals produced by fast
ions going through charge exchange collisions with almost
stationary molecules of the background gas [42, 58, 59]. Such
processes appear at lower pressures resulting from the energy
gain of ions without much dissipation in collisions. In other
words these processes are typically observed at the left-hand
side of the Paschen curve, when the reduced electric field
(E/N) is high enough. For example for hydrogen it has been
shown that the fast neutral peak is produced mainly by fast
hydrogen atoms [42]. Also, in fluorocarbons cathode peaks
have been found mostly in the gases which include hydrogen
atoms [60] although it is not impossible to observe the effect
in other gases. In the case of water vapour, the most prob-
able candidates for heavy-particles that participate in excita-
tion and ionization are thus fast hydrogen atoms created in the
discharge.

In figure 8 we show profiles of emission extracted from
two-dimensional (2D) images presented in figure 7. The pro-
files are drawn along the discharge axis. Profiles are recorded
as integrated in total visual spectra and with a band-pass filter
of Ha line. The shape of the band-pass filter profiles closely
follow the shape of the profiles obtained in full visual spectra
for both pd values and in all regimes. Thus, excited hydrogen
atom emission dominantly contributes to the overall emission
within the wavelength range from ~400-800 nm. Importantly,
the spatial scans maintain relative scaling of detection effi-
ciency and thus may be put on the absolute scale by normal-
izing the profiles for the electron dominated peak at lower E/N
as done in [38]. Thus one can unfold the data to obtain the
absolute heavy particle excitation cross sections (as done by
Phelps et al for other molecules [42, 61]).

3.4. Scaling of voltage—current characteristics

Scaling of discharge properties is an important issue that
reveals whether higher order processes or non-linearities affect
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Figure 9. V-A characteristics for low-current discharges in water vapour, scaled by parameters (a) i/p? and (b) j/p?, at pd = 0.6 Torrcm and
different values of d. V is discharge voltage, while V;, denotes the breakdown voltage.

the overall kinetics. It is also an issue that has been often over-
looked and generally V-A characteristics are shown as a func-
tion of current. Even if current density is used the area that is
assumed for normalization is the entire area of the discharge.
It has been often pointed out by Phelps and co-workers and
other authors as well that realistic surface area has to be taken
into consideration. Only with the development of transparent
yet sufficiently conducting electrodes has it become possible
to perform realistic scaling tests. One such test has been made
in [29]. It revealed that, as theoretically predicted, current
density throughout the normal glow remains constant and thus
the whole normal glow region collapses to a single j/p? point.
On the other hand scaling by p? which is due to space charge
effects and should strictly work only for the Townsend’s dark
discharge region enables us comparisons across large dis-
charge gaps from standard to micro discharges. In another
study of this type it has been established that essentially the
same physics controls standard size and micro discharges well

down to 50 um gaps [37]. Thus we proceed to test the scaling
of V-A characteristics in water vapour.

V-A characteristics of the water vapour discharge have been
measured for four different electrode gaps (0.55cm, 1.1cm,
2.1cm and 3.1cm) at several pd values. We have focused our
attention to the pd-s that correspond to the minimum of the
Paschen curve and to the left-hand branch, as water vapour
discharges have not been studied so far under those condi-
tions. In figure 9, V-A characteristics of the water vapour dis-
charges at different electrode gaps (d) and at the same pd, are
shown. The choice of pd = 0.6 Torrcm is right in the range of
the minimum of the Paschen curve. Voltage is shown as a dif-
ference between discharge (V) and breakdown (V}) voltage,
allowing small variations of the breakdown voltage during the
measurements. In figure 9, we show both i/p? and j/p* nor-
malized results [29]. The effective area of the discharge was
determined from the side on measurements by using Abel
inversion.
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It is worthwhile to comment on the discharge behaviour in
this view, at least in the Townsend regime, which is radially
diffuse, and in the abnormal glow regime, which is practically
1D as it occupies the entire electrode area.

As discussed before, we can distinguish several regions
in V-A characteristics: the low-current Townsend regime,
normal and abnormal glow. There is also a region between
the Townsend discharge and normal glow, where free-running
oscillations occur and it is not possible to obtain steady state
values of the voltage and current.

Figure 9 shows that discharges at different gaps scale well,
in the range of low-current Townsend discharge. This indi-
cates that no processes, which would lead to the breakdown of
scaling, participate in our discharge (gas or electrode heating,
stepwise processes of excitation and ionization, three-body
collisions etc.) [33, 36]. Variations in breakdown voltages can
be contributed to variations in cathode surface conditions. It
is difficult to compare voltages in the abnormal glow mode,
since we have only limited available data in high current
range at shorter gaps. However, it is obvious that voltages
are elevated at longer gaps, i.e. lower pressures. Based on our
previous studies of the scaling [33], this kind of behaviour
could be attributed to additional diffusion losses. When the
electrode separation becomes comparable to the diameter of
the discharge, radial losses of charged particles become more
important. Also, at lower pressures, losses due to a specific
electric field distribution around the edges of the cathode can
be important [33, 62]. Nevertheless one does not expect scaling
to work perfectly for the abnormal discharge regime. Most
importantly, however, the normal glow collapses practically
to a single point on the j/p? scale thus indicating a constant
current density throughout the region before the development
of the abnormal glow.

4. Conclusions

Different regimes studied here are optimal for operation of
non-equilibrium discharges and thus are sought for numerous
applications, most importantly in treatment of thermally
unstable materials, even the living tissue or organisms. In that
respect, as biology often coincides with released water vapour
or liquid environment that is part of the reason why discharges
in liquids have become so interesting and topical in recent
years. The measured data provide the basis for describing
breakdown in water vapour with all data issues cleared and
allow to establish a basic benchmark before one progresses
to modelling of the breakdown above the water, where water
may be one of the electrodes and breakdown in bubbles or
even liquid water. Each of these steps requires a range of
assumptions and adding to these uncertain basic processes
would render modelling of such a discharge untraceable.

In this paper we present a broad range of data sampled
from the experimental studies of the dc breakdown in water
vapour and from low to moderate current discharges. The
entire range of the operating conditions shows validity of
the standard scaling laws, which proves that the three body
and higher order processes do not contribute significantly to

the breakdown at these pressures. We show only some of the
examples of the recordings that were taken to study a whole
range of standard conditions close to the minimum of the
Paschen curve.

Effective ionization coefficients of water vapour are
obtained from spatial profiles of emission in the E/N range
of 650Td-7kTd. This range of reduced electric fields cor-
responds to mean electron energies larger than 20eV [63],
which opens a possibility to use the results for normalization
of cross sections [64] for interaction of electrons with water
molecules at high energies. To our knowledge, transport data
at such high E/N are not available in the literature.

With the obtained ionization coefficients and measured
Paschen curves, effective secondary electron yields are cal-
culated. Special attention is given to the analysis of non-
hydrodynamic development close to the cathode. One should
note that the secondary electron yield here is determined for
a metallic surface saturated with water vapour. It is of great
interest to extend these studies to discharges with liquid
electrode(s), especially to explore a possibility to extract elec-
trons or hydrated electrons from the surface.

The next step is to couple the breakdown data to those of
the low current V-A characteristics thus providing a chance to
determine the energy (effective E/N) dependence of the sec-
ondary yield [26]. Finally the fitting of the entire V-A charac-
teristics by a model that can handle both glow discharge with
a self consistently determined field profile and low current
uniform field limit (exactly) will provide knowledge on how
to treat the secondary electron yield (as in the case of argon
[31, 33]) at higher currents. We would have to first complete
a study of the contribution of all the pertinent processes (ions,
metastables, photons, electrons, fast neutrals etc.) and then test
whether any of these processes or any other process entering
the round the loop multiplication become controlled by multi
step processes (such as three body ion formation or photon
emission). Only then can one test the models of higher cur-
rent discharges to check whether the breakdown of the scaling
may mean the increased importance of some more complex
processes. In particular it would be interesting to check for the
effect of cluster formation around the ions and electrons and
how those affect the overall performance of the discharges in
water vapour.

Our study overlaps with the region of high E/N where elec-
trons and ions may be in runaway [65]. This region is also of
interest for possible breakdown in pure liquids under the effect
of fast rise nanosecond pulses. Finally, as stated above we can
produce absolute cross sections for fast neutral excitation by fit-
ting the spatial profiles of emission put to the absolute scale by
normalizing to excitation coefficient for electrons at the anode.

When one wishes to discuss transport and breakdown in
liquids hydration of electrons (and ions) will dramatically
change the kinetics of breakdown, discharge formation and
how such processes develop is still an open question. Still it
is expected that two interface regions exist between the gas
phase and the liquid phase. Our quantitative data will be rel-
evant for the gas phase interface where water vapour domi-
nates over the buffer gas. In that region ions and other active
particles will be formed that penetrate the liquid as well.
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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

* Contribution to the Topical Issue “Electron and Positron
Induced Processes”, edited by Michael Brunger, Radu
Campeanu, Masamitsu Hoshino, Oddur Ingélfsson, Paulo
Limao-Vieira, Nigel Mason, Yasuyuki Nagashima and Hajime
Tanuma.

# e-mail: draganam@ipb.ac.rs

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 gap d). 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
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Fig. 1. Paschen curves for (a) atomic gases: Ar, He, Ne, Xe,
Kr [6] and (b) molecular gases Hz, SFs, O2, CHy4, No [12],
CF4 [10], and H20 [11] and C2H5OH vapours. Measurements
with Ha, SFg, CF4, H2O and Ca2H5OH 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
7= pald—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:

E/N\?
=1 1 .
" 6¢+<mo>

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

(3)
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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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with the inclusion of the delay distance dy 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 dy 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 ~ 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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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.
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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.

450

pd = 1Torrem = d=1cm, p=1Torr, D="5.4cm
400 1 e d=2cm,p=0.5Torr, D=5.4cm
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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 7. Development of density and ionization rate for the breakdown of RF
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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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Conference scope

While many plasma technologies have matured in the past decade, so they might
not attract much scientific interest any more, as many if not more so have sprung
out. The plasma scientists’ community has expanded enormously and is currently
facing attractive challenges in solving global problems by touching yet
undiscovered possible solutions for environmental, food and health issues. The
scope of ICAPT conferences has always been discussing recent innovations and
suggesting future challenges. Round tables are organized on a couple of hot topics
of plasma technologies — medicine and agriculture. The first five ICAPT
conferences were organized in Europe, the sixth one was organized in Siem Reap,
Cambodia, while this year the organizers have decided to move to Vietnam —
probably the region of highest demand for advanced plasma solutions in the next
future. For example, the Hue University of Medicine and Pharmacy has launched
ambitious research on plasma medicine recently. ICAPT conference provides a
forum for extensive and in-depth discussions related to specific problems and
create more opportunities for collaborations between leaders and experts in this
scientific field.
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Measurements and simulations of RF breakdown in gases

Zoran Lj. Petrovié¢ (1, 2), Antonije Pordevi¢ (1, 3), Marija Puac (2, 3), Jana Petrovié¢ (2),
Jelena Sivos (2), Gordana Malovi¢ (2), Dragana Mari¢ (2)

(1) Serbian Academy of Sciences and Arts, Knez Mihajlova 35, 11000 Belgrade, Serbia

(2) Institute of Physics Belgrade, University of Belgrade, POB 68, 11080 Zemun, Serbia

(3) School of Electrical Engineering, University of Belgrade, Bulevar kralja Aleksandra 73,
11120 Belgrade, Serbia

Unlike DC breakdown, RF breakdown may be achieved purely by the effect of electron
multiplication leading to the plasma in the so-called alpha regime. In that sense, RF breakdown
is easier to achieve i.e. it can be achieved at lower voltage. On the other hand, measurements
of the event of breakdown itself are much more difficult in RF due to the very large
displacement current. Most plasma experiments and models do not focus on the breakdown
phase and skip to the well-established plasma, seeking to model its properties. The difficulty of
achieving breakdown at atmospheric pressure opens numerous questions on the mechanisms
that may be used to reduce the breakdown potential, as well as to reduce the possibilities of the
development of higher current thermal modes of discharge. In this review, we shall present a
survey of a broad range of results obtained first by Monte Carlo simulations and then promote
a novel experimental technique to minimize the effects of the displacement current and to allow
detection of the discharge currents in the ten micro-ampere range.

As for results of simulations, we shall discuss the basic breakdown mechanism for different pd
values, for different gas number density normalized frequencies and also, we shall explain
double valued breakdown curves at low pd. Scaling will be tested by observing spatial profiles
of electron density, ionization and excitation rates, and mean energy. In addition, electron
energy distribution functions resolved in time and in space will be studied to give support to
spatial profiles. Effects of electron reflection and multipacting will be reviewed, as well as the
secondary electron production by ions. We shall compare the RF breakdown in rare gases and
in gases with large attachment to try to provide some background for the strategies in generating
atmospheric-pressure non-equilibrium plasmas.

Finally, we shall show our system that uses a capacitive bridge to discern the discharge current
from the much larger displacement current. First results of measurements in argon will be
shown and compared to simulations and other experiments.
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Topic number 9

Low-pressure DC discharges in vapours of alcohols
J. Sivos™*, D. Mari¢?, N. Skoro!, G. Malovié! and Z. Lj. Petrovi¢?

Lnstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2 Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11001 Belgrade, Serbia
®) sivosj@ipb.ac.rs

Here we present measurements of breakdown properties at low pressure, for different electrode
gaps, in several organic vapours i.e. primary and secondary alcohols. Paschen curves are recorded
for pd range from 0.06 Torrcm to 2 Torr cm. Based on emission spectra we identify species
existing in these discharges. Most likely H atoms and some heavier dissociation fragments (OH
and/or CxHy species) take dominant part in heavy particle processes of ionization and excitation.
Measurements of Volt-Ampere (V-A) characteristics of discharges for the conditions close to the
minimum of Paschen curve at pd of 0.4 Torr cm and d = 1.1 cm are also presented.

In past years the field of nonequilibrium discharges in organic liquids and their vapours became an
important area for developing of applications. Discharges involving alcohols, whether in liquid or in
vapour, are suitable for hydrogen production [1], the growth of graphene layers and nanotubes [2] and
for development of different types of high energy particle detectors and sensors [3]. Simple design of
devices based on these discharges is certainly an advantage, but for further development of novel
applications, it is necessary to understand and know elementary processes and their balance in
discharge. Studies of breakdown and electrical characteristics of discharges can provide knowledge on
fundamental processes that are an integral part of discharges in alcohol vapours.

Our experimental measurements were conducted in a simple plane-parallel geometry, with the copper
cathode and quartz anode coated with conductive, transparent platinum film. The separation (d)
between electrodes was adjustable. The vapours were evaporated from 95% ethanol and 99% samples
of methanol, isopropanol and n - butanol. More experimental details can be found elsewhere [4].

We recorded Paschen curves (breakdown voltages Vy, versus product of pressure p and electrode
distance d) in low-pressure dc discharges in alcohol vapours at different interelectrode separations (fig.
1). Curves are recorded for pd range from 0.06 Torr cm to 2 Torr cm. For each point in the Paschen
curves, spatial profiles of the discharges operating at low-current limit were recorded.
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Fig. 1. Paschen curves of discharge in alcohol vapours at two electrode gaps: a) 1.1 cm and b) 3.1 cm

In addition, we have made measurements of emission spectra for methanol, ethanol (fig. 2a)),
isopropanol and n-butanol vapours (fig.2b)), that enabled identification of species existing in these
discharges. In all cases, emission coming from OH, CH and Ha (Balmer series lines for H atom) are
visible in the spectral range from 300 nm to 900 nm. In ethanol, isopropanol and n-butanol, emission
that originates from CO can be noticed. According to measured spectra, we can assume that heavy
particles that participate in processes of collisional excitation and ionization are H atoms and perhaps
some heavier dissociation fragments (OH and/or CxHy species) [5].
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Fig. 2. Emission spectra of alcohol vapours discharges: a) methanol (black) and ethanol (red) and b) isopropanol
(black) and n-butanol (red)

Along with breakdown measurements, it is important to
comprehend electrical characteristics of discharges, since
majority of applications work in glow discharge regime.
Here we show Volt-Ampere (V-A) characteristics for
methanol and ethanol recorded at working conditions close
to the Paschen minimum (fig. 3). Operating regimes typical
for low-pressure dc discharges can be clearly distinguished.
After the breakdown, discharge runs in Townsend mode.
Positive space charge effectively increases the field in front
of the cathode, which leads to higher ionization coefficient
and secondary electron yield, allowing the discharge to run
at lower voltage. With the current increase, in region of
transition towards the normal glow, regime of free running
oscillations occurs — interval of discontinuity in V-A
characteristics which starts at currents of 6 pA for methanol
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Fig. 3. Volt-Ampere characteristics for
discharges in methanol (black squares)
and  ethanol (red  squares) at
pd=0.4 Torrcmand d = 1.1 cm.

and around 10 pA for ethanol. At even higher currents, the discharge runs in normal glow regime. In
ethanol vapour this regime extends to almost 8 mA while in methanol discharge normal glow ends at
around 600 pA. After normal glow, further increase of the discharge current is followed by voltage
increase i.e. the discharge operates in abnormal glow regime. Electrical measurements are supported
with recordings of axial discharge structure by an ICCD camera.

The data obtained for several organic vapours is complete set of reliable breakdown data necessary for
modelling. Based on recorded spectra we were able to identify the most significant excited species in
these alcohol vapours discharges. Also, the V-A characteristics have shape anticipated for this type of
non-equilibrium discharges. In abnormal regime we have observed anomalies in discharge behaviour
in methanol (around the Paschen minimum) and ethanol (in left branch of Paschen). Further studies
will include recording of V-A characteristics for isopropanol and n-butanol.

This work is supported by the Serbian MESTD under project numbers ON 171037 and 111 41011.

References

[1] G. Petitpas, J. D. Rollier, A. Darmonb, J. Gonzalez-Aguilar, R. Metkemeijer, L. Fulcheri,
International Journal of Hydrogen Energy, 32 (2007) 2848 —2867
[2] M. Matsushima, M. Noda, T. Yoshida, H. Kato, G. Kalita, T. Kizuki, H. Uchida, M. Umeno and K.

Wakita, J. Appl. Phys., 113 (2013) 114304

[3] P Fonte., A. Mangiarotti, S. Botelho, J.A.C. Goncalves, M.A. Ridenti, C.C. Bueno, Nuclear
Instruments andeethods in Physics Research A, 613 (2010) 40-45
[4] J. Sivos, N. Skoro, D. Mari¢, G. Malovi¢ and Z. L. Petrovi¢, J. Phys. D: Appl. Phys. 48 (2015)

424011

[5] Y. Suda, A. Okita, J. Takayama, A. Oda, H. Sugawara, Y. Sakai, S. Oke and H. Takikawa, IEEE

Transactions on Plasma Science, 37(7) (2009) 1150-1155



73rd Annual Gaseous Electronics Virtual Conference Time zone: Central
Daylight Time, USA.

https://www.aps.org/meetings/meeting.cfm?name=GEC20

Monday, October 5, 2020 8:00 AM - 8:30 AM

Session BM1 : Welcome Remarks - «aliol Bera, Applied Materials Inc - Tag(s): Live

8:00AM BM1.00001: Welcome Remarks — Welcome Remarks 8:00am - 8:30am

Monday, October 5, 2020 8:30 AM - 12:00 PM

Session BM2 : Tutorial I: Plasma PhYSiCS Fundamentals | - Greg Severn, University of San Diego - Tag(s): Live

8:30AM BM2.00001: Plasma Two Ways: Foundations of Kinetic and Fluid Models of Plasma, a Tutorial [invited] GREGORY SEVERN, Dept. of
Physics \& Biophysics, Univ. of San Diego, STEVE SHANNON, Dept. Nuclear Engineering, North Carolina State Universty-Raleigh, SCOTT BAALRUD, Dept. of
Physics \& Astronomy, Univ. lowa, VENKATTRAMAN AYYASWAMY, Mechanical Engineering, Univ. California-Merced, BEN YEE, Sandia National Laboraties —
This tutorial will present a pedagogical introduction to plasma kinetic and fluid equations, emphasizing theoretical foundations for the two
common plasma models, as well as their numerical solution; particularly particle-in-cell and two-fluid. The intended audience is graduate students,
as well as colleagues who work on more applied topics or who are changing areas of research and who seek an introduction to the foundations of
plasma model equations, the physical processes included and excluded from different approximations, and numerical methods used to solve these
equations. In order to focus on a definitive example, each of the theoretical models and numerical solution techniques will be applied to an
experimentally-motivated problem of streaming instabilities in the plasma-boundary transition region. The theory will be broadly applicable, but
the example chosen to illustrate distinguishing features of kinetic and fluid models.

8:45AM BM2.00002: Using the plasma fluid equations to understand two stream instability and vice versa [invited] STEVEN SHANNON, North
Carolina State University — The plasma fluid equations, derived by taking velocity moments of the Boltzmann equation, are one of the most heavily
employed sets of equations used in studying basic plasma phenomena. When combined with Maxwell's equations, a large fraction of the plasma
universe can be studied analytically and computationally. The two stream problem presents a simple framework from which the utility of the fluid
equations in capturing plasma behavior can be demonstrated and compared against plasma models that employ Boltzmann or Vlasov equations
directly instead of using their velocity moments to obtain a fluid representation. In this tutorial, the two stream instability will be used to introduce
the fluid equations, the derivation of the plasma dispersion relation, and the determination of stability for a plasma system.

10:15AM BM2.00003: Break (10:15am - 10:30am) —

10:30AM BM2.00004: Foundations of Plasma Kinetic and Dielectric Response Theory [invited] SCOTT BAALRUD, Univ of lowa — This talk will
review the foundations of plasma kinetic and linear dielectric response theory, as well as its application to predicting the stability properties of low
temperature plasmas. Plasma kinetic theory for the reduced phase-space distribution will be derived by coarse graining the exact N-body
Klimontovich description. In the limit that interactions between charged particles are weak, this is approximated by the Vlasov equation. The Vlasov
equation can be used to compute the linear dielectric response function for a plasma, which describes the dispersion and growth or damping of
fluctuations, including Landau damping. A general stability condition called the Penrose criterion can be obtained by applying Nyquist's method to
the plasma dielectric response function. The Landau damping, and growth, of waves predicted by the kinetic theory has no analog in fluid theory.
To demonstrate this, stability conditions in the presence of counter-streaming populations, as are common near boundaries of low-temperature
plasmas, will be investigated. Connections with the fluid limit and nonlinear solutions from PIC simulations will also be discussed.

Monday, October 5, 2020 8:30 AM - 11:30 AM

Session BM3 : Workshop I: Artificial Intelligence & Machine Learning in Plasma Science and Beyond - satoshi

Hamaguchi, Osaka University, Japan - Tag(s): Live

8:30AM BM3.00001: Artificial Intelligence {\&} Machine Learning in Plasma Science and Beyond; Introduction™ [invited] SATOSHI
HAMAGUCHI, Osaka Univ — Artificial intelligence (Al) and machine learning (ML) can play important roles in plasma science and its application to a
wide range of technologies in various ways. For example, they can be used to extract useful information from a large amount of data produced in
experiments and numerical simulations. As the technologies for plasma diagnostics, supercomputing, and data management continue to advance
and their costs continue to decrease, data produced in this field is expected to grow exponentially and must be analyzed nearly automatically. For
physical phenomena that are too complex to be understood by deduction from the first principles, Al and ML may help one to find correlation or
even causation among seemingly unrelated physical quantities or physical events, inferring possible underlying physical mechanisms or even
phenomenological predictive models. In this Workshop, speakers specializing in different branches of plasma science and technologies will present
their latest research work on the utilization of data in their own specialties. The Workshop is intended to provide an exemplary insight into this
exciting development of “new means” of analyses in plasma science and technologies.

*|SPS Grant-in-Aid for Challenging Exploratory Research (18K18753)



LT2.00001: Spatial and time evolution of N,(C), N>(B) and N in atmospheric nitrogen plasma created by nanosecond repetitively pulsed
discharges ARNAUD GALLANT, CentraleSupélec — Atomic nitrogen sources are essential for nitridation processes and for other applications such
as nanomaterial synthesis or biomedical engineering. Nitrogen plasmas produced by nanosecond repetitively pulsed (NRP) discharges at pressures
above atmospheric are considered as a potential source of atomic nitrogen owing to their high energy efficiency and atomic yield. In the present
work, we are operating in pure molecular nitrogen at atmospheric pressure. We have measured during the first nanoseconds of the discharge
down to 100 us in the postdischarge, the density of N2(C), N2(B) using absolutely calibrated 2D optical emission spectroscopy. The density of
ground state N is deduced from the density of N2(B) whose certain vibrationnal states (here v=11) are in partial kinetic equilibrium with the ground
state of N.

LT2.00002: Spatial distribution of emission in low pressure DC discharges in water and alcohol vapours® JELENA MARJANOVIC, DRAGANA
MARIC, GORDANA MALOVIC, Institute of Physics, University of Belgrade, Serbia, ZORAN LJ. PETROVIC, Serbian Academy of Sciences and Arts, Belgrade, Serbia;
School of Engineering, University of Ulster, UK — Here we show the spatial distributions of emission in the DC breakdown in water vapour and alcohol
vapours, for electrode gaps 1.1 and 3.1 cm. We recorded the 2D side-on distributions of emission using an ICCD camera. For the same \textit{pd},
at different electrode gaps d, the anatomy of the discharge changes. The radial discharge width is smaller at larger electrode gaps, as shown for
the case of a gap of 3.1 cm, as compared to the gap of 1.1 cm. This difference is most noticeable at low pressures (large E/N).At given electrode
diameter to gap ratio the increased diffusional losses at lower pressures will violate \textit{pd} scaling, however, it is interesting that processes
induced by heavy particles are more sensitive to changes in geometry of the discharge than electron induced processes. Under the investigated
conditions, most of the emission comes from the cathode region due to the heavy-particle excitation. As the electrode gap increases the radial
distribution of emission near the cathode becomes significantly narrower than that near the anode. We propose that the smaller radial discharge
widths at larger gaps may be due to the change of electric field distribution in the vicinity of the cathode edges, in addition to the diffusion losses of
charged particles near the discharge chamber walls. Consequently, processes of excitation and ionization in this region would be less prominent.

*Supported by the Serbian MESTD, Projects No. 171037 and 410011

LT2.00003: Rarefaction Flow in Bounded Plasma with Adiabatic Electrons® ALEXANDER KHRABROV, Belle Mead, NJ 08502 USA, IGOR
KAGANOVICH, JIAN CHEN, Princeton Plasma Physics Laboratory, HENG GUO, Department of Engineering Physics, Tsinghua University, Beijing, China 100084 —
We study, by numerical and analytical means, the evolution of a collisionless plasma initiated between absorbing walls. The ensuing flow is
described by rarefaction waves that travel inward from the boundaries, interact, and eventually vanish after crossing through, leading up to the
asymptotic stage of the decay. Particle simulations indicate that the kinetic evolution strongly resembles one found in isentropic gas dynamics.
Namely, a very gradual density profile forms in the expanding central region where the rarefaction waves interact, with an accompanying linear
velocity profile. Asymptotically, the density falls off as 1/¢. The density and the flux at the boundary show little variation over the period when
rarefaction waves still exist. Plasma potential, on the other hand, drops quite rapidly (on the underlying ion-acoustic time scale) to less than T,
when over 70\% of the particles still remain in the system. This is due to electron kinetics being governed by conservation of adiabatic invariant in a
slowly varying potential well. Analytical model of the velocity distribution is presented to explain the simulations. The results have implications for
afterglow plasmas used in material processing and also for ion-extraction devices.

*The work of . Chen was supported in part by the China Scholarship Council.

LT2.00004: DOLI-Il upgrades at UW-Madison®™ PEIXUAN LI, NOAH HERSHKOWITZ, Dept. of Engineering-Physics, University of Wisconsin-Madison, GREG
SEVERN, Dept. of Physics \& Biophysics, University of San Diego — The upgrade of the triple plasma device at the University of Wisconsin-Madison is
close to being finished. The device consists of two outer plasma source chambers and a central chamber with biased grids placed in between.
Plasma is produced in each outer chamber by thermionic electrons which are emitted from negatively biased filaments. Permanent magnet line
cusps were placed around each chamber to trap the ionizing electrons. The device can be used to study double layer structures and nonlinear
wave propagation. Diagnostic tools such as Langmuir probes and emissive probes are used to take measurements of plasma parameters. New
upgrades include laser-induced fluorescence and Mach probe diagnostics to directly measure ion speed. The initial design and construction of this
device was discussed by Justin Kim et al. at the 56th APS-DPP conference. The latest device status will be presented at this meeting.

*Work supported by NSF grant nos. PHY-1804654, 1804240

LT2.00005: Does the discrepancy between Langmuir Probe and emissive probe measurements of plasma potential depend on ion flow and
sheath formation?* MICHAEL SHAHIN, Dept. of Physics \& Biophysics, University of San Diego, PEIXUAN LI, NOAH HERSHKOWITZ, Dept. of Engineering-
Physics, University of Wisconsin-Madison, GREG SEVERN, Dept. of Physics \& Biophysics, University of San Diego — It has recently been shown that emissive
probes (EPs) measure plasma potential profiles correctly in plasma presheaths, and that Langmuir probes (LPs) do not, in low temperature, low
pressure plasma. It has been argued that these differences are thought to be caused by inherent, diffuse, ion flow in the presheath region toward
the negatively biased electrode, characteristic of sheath formation. One of the roles of experiment is that of suggesting models and to spur theory
formation. In pursuit of this goal, we test the hypothesis that ion flow to the boundary plays an essential role by examining the difference between
plasma potential measurements made by Langmuir probes and emissive probes in single ion species plasmas of differing mass number. The Bohm
speeds for Xe, Kr, Ar, Ne, and He plasmas are known to vary. Experiments are performed in unmagnetized discharges in the parameter regimes,
0.1 < P, < 1mTorr,with1 <T, <5eV,and 1 X 10° < n, <1x 10'%¢m=3. Results are discussed.

*Work supported by NSF grant nos. PHY-1804654, 1804240
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Poster Session — Topic 5. Modeling of Plasma-Liquid Systems P31

Transit time of ions in low-current low pressure water vapour
discharge

Dragana Mari¢', Jelena Sivos’, Nikola Skoro Gordana Malovi¢'
and Zoran Lj Petrovi¢'?

'Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
“Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Following the most pressing needs in data on elementary processes in plasma-liquid interaction
[1], we have studied DC breakdown and non-equilibrium discharges in pure water vapour, in
very simple geometry. Results presented in our recent paper [2] show that heavy particles, i.e.
positive ions and fast neutrals have significant contribution to the processes of excitation at
moderate and high reduced electric fields (E/N). Hydrogen ions and fast atoms are the most
probable candidates in the case of water vapour, as the lightest products in water vapour
discharge.

In order to identify dominant ions in the discharge, we calculated ion transit time according to
the analytical model of oscillations in Townsend regime, developed by Phelps and co-workers
[3]. lon transit time (T) is related to frequency of oscillations and parameters of electrical circuit:

[(R e

] ss(kl Rumky)]
R CT

ySS‘(l + ySS)

where w is angular frequency and k is damping coefficient of oscillations, C is effective
capacitance of electrical circuit, R; and Rm are resistances in the electrical circuit, dg/oV is
differential of the coefficient of electron multiplication g by discharge voltage V, yss — effective
yield of electrons per ion arriving at the cathode, at the stationary discharge voltage. The ky
term approximates contribution of “kinetic” ejection of electrons from the cathode surface and
the k; term represents the first-order effects of space charge on the electric field.

Calculations were done for the discharge initiated at electrode gaps from 1 to 3 cm and
pressure (p) x gap (d) of 0.6 Torrcm which corresponds to the conditions of the minimum of
Paschen curve, and 0.3 Torrcm, in the left hand branch of Paschen curve.

Transit times of ions in water vapour were compared with transit times of hydrogen ions (H,
H,", Hs') in hydrogen discharge [4]. Initial analysis indicates that H," is dominant ion in the
range of moderate E/Ns. Accelerated H," lead to production of fast H atoms in subsequent
reactions. Our further investigation will be to extend the analysis to wider range of operating
conditions.
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VOLT-AMPERE CHARACTERISTICS AND
ABNORMAL GLOW DISCHARGES IN
METHANOL AND ETHANOL VAPOURS

J. Sivo§!, D. Mari¢', N. Skoro', G. Malovi¢' and Z. Lj. Petrovié"?

! Institute of Physics, University of Belgrade, Pregrevica 118, Zemun, Belgrade,
11080, Serbia
2 Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11001, Belgrade,
Serbia

Abstract. Here we present measurements of Volt-Ampere characteristics for
low-pressure discharges in methanol and ethanol vapours for electrode gap of
1.1 cm, at pd-s (pressure x gap) close to the Paschen minimum. We focus on
changes in operating mode of discharges that are observed in abnormal glow
regime. The transition occurs after certain time and it is smooth, without any
instability in V-4 waveforms.

1. INTRODUCTION

The field of non-equilibrium plasmas in liquid alcohols and their
vapours have become very attractive subject of research in past years. These
discharges have drawn attention due to the wide area of application from
environmental remediation, biomedicine to nanotechnology. The first
nanographene layers were synthesized in discharges of liquid alcohol solutions
[1], the fuel industry recognizes them as suitable sources of hydrogen [2] and
they are integral part of high energy particle detectors and sensors [3]. Since
majority of applications work in glow discharge regime, it is important to
comprehend electrical characteristics of discharges. Here we present Volt-
Ampere (V-A) characteristics for methanol and ethanol vapour discharges
measured at working conditions close to the minimum of the Paschen curve, with
detailed analysis of unusual behaviour observed in abnormal glow regime of the
discharge.

2. EXPERIMENTAL SET-UP

The electrode-system is placed inside tightly fitting cylindrical quartz
chamber, due to prevent long-path breakdown. Plan-parallel electrode-system
consists of copper cathode and quartz anode coated with transparent conductive
thin film of platinum. The electrodes are 5.4 cm in diameter (2r) and 1.1 cm
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apart. Vapours are obtained from 99 % methanol and 95 % ethanol. Volt-Ampere
characteristics are measured by applying a pulse of voltage in addition to running
discharge at small DC current (~ 1 pA). During the pulse, axial emission profiles
are recorded by fast sensitive ICCD camera (Andor IStar DH720-18U-03). More
information on the measurement technique can be found elsewhere [4].

3. RESULTS AND DISCUSSION

Volt-Ampere characteristics were recorded in a range of discharge
currents from ~1 pA to several mA. In Fig. 1 we show plots of voltage and
current dependence in methanol (squares) at pd = 0.4 Torr cm and ethanol
(circles) at pd =0.2 Torr cm. Operating regimes typical for low-pressure DC
discharges can be clearly distinguished [5]. Evidently in both cases, abnormal
regime is characterized with a very steep positive slope for currents above
800 pA.

200

o Methanol V, =465V
150{ R,=-218kQ pd=0.4 Torrcm ]
0 Ethanol V,=486V
1001 R =-84ka pd=0.2Torrcm 1

d=1.1cm
504 o B

AV= V-V (V)

04 gmo ® CWoo b

-50 o 1

-100

1 10 100 1000

i (uA)
Figure 1. Volt-Ampere characteristics for discharges in methanol and ethanol
vapours at = 1.1 cm.

Measurements in abnormal regime of these discharges reveal changes in
steady-state current and voltage values within single voltage pulse. In Fig. 2 we
show examples of voltage and current waveforms for methanol and ethanol, with
pronounced step-like shape, due to the mode change.

In methanol vapour discharge (Fig. 2a) initial current is 830 pA and
transition in operation mode occurs after approximately 2 ms. At the beginning
of the pulse, the discharge operates at lower voltage and higher current, and then
it switches to ~80 V higher voltage and ~190 pA lower current. For ethanol
vapour discharge (Fig. 2b) transition in operation mode occurs 30 ps after stable
operation. Like in the case of methanol vapour, ethanol vapour discharge at
beginning operates at higher current and lower voltage, and then switches at
~70 V higher voltage and ~320 pA smaller current. For both alcohols, transition
in discharge operation is smooth, without any instabilities or oscillations in V-4
waveforms. Furthermore, there are no significant changes in spatial structures of
the discharges that could explain the mode change.
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Figure 2. Waveforms of voltage and current for a) methanol abnormal discharge
at pd = 0.4 Torr cm and b) ethanol abnormal discharge at pd = 0.2 Torr cm.
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Figure 3. Axial profiles of emission from: a) methanol vapour discharge at
d=1.1 cm and pd = 0.4 Torr cm, and b) ethanol vapour discharge at d=1.1 cm
and pd=0.2 Torr cm in abnormal regime taken in the visible range and with
optical filter for CH band (431 nm). Open symbols correspond to points before
the ‘step’ and full symbols — after the ‘step’. Insets show axial profiles of
emission normalized by a suitable coefficient k, for easier comparisons.

Figure 3a) and 3b) show axial profiles of emission recorded at moments
marked in Figure 2a) and 2b) respectively. Axial profiles of emission in
methanol (Fig. 3a) and ethanol (Fig. 3b) vapour discharges are integrated in
visual range and resolved spectrally using optical filter for CH band at 431 nm.
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Profiles of both alcohols reveal significant influence of heavy particles in
excitation and ionization (unveiled through the peak of emission near the
cathode). Furthermore, spectrally resolved profiles follow the integrated
emission profiles in shape, with noticeable peak in front of the cathode indicating
that heavy particles (positive ions and fast neutrals) have significant contribution
to excitation of CH radical emitting at this wavelength. The profiles recorded
after the transition have higher overall intensities and the emission peaks near the
anode (negative glow) are slightly shifted toward the cathode in comparison with
the profiles obtained before the transition, due to a change in electric field
distribution. Also, the ratios of maximum intensities of profiles, recorded with
and without optical filter, are the same.

Evidently, discharge after some time of stable operation slides into
more preferable operating mode, with lower current and higher voltage. This
behaviour is probably consequence of changes in balance of charged or excited
species: ions or electronically and vibrationally excited dissociation products and
adsorbed species created in discharges. This effect is, at the same time,
interesting from the point of view of basic discharge properties and for
applications that work in pulsed or high frequency glow regime. Further
experimental investigations will provide information on processes behind the
change in discharge regime.
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Ionization Coefficients in Low-Pressure DC Discharge in Vapours of
Alcohols

J Sivos', D Mari¢', N Skoro', G Malovi¢! and Z Lj Petrovié!?
nstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
2Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11001 Belgrade, Serbia
sivosj(@ipb.ac.rs

Non-equilibrium discharges in alcohols gain more attention of researchers due to a very broad
field of application, from nanoscience, biomedicine, food and cosmetic industry to
environmental remediation. However, despite the rapid development of various applications,
there is still a lack of data on elementary processes in these discharges. Therefore, it is very
important to conduct systematic measurements in well controlled conditions that can provide
correct data and accurate phenomenology. The basic processes are, in quantitative terms, best
studied in simple geometry and for this reason, our measurements were performed in a non-
equilibrium plate-parallel DC discharge in the vapours of several selected alcohols: methanol,
ethanol, isopropanol and n-butanol.

In our experiment, the breakdown voltages and ionization coefficients are measured between
3.1 cm separated copper cathode and quartz anode deposited with the transparent, conductive
platinum film [1]. The ionization coefficients for alcohol vapours are obtained from steady-
state Townsend discharge by using axial emission profiles and Paschen curves [2]. This is
justified by the fact that swarm-like conditions can apply for breakdown itself and for the
 discharges operating in the low current limit (zero space charge effect) [3, 4], where the
emission profiles reflect the multiplication of electrons between electrodes. Accordingly, the
slope corresponds to the ionization coefficient once equilibrium with the local field is reached
[2, 5]. However, spatial emission profiles of discharges in alcohol vapours at moderate (close
to Paschen minimum) and high (left-hand branch of Paschen) reduced electric fields (E/N) have
the dominant part of emission due to excitation by heavy-particles — by ions and fast neutrals.
These processes can mask the emission from electron induced excitation, so the determination
of effective ionization coefficient (o/N) from discharge emission profiles is limited to the range
of conditions where dominant emission is induced by electrons from 1 kTd to 9 kTd. Our results
(copper cathode) are compared with the results by Hasegawa and Date [6], gained with a quartz
plate and a gold thin-film plating embedded in the middle of the cathode. The results show a
good agreement in the part where the ranges of the reduced electric field overlap (E/N> 1 kTd).
Additionally, we used experimentally attained ionization coefficients for the calculation of the
secondary electron yields for alcohol vapours discharges.

Acknowledgement: This work is supported by MESTD of the Republic of Serbia projects OI
171037 and 11T 41011.
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Comparison of RF Breakdown in Argon and Oxygen — Monte Carlo
Simulation

Marija Puaé¢!, Dragana Mari¢!, Gordana Malovié¢', Jelena Sivo§' and Zoran Lj Petrovi¢!2
nstitute of Physics, University of Belgrade, Serbia
2Serbian Academy of Sciences and Arts, Belgrade, Serbia
smarija@ipb.ac.rs

Since 1940s and von Engel’s simple theory [1], physical background of radio-frequency (RF)
breakdown hasn’t been updated to a greater extent. There have been some explanations by
experimental scientist Valeriy Lisovskiy [2], but he was basically expanding on the von Engel’s
theory. In general, breakdown can be described as a movement of charged particles in externally
applied electric field, with electrodes representing the boundaries. In case of RF electric field,
breakdown can be achieved only with electrons, where alternating field direction pulls electrons
back and forth between the two electrodes. That is a feedback mechanism for maintaining the
discharge. The best approach to modelling the breakdown is to follow a charged particle swarm
by applying a Monte Carlo technique. In our previous work [3] we have examined RF
breakdown in argon. As an extension of that work, we will examine how breakdown conditions
change for an electronegative gas such as oxygen. In figure 1 are shown breakdown voltage
curves for argon and oxygen as background gases. At this point, only electrons are included
and there are no effects on electrode surfaces.
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Figure 1: a) Voltage breakdown curve for argon as a background gas, distance between
electrodes is 23 mm and frequency is 13.56 MHz; b) voltage breakdown curve for oxygen as
a background gas, distance between electrodes is 15 mm and frequency is 13.56 MHz.

The main difference between argon and oxygen is in electron attachment in oxygen. At low
pressures the slope of the oxygen curve is not that different from the argon curve. At these
conditions the main loss mechanism is absorption by electrodes. On the other hand, at high
pressures, slope of the oxygen curve is significantly steeper compared to the argon curve. This
increase of the breakdown voltage is a direct consequence of increased losses in gas volume
due to the electron attachment. This process also affects strongly the spatial profile of the
electron swarm as compared with that for argon.
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Non-Equilibrium in Ionized Gases Determined by Charged Particle
Collisions with Molecules

Zoran Lj. Petrovic,
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In their recent, excellent, review Taccogna and DiLecce [1] have tried to systematize the types
and to some degree the origins of non-equilibrium in low temperature plasmas. Above all, that
paper made a point (perhaps not intentionally) that the intellectual underpinning of the non-
equilibrium physics is in explaining how all these different manifestations come about and how
those may be explained. We have been trying to make a similar point for many years in a
number of review lectures and even some of the papers albeit indirectly in attempts to show
how swarm physics brings non-equilibrium into the plasma models [2-5]. The basic idea was
that, while thermal equilibrium (TE) is able to provide us with laws that are universally
applicable the model of thermal equilibrium is hardly ever applicable in its true and full
meaning. At the same time non-equilibrium plasmas with their diversity cannot be explained
in terms of formulae but their fundamental description is based on three pillars:

1) elementary data (for a variety of existing particles including the data for their reactions);

2) procedures to model (equations, transport equations, continuity etc...) and

3) inclusion of the boundaries.

In that respect the common, universal rules are provided in the realm of experience rather than
the universal, prescribed thruths (formulae). Please note that Local Thermodynamic
equilibrioum (LTE) is just the simplest model of non-equilibrium. The main systematics should
include splitting phenomena observed in the ionized gases (which also includes positrons in gas
filled traps and in the local atmosphere) into two groups:

a) Local field equilibrium (when properties may be stable in space and/or time but processes
are not balanced as expected for TE).

b) Non-local, non-hydrodynamic phenomena.

Under the latter group one may label different situation when balances of one or more of the
main conserved quantities are not met (number due to non-conservative collisions or local
losses, energy and momentum). The relaxation time for these processes may be determined
from the elementary processes and the available data and were used as the basis for correcting
for non-local phenomena in fluid models. Different combinations of non-equilibrium in
different situations produce a large number of the so called ‘kinetic phenomena’ that may not
be easily explained based on the elementary data and where one needs kinetic modelling to
reproduce the phenomenon.

This work is supported by MESTD of the Republic of Serbia projects OI 171037 and I11 41011
and SASA 155.
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3 LGC, Université de Toulouse; CNRS, UPS, INPT, Toulouse, France

Current strategies for development of new biomaterials take into consideration the fundamental
“protein adsorption problem” and the associated protein structure/function relationship because of the
exposure of proteins to non-biological solid surfaces. Plasma-based processes successfully apply to
the synthesis of biomaterials. However, their rational engineering requires knowledge on the plasma
behavior in order to design the structural, optical, electrical and bio-related properties of the deposits.

In this work we exploit the multifunctionality of silver nanoparticles (AgNPs) as plasmonic antenna
when embedded in thin SiO- layers (called plasmonic substrates) and as biocide agents because of
their strong toxicity towards micro-organisms [1]. We propose an appropriate strategy to study the
‘protein-adsorption problem’ and to probe the interaction of AgNPs with proteins through coupling of
AgNPs and Discosoma red fluorescent proteins (DsRed) that display exceptional photo-stability [2-4].
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Breakdown and Discharges in Low-Pressure Alcohol VVapors

J. Sivost, D. Mari¢?, N. Skoro!, G. Malovi¢!, and Z. Lj. Petrovi¢?

! Institute of Physics, University of Belgrade, Serbia,

2 Serbian Academy of Sciences and Arts, Belgrade, Serbia

Discharges involving alcohols, weather in a liquid phase, gaseous phase or at their interface, are found
to be advantageous in nanotechnologies, for the fast growth of graphene layers and nanotubes [1]; in
the fuel industry, in hydrogen production and in fuel reforming [2]; and many other fields. Our work
is motivated by the key challenges in transport, chemistry, reaction rates and cross sections relevant
for such discharges. We present measurements of electrical and emission properties of discharges in
vapours of methanol, ethanol, isopropanol and n-butanol in the range of pd (pressure x electrode gap)
from 0.06 Torr cm to 2 Torr cm, covering the region of Paschen minimum [3]. Space, time and
spectrally resolved emission profiles of the discharges reveal kinetics of electrons, ions, and fast
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neutrals. Furthermore, recorded emission profiles enable determination of effective ionization
coefficients and secondary electron yields [3] for the E/N (electric field/gas number density) range
1 kTd-5 kTd. The measured data provide information on elementary processes and identification of
relevant species, which represents a basis for modelling of plasmas in alcohol vapours.

Acknowledgments

This work is supported by the Serbian MESTD under project numbers ON 171037 and 111 41011.

References

[1] T. Hagino, H. Kondo, K. Ishikawa, H. Kano, M. Sekine, and M. Hori, Appl. Phys. Express, 5
(2012) 035101.

[2] Z. C. Yan, L. Chen and H. L. Wang, International Journal of Hydrogen Energy, 34 (2009) 48.

[3] D. Mari¢, M. Savi¢, J. Sivos, N. Skoro, M. Radmilovi¢-Radjenovi¢, G. Malovi¢, and Z. Lj.
Petrovié¢, Eur. Phys. J. D, 68 (2014) 155.

Laser Induced Breakdown Spectroscopy (LIBS): An alternative approach

M. Momcilovic, S. Zivkovic, J. Petrovic, and J. Savovic

Institute of Nuclear Sciences Vinca, University of Belgrade, Serbia

We will present laboratory LIBS setup developed in our research group. The proposed LIBS setup
differs from the commonly practiced LIBS systems in two respects, applied the infrared TEA CO;
laser as the excitation source and time integrated spatially resolved (TISR) signal detection. This
original LIBS system is of lower complexity and cost compared to standard LIBS systems. In ours
previous works, we already reported that plasma produced by irradiation of a TEA CO laser related
to Nd:YAG laser has comparable capabilities for spectrochemical analysis of different types of
samples.
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RF Breakdown as a Swarm Experiment

Zoran Lj. Petrowd'? Antonijebordevi¢*? Jana Petrovf, Jelena SivdsMarija Savé?,
Gordana Malow?, Dragana Mat
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DC breakdown may be modeled by swarm models asvéeldps under conditions of
diminishingly small space charge, while the effesftshe ongoing discharge are unlikely to
affect the active particles in secondary collisioAs a result, breakdown experiments have
been used to reveal a wide range of transportatatheir model is exact and thus data may
be easily extracted. For example, secondary elecy®lds, Townsend's ionization
coefficients and other critical parameters may leasared under breakdown or in Townsend
regime discharges and be directly applied to ¢ohisl plasmas [1]. While DC breakdown
has a relatively simple explanation and may bectireelated to the observable parameters
situation, the case of RF breakdown is somewhédreift [2].

The RF breakdown may be achieved by electrons ONilikipugh other agents present in
the DC breakdown may also affect the exact valu¢hefvoltage for a given frequency,
pressure and gap. The breakdown has a phenomerallégindation in the condition that
the electrons under the breakdown conditions haveatel the gap between two electrodes
during one half-period. While seemingly realistarje cannot really understand why the
presence of electrons at the opposing electrodeedsired before the next half period
commences. No secondary electron production duettiron bombardment is called upon
to justify the breakdown and compensate the losEebarged particles. It is only requested
that electrons commence their return to the orlgpesition as the direction of the field
changes. One could then ask whether under somatiomsdelectrons could maintain the
breakdown by oscillating between some arbitrarynigovell within the gap. On the other
hand, the basic frequency and the correspondimgitrames have been used even to obtain
high accuracy drift velocity data that agreed vemsil with the predictions based on a two
term DC field Boltzmann equation and at lovi&N those data seemed to agree very well
with the drift velocities obtained in high accuraxperiments.

Measurements of the RF breakdown are made difflpithe displacement current that
may be several orders of magnitude larger thanldivecurrent required to maintain the
discharge under conditions free from the spacegehaffects. Detecting the plasma current
that is at 90to the displacement current and is at least twe¢hoge orders of magnitude
smaller proved impossible so far. Thus, other apghes were sought in the literature such as
detection of light emission [3] or detection of dad changes in the applied voltage [4,5]. In
both cases, however, one needed to go to relatlaede currents with possible transitions
into higher-current regimes before required effecisid be observed.

Another obstacle in both experimental studies arahtel Carlo simulations is the fact
that electron multiplication varies very much dgrem period and while the voltage is low, the



number of electrons may drop down to the level ihabo low to maintain the discharge. In
any case, one needs to follow the growth of ioremabver many periods to make sure that
the initial decrease of the electron density dasslend to the cessation of the discharge. In
addition, the shape of the breakdown curve in thitage versugpd (pressure times the gap)
plot is U shaped. While it seems similar to thedRas law, it is not, as the basic physics is
different and the U shape is slanted, allowing d®walues for a givepd. Thus, one has to
perform measurements or simulations for a largebarrof voltages at a fixeod or to vary
pressure along the constant voltage as shown it.Fig

p=0.19 Torr
—p=0.18Torr |:
p=0.17 Torr |:

number of electrons

=T

time (s) x107
Fig. 1: The growth of electron density in argonVor 447 V.

In addition to the exact Monte Carlo model of REdkdown, we have developed a new
technigue to measure the breakdown voltage basea capacitive bridge. Such bridges,
when properly balanced, are extremely sensitive innaddition to the breakdown voltage
may also provide the time development of the curegm voltage. First results obtained by
this technique will be presented and comparednlsitions and other available data
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