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Ilpeamer: Mon6a op Braoumupa /I. Cmojanoseuha 3a nokpemarse nocmynka 3a
peuzbop y 36arve 8UUU HAYYHU CAPAOHUK

Monum Hayuno Behe UHcTuTyTa 32 Qu3uky y beorpaay na y cknaay ca
[TpaBUJIHUKOM O MOCTYINKY M HAYMHY BPEAHOBaba U KBAHTUTATUBHOM MCKa3MBakby
Hay4YHO-UCTPa)XKMBAYKHX pe3y/iTaTa UCTpaKuBaya MOKPEHe NMOCTyNakK 3a Moj peuszbop
y 3Bab€ BUIIM HAYYHH CapaJHHUK.

V npuniory aocTaBibaMm:
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Muisbene pykoBoAKOLa NPOjeKTa ca MPeasoroM 4jaHoBa KOMUCH]e 3a
n300p y 3Babe BUILIM HAY4YHU CapajHUK

Crpyuny 6uorpadujy

[Ipersien HayuHe aKTUBHOCTH

EnemeHTe 3a KBalUTAaTUBHY OLEHY HAY4HOT JOMpPHHOCA

EneMeHTe 32 KBAaHTUTATUBHY OLEHY HaY4HOT JIONPHHOCA
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Bnamumup J1. ‘Crojanoruh :
BULLW HAYUYHU CapaJHUK
WUuctutyT 3a dpusuky y beorpany




Hayunom Behy UncrurtyTa 3a pusuky y beorpany
beorpan, 23.noBemOGap 2017. ronune

[TpenmeT: Mulbee pyKOBOAMOLA MPOjEKTa ca NMPEAJIOroM YWiaHOBa KOMHCH]E 3a
peu30op y 3Batbe BULIM HAYYHH CapaJHUK

Jip Bnagumup J1. CtojanoBuh je 3anocnen y JlaGopatopuju 3a racHy eleKTpOHHKY, y
okBupy MHctutyTa 3a ®usuky y beorpany, YHuepsureta y beorpany u aHraxoBaH
je Ha mpojekTima ucTpakuBarba MUHHUCTapCTBA NPOCBETE, HAYKE M TEXHOJIOIIKOT
pa3goja Peny6nuke Cpouje OH171037, nox Ha3uBoM “@DyHIaMEHTaAIHU MPOLECH
MPUMEHE TPAHCIIOPTA YECTULIA Y HEPABHOTEXKHUM I1a3Mama, TparnoBuma
HaHocTpykTypama” u MMHM41011 noa HazuBom “[Ipumene HUCKOTEMNEpaTypHUX
1a3Mu y OUOMEIULIMHH, 3aLUTUTH YOBEKOBE OKOJIMHE M HAHOTEXHOJIOTHjama*

3a cactaB komucHje 3a pensbop ap Bragumupa [1. CtojaHoBMhA 3Batbe BULIKM HAYYHH
CapaJHUK MpeJTakeM:

(1) Op XKespka JI. HukutoBuh, Hay4HH caBeTHUK, MHCTUTYT 3a UMKy,
Vuusepsuret y beorpany, beorpan

(2) Op 3opan M. Pacnonosuh, Bulun Hay4Hu capaanuk, MHCTUTYT 3a usuky,
VYuusepauret y beorpany, beorpan

(3) Ap Joean M. Ligetuh, penouu npodecop, Enekrporexuuuku gaxynrer,
VYuusepsutet y beorpany, beorpan

PykoBoaunau npojekra OH171037

Creen  folon

Axanemuk 3opaH Jb. ﬂeTpOviﬁ

Pykoroaunan npojekra MMHU41011
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BUOTPA®CKU MTOJALN

Hp Brnagumup CrojanoBuh je pohen 1961. rogmne y beorpamy rae je 3aBpmivo
ocHOBHY mikoiy “Makcum ['opku” u X| 6eorpancky rumHaszujy. JumioMmupao je Ha
EnextporexuuukoMm (akynrery YHuBep3utera y beorpagy 1987. romumne ca
npocekoM 9.13, rie je u maructpupao 1992. rogune. Jurmiomcku pang Hymepuuko
HU3payyHaBambe MarHeTcke HHAYKIHje MeTO/I0M eJIeKTPHYHHMX Mpeska HarpaleH je
on crpane [IpuBpenne Komope rpanga beorpana 1989. ronune.
Marwucrapcku pan mox HazuBoM EJIEKTPOHCKM eKCHUTANMOHM KoeduuMjeHTH 3a
nodyhena crama a3ora Ha cpeambuM W BHCOKHM Bpennoctuma E/N (E-esexktpuyno
nosbe, N —TycTHHA raca), koMiuieTupan y JlabopaTopuju 3a racHy €JIEKTPOHUKY
Wucturyra 3a pusuky, YauBep3uteta y beorpany, moa pykoBoactsom ap 3opana Jb.
[TerpoBuha u ap bpanucnaBa JenenkoBuha nporiamieH je HajOOJbUM MaruCTapCcKUM
panom 3a 1992. roquny y UactuTyTy 3a QU3MKY.
JlokTopcky nucepraiujy noj Ha3uBoM MojenoBamwe TayH3eHT0BUX NPaKibemha HA
BucokuM E/N u HMcKoM mpuTHcKy je kommiernpao y MHctuTyTy 3a QU3HKY, Y
JlaGoparopuju 3a racHy eJIEeKTPOHHUKY IOJ PYKOBOJACTBOM akaaemuka 3opana Jb.
[TerpoBuha u np XKespke HukuroBuh. JlokTopcka mucepranuja je onOpameHa Ha
Enextporexuunukom daxynrtety YHuBep3utera y beorpany 13. mapra 2008. roause.
Kangunat je y pagaom onmuocy on 20. neuemOpa 1987. rogmne n MuctHTyTy 32
¢u3uky y beorpany, xoju je npekunyt 1995 ronune. 3anocnen je y Uncturyry 3a
¢usuky ox 30.08. 1997. rommue. Y 3Bame HUCTpaKUBa4 CapagHUK H3a0paH je
29.6.1993. ronune, a y 3Bame HaydyHH capagHuk 19.11.2008. rogune.
V 3Bam-e BUIIM HAyYHH capagHuK u3adpan je 24.04.2013. rogune.
TpenytHo paau y rpynu akagemuka 3opana Jb. [lerpoBuha ca anraxoBameM Ha J1Ba
npojekta MUHHCTapCTBA MPOCBETE, HAYKE W TEXHOJOMIKOT pa3Boja , y MPOjeKTHOM
uukinycy 2011-2017 (upentudukammonun 6poj 132176)):

[TIpojekar 41011 : IlpuMeHe HHUCKOTEMIIEpaTypHHMX IUIa3MH Yy OHOMEAMIIMHH,
3alITUTH YOBEKOBE OKOJMHE U HAHOTEXHOJIOTHjama.

ITpojekar 171037 : dyHnaMeHTaNIHU NPOLECH U MPUMEHE TPAHCHOpPTa YecThla y
HEPaBHOTEKHHUM IJIa3MaMa, TPAlOBUMa U HAHOCTPYKTypama.

Hp CrojanoBuh je 1o cana o6jasuo ykynHo S0 panoBa y Mel)yHapoHUM YacomucHMa

ca ISI nucre, ox yera 1 xateropuje M21a, 23 xareropuje M21, 6 xkareropuje M22, 17

kareropuje M23 u 3 xateropuje M24.

VY nepuoay oa u3bopa y MpeTXoaHO 3Bamke y vacomucy Europhysics Letters o6jaBuo
je 5 pagoBa u 2 paja y TpEHYTHO HajIIEH-EHU]EM YacOMUCy U3 oBe o0iacTu y EBporu,
Plasma Sources Sci. Technol.

VY ToKy je myOiuKoBame joul 4 paga y BpXyHCKUM Mel)yHapoIHUM dacomucuma.

Jlo cana je 6uo penensent y yaconucuma |IEEE Transactions on Plasma Science u J.
Phys. D: Appl. Phys.

[Ipema momammuma ca Web of Science ma man 23. 11. 2017. ronuHe, pamoBu cy
nutrpann ykymHo 340 myrta (He ykipydyjyhu camonmrate), y3 h-index jemnax 8.



IMPETJIEJJ HAYYHE AKTUBHOCTH

Hayuno-uctpaxuBauku pan ap Bmagmmmpa CrojanoBuha oznsmjao ce y oOmactu (usmke
IJ1a3Me ¥ JOHM30BaHHUX TacoBa.

3a Bpeme Marucrapckux cryauja y beorpagy (1987-1991) kanmupar je mpoydaBao
CJIEKTPOHCKY EKCIUTAIN]Y a30Ta Y HUCKOCTPYjHOM NPAXKECHhY Ha HUICKOM TPHTHUCKY.

TokoM u3pajge OOKTOPCKE AMCEpTalMje KaHIUAAT ce 0aBHO HYMEPUYKHM MOZETHpameM
TayH3enoBor npaxmema Ha BUcokuM E/N (E-enekrpuuno mosbe, N-rycTuHa raca) rue je
nomohy Texanke Monte Kapno cumyranuja aHanu3upaH TPaHCIOPT pojeBa eIeKTPOHa, jOHA U
Op3ux HeyTpaia y racy, y Jlaboparopuju 3a racHy enekTpoHuKy MHcTHTyTa 3a (QUBHKY Y
beorpany.

VY nepuony on AOKTOpHpama HACTaBUO j€ Jja ce 0aBU HyMEPUUIKUM MOJAEIMPAKEM TPAaHCIIOpTa
yectuia MonTe Kapio TexHHKOM. YCIIENIHO je OTBOPHO HOBY JIMHU]Y HUCTPaXKUBama TAE y
capajJlbu ca KojieramMa U3 Tpyle 3a TacHy €JEKTPOHUKY Paad Y OKBUPY HEKOIUKO Tema. Y
HapeIHOM TEKCTy je HaBe[cHa IMCTa TeMa JOK Cy Y CpeImbHM 3arpajamMa HaBeleHe
JIocajammke MmyOnmkanmje; cuMmOoimoM ;7 OJBOjeHe cy NyONWKanuje HCKOpHITheHe 3a
noOujame 3Baba BUIIM HAYYHH CapaJHUK OJ OHUX KOje Cy MpEeAsioKEeHE 3a per300p HCTOr.
Teme koje cy oTBOpeHE Of TMOCHENmBEr M300pa y HAyYHO 3BamkbE€ OCBETIHEHE Cy JIOJATHUM
objammemnma. Jlucra Tema je:

1. Odpeljusarwe cemosa ehexmugnu npecexka 3a ei1eKmMpPoHe U jOHE Y 2ACO6UMA MEMOOOM
poja [M21.9M21.12, M22.4; M23.1, M21a.1,M21.20, M21.22,M33.2]

2.Modelovanje eksperimenata na visokim E/N i niskim pritiscima [M21.12, M23.9-10;
M23.11,M24.3,M33.1,M33.3,M34.24]

3.Kunemuxa enekmpona y cmewama 2acosa [M21.11-13,21.16,M23.5-8; M23.11, M24.3]

4.Mooenosarme mepmanuzauuje enekmpona y 2acy memooom Moume Kapno [M21.10;

M34.24, M34.21]

5.Mooenoearwe Jlonneposoz npoguna y npasxciwery ca éodonuxom [M21.12 M23.9-10;
M23.17, M33.3, M34.31]

6.Tpancnopm wnecamusenux jona y 2achum npaxcrwerwuma [M21.9,M22.4;M21.17-

19,M22.5,M23.12-14,M24.1-2,M33.5,M34.9-10,M34.11,M34.13]
7. Tpanucnopm memacmabunuux jona y zacnom npaxciversy [M21.15; M32.1]

8.Cemosu npecexa u mpancnopmuu napamempu jona 600e y 600€HOj napu u
ammocepckum 2acosuma u wuxosum cmecama [M23.1, M23.17, M24.1, M33.4, M33.3,
M33.8, M34.31, M34.29, M34.25, M34.23, M34.16, M34.14]

VY cknony nemuHa 1,2,5,6,7 HacTaB/beHO je M3yuyaBame TayH3EHJOBOT NPAXKIEHa y racy
TexHnkoM Monrte Kapio MeTose Koje je HacTaB/beHO KOMIUIETHpameM pe3ynrata MoHTe
Kapmo cumynanmja 3a enekrpone, jone u 6p3e neyrpanne decturie. Ceropu mpeceka (Phelps
2009) 3a Temke yectuie y BOAOHUKY Kopuitheru cy y Monre Kapno cumynanujama ia ou
ce go6uo mpoctopau npodua H2 emucuje koju je mopehen ca ekcrepuMeHTaTHO JOO0HjEHUM
npoctopauM npoduiom H2 emucuje Ha 10 KTd. OBu ceToBu npeceka uckopuuiheHu cy U 3a
no0ujamke MHUIUMjAIHAX CETOBA MTPeceka 3a pacejame joHa U Op3uX HeyTpalia y BOJICHO] MapH.

HajBaxxnuju pesynratu ce omHoce Ha mMozernoBame JlomnepoBcku npomupede Halfa nunuje
BOJIOHHKA, Yy TpaXmemruMa Koja y ceOM cajipike KOMIIOHEHTY YCIeJ| eKCIUTalje Op3um



TEIIKAM dYecThllamMa, joHuMa U HeyTpanuma. Jlobap ¢uT oOnmKa JNWHWja je MOCTUTHYT Y3
KOHBOJIYLMjY WHCTPYMEHTANHOT Mpoduia W A0AaBamka KOMIIOHEHTE YCiel] SKCIMLATHIE
enektponnMa. [Ipurpema u ciame HEKOJIMKO MyONIMKaIuja 3a IpaXbEemhe Y YUCTOM BOJIOHUKY
jey TOKy.

Jleo akTUBHOCTH OJ] PETXOJHOT U300pa y 3Bame je mocBeheH KOMIUIETHpamwy pe3ynraTa
y Ar/H2 cmecu. Y oBoM mepuoay je MyOJIMKOBAaH jeiaH Ae0 pe3yirara KOju ce THYE
EJIEKTPOHCKOT TPAHCIIOpTAa.

VY mwby MozenoBama INMpaxmema Koja caapike BOJCHY Hapy KOMIUICTHPAH j€ CeT
IpeceKa 3a pacejame eNeKTpoHa Ha BOJIEHO] Mapy KOjH MPEeCTaBIba EKCTCH3H]Y CeTa Ipeceka
Phelpsa a xoju ykibydyje ceT mpeceka 3a eKcuWTaiujy koje je mepwiaa P. Thorn ca
capaJIHAIIMMa Kao W aKkTyeJHe Mpeceke 3a mapuujandy joHu3annjy. CBU eQeKTUBHH Mpecenn
cy ekcrpanosnucanu no enepruja 10 keV. ITomohy tako mobujeHor cera mpeceka, MoHTe
Kapno cumynanmjama je mokazaHO cliarambe ca €KCIIEPUMEHTATHO MEPeHHMM MojaluMa 3a
edexkTuBHU joHH3aMoHN KoeduiujenT Hasegawa et al. (2007) oxpehennx Ha Huckum E/N.

VY nuspy mobujaHa ciarama ca eKCrepruMeHTaTHuM pesyatatuma Hasegawa et al. (2007)
na BucokuM E/N, dopmupan je ceT mpeceka 3a aHHU3OTPOIHO pacejarbe CIEKTPOHA Ha
MOJIEKYJly BOJE KOjH j€ YKJbYYHO aHHU30TpONHjy eQpeKTUBHUX IIpeceka 3a jOHH3alHjy

: 1
kopumihemeM audepeHnujaTHuX Tpeceka 3a b™X crame aszora. Kopumihewme o0BHX
TUQepeHIujalHIX Tpeceka mompaBwio je Beh mnocrojehe cnarame ca ePEKTUBHUM
JOHU3AMMOHUM KoeHIIHjeHTOM Koju cy Mepwin Hasegawa u capamuuiu (2007). OBaj cer
nmpeceka TNpEACTaB/ba HEOMXOJaH KOpak y JoOujamy HH(pOpMalMja O TepMalu3aluju
CJICKTPOHA y BOJACHO] mapu. [IpenmumMuHapHU pe3ysiTaTH NMPOCcTOpHE emucuje Ho nunmje y
BOJICHO] mapu, aobujenun Monte Carlo cumymanujoM elIeKTpOHCKOT TPaHCIOPTa, TIE CMO
KOPUCTHIIM TIOMEHYTE CETOBE Ipeceka, 3a ycioBe TayH3eHIOBOr mpaxmema Ha 2 KTd,
MOKa3alM Cy Clarame ca eKCIepHMeHTanmHuM pesynrtatuma Skoro et al.(2011). Ilusm
onpehuBama ceToBa Tpeceka 3a joHE Y TPaXmkEemy BOJCHE Nape MOCTHTHYT je

. . ) +
KOMIUIETUPAkEM CETOBa Ipeceka 3a pacejambe jona O m H3  Ha monekyny Bojge. Y dasu
nyOJIMKOBama Cy CeTOBH mpeceka 3a pacejame OF, O:H" 10k ce y uspauyHaBamuMa KOPHCTE

MpeIMMUHAPHU CETOBH TPECEKa 3a pacejame H+, H2+, H20+ u Hs;O u 6p3ux meyrpana, H,
Ha MoJiekyJy Bojie. OCHOBHA OCOOMHA OBHX IMPECeKa je Y3UMame y 003U JTUTMOTHOT MOMEHTA
MOJIeKyJia Bojfie y €(DEeKHUTBHH MpEceK 3a MPEeHOC HMIyJica. EHIOTEpPMCKH MpoOLEecH Cy
npeICTaB/beHn e(hEeKTHBHUM TpeceiiMa Koju ¢y ojapelhenn Ha ocHOBY Jlenmo-HauOy teopuje.

9. Tpancnopm nosumuenux jona y zachum npaxcrserouma [M21a.1,M21.18, M21.20,
M21.22-23, M22.6, M23.15-17,M33.6-7,M34.30,M34.26-28, M34.22 M34.17-20,M34.4]
TpaHCIOpPT MO3UTUBHUX jOHA Y TaCOBMMA je TeMa kojy je ap Brnagumup CrojaHoBuh 3amodeo
ca xonerama (ap Xespka HukutoBuh, ap 3opan Pacnionosuh) u3 rpymne 3a racHy €I€KTPOHHUKY
n ca MammHckor @akynrtera, yHuBep3urera y beorpamy 2012.romune (np JacmuHa
JoBanoeuh). IToTpeba 3a 0Oazama mojmaTaka Koje OW CIIyKWJI€ 3a MOJCIUpPAkE IUIa3MH 3a
MPOAYKIHjY UHTETPUCAHUX KOJIa M HAHOCTPYKTYpa HYKHO YKJby4yje TIO3UTHBHE JOHE 3a Koje
ce TeHEepaIHO CMaTpa Jia MOCTOjU PEeJaTUBHO 100pa MOKPHUBEHOCT ca mofaunma. Mehytum, 3a
MMO3UTHBHE JOHE Ca BEJIMKMM PEKOMOMHAIIMOHMM IMOTCHIMjaJIoOM CHTyallija je IOTIIyHO
pasznmununta. ErsorepmHe peakimje, Koje yjeIHO BpIIE M MPOMEHY HICHTHTETA IMOCMAaTPaHHUX
jOHa, Ha TEPMaJHMM M CyIpaTepMaJHUM €HEprujaMa JIpacTHYHO MEHajy TPaHCIOPTHE
ocoOnHe OBUX joHA (0allk TPAHCIIOPTHU KOE(HIIMjEHTH MOTY JIPACTHYHO OJCTyNatu ox (piyke
BPEITHOCTH) & TUME U yTUIY Ha OCOOMHE HEPaBHOTEKHUX IUIA3MHU KOjHMa JOMHHUPA]Y CyAapH
y racy. [lo mpBu myT je y JuTepaTypu NpHKa3aHO OApehuBame TPaHCHOPTHUX MapameTapa
jOHa Y HMHIYKOBaHOM IMOJIApPU3allMOHOM IOTEHIMjaldy Y3 ydemhe ersoTepMHHUX peakiuja
acolyjaije W peakidja npomMeHe uaeHTHTeTa joHa. CeTOBHM mpeceKka W TPaHCIOPTHH
napamerepu onpehenun cy wmeromom Monte Kapmo cumymamumja. Y Monte Kaprio
cUMyJlalijaMa y Kojuma je uuib 0uo oapehuBambe TPaHCIOPTHUX Koe(HUIMjeHaTa, er30TepMHE
peakiiyje Cy TpeTHpaHe Kao I'yOMTaK Y4eCTHIIa joHa U3 poja. Y MEepUOy O MPETXOIHOr n3bopa
y 3Bame Ap CrojaHoBuli je KOMIMJIMPAO HEKOJUKO CETOBAa Mpeceka M Ca CBOJUM Kojierama



oZpenno TpaHcropTHe Koedunujente 3a joue y racy CFs (F, CFs*, Ar', Ne*, He") u Fo(F).
Onpenno je cer mpeceka 3a TpaHCopT joHa H' y H-OyTaHONy KOjH ce CMaTpajy jeJHUM O]
OCHOBHHUX KOHCTUTYEHATa CTpyje Hpaxmema y OyTaHoiy. Y HUbY MOJENIOBamka TPaHCIOPTa
H* y u-OyraHony ompeljeHrn Cy ¥ TpaHCIIOPTHH KOC(UIMjEHTH Yy OBOM Tacy KOjU CE€ MOTY
KOPHCTUTH y TTI00ATHUM MojaenuMa. CiudaH ClieHapro OJ[BHjao Ce M ca TPAHCIIOPTOM joHA y
racy DXE (auMeTokcueTnineH) KOju ce KOPUCTH Kao KaTalu3aTop y (PM3HIHN YBPCTOT CTamba.
OppehuBameM ceroBa mpeceka 3a ankaimHe joHe y racy DXE [lenmo-HanOy teopujom mp
CrojanoBuh je HalpaBHoO MPBH KOPAK Y MOJIEIOBamkY jJOHCKOT TPaHCIOpTa y paximemy DXE.
HcroBpemeno, tpancnopt ankanHux jona (Li*, K*, Na*) y DXE Beoma je 3aHMMJBHB 300T
HE/aBHO M3MEPEHHX acOIMjaTHBHUX MpeceKa KOju cy oMoryhmim cryaupame edekra peaxiuje
acolyjamyje Ha TpaHCIOpTHe mapameTpe. Pesyntarm Monte Kapmo cumynamnmja mokaszanu cy
BEJIMKE pasiuke (Qiykc M OalKk TpaHCHOPTHHX KoeduuujeHata y oBoM racy. Kopumhemem
Jllenno-HauOy Teopuje Kkoja pasaBaja elacTUYHE OJf PEaKTHBHHUX mporieca onpeheHu cy
e(eKTHBHU TPECeIH 3a pacejamke jOHa Ha MOJIEKYJIMMa KOjH Cy MTOCITYKHJIH Kao MOJIa3Ha TadyKa
y oapehuBamy (uHAIHOT ceTa Ipeceka METOJIOM poja Kako MoMONy ampOKCUMATHBHUX
CeMHaHATMTHYKNX M3pa3a A00UjeHnX MoMOoNly MOMEHTYM TpaHcdep TeopHje, Tako U oMoy
Monte Kapio cumynanmja koje yKJbydyjy JeTalbe pacejara U ePeKTe TepMaIHOT KpeTama
MmerTe.

10. Ananu3za macene cnekmpockonuje jona paouo@pexkeeHnHoz nPAXNCHEHA HA HUCKOM
RPUMUCKY Y Yuby PYHKYUOHANUIAUUjE KaPOOHCKUX HAHOCIMPYKMYPA HA NOGPUIUHU
[M21.21, M33.9, M34.32, M34.29, M34.25]

VY capagmu ca Uacturyrom Texanmukux Hayka CAHY (Ilpod. Hp. Umujom CredanoBuhem) u
Yuusep3urerom y Opneany (Ilpod. Jp. J. bepuar u Ipod.ap. E. Kopauesuh) ananusupane cy
peakuIyje y KaranuTHBHO CIIPerHyToM P® npaxmemy KNCEOHHKa Ha HUCKOM ITPUTHCKY.

Y GREMI naGoparopuju, KanmanuTuBHO crperHyTo P® mpaxmeme y KHCEOHHKY je
aHanmu3upaHo nomohy Macene criekTpockonuje. JloOWjeHM MaceHH CIEeKTpH HeyTpana U
MO3UTUBHUX 4YecTHUIla Cy MepeHd OOYHO y OAHOCY Ha mpaBal] u3Mely enekTpoma Ha
pa3IMUMTUM pacTojamiMa u3Mehy Ila3Me M OTBOpa Ha MaceHOM crekTpomerpy. Ocum
KHCEOHWYHUX jOoHA INpHuMehieHa je HEeOUYeKMBAaHO BHCOKA KOHIIGHTpAIMja joHAa W jOHCKHX
Kiactepa BojieHe mape. Y Tome je mpumeheH HyoOwuajeno manu mgompuuoc H:OF jona y
OJHOCY Ha JIoNpHHOCe ocTtanux Heuucroha BoxmeHe mape. [p CrojaHoBuh je auckytyjyhn
Moryhe peakiuje Koje MOTy JIOBECTH 10 MPOAYKIIHje MOCMAaTPAaHUX jOHA M MAaceHUX CIIEKTapa
JI01Ia0 710 00jalimheha OBOT )eHOMEHa KOjH je 00jalllbeH y myOonuKanuju paara M21.



EJIEMEHTU 3A KBAJIMTATUBHY OLEHY PAJIA KAHIUIATA

1. KBajiuTeT HAYYHMX pe3yJTara
1.1 HayyHnu HUBO M 3HAa4aj pe3yJiTara, yTMlaj HAy4YHUX PaJ0oBa

Hp Bmamumup CtojanoBuh je TOkOM Hay4dHe Kapujepe oOjaBuo mpeko 220 pamoBa
ykJbyayjyhu abcrpakre.  O0GjaBuo je ykymHo 50 pamoBa y wmehyHapomaum
yaconrcuma ca ISI nmucre, ox yera 1 xareropuje M2la, 23 kareropuje M21 u 1
kareropuje M22 u 6 xareropuje M23. Vkyman umnakT ¢akrop pagosa je 98.5. Ox
omnyke Hayuynor Beha o mpemiory 3a CTHIalke€ MPETXOAHOT HAYYHOT 3Bamba Jp
CrojanoBuh je o6jaBuo 1 M21a pan, 7 M21 panosa, 2 M22 pana, 7 M23 pana u 3
M24 pana. Ykynan uMmmakT (GakTop oBux pajgora je 35.388. Kpanmurer HayuHOT pana
np Bnagmmupa CrojanoBuha ce MoOXxe MNpOIEHHTH, W3Mel)y ocranor, W3 yrieaa
jyacomnuca y KojuMa cy paaoBu oOjaBibeHu: np CtojaHoBuh je 1o caga o6jaBuo 6
pajoBa y HajyriieqHHjeM EBPOIICKOM dYacomucy y obmactu ¢usuke Europhysics
Letters (M®=1.957), 5 pasoBa y HajyrieHHjeM 4acOMUCY y 001acTH GHU3KKE MIa3Me
u jonusoBaHor raca Plasma Sources Sci. Technol. (M® (2016) = 3.302), kao u aBa
yinaHka y gaconucy European Physical Journal D (Md(2016)=1.288).

Haj3nauajuuju pagosu 1p CrojanoBrha y nociaempux HEKOJIUKO MOJMHA CY:
[1] V. Stojanovi¢, Z. Raspopovi¢, Mari¢, and Z. Petrovi¢, Cross sections and
transport of O" in H2O vapour at low pressures, Eur Phys J D 69, 63 (2015),
Nd=1.24, uutupan 1o caaa 4 myra 0e3 ayronurara, selected for the journal
Highlights of 2016, Nd=2.546.

[2] Z D Nikitovi¢, Z M Raspopovié and V D Stojanovié,
Reduced mobility of He™ in CF,
Plasma Sources Sci. Technol. 26 (2017) 044004, N®=3.304.

[3] Z. D. Nikitovi¢, V. D. Stojanovié, Z. M. Raspopovié¢, Modelling elastic momentum
transfer cross-sections from mobility data, Europhys. Lett. 114, 25001 (2016), doi:
10.1209/0295-5075/114/25001, ISSN 0295-5075, U® =2.095

[4] Z. Nikitovi¢, Z. Raspopovi¢, V. Stojanovié, and J. Jovanovié, Transport
parameters of F ions in Ar/BFs mixtures, EPL 108, 35004 (2014), U®=2.269,
IIUTUPaH JI0 caaa S5 myra 6e3 ayrorurara.

[5] V. Stojanovi¢, Z. Raspopovi¢, J. V. Jovanovi¢, J. De Urquijo, Z. Lj. Petrovig,
Mobility of positive ions in CF4, J. Phys. Conf. Series 514, 012059 (2014), nutupan
70 caja 4 myta 6e3 ayTouuTara.

VY pany 1 nomohy texnuke Mounte Kapno cumynanuja, 100MjeHH Cy TPaHCIOPTHH
koepuuujentd O joHa y BOJIEHO] NIapH, KOjU IpU(DPTY]y Y KOHCTAHTHOM €JIEKTPUYHOM
nosby. Ilo mpBu nyt je Jlenno-HanOy Teopuja npumemeHa Ha Cilydaj pacejamba joHa
Ha ToJIapHOM MoJiekyny. KoMmIuieTHr cet mpeceka 3a pacejame oBuX joHa Ha H20 je
oapeheH Ha OCHOBY MO3HATUX E€KCIEPUMEHTAIHHU 10/1aTaka U U3padyHaBamba IoMohy
JNlenno-HauOy Teopuje. YV noOujamy (DUHAIHOT ceTa MpeceKka KOpHUIheH je MEeTO.
pojeBa. Ilo npBu NyT Cy y OBOM pajay NpUKa3aHU TPAHCIIOPTHU MapaMeTpH 3a yClIOBe
OJ1 HUCKHX JI0 CPEIBHUX BPEIHOCTH PEAYKOBAHOT EJIEKTPUYHOT MO0JbA Y3 Y3UMAMKE Y
0031p HEKOH3epBaTUBHMX cyaapa. JloOujeHM Mojamy MOTY c€ KOPUCTHTH Y



yCJIOBMMAa HUCKHX HpUTHCaKa Tae (opMupame Kiactepa HE yTW4e Ha TPaHCHOPT
OBHUX JOHA, WJIM W Ha BHCOKMM NIPUTHUCIUMA 3ajeTHO ca MOJEJIOM 3a (QopMHUpame
KJIACTEPCKE KMHETHUKE.

V pany 2 npukasaH je KOMIUIETaH CET mpeceka 3a pacejambe He' jona na CFs xoju je
0a3WpaH Ha EKCICPUMEHTAIHHM TIOJalliMa 3a Er30TePMHH IPECEeK 3a MPEHOC
umiysica Koju npoaykyje joue CF2" u CF3', kao M eHJIOTEpMHCKUM IIpecenuma 3a
nperoc uMnyica koju mpoxaykyjy CF, C* u  F' jome. Venen Benwkor ryOouTtka
MOCMaTpaHUX jOHAa TPAHCIOPTHU KOE(QUIMjeHTH OBHUX jJOHAa HHUCY MOIJIM OUTH
usMmepenn. Mounre Kaprno mMeronom cy oapehenu tpancnoprau koeduimjentu He'
jona Ha CF4 KOju cy HEONMXOJHU J1a OM Ce MOTJIO MOJEIHPATH MPAKEHECHE Ca OBUM
jonom. IlokazaHo je ma moOHAIIamke PEIYKOBaHE MOOMIHOCTH jJaKO 3aBHCH O]
SHEeprujCKe 3aBHCHOCTH Er30TePMHOr Tpeceka 3a peakiuje. 300r er3oTepMHUX
cyldapa peaykoBaHa MOOMIHOCT J00uja BpeaHocTH Behe o0 BPEIHOCTH Y
MOJIAPU3AMOHOM JIUMUTY. Y CIie MPUOIMKHO KOHCTaHTHE KOJIM3UOHE Y4ECTAaHOCTH
3a enacThyHe cynape (hIykc KOMIIOHEHTa PeJyKOBaHE MOOMIHOCTH j€ MPUOJIMKHO
KOHCTaHTHA 70 BUCOKHX BpeaHoctu E/N. Tlonamame 6aak KOMIIOHEHTE, KaO M ECH
[IMPOKH MUK CY, Meh)yTHM, IUPEKTHA MOCIIEINIA HEKOH3EPBATUBHUX Cy/apa.

VY pany 3 npukasaHu Cy HOBM METOJ 3a jJeIHOCTAaBHO ojpehuBame epeKTHUBHOT
IpeceKka 3a MPEeHOC MMITyJIca KOjUMe ce mpenBula MakCUMyM KpUBE 3a PelyKOBaHY
MOOHMITHOCT y (DYHKIMjU PEIYKOBAHOT EJIEKTPUYHOT II0Jba Kao W TEMIIEPaTypHY
BapHjallyjy Ha HHCKHM EHeprujama. Y TpPBOM KOpaky je oapeheH TpaHCIOpTHH
IpeceK KOju OJCIMKaBa MOJAaTKE 32 MOOMIIHOCT 3a CHCTEME Ca 3aTBOPEHOM JbYCKOM,
kopumthewem Monte Kapno merome. Y apyrom, oIpenwsid CMO HajBepOBaTHH]E
peakTHBHE IIpolece M  KOMOWIMpadM e(eKTHBHE Ipeceke U3  JIPYrux
eKCTIEpUMEHTATHAX M TEOPHjCKMX Tmojaraka. Ha Kpajy, €JacTHYHH MOMEHTYM
TpaHcgep npecek je oapeheH kao pa3nuka TOTATHOI MOMEHTYM TpaHcdep mpeceka u
KOMITIJIMPAaHUX PEaKTUBHUX Mpeceka y3 y3uMmame edekara yraoHe pacrojese IMpH
pacejamy. 3a cmydaj Ne™ + CF4, Monte Kapio cuMysanujama, ca 0Bako 100MjeHUM
CEeTOM TIpeceKka OJApPEIWIM CMO TPaHCHOPTHE KoepuiujeHate y (QYHKIHU]U
PEyKOBAHOT €JIEKTPUYHOT M0Jba KOJU JI0 cajja HUCY OMJIM MO3HATH. J{MCKyTOBaHHU cy
e(heKTH HEKOH3EPBATUBHUX Cyjlapa Ha peaykoBany MoomaHocT Ne'joHa.

VY pany 4 cy mo npBU MyT Y JUTEpaATypH NMpUKa3aHU €(PEeKTH er30TepPMHUX peaklinja
JOHA Ha TPAHCMOPTHE KOePUIIMjeHTe Yy KOHCTAHTHOM eNeKTpUYHOM noJby. Ilokazano
je na ce 6e3 003upa Ha MHTEH3UTET €(PEKTUBHOI MpPECeKa 3a acolHjalHjy, ako je Mo
OOJINKY UCTH Kao jeMHU HEeMY KOMIETUTUBHU €(EKTUBHH IPECeK 3a eNacTUYHH
MOMEHTYM TpaHcdep 100ujajy jenHaku Giaykc u 6amk TPaHCIIOPTHU KOS(PHUIIU]CHTH,
Takohe, y oBoM paay cy mNpuKasaHe NpeAMKIMje HHCKOEHEPIHjCKUX MpeceKa MU
TPaHCIIOPTHE OCOOMHE 3a F~ joHe y TEXHOJOMKH Ba)KHOM TaCHOM TMPaXXHEHY CMEIIN
Ar/BFs3 3a kojy He mocToje nogamy y aurepatypu. [lapamerpu poja cy goOujeHu y
byukuju E/N (E-enextpuuno mosbe, N-ryctina raca) u 3a Temneparypy raca T=300
K.

V pany 5 cy mEcKyTOBaHU CETOBH Tpeceka 3a pacejabe F* u CF3™ jona y racy CFa.
Metonom pojeBa y3 kopuitheme meroge Monte Kapno cumynanuja epuxacHu
npecer ¢y MOAM(UKOBAHM TakKo M3padyHaTa peayKoBaHa MOOWIHOCT Quryje
eKCIIEpUMEHTAJTHE TTOAaTKe 3a MOOMITHOCT OBUX joHa. MonTe Kapio cumynamujom cy
M3pavyHaTH TPAHCIOPTHHU MapaMeTpu 3a no3utuBHE joHe y racy CFs y KOHCTaHTHOM



eIEKTPUYHOM TOJby Ha Temmeparypu raca T=300 K y ¢yHkuuju pemykoBaHor
€JIEKTPUYHOT 110Jba.

1.2 To3uTHBHA MUTHPAHOCT HAYYHHUX PaJ0OBa KaHIAHIATA

[Tpema momanuma ca Web of Science va nan 23. 11. 2017. rogune, pagoBu cy
nutupanu ykynHo 340 nmyta (He ykibyuyjyhu camorurare), y3 h-index jeqnak 8
(BUIETH TIPHJIOT O IUTUPAHOCTH).

1.3 ITapameTpu KBaIMTETa YacOMKCa

Hp CrojanoBuh je TOKOM HaydHe Kapujepe o0jaBuo ykymHo 50 pamoBa y
MehyHapoaaum yaconucuMma ca ISI mmcre, o gera 1 kareropuje M21a, 13 kareropuje
M21 u 3 xareropuje M22. Ykynan umnakt ¢akrop pagosa je 98.5. Onx omiyke
Hayunor Beha o npezasiory 3a cTuniame MpeTXoJHOT HayyHor 3Bama J1p CtojanoBuh je
o0jaBuo 1 M21a pan, 8 M21 panoBa, 2 M22 pana u jeqHO TOIJIaBbe y 300pHUKY
Boacher mehyHapomnor 3mauaja M13. Vkyman ummakt (akTop OBHUX pauoBa je
35.388.

1.4 CreneH caMOCTaJIHOCTH U CTeNeH yyemha y peaqu3alujyu pajoBa y HayYHUM
[EHTPUMA Y 3eMJbU U HHOCTPAHCTBY

Hakon noxropckux cryauja ap CtojanoBuh je HACTaBHO J1a ce ca CBOJUM KoJlerama y
I'pynu 3a racHy €neKTpOHHMKY O0aBM TEMOM KOjy je MMao MpH H3paad JOKTOpara C
TUME IITO j€ TEXHUKE KOje je KOPUCTHO HpPOIIMPHUO HAa 3HATHO KOMILIEKCHH]jE
cllydajeBe, Kao INTO Cy NpPaXmemha Ha BHCOKUM BPEIHOCTHMA PEIYKOBAHOT
€JIEKTPUYHOT 10Jba Y BOJOHUKY U BOJIeHO] napu. CaMOCTaIHO j€ KOMIIUIMPAO CETOBE
mpeceKa 3a eIeKTPoHe, jJoHe U Op3e HeyTpase 10 eHepruja o1 Hekosuko KeV. [Tomohy
Mounte Kapno cumynanuja y kojuma cy KopuiheHu OBH CETOBU IIPECEKa 3a pacejame,
MOKa3aHa Cy Cllarama Kako ca TPaHCHOPTHUM KoeduirjeHTnMa Ha Huckum E/N (mpe
CBera cllarame ca peIyKoBaHOM MOOMIIHOIINY), JOHM3AIMOHUM Koe(UIMjeHTUMa Ha
cpenmwuM E/N u cnaramem ca eMUCHOHUM MepermrMa Ha BUCOKUM E/N.

Jlpyru MOKpeHyTH IpaBall paja IHojpazymeBa capalmy ca ap 3. Pacmonosuhem y
Wuctutyty 3a Pusuky y beorpany u ca np J. JoanoBuh ca MamuHckor gakynrera
VuuBepsutera y beorpamy, ca kojuma je 2007 3amoder paa Ha oapehuBamy
TPAHCIIOPTHUX OCOOMHA HETAaTUBHHUX JOHA Y TACOBUMA, KOJU YUYE€CTBY]Y Y MOJICIIOBAY
eJIEKTPOHEraTUBHUX Iuta3Mu, a o 2012 ca ap XK. HuxutoBuh, u mo3suTUBHUX jOHA,
IIpe CBEra OHUX YHje €r30TepMHE peakifje yTU4yy Ha KapakTepucTuke Iuiasme. U3
oBe npoOneMaTHKe 00jaBJbEHO jeé HEKOJIMKO pajioBa y BPXYHCKUM MelyHapoJIHUM
4acomucuma.

3ajenHo ca ap [Iparanom Mapuh u np Huxonom Illkopom mokpehe mopenupame
TacHOT TpaXmkema y 4UCToj] BojaeHo] mapu. [lo mpeu myr cy Ha UHCTHTYTY 3a
¢u3uKy, y OKBUPY OBE TeMe, 00jaB/bEHH EKCIEPUMEHTATHO-TEOPHjCKH PpaJIO0BH.
Honpunoc np CrojanoBuha y 3aje THIYKUM €KCTIEPUMEHTATHO-TEOPH]CKUM PaOBUMa
ca np Wmujom CrepanoBuhem ca Texuuukor Mucrturyra CAHY u konerama u3
GREMI unctuTyTa, YHNBep3uTeta y Opneany, y ®panimyckoj, ap J. bepanrom u E.
KoBauesuh ce ornena y o0jamnmaBamky MaCeHUX CIEKTapa joHa Y paguo(peKBEHTHOM
MpaXbElhY, aHAIN3U U AUCKYCHJU pe3yiTara, Kao W 3Ha4ajHOM ydemihy y mucamwy
oBux panoBa. Ca mpo¢. J. JoBanoBuh ca MammuHckor ¢akynTera, YHUBEp3UTaTa y
beorpany je mokpeHyTO HMCTpaxuBame Koje ce 0aBu oapehuBameM TpaHCHOPTHUX
ocoOuHa joHa y aTMOC(EpCKUM racoBuMma. 3ajefHO ca JyroroJUIlIkOM CapaJHULIOM
npod ap XKesmkom HukuroBuh nokpenyra je capaama ca npod M. Mozetuhem u nip
V. Lenbapom, uz Nucrturyra Joxed Ilredpan y Cnosenuju Ha mozaenupawy CFa



IJIa3MU U CMeca ca paaukaiuMma. Y BehWHHM TOMEHYTHX aKTHBHOCTH OCTBapeHa je
capanma ca akagemMukoMm 3opaHoMm Jb. IlerpoBuhem koja je 3abenmexeHa Kako y
3axBAJIHUIIAMA TaKO U y 33j€THUYKUM ITyOJIHKaIIHjaMa.

2. AHTa)XOBaHOCT y pa3Bojy yClIOBa 3a HAyYHH paj, 00pazoBamy U hopMupamy
HAYYHHUX KaJpoBa

VY okBupy Tema Koje cy obpahuBane y I'pynu 3a racHy enexTpoHuky MHCTUTyTa 3a
¢usuky y beorpany pasBujeHa je capaama ca UCTpaXMBauMMa KOjU Cy paluid
JucepTalyje ca TeMama I/1e je Iopes ocTalor Ouia nmoTpedHa eKcrepTru3a Be3aHa 3a
oBe 3anarke (B. [Ipmior akagemuka 3.Jb. IlerpoBuha noBogom m3bopa y mpeTxoaHo

3Bame):
Mapuja Paamusiosuh Pahenouh — xopumheme Monte Kapio cumynanumje 3a
IpopaudyHe noBpatHe Audysuje 1 MojeIoBaba Mpo0oja; 3ajeJHUUYKH PaoBU™*:
1. Z.1j. Petrovié, V. Stojanovi¢, M. Radmilovi¢
The influence of electrons reflected from the anode on ionization
(2000), XXth SPIG, Zlatibor, Yugoslavia, Contributed Papers,
Editors: Z.Lj. Petrovi¢, M.M. Kuraica, N. Bibi¢ and G. Malovi¢, p.131.

2. M. Radmilovi¢-Radenovié, Z.Lj. Petrovi¢, V. Stejanovié

Reflection of Electrons from the Anode

July (2001) Int. Sym. on Electron-Molecule Collisions and Swarms, Lincoln NE USA pp.
126-127.

A. Ctpunnh — xopumheme koza koju je ap CtojaHoBHD pa3BUO y CBOJjO]
JUCEpPTAIUjU 32 MOJICJIOBAE MEPEHha U JIOOMjamhe MMoIaTaka O CyAapHUM
MPOLIECUMa; 33j€THUYKH PaOBU™*:

1. J. Spasojevi¢, A. Strini¢, V.D. Stojanovi¢, Z.Lj. Petrovic¢

Excitation of N2 at very high E/N ratios

(1998), XIX SPIG, Zlatibor, Yugoslavia,

Contributed Papers, ed. N.Konjevi¢, M.Cuk and I. Videnovi¢ pp.179-182.

2. J.V. Spasojevié, A. Strini¢, V. Stojanovié¢ i Z.Lj. Petrovic¢

Razdvajanje doprinosa elektrona i teskih ¢estica u ekscitaciji na visokim E/N

(1997) Elektron Sto godina od otkri¢a; Vol. 7 Zbornik saops$tenja (Ed. M. V. Kurepa)

Zavod za ud)benike i nastavna sredstva, Beograd pp. 89-92.

3. A. Strini¢, J.V. Spasojevi¢, V.D. Stojanovié i Z. Lj. Petrovi¢

Eksperimentalna provera ekscitacije teskim ¢esticama

(2000) 10. Kongres fizillara Jugoslavije, Vrnja_lka Banja p. 603.

K. HuxuroBuh — xopumheme koaa koju je pazsuo ap CtojaHoBuh y cB0joj
JUICepTaIUju 32 MOJIEJIOBAE MEPEha U 100Hjame MIoAaTaka O CyJapHUM
TIPOLECHMA; 3ajCIHUYKH PagoBU™ ™

1. Z.D. Nikitovi¢, A.L. Strini¢, G.N. Malovi¢, V.D. Stojanovi¢ i Z.Lj. Petrovié¢

Modelovanje u neonu na visokim vrednostima E/N
Kongres fizicara Srbije i Crne Gore, Petrovac na Moru, 3-5. jun 2004. p. 3-111-114.

2. Zeljka D. Nikitovi¢, Aleksandra 1. Strini¢, Vladimir D. Stojanovi¢,

Gordana N. Malovi¢ and Zoran L. Petrovi¢

A Monte Carlo simulation of collisional processes in a Townsend discharge in neon
Radiation Physics and Chemistry (2007) 76 pp.556-560.

A. Huna — xopumrherse MonTe Kapiio koja 3a npoBepy HeyTpanu3aiuje joHa y
MPaXEHY ca [eBYMIlaMa Koje Cy U3BOp CHOIA HEYTpasia; 3ajeTHUIKH PaTOBH™**:
1. M. Radmilovi¢-Radenovi¢, A. Stojkovi¢, A. Strini¢, V. Stojanovi¢,

7. Nikitovi¢, G.N. Malovi¢ and Z.Lj. Petrovi¢



Modeling of a plasma etcher for charging free processing of nanoscale structures
Materials Science Forum (2006) 518 pp.57-62,
(ISBN: 0-87849-405-7) (ISSN: 0255-5476).

2. M. Radmilovi¢-Radenovi¢, Z.Lj. Petrovi¢, Z. Nikitovié, A. Strinié, V. Stojanovié, A. Nina
and B. Radenovié¢

Particle-in-cell Modelling of a Neutral Beam Source for Material Processing in
Nanoscale Structures Fabrication

Materials Science Forum (2007) 555 pp.47-52,

(ISBN: 0-87849-405-7) (ISSN: 0255-5476).

M. CaBuh — nomoh Ha peanu3anuju Mojiena NpoAYyKIHje CEKYHIapHUX
EJIEKTPOHA; 32jeTHUYKU PAJOBU™™*:
1. Z. Lj. Petrovié, S. Dujko, Z. Nikitovié, V. Stojanovié¢, M. Savi¢, M. Radmilovi¢-
Radenovi¢, D.  Mari¢, G. Malovi¢ and A. Bankovié¢
Theoretical foundations, numerical techniques and application of transport coefficients
in modelling of plasmas and gas breakdown
(2009) 2" International Conference On Advanced Plasma Technologies With 15
International Plasma Nanoscience Symposium, sep 291-Oct 2", Piran, Slovenia, Conference
Proceedings,
pp.28-31

** - oBJIE CY IUTHPAHU CaMO PaJOBH TOKOM H3paje AucepTaluja, 10K Cy
myOIMKaIyje y 9aconucuMa peain30BaHe MMociie 010paHa U ©Ma 3HATHO BUIIIE
3ajeIHUYKUX PaIoBa.

Nako uu y jennoj ox oBux tema ap CtojanoBuh HUje OO MEHTOP, TEXHHUKE KOje
CTaBHO Ha PACIOJIaramke CTYACHTHMA U y YeEMY UM je IIoMarao Ouie cy
CYILITUHCKHU HajBa)KHH]j€ 3a peain3alnjy JesioBa IpojeKaTa Ha KOjuMa Cy pajiiiu.

VY toky mxoncke 2015/2016 ap CrojaHoBuh je O6MO aHrakxoBaH Ha 00aBJbamy
CTY/ZIGHTCKUX TpaKcH 3a cryiaeHTe (usuke Dusnmukor Qaxyirera, YHUBEp3UTETA Y
beorpangy. Crymentr Mapuja bnarojesuh (ungekc 2026/2015) je oGaBuia cBojy
npakcy y MHcTHTYTY 32 (pU3HKY yIIO3HABIIN C€ Ca METOIOJIOTHjOM pasia HyMEpPHUKUX
IpopadyHa TpaHCIOpPTa jOHa y racy, Kao M yrno3HaBame ca 0a3zoM nojaraka Kobcon
3a HayuHe mnyoOnukanuje. OTBOpeHa je MOTYhHOCT capaame Ha TeMHu ojpehuBama
epuKacHUX Mpeceka 3a joHe y racopuma Jlenno-HanOy Teopujom.

OBakBO U CIIMYHO aHTa)KOBame he OUTH HACTaBJBEHO U Yy HAPEIHOM MEPHOTY.

On mnperxomnor wm3bopa y 3Bame [p CrojanoBuh je o6jaBuo Bume ox 40
KoH(pepeHIMjckux caommTema (M33.4-13, M34.4-32). 3a cBako 0Of lUX HalpaBJbeH
J€ penpe3eHTaTUBHU MOCTEP KOJH j€ MPENU3HO MPEICTABUO KAKO HETOB TaKO U pa
rpymne y kojoj paau. Tako je He camo nmoBehaHa BUAJBUBOCT MpoOJieMaTHKe Koja ce
o0aBba y MHCTUTYTY 3a (U3MKY HEro M OCTBapeHO 00pa3oBame U (popMHUpame
HAyYHMX KaJIpOBa KOjH Cy MOTJIM Jia BUJIE TOCETUOLM ITPU TOMEHYTUM CaOMIITEHUMA.
VY mpoceky cy 3a cBaky KOH(DEpeHIIHjy cripeMaHa 1o J[Ba CaolIITekha y BUAY TOCTepa.

3. Hopmupame 6poja KoayTOpCKHX pasioBa, MaTeHaTa U TEXHUUKHUX PelIeHha

Teopujcku pagou np CrojanoBuha 00jaBJheHH y TIEpUONY HAKOH oiiyke Hayunor
Beha o0 mpemiory 3a CTUlalke MPETXOJAHOI HAYYHOT 3Bama Cy Oa3upaHu Ha
AQHAJIMTUYKUM TPOpavyyHHMa M KOMIUIEKCHUM HYMEPHUYKHM CHUMYyJalldjaMa U UMajy
MIeT WJIM Mamke ayTopa, TaKo Ja yiias3e ca MyHOM TeKHHOM y OJTHOCY Ha Opoj KoayTopa.



ExcriepuMeHTaTHO-TEOPHjCKH PAIOBH MOAPA3YMEBAjy MIHpe Kojabopamuje, y Kojuma
je yuectBoBao ap B. CrojanoBuh ca ap U. CredanoBuh u np [[. Mapuh. Behuna
OBHX paJioBa MMajy JI0 CEJaM ayTopa M Takohe yiase ca IMyHOM TeKHHOM y OJIHOCY Ha
O0poj koaytopa. Ykymnan 6poj M 6o10Ba HakoH omiiyke Hayanor Beha o mpemiory 3a
CTHLIAEE PETXOTHOT Hay4YHOT 3Bama je 118.5.

4 . PykoBolheme npojeKkTiMa, IOTIPOjeKTUMa U MPOjEKTHUM 3a1al[iMa

VY nocapammeM HCTPaKMBAYKOM M HAYYHOM M CTPYYHOM pady je OMO yYecHHK Ha
cnenehum mpojexkTnMa MUHHCTapCTBA 32 HAYKY:

2001-2004 ,,®u3uka HUCKOTEMIIEPATYPHUX HEPABHOTESKHUX TutazmMu’” OU
1478

2005-2010 ,,®u3nuke OCHOBE NPUMEHE HEPABHOTEKHUX IIA3MH Y
HaHOTEXHOJIOTHjaMa U TpeTMaHy Matepujana“ OU 141025

2011-  ,IlpumeHe HUCKOTEMIEPATYPHUX IUIA3MH Y OMOMETUIIHH, 3aIITUTH
4yoBekoBe okosinHe U HaHoTexHonorujama“™ 11141011 O6nact: buomenununa
2011- ,,dyH;aMeHTAHH MIPOLIECH U MPUMEHE TPAHCIIOPTA YECTHIIA Y

HEPaBHOTEKHHUM I1JIa3MaMa, TparoBrUMa U HaHOoCcTpykTypama“ ON171037,
Kao 1 Ha Mel)yHapOTHOM IPOjeKTHMa:

FP6 IPB-CNP 026328: *“Reinforcing Experimental Centre for Non-
Equilibrium Studies With Application in Nano-Technologies, Etching of Integrated
Circuits and Environmental Research”.

2013-2017 yuyectBoBao je Ha Mel)yHapOJHOM IIPOjEKTY:

COST Action TD1208 “Electrical Discharges with Liquids for Future
Applications” (v. www.cost-plasma-liquids.eu/Database-of-Institutions/Institute -of-
Physics-Belgrade-University-of-Belgrade/) (2013-2017)

VY Ttoky 2012 roaune 610 je pyKOBOAMIIAL] POTPAMCKOT 3aJaTKa:

Cynapuu npouecu Ha Bucokom E/N

IITO c€ MOXE BUJIETH U3 U3BemTaja LleHTpa 3a HepaBHOTEXHE Tporiece, HCTUTYTa 32
¢busuky, Yausepsutera y beorpany 3a 2012. roguny wim U3 10KyMeHTalldje 3a
MIPETXOIHU U300D Y 3BamHE.

Ha nouetky kapujepe np CrojanoBuh ce 6aBUO €KCIIEPUMEHTATHUM MEPEHEM
TPaHCHOPTHUX KoeduuujeHata y cnabocTpyjHUM TayH3eHIOBUM NpaxmbEembUMa.
Kapujepy je HactaBHMO y [OMEHY HHMCKOTEMIIEpAaTypcKe IUla3Me€ U TO Yy JIOMEHY
BE3aHOM 32 MOJIEJIOBakhE¢ CUCTEMA POjeBa €JIEKTPOHA U aHAIM3Y JOOUjEHUX pe3ynTaTa.
HuckoremnepaTypHe, HEpaBHOTEKHE IUIa3ME€ MacTajy y TacHUM MpaXmbeHhHMa Ha
HUCKUM mnpuTHcIMMa (MambuM on 1 Torra) koja ce oJpkaBajy €JIEKTPUYHUM U
MarHeTHUM ToJbUMa KojuMa ce o0e30elyje ma eneKTpoHH MOKpeHYy IUCOIMjaTHBHE
mporiece W MpOU3BEAY caMmy IUla3My, ajd Ja Ipu TOME He Johe 1o mopacta
TeMmreparype joHa U HeyTpaiga. TakBe IUla3Me UMajy IIHUPOKY TPUMEHY Y
HajCaBpEMEHMJUM TEXHOJOrHjamMa. ¥ MUKPOEIEKTPOHUIM OBE IJIa3Me Ce KOPUCTE 3a
Moau(UKaIMjy MOBPIIMHA MOJYNPOBOAHMYKMX Marepujana llog Moaudukaiyjom
MOBpIIMHA MOJPa3yMeBajy ce TMpPOLECH JAEMO3UIMje TaHKUX CJI0jeBa, IPOLECH
AHM30TPONHOT HAarpu3ama IUIAa3MOM M TPOIEecCH 4YHIIhema W pachplIdBama
Mmatepujana. HepaBHOoTexxHe M1a3Me Cy Halule U OpojHe MpHUMEHE Y pa3Bojy U3BOpa
CBETJIOCTH, IIJIa3Ma €KpaHa, U3BOpa joHa, IICey0 CIapK MpeKugada, FracCHUX Jlacepa, 3a
yKIlamame 3aral)yjydnx racosa.


http://www.cost-plasma-liquids.eu/Database-of-Institutions/Institute%20-of-Physics-Belgrade-University-of-Belgrade/
http://www.cost-plasma-liquids.eu/Database-of-Institutions/Institute%20-of-Physics-Belgrade-University-of-Belgrade/

On 2006. rogune ap CrojaHOBMh moOuYMIEe 1@ ce 0aBM M TPAHCIIOPTOM
HEraTUBHHX jOHA Y TAaCOBHMA H MPaBJbEHEM 0a3e mojaraka 3a TpaHCIOPT HETaTUBHUX
jOHa y racoBHUMa.

2012 o6jaBspyje mpBH pajx Koju ce 0aBM TPAaHCHIOPTOM IO3UTHUBHUX jOHA Y
racoBuMa 4MMe C€ Yj€IHO OTBapa HOBH ITpaBall HCTPaKUBAbA.

5. AKTUBHOCT y HAYYHUM U HayYHO-CTPYYHHUM JAPYIITBUMA
AKTHBHOCT y CBUM JpyIITBUMA Yy KojuMa je 1p CrojanoBuh unan, y Bpeme
IPETXOTHOT U300pa y 3Bame, je HACTaBJbEHA.

6. YTUIIaJHOCT HAYYHHUX Pe3yJITaTa

VYTHIaj Hay4HUX pe3yiTara KaHaAuaara ce orjiena y Opojy nuraTta Koju cy HaBeACHU Yy
Tauky 1. OBOT MPUJIOTa Kao M y IPWJIOTY O HUTUPAHOCTH. 3HAy4aj pe3ynraTa
KaHJ#1aTa je Takohe onucaH y Tauku 1.

7. KoHKpeTaH JOonpHHOC KaHAUIaTa y peaan3aliju pagoBa y HAyYHUM [HEHTPUMA Y
3eMJbU U HHOCTPAHCTBY

Kannunar je yuecHuk y Mel)yHapoaHOj capamu ca:

I'pynom np Mupana Mosetnua u Uactutyry Joxed Llredan y Cnosenuju,

I'pynom mpod J. Vpkuxo y Centro de Ciencias Fisicas na Universidad Nacional
Autonoma de Mexico y Mekcuky,

ca rpynmom npod T. Makabe na Department of Electrical Engineering, Keio
University, y Janany,

ca neatpom LPTP na Ecole Polytechnique y ®panmyckoj,

ca GREMI Yuuepsurerom y Opinieany y ®paniryckoj (mpod ap J. bepuar u npod ap
E. KoBauesuh).

HacraBspen je mpaBal] paja KOju KaHIWZAaT CaMOCTaJHO pa3Buo Ha MHctutyry 3a
¢u3uky y beorpany a ogHOCHO ce MHHIMjaJIHO HA pacejame HEraTHMBHUX jOHA Ha
Mosiekynuma. To je mpumena [lenno-HanOy Tteopuje 3a oapehuBame ePexkTUBHUX
IpeceKa 3a peakTHBHE Mpollece Koja je y MPOTEKJIoM Nepuojy KopuiiheHa u 3a
pacejambe TO3UTHUBHUX JOHa HAa MOJEKYJly y HHAYKOBAaHOM MOJAapU3alMOHOM
NOTEeHIHjalmy. Y NpPOTEKJIIOM IEpUOAy, OBa TeOopHja je MpHUMEHEHa W Ha CIydaj
peaxiyja joHa ¥ MOJIEKYJIa ca BEJIMKUM JIUTIOJTHUM MOMEHTOM Kao mito je H0.

[Topen nHymepuukux npopauyHna ap CtojanoBuh je 1ao 3Ha4YajaH JOMPUHOC U Y
aHAJIM3| pe3yliTaTa v MUCaky OBUX PaoBa.
Hp CrojanoBuh je 3Ha4ajHO JOTIPUHEO CBAKOM pajy Y KOME j€ y4eCTBOBAO.

8 . YBoaHa npenaBama Ha KOHGEPEHIHjaMa U ApyTa MpeaaBama

Haxon nmperxoanor uzbopa y 3Bame J1ip CtojaHoBHN je 0JIpKao jeJHO MpeiaBamba 1o
MTO3MBY.

[Tpusor: mo3uBHO MUCMO 3a MPe/laBamke Hala3| ce OMax y3 abCTpakT 3a TO
npeaBame.

buo je koayTop Ha BenmkoM Opojy IpeaBama o Mo3UBY Ha BojehuM MelyyHapo HUM
koH(pepennujama (B. Crircak 00jaB/beHUX PaIoBa).



[Ipe nperxoauor nzbopa y 3Bame ap CtojaHoBuh je oapkao 2 mpenaBama 1o Mmo3uBy
Ol KOjUX je y MepHoAy OJl JOKTOpupama O0mo aytop | mpenaBama Mo MO3UBY Ha
MehyHapoguuMm koHpepeHuujama W | mpemaBama 1O MO3MBY Ha jaomahoj
koH(pepeHnuju. buo je takohe koayrop Ha 16 mpemaBama 1Mo MO3MBY Ha Bojachum
MehyHapoaHUM KOH(epeHIrjama.



EJIEMEHTU 3A KBAHTUTATHUBHY OLIEHY PAIA KAHIANJATA

Hp Bragumup CrojaHoBuh je TOKOM Hay4He Kapujepe o0jaBuo ykymHO 50
pamoBa y mehynapomnum gaconmucuma ca ISl mucte, ox wera 1 kareropuje
M21a, 23 xareropuje M21, 6 kareropuje M22, 17 kareropuje M23 u 3
kareropuje M24. [Ipema noganuma ca Web of Science na man 23. 11. 2017.

TOJUHE,

pagoBu cy nuutupanu ykymHo 340 mnyra (He yKibywyjyhu

camorurare), y3 h-index jeanak 8. On omnyke Hayunor Beha o mpemsory 3a
CTHUIIAaE MPETXOJHOT HAaydyHOT 3Bama Jap CtojanoBuh je o6jaBuo 1 M21a pan,
7 M21 panoBa, 2 M22 pana, 7 M23 pana u 3 M24 panoBa. YKynaH UMIaKT
(dhakTop OBUX JBajgeceT paaona je 32.395.

OctBapeHu pe3ynraTH y nepuoay HakoH oaityke Hayunor Beha o npensory 3a
CTHIIa€ IPETXOAHOT HayYHOT 3Bama:

Kareropuja M GonoBa bpoj panoBa | YkynmHo M Hopmupanu
o paay 0ozoBa 6poj M 6on0Ba
M13 3 1 3 2.5
M21a 10 1 10 10
M21 8 7 56 56
M22 5 2 10 10
M23 3 7 21 21
M24 3 3 9 9
M32 15 1 15 15
M33 1 13 13 12
M34 0.5 32 15.5 15.5

HopeheH)e ¢ca MUHUMAJIHUM KBAHTUTATHUBHUM YCJIOBUMA 34 I/I360p Y 3BamC
BHUIIW HAYYHU CapaaHHK:

Munumainasn 6poj M 6o110Ba OctBapenu | OcTBapeHH
pe3yiTaTd | HOpMUPaHU
pe3ynraTtu
YkynHo 70 122.5 122
M10+M20+M31+M32+M33+M41+M42+M90 | 50 122.5 122
M11+M12+M21+M22+M23 35 100 99.5




CIIMCAK PAIOBA JIP BJIAJJUMHUPA CTOJAHOBHUHRA

Hamomena: ca 3Be3auiom (*) cy 03Ha4YeHH pajioBH MyOJMKOBAHHU TOCIE MOKPETama
n30opa y MpeTXoqHO 3Bame. PajgoBW Cy HyMepHUCaHU YHA3aJ MPU 4eMy CYy MPBU
PaZIOBH U3 HajpaHUjeT BPEMEHCKOT TIEpHOo/ia a TOCISb1 U3 HajKaCHHU]ET.

Panosu
[TormnaBiba y MoHOrpadujama u TeMaTckum 30opaunrma (M13)
PanoBu 00jaB/beHM HAKOH MPETXOHOT U300pa y 3Bam€

1*.Zeljka Nikitovi¢, Martina Gili¢, Milica Petrovi¢, NebojSa Romcevi¢, Zoran
Raspopovi¢, Vladimir Stojanovié¢

The kinetic energy dependence of association reactions for alkali metal ions with
dimethoxyethane

Proceedings of the IV Advanced Ceramics and Applications Conference,
Izdavac: Atlantic Press Springer

Editors: Bill Lee, Rainer Gadow, Vojislav Miti¢
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PanoBu o0jaB/beHHU npe NpeTxoaHoOr U300pa y 3Bame

PanoBu y MehyHapoanum yaconucuma u3zy3eTHux Bpeanocru (M21a)

PajxoBn 00jaB/beHN HAKOH NMPETXOAHOT N300pa y 3Bambe

1*.Z. D. Nikitovi¢, Z. M. Raspopovi¢ and V. D. Stojanovig,

Reduced mobility of He™ in CF4, Plasma Sources Sci. Technol. 26, 044004 (2017),
doi:10.1088/1361-6595/aa61db, ISSN 0963-0252, IF=3.302

PajioBu 06jaB/beHH Mpe MPETXOAHOr H300pa y 3Bame

Panosu y BpxyHckum melj)ynapoauum yaconucuma (M21)
PanoBu 00jaB/beHH HAKOH MPETXOHOT U300pa y 3Bambe

23*. 7. Nikitovi¢, M. Gili¢, Z. Raspopovié, and V. Stojanovi¢, Comparison between
transport parameters for K™ and Li™ in 1,2-dimethoxy ethane (DXE), Europhys. Lett.
116, 15002 (2016), doi: 10.1209/0295-5075/116/15002, ISSN 0295-5075, 1F=2.095

22*.7. D. Nikitovi¢, V. D. Stojanovi¢, Z. M. Raspopovi¢, Modelling elastic
momentum transfer cross-sections from mobility data, Europhys. Lett. 114, 25001
(2016), doi: 10.1209/0295-5075/114/25001, ISSN 0295-5075, IF=2.095

21*. I. Stefanovi¢, V. Stojanovi¢, C. Boulmer-Leborgne, T. Lecas, E. Kovacevi¢ and
J. Berndt, Mass spectrometry of positive ions in capacitively coupled low pressure RF



discharges in oxygen with water impurities, J. Phys. D: Appl. Phys. 49 (2016) 26520,
doi:10.1088/0022-3727/49/26/265202, ISSN 0022-3727, IF=2.772

20*. Z. Raspopovi¢, V. Stojanovi¢, Z. Nikitovi¢, Effect of exothermic reactions on the
mobility of Ar* in CF4, Europhys. Lett., 111 (2015) 45001, doi: 10.1209/0295-
5075/111/45001, ISSN 0295-5075, IF=2.269

19*. 7. Nikitovié, Z. Raspopovié, V. Stojanovié, and J. Jovanovi¢, Transport
parameters of F~ions in Ar/BFs mixtures, Europhys. Lett. 108 (2014) 35004. doi:
10.1209/0295-5075/108/35004, ISSN 0295-5075, 1F=2.269

PajioBu 00jaB/beHH MOC/I€ MOKPETaha MPETXO0IHOT H300pa y 3Bame

18*. J de Urquijo, J V Jovanovi¢, A Bekstein, V Stojanovi¢ and Z Lj Petrovi¢, lon
mobilities and transport cross sections of daughter negative ions in N.O and

N2O—N2 mixtures, Plasma Sources Sci. Technol. 22 (2013) 025004, doi:10.1088/0963-
0252/22/2/025004, ISSN 0963-0252, IF=3.056

17*. V. Stojanovi¢, Z. Raspopovi¢, J. Jovanovié¢, Z. Nikitovi¢ and Z. Lj. Petrovié,
Transport of F~ions in F,

Europhys. Lett. 101 (2013) 45003. doi: 10.1209/0295-5075/101/45003, ISSN 0295-
5075, IF=2.269

PajioBu 06jaB/beHH NIpe MPETXOAHOr H300pa y 3Bam-e

16. Z. Nikitovi¢, V. Stojanovié and Z. Lj. Petrovi¢
Transport of electrons in Ar/H2 mixtures

EPL Vol 99 (2012) 35003

ISSN: 0295-5075 doi: 10.1209/0295-5075/99/35003

15. Vladimir D. Stojanovié¢, Zoran M. Raspopovié¢, Jasmina Jovanovi¢, Zeljka D.,
Nikitovi¢, Svetlana B. Radovanov, Zoran Lj. Petrovic,

Cross sections and transport properties of positive ions in BFs plasmas

Nuclear Instruments and Methods in Physics Research Section B 279 (2012) pp. 151-
154, doi:10.1016/j.nimb.2011.10.052 (2011)

14.7. Nikitovi¢, S. Radovanov, L. Godet, Z. Raspopovi¢, O. Sagié, V. Stojanovié¢ and
Z. 1. Petrovi¢,

Measurements and modeling of electron energy distributions in the afterglow of a
pulsed discharge in BF3

EPL Vol 95 (2011) 45003

ISSN: 0295-5075

13. Nikitovié¢ Z., Stojanovié V., Petrovié¢ Z. Lj, Cvelbar U., Mozeti¢ M.
Transport coefficients for electron scattering in CF4/Ar/O2 mixtures with a
significant presence of Fx or CFx radicals

EPL Vol 91 Issue: 5 (2010) 55001

ISSN: 0295-5075 DOI: 10.1209/0295-5075/91/55001



12.Z. Lj. Petrovié, S. Dujko, D. Mari¢, G. Malovi¢, Z. Nikitovi¢, O. Sasi¢, J.
Jovanovi¢, V. Stojanovi¢ and M. Radmilovi¢-Radenovic¢

Measurement and interpretation of swarm parameters and their application in
plasma modelling

J. Phys.D:Appl. Phys. 42 (2009) 194002 (33pp) , IF=2.104

doi: 10.1088/0022- 3727/42/19/194002

11.Zeljka D Nikitovi¢, Vladimir D Stojanovié, Jean Paul Booth and Zoran Lj
Petrovic¢

Electron transport coefficients in mixtures of CFs and CF2 radicals
Plasma Sources Sci. Technol. 18 (2009) 035008 (6pp)

10.Z Lj Petrovié, V Stojanovi¢ and Z. Nikitovi¢
Modelling of thermalization of fast electrons in nitrogen at low pressures
Plasma Sources Sci. Technol. 18 (2009) 034017 (6pp)

9. J.V. Jovanovi¢ , Z.1;j. Petrovi¢, and V. Stojanovié

Cross Sections and Transport Properties of F~ lons in Ar, Kr and Xe
Nucl. Instr. And Meth. In Phys. Res. B (NIM B) 267(2) (2009) pp. 295-298.
doi: 10.1016/j. nimb.2008.10.037

8. Z. L. Petrovi¢, M. Suvakov, Z. Nikitovié, S. Dujko, O. Sasi¢, J. Jovanovig,

G. Malovi¢ and V. Stojanovi¢

Kinetic phenomena in charged particle transport in gases, swarm parameters
and cross section data.

Plasma Sources Sci. Technol. (2007) 16, S1-S12.
doi:10.1088/0963-0252/16/1/S01 TOPICAL REVIEW

7. S. Vrhovac, V. Stojanovié, B. Jelenkovi¢ and Z. Petrovié
Energy distribution of electrons in low-current self-sustained nitrogen discharge
J. Appl. Phys. (2001) 90 5871.

6. A.A. Mihajlov, V.D. Stojanovié¢ and Z. L. Petrovic¢
Resonant vibrational excitation/de-excitation of N2(v) by electrons
J. Phys. D: Appl. Phys. (1999) 32 2620.

5. V.D. Stojanovi¢ and Z. Lj. Petrovi¢

Comparison of the results of Monte Carlo simulations with experimental data
for electron swarms in N2 from moderate to very high electric field to gas density
ratios (E/N)

J. Phys. D: Appl. Phys. (1998) 31 834.

4.Z. Lj. Petrovi¢ and V.D. Stojanovié

The role of heavy particles in kinetics of low current discharges in argon at high
electric field to gas density ratios

J. Vac. Sci. Technol. A (1998) 16 329.

3. V.D. Stojanovi¢, B.M. Jelenkovi¢ and Z. L. Petrovi¢
Excitation by electrons and fast neutrals in nitrogen discharges at very high
electric field to gas density ratios


http://dx.doi.org/10.1088/0022-3727/42/19/194002

J. Appl. Phys. (1997) 81 1601.

2. Z. Stoki¢, M.M.F.R. Fraga, J. Bozin, V. Stojanovi¢, Z. Lj. Petrovi¢ and B.M.
Jelenkovi¢

Excitation of Balmer lines in low-current discharges of hydrogen and deuterium
Phys. Rev. A (1992) 45 7463. IF=2.157

1. V.D. Stojanovi¢, J. Bozin, Z. Lj. Petrovi¢ and B.M. Jelenkovi¢,

Excitation of the C®ILu state of N2 and B?Z4* state of N2* by electrons at moderate
and high values of E/N

Phys. Rev. A (1990) 42 4983. IF=2.323

PanoBu y ucraknyrum Mmel)ynapoaaum yaconucuma (M22)
PajioBu 06jaB/beHH HAKOH MPETXOIHOT H300pa y 3Bambe

6*.Z.D. Nikitovi¢, M. D. Gili¢, M. S. Petrovi¢, N. Z. Roméevié, Z. M. Raspopovi¢, V.
D. Stojanovié, Cross sections and Transport Properties for Na™ in (DXE) Gas, Sci.
Sinter. 48, 379 (2016), doi:10.2298/SOS1603379N, ISSN 0350-820X, IF=0.781
Normiran broj poena: 4.17 iako je rad tipa numeric¢ke simulacije.

5*.V. Stojanovi¢, Z. Raspopovi¢, D. Mari¢, and Z. Petrovi¢, Cross sections and
transport of O" in H2O vapour at low pressures, Eur. Phys. J. D 69, 63 (2015), doi:
10.1140/epjd/e2015-50720-9, ISSN 1434-6060, IF=1.398

PaoBu 06jaB/beHU TIpe MPETXOAHOT U300pa y 3Bame

4. Zeljka Nikitovi¢, Aleksandra Strini¢, Gordana Malovié, Vladimir Stojanovié and
Zoran Lj. Petrovi¢

Measurements and analysis of spatial profiles of 777.4 nm line in Townsend
discharge in oxygen

Acta Chim. Slov. (2008) 55 pp.219-222 (ISSN: 1318-0207) 1F=0.909

online at http://acta.chem-soc.si

3. Z. L. Petrovi¢, J.V. Jovanovi¢, V. Stejanovié, Z. M. Raspopovi¢ and Z.
Ristivojevié¢

Cross Sections and Transport Properties of CI~ lons in Noble Gases
The European Physical Journal D 48 1 (2008) pp.87-94. IF=1.828

2. Z. 1. Petrovi¢, Z. M. Raspopovi¢, V. D. Stojanovi¢, J. V. Jovanovi¢, G. Malovi¢,
T. Makabe and J. de Urquijo

Data and modeling of negative ion transport in gases of interest for production of
integrated circuits and nanotechnologies.

Applied Surface Science,( 2007) 253, pp.6619-6640, IF=1.576

1. Zeljka D. Nikitovi¢, Aleksandra I. Strini¢, Vladimir D. Stojanovi¢,


http://acta.chem-soc.si/

Gordana N. Malovi¢ and Zoran Lj. Petrovi¢

A Monte Carlo simulation of collisional processes in a Townsend discharge in
neon

Radiation Physics and Chemistry (2007) 76 pp.556-560, IF=0.882

PanoBu y melhyHapoaHum yaconucuma (M23)

PanoBu 00jaB/beHH HAKOH MPETXOIHOT H300pa y 3Bambe

17*.V. Stojanovi¢, Z. Raspopovi¢, J. Jovanovié, Z Nikitovié, D. Mari¢, and Z.
Petrovi¢, Cross sections and transport coefficients for Hs* ions in water vapour, Eur.
Phys. J. D 71, 283 (2017), doi: 10.1140/epjd/e2017-80295-2, ISSN 1434-6060,
IF=1.288

16*.7Z Nikitovié, Z. Raspopovi¢ and V. Stojanovié,

H* scattering in n-Butanol, Acta Phys. Polonica A, 132 (2017)1420,
doi=10.12693/APhysPolA.132.1420, ISSN=0022-3727, IF=0.530

15*.7. Nikitovi¢, V. Stojanovi¢ and Z. Raspopovié,

Cross-Section and Transport Parameters of Ne* in CF4, Acta Phys. Polonica A, 130
(2016) 1343, doi: 10.12693/APhysPolA.130.1343, ISSN=0022-3727, IF=0.530

14* 7. Nikitovi¢, V. Stojanovi¢ and Z. Raspopovié,
Rate Coefficients of Flons in Ar/BF3 Mixtures, Acta Phys. Polonica A, 127 (2015)
1634, doi: 10.12693/APhysPolA.127.1634, ISSN=0022-3727, 1F=0.604

13*.V. Stojanovic, 7. Nikitovié, J. Jovanovié and Z. Raspopovic¢,

Cross-Sections and Transport Properties of F~ lons in F,

Acta Phys.Polonica A, 125 (2014) 46, doi: 10.12693/APhysPolA.125.46, ISSN=0022-
3727, IF=0.604

12*.7. Nikitovi¢, V. Stojanovi¢, Z. Raspopovié and J. Jovanovié,
Transport Parameters of F~ lons in BF3, Acta Phys.Polonica A, 126 (2014) 724, doi:
10.12693/APhysPolA.126.724, ISSN=0022-3727, IF=0.604

11*.7. Nikitovi¢ and V. Stojanovi¢,

Transport Coefficients in Mixtures Ar/Ha,

Acta Phys. Polonica A, 123 (2013) 73, doi: 10.12693/APhysPolA.123.73, ISSN 0022-
3727, IF=0.604

PanoBu 00jaB/beHH Mpe MPETXOAHOT H300pa y 3Bame

10. V. Stojanovi¢ and Z. Nikitovié

MODELING OF EXCITATION BY HEAVY PARTICLES IN PURE H:2
DISCHARGES AT HIGH E/N

Acta Physica Polonica A, vol.121 (2012) pp. 622-624

9. Vladimir Stojanovi¢, Zeljka Nikitovi¢ and Zoran Lj. Petrovié

On Anisotropy and Spatial Dependence of Doppler-Induced Broadening Due to
Heavy-particle excitation

IEEE Transactions on Plasma Science, vol 39. No.11 (2011) pp.2592-2593



ISSN: 0093-3813, DOI: 10.1109/TPS.2011.2160743

8. Zeljka Nikitovi¢, V. Stejanovi¢ and M. Radmilovié-Radjenovié,

Transport Coefficients For Electrons in Mixtures CF4/Ar/O2 and CF, CF2 or CF3
Radicals,

Acta Physica Polonica A, vol.120 (2011) pp. 289-291

7. 7. Nikitovi¢ and V. Stojanovi¢

The influence of F, F2 on electrons in BFs3
Hemijska industrija (2011) pp. 229-232
doi:10.2298/HEMIND110110014N

6.Z. Nikitovi¢, O. Sasi¢, Z. Raspopovi¢, V. Stojanovié, S. Radovanov, M. Mozetié
and U. Cvelbar,

Modeling of Electron Kinetics in BF3

Acta Physica Polonica A, vol.117(5) (2010) pp. 748-751

5.7. Nikitovi¢, V. Stojanovié and Z. Lj. Petrovi¢
On the role of radicals in kinetics of plasma etchers in Ar/CF4 mixtures
Acta Physica Polonica A, vol.115, (2009) pp. 765-767, IF=0.321

4. M. Radmilovi¢-Radenovi¢, Z.Lj. Petrovi¢, Z. Nikitovi¢, A. Strini¢, V. Stojanovié,
A. Nina and B. Radenovi¢

Particle-in-cell Modelling of a Neutral Beam Source for Material Processing in
Nanoscale Structures Fabrication

Materials Science Forum (2007) 555 pp.47-52,

(ISBN: 0-87849-405-7) (ISSN: 0255-5476).

online at http://www.scientific.net

3. M. Radmilovi¢-Radenovi¢, A. Stojkovié, A. Strini¢, V. Stojanovi¢,

Z. Nikitovi¢, G.N. Malovi¢ and Z.Lj. Petrovi¢

Modeling of a plasma etcher for charging free processing of nanoscale structures
Materials Science Forum (2006) 518 pp.57-62,

(ISBN: 0-87849-405-7) (ISSN: 0255-5476).

online at http://www.scientific.net
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Abstract

®

CrossMark

This paper is devoted to a presentation of a cross section set for the scattering of He™ ions in
CF,, which is assessed by using available experimental data for exothermic charge transfer cross
sections that produce CF;* and CF," ions and endothermic charge transfer cross sections that
produce CF*, C* and F' ions. Due to the significant particle losses, experimental transport
coefficients have not been measured. Transport properties of He™ ions in CF, needed for
modeling discharges containing mentioned ions are calculated by the Monte Carlo method at a
temperature of 7 = 300 K. Significant differences between flux and bulk transport coefficients
are noticed, which is important for fluid models that exploit flux transport coefficients as

input data.

Keywords: He™, CF,, Monte Carlo simulation, cross sections, transport coefficients

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

1. Introduction

He-CF, mixtures are used in gas electron multipliers for
various imaging purposes (x-rays, charged particles, thermal
neutrons and dark matter detection) [1]. Bursts of electron
multiplication affect the production of various ions that may
affect time distribution of detected particles [2]. Experimental
transport coefficients needed as input data for models for the
transport of He™ ions in CF, gas are missing. Although some
experimental points for scattering cross sections of He™ ions
in CF, are obtained by Fisher et al [3], a cross section set that
can be used in modelling is not established yet. Quantum-
mechanical calculation of a particular cross section is a
demanding task requiring knowledge of ion-molecule poten-
tial energy surface, which has to be constructed from the
structure of the reactants. Less calculation-intensive methods
such as Denpoh-Nanbu theory [4-6] require knowledge
about thermodynamic formation data and are applicable for a
range of molecules. Although in this case thermodynamic
formation data are known, such an approach is hard to apply,
since reaction does not proceed via the excited (HeCE,™*)
complex but via excited states of CE;* (CE, ™). It is also more
appropriate to select threshold energies for reaction products
from threshold energies of CE,* states [7] than from enthal-
pies of formation.

Charge transfer reactions of ions with molecules are
important elementary processes in modeling kinetics in all

0963-0252/17,/044004+-04$33.00

kinds of plasmas. In many cases, cross sections for these
reactions are known to represent the most significant part of
the cross section set. It can be concluded from observation of
the line spectra of excited F atoms obtained in spectrometric
measurements [7] in CF,4 that the charge transfer reaction is a
dominant process in collisions with inert gas ions. That
argument appears sufficient in neglecting other possible
reactions.

The aim of the present paper is to report on a topic
important both for fundamental studies and for applications.
We assessed the cross section set for He™ in CF, by using
existing experimental data [3] for charge transfer collisions
producing radical ions of CF,4. In the following section we
will discuss compilation of existing data and establish one
possible cross section set. Next we describe the calculation of
transport parameters and at the end discuss our results. Flux
and bulk reduced mobilities, calculated from flux and bulk
drift velocities by Monte Carlo simulation are significantly
different in the region of moderate E£/N.

2. Cross section set

Our aim in this section will be to establish the cross section
set since only the cross section set contains relevant infor-
mation to calculate transport properties of selected ion in
particular gas. In our selected case the general knowledge

© 2017 I0P Publishing Ltd
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Figure 1. Cross section set for He™ + CF,.

about the total cross section indicates that at low energies it
would be affected by long-range attractive forces while at
high energies by repulsive forces.

For small energies, when interaction potential is very
close to induced dipole potential, one may assume that the
total momentum transfer cross section is o, = 1.105 oy,
where o is the Langevin’s cross section [8]. The Langevin’s
cross section was determined by using the average polariz-
ability of the gas. The average polarizability of CF, is poorly
determined [3] and may produce discrepancies in the calcu-
lated mobilities of ions in CF, [9, 10]. As a consequence, this
would affect plasma parameters prediction in modeling. We
adopted the value of 3.86 107**m? used by Stojanovi¢ et al
[9] who found excellent agreement between experimental and
calculated reduced mobility of CF;™ ions in CF,.

From the exothermic cross section measurements of Fisher
et al [3] for CF,* and CF;* production from He* 4 CF,, one
may conclude that scattering is appropriate to describe induced
polarization potential up to 0.2 eV, thus assuming that charge
transfer reactions are the dominant interaction one may obtain
for the elastic momentum transfer cross section by deducing
experimental reactive cross sections [3] from assumed total
momentum transfer cross section.

When the collision energies are larger than the crossing
point between the 1.105 oy, curve and the hard sphere (HS)
cross section (represents purely the repulsive part of the
potential), repulsive interaction is beginning to dominate [3].
At the crossing point (~3 eV) the elastic momentum transfer
cross section is smoothly connected to the 1/ v¥ trend [11, 12],
where v is the center-of-mass velocity (see figure 1). This
trend assumes that repulsive interaction is with anisotropic
(forward) scattering probability.

Finally, in the cross section set all exothermic and
endothermic cross sections of Fisher et al [3] are included.
Reactive cross sections were approximated by constant values
at all ion kinetic energies above 50 eV by using the data for
production ratio between observed ions as suggested in [13].

— 105 Mean energy s
s —s— D, (Bulk)K
M —e—eD (Bulk)/K
S~
o)
[} 14
5 Jiwrm.
=
)
=)
o
% 0.1+
=
o
- l-s.=':.4.
0.01 T T T
1 10 100 1000

E/N [Td]

Figure 2. Mean energy and characteristic energy for He™ in CF, as a
function of E/N.

Although the cross sections for CF,™ and CF;" produc-
tion are almost an order of magnitude lower than the total
momentum transfer cross section their magnitude below
0.3 eV is significant and has to be known if ion transport at
lower temperatures has to be modelled. From the calculations
of Krsti¢ and Shultz [11] assuming validity of capture theories
down to about 0.1 meV extrapolation of the experimental
measurements [3] towards low energies is safely done by 1/v
trend. Below 0.1 meV we used extrapolation with the constant
Ccross section.

3. Transport coefficients

Transport properties needed for modeling CF, discharges
containing He™ ions are calculated by the Monte Carlo
method. A code that properly takes into account thermal
collisions was used [14]. It has passed all relevant bench-
marks [6] and was tested in our work on several types of
charged particles [6, 15]. Swarm parameters of He" in CF,
for a temperature of 7 = 300 K are presented.

The calculated transport parameters are the mean energy,
characteristic energy, drift velocity, diffusion coefficients and
rate coefficients for ions [16]. Note that these transport
parameters are the only information present in the literature
up to now and there are no published experimental data for
the transport coefficients of He™ in CF,.

In figure 2 we present the mean energy, obtained as an
average of particle ensemble [14, 16] and compare it to
characteristic energies (diffusion coefficient normalized to
mobility eD/K in units of eV, where K = v,/F and v, is the
drift velocity of the ion) determined in the direction of the
field and transversal to the electric field. In figure 2 values that
are taking into account only bulk values of transport coeffi-
cients that can be experimentally determined [17] are shown.
They can be compared with values obtained when exper-
imental measurements become available.

Characteristic energy curves above 200 eV show that the
energy in the longitudinal direction is significantly affected by
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Figure 3. The bulk and flux reduced mobility for He™ in CF, as a
function of E/N.

non-conservative collisions. Note that the mean energy can-
not be directly measured in experiments. Mapping of mean
energy versus E/N may be used directly to provide the data in
fluid models in situations when local field approximation
fails. As visible on the figure the energy increases from 10 Td
and before that a thermal value of 0.04 eV.

The mobility K of an ion is a quantity defined as the
velocity attained by an ion moving through a gas under the
unit electric field. One often exploits the reduced or standard
mobility defined as:

Vd

Ko N EN ; (D
where N is the gas density at elevated temperature 7,
No=2.69-10"m™> and E is the electric field. Let us
remind the reader that the bulk drift velocity (W = d(x)/dt) is
a reaction corrected flux drift velocity (w = (v)):
W =w + §, where S is the term representing a measure of
the effect of reactions on the drift velocity. For flux mobility
are responsible elastic collisions. The difference between bulk
and flux reduced mobilities is a consequence of energy-
dependent reactions.

Generally both flux and bulk reduced mobilities conv-
erge, when E — 0, T — 0, to a polarization limit value, when
interaction between ion and molecule can be described with
induced polarization potential (if one neglects reactions). The
polarization limit value for our studied case is
Ky = 3.608 em?V gt (see figure 3). If exothermic reac-
tions take place, as in the our case, then reduced mobility
acquires larger values since the elastic cross section is smaller
at the expense of exothermic cross sections [5].

Flux and bulk values of reduced mobility for He™ ions in
CF, as a function of E/N (E-electric field strength, N-gas
number density) are shown in figure 3.

Due to the exothermic processes producing CF," and
CF;* reduced mobility at lowest E/N is larger than polar-
ization limit value. Flux reduced mobility is nearly flat at
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Figure 4. The transversal and longitudinal diffusion coefficients for
He™ in CF, as a function of E/N.

these E/Ns since collision frequency for elastic scattering is
nearly constant [5]. When collision frequency for elastic
collisions begins to decrease one would expect the increase of
the flux reduced mobility. This is not happening since
endothermic reactions remove high-energy ions from the
swarm front. This shifts the center of mass of ions backward.

At the low E/N tail of thermal energy distribution
function (EDF), decreasing part of the collision frequency for
reactions allows the increase of ions energy at the front of the
swarm. This affects the center of mass of the ions moving
ahead (source term S is positive) and bulk reduced mobility is
increasing.

For the ion energies larger than thermal, by increasing
reduced electric field, EDF in a wider range senses the drop of
high energy ions in the front of the swarm due to the exo-
thermic reactions and so bulk reduced mobility is increasing
steeply.

For the energies for which collision frequency for reac-
tions begins to increase, fast ions are removed from the
swarm front and bulk reduced mobility decreases with E/N.

Thus, the significant peak in the bulk reduced mobility at
about 35 Td is obtained as a result of difference in energy
dependence of elastic and exothermic cross sections [18].

Transversal and longitudinal diffusion coefficients are
given in figure 4. At very low energies due to the similarity of
the cross sections for elastic and exothermic scattering, flux
and bulk diffusion coefficients are similar. Very large non-
conservative effects, almost a reminder of the positron
transport [19], are noticed at higher E/Ns. Similar to the
results for drift velocity, flux diffusion coefficients are sig-
nificantly larger than the bulk values at largest E/N’s, due to
the reactive collisions.

In figure 5 we show rate coefficients for elastic
momentum transfer and for all reactive processes as a func-
tion of E/N. The rate coefficients as the final output of our
calculations are needed as input in fluid equations for the
description of ion transport in CF, gas.
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Figure 5. Rate coefficients for momentum transfer and for
production reactions as a function of E/N.

Calculated rate coefficients are valid for swarm condi-
tions. The precision of the calculated rate coefficients depends
on the precision of the measured cross section, which is stated
to be 50%—-60% [3]. At higher energies, where cross sections
for reactions are extrapolated, precision of the calculated rate
coefficients is lower. This precision is fortunately increasing
due to the measured cross sections ratio at 861 eV [13]. Note
that exothermic rate coefficients obtained from capture the-
ories are constant and are significantly different from the rate
coefficients obtained in this work.

4. Conclusion

In this work we determined elastic momentum transport cross
sections as a function of energy for He™ scattering on CF, that
can be used in modelling transport of He' in CF, gas. We
exploited data for a simple theoretical total momentum transfer
cross section and obtained an elastic momentum transfer cross
section by deducing all experimentally obtained charge transfer
cross sections. In that we assumed that measured charge transfer
cross sections are the collisions with the highest probability.
Thus, in this paper we have assessed the cross section set for
He" ions in CF, that can be used as an independent input in the
modelling transport of He' ions. This assessment was per-
formed by using measured charge transfer cross sections.

Since to the best of our knowledge no direct information
exists in the literature on how the mobility of high recombi-
nation energy ions such as He' ions behaves in CF,, we
calculated transport parameters by using the Monte Carlo
simulation method [5, 18].

In this paper we have obtained and discussed both flux
and bulk reduced mobility data. Data for swarm coefficients
for positive and negative ions are needed for hybrid and fluid

codes and the current focus on liquids or liquids in the mix-
tures with rare gases dictates the need to produce data com-
patible with those models. In view of the present interest in
models of liquids and/or liquids in mixtures with rare gases,
data for swarm coefficients for positive and negative ions are
needed for hybrid and fluid codes.
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Abstract — In this paper, a theoretical study of 1, 2-dimethoxy ethane (DXE) and K* /Li™ binary
mixture in low-temperature plasmas is reported. The most probable reactions of alkali metal ions
KT and LiT with dimethoxy ethane molecule and its fragment ions are selected in order to obtain
appropriate gas phase enthalpies of formation for the products. The scattering cross-sections set
as a function of kinetic energy and transport parameters as a function of E/N (E is the electric
field, N the gas density) were obtained by using the Monte Carlo technique.

Copyright © EPLA, 2016

Introduction. — Transport properties of species in gas
plasmas are of great importance in understanding the
nature of molecular and ionic interactions in gas mix-
tures [1-3]. These properties include the mean energy,
drift velocity, diffusion coefficients, ionization and chemi-
cal reaction coefficients, chemical reaction coefficients for
ions and (rarely) excitation coefficients, and they are very
useful in chemical industries for the design of many types
of transport and process equipment.

The ether-based molecule 1,2-dimethoxy ethane (DXE)
is a clear colorless volatile liquid at room temperature and
atmospheric pressure [4]. As being the smallest oligomer,
i.e., the building block of the polyethylene oxide (PEO)
polymer, it has a widespread application in the medical
and pharmaceutical field [5-7]. Nevertheless, DXE is also
used as a precursor in the production of ceramics [8] or
as a sole compound to and other chemicals such as those
used in lithium batteries production [9-12], superconduc-
tor production [13], nanoparticles synthesis [14-16], in
etherification [17] etc.

Being a suitable medium for a number of chemical re-
actions, it forms chelate complexes with metal cations.
Having all that in mind, it would be of great importance
to observe a binary gas mixture of DXE and K* or Li™.
To the best of our knowledge, the transport properties of
such mixtures in gas plasmas have received no attention.

At atmospheric-pressure three-body reactions of
ions are of increasing importance for the reaction
kinetics. In many modeling cases information about the

three-body processes is missing. The Denpoh-Nanbu the-
ory (DNT) [18] can be exploited to calculate cross-section
sets as a function of the kinetic energy for cases where
no or limited information is available about scattering
data [19]. Nikitovié et al. [20] showed how radiative
association for three-body reactions can be included in
cross-section sets obtained by the DNT. The approach
presented in [20] was compared with the existing exper-
imental data for association cross-section as a function
of pressure [21] and showed good agreement at energies
below a few eV. Such information is of great importance
in atmospheric-pressure plasmas containing complex
molecules such as DXE and can be highly valuable in
modeling clustering in various plasmas.

In all of the reactions studied experimentally to
date [22,23], the only produced ions were the association
complexes Li" (DXE) and K*(DXE). Therefore, in this
work we will apply the approach in [20] to the case of
alkali ions in DXE.

In this paper we selected the most probable reac-
tions of alkali metal ions K™ and LiT with dimethoxy
ethane (DXE) molecule (and its most probable prod-
ucts) for thermodynamic threshold energies below about
15eV. Appropriate gas phase enthalpies of formation [24]
for the products were used to calculate thermodynamic
thresholds.

Although DXE consists of many atoms its dipole mo-
ment is negligible, so the simplest capture theories can
be applied. The scattering cross-sections as a function

15002-p1
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Table 1: Heats of formation A;H? at 298 K(kJ/mol).

Species  AyH° Species  AsH°
Li 159.4 Lit 679.6
K 89 K* 507.8
DXE —340 DXE™ 557
C3HgO,  —364  C3HgOF 562
CyHgO 793.1  CoHgO" 7754
CyH4O 821.1  C,H,O0Y —165.8
CH,O —-201.6 CH,O" 8453
CH,O  —108.7 CH,O" 9405
CH,4 —74.5 CHYf 1132.0
CcO —110.53 co™ 1241.59
Ho 0.0 H 1488.3

of kinetic center of mass energy is calculated with the
DNT [18,25].

Calculation of the cross-section. — DXE selected in
this study is of trans, trans, trans conformation [22] and is
known not to have permanent dipole moment in its ground
state. The average polarizability 9.94 x 10730m3 [22] is
used for the DXE target. Similar to our recent papers [26]
the DNT method is used to separate elastic from reactive
endothermic collisions by accounting for the thermody-
namic threshold energy and branching ratio according to
the Rice-Rampsperger-Kassel (RRK) theory [18]. Within
the RRK theory the internal energy is being distributed
among an empirical number of s equivalent effective modes
of the complex selected from the total number of atoms
involved in the complex.

Appropriate gas phase enthalpies of formation for the
products [23] (table 1) were used to calculate ther-
modynamic thresholds (table 2). The cross-section for
the exothermic reaction (EXO) forming a molecular ion
X" in DXE is commonly represented by ion capture
cross-section:

(1)

where oy, is the orbiting cross-section [27] and [ is the
probability of a specific exothermic reaction.

By combining the relation (1) and the thermal rate co-
efficient we determined the probability of exothermic reac-
tion and the contributions of association cross-section and
elastic cross-section. In the low-energy limit [2,23], the
cross-sections are similar due to dominant polarization of
the target. At higher energies reactive collisions including
the non-conservative collisions become efficient for various
possible processes.

The elastic momentum transfer cross-section be modi-
fied in order to fit approximate mobility peak character-
istic for presented systems. This is done using the swarm
method [28,29] and the reduced mobilities (experimen-
tal [30] or theoretical values [31]) in the peak region for
these ions in neutrals of equal or similar reduced mass.
From Langevin’s cross-section we deduced experimental

Oexo = BUL ’

Table 2: X*-DXE reaction paths (X = Li, K) showing reac-
tion products and the corresponding thermodynamic threshold
energies A.

No. Products Lit KT
1 X"+ DXE 0 0
2 X+ Cy4H10F 3.905  4.9561
3 X' 4+ C3HgOs + CH, 3.793  3.793
4 X+ C3HgOF + CH, 7.999  9.050
5 X4 C3HgOy + CHY 8.724  9.775
6 X"+ CH¢O+CHy+CO 4513  4.513
7 X+ CyHgO' +CHy, +CO  9.147  10.198
8 X4 CyHO + CHJ 4 CO 9.444  10.495
9 X+ CyHgO+ CHy +COT 13135 14.186
10 X+ CoH,O" 4+ CyHgO 4.7353  5.7862
11 X4 CyH40 + CoHgO™ 4.5322 5.5831
12 Xt 4+ CH,O0 +CoHg +CO  0.3811 0.3811
13 X4+ CH,O" +CyHg+CO  5.8636 6.9145
14 X+ CH0+CHf +CO  6.5145  7.5654
15 X4 CH,0 + CyHg 4+ COT  9.0031 10.054
16 X'+ CH,O 4 C3Hy + H,O  0.8620  0.8620
17 X+ CH,O" +CsHy +H,O  6.3207 7.3716
18 X+ CH40 + C3Hf +H,O  5.8305 6.8814
19 X+ CH4O + CsHy + H,OT  8.0818 9.1328
20 X'+ C4Hg+ 2Hs + O, 5.0307 5.0307
21 X4 C4H{ +2H,y + O 9.2012 10.2521
22 X+ C4Hg + 2H, + OF 15.064 16.115
23 X+ CyHe+Hy +Hy+0y  11.716 12.7674
K+ DXE —> o | —8—2 —0— 3,—#— 4 —— 5, 6,—e— 7,
—5— 8§, —0=—9, —e— [0, —*— [1, —O— 12,—0— 13, —u— 14,—0— 15,
—_— —A— 16,—D>— 17,—X— 18, —@— 19, O 20, —0—2], ==--= 22, —&—23
= 10°
5
= 10 B
g o/OI ELM:LQQ
g 4004 Assoc /o/ ;/: W&gh
[2] o / A “\n“cz\m
A | et
g 10" I [ fffﬁi& =
O 3‘ /E/ ;9 Jofo
10? “ E :
107 10" 10° 10" 10° 10°

Relative collision energy [eV]

Fig. 1: (Color online) Cross-section set for scattering of K
with DXE. “ASSOC” denotes the experimentally obtained as-
sociation cross-section [22] while theoretical curves are denoted
in the legend.

association cross-sections and theoretical endothermic
cross-sections in order to obtain elastic momentum trans-
fer cross-section. The elastic momentum transfer cross-
sections for elastic collisions of K with DXE is presented
in fig. 1. In fig. 2 we present cross-sections for Li* in DXE.
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Fig. 2: (Color online) Cross-section set for scattering of Li"
with DXE. “ASSOC” denotes the experimentally obtained as-
sociation cross-section [22] while theoretical curves are denoted
in the legend.

Agreement with experiment is satisfactory for energies
below 1eV. A further step in both cases will be to add
more reactions with multiple radicals that will increase the
thermodynamic threshold and generally increase the num-
ber of reactions. This may potentially improve agreement
with experimental data for cross-sections for association
reaction.

In all mentioned experimental cases, the cross-sections
show a clear pressure dependence, which indicates the
occurrence of collisional stabilization of complex by sec-
ondary collisions. The effect of secondary collisions can
be eliminated completely by linear extrapolation of the
cross-section data to zero reactant pressure. The same
trend is easily achieved with theoretical data which have
to include effects of all possible reactions providing our
theoretical cross sections can be exploited and also used
in many other cases.

Transport parameters. — Generally speaking,
plasma modelling and simulations requires the use of
swarm parameters. The non-equilibrium regime in dis-
charges can be well represented under a broad range of
conditions by using the Boltzmann kinetic equation or
by following individual evolutions of all ions with Monte
Carlo technique. In our Monte Carlo code swarm of ions
is traced until they reach hydrodynamic regime when
transport properties are calculated [25,26,29]. Internal
excitation of the DXE is neglected in the cross-section
calculation although is included with association cross-
section where we exploited experimental data. Agreement
of measured association cross-section at very low energies
with Langevin’s trend indicate that the effect of internal
excitation of the molecule is of less importance than
reactive collisions in selected conditions.

We have used a Monte Carlo code that properly takes
into account thermal collisions [32]. The code has passed
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Fig. 3: (Color online) Mean energy as a function of E/N for
K" and Li* in DXE.
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Fig. 4: (Color online) Flux and bulk drift velocity as a function
E/N for KT and Li" in DXE.

all the relevant benchmarks [25] and has been tested in
our work on several types of charged particles [25,33].

In fig. 3 we show the mean energy as a function of col-
lision energy for K™ and Li* in DXE. The mean energy
cannot be directly measured in experiments. The differ-
ence in the mean energies of Li™ and K™ is visible because
of the big attachment for Lit above 20 Td.

Flux and bulk drift velocities [34-36] for KT in DXE as a
function of E/N are given in fig. 4. The drift velocities ob-
tained by Monte Carlo simulation calculated in real space
(bulk) and in velocity space (flux) values which are ob-
tained as (v) and da/dt, respectively. The mass of Lit
is smaller than the mass of KT, so as a consequence the
drift velocity of Li' is bigger. In the case of K¥, due to

15002-p3
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Fig. 6: (Color online) Longitudinal and transversal diffusion
coefficients as a function E/N for K™ and Li" in DXE.

weak non-conservation, there is no important difference
between the flux and bulk velocity.

The mobility K of an ion is a quantity defined as the
velocity attained by an ion moving through a gas under
the unit electric field. One often exploits the reduced or
standard mobility defined as

Ud

Koy = 2
°" NE

N, (2)
where vy is the drift velocity of the ion, IV is the gas density
at elevated temperature T, Ny = 2.69-10** m~3 and E is
the electric field.

In fig. 5 we show the results of Monte Carlo simulation
for reduced mobility for K™ and Li* in DXE as a function
of E/N. Due to reactive collisions bulk and flux values

of reduced mobility are separated. The reduced mobility
for KT is constant but increasing the resolution shows its
structure, while the mobility for Li™ sharply rises at en-
ergies 0.3-2 eV because of resonant association.

Longitudinal and transversal diffusion coefficients for
K* and Li* in DXE as a function of E/N are shown in
fig. 6. The peak is visible only in the behavior of longitu-
dinal diffusion coefficients. With the increase of E/N the
longitudinal diffusion decreases as a consequence of the
big attachment for Li.

However, there are no published experimental data for
the longitudinal and transverse diffusion coefficients of K™
and Lit in DXE so far.

Conclusion. — The Denpoh-Nanbu theory, supple-
mented with the swarm method was used to calculate the
elastic collisions of Kt and Li* on DXE. Calculated cross-
sections are used to obtain transport parameters for KT
and Li" in DXE gas.

DXE is a technologically important gas. Cross-sections
and transport data for it have been calculated by a
simple theory. Adding a database of measured trans-
port coefficients would open the possibility of refining the
calculations.

* % %

Results obtained in the Laboratory of Gaseous Electron-
ics, Institute of Physics, University of Belgrade, under the
auspices of the Ministry of Education, Science and Tech-
nology, Projects Nos. 171037 and 410011.
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Abstract — In this letter we present a new method to simply obtain the elastic momentum transfer
cross-section which predicts a maximum of reduced mobility and its sensitivity to the temperature
variation at low energies. We first determined the transport cross-section which resembles mobility
data for similar closed-shell systems by using the Monte Carlo method. Second, we selected the
most probable reactive processes and compiled cross-sections from experimental and theoretical
data. At the end, an elastic momentum transfer cross-section is obtained by subtracting the
compiled cross-sections from the momentum transfer cross-section, taking into account the effects
of the angular scattering distributions. Finally, the cross-section set determined in such a way is
used as an input in a final Monte Carlo code run, to calculate the flux and bulk reduced mobility
for Ne™ + CF4 which were discussed as functions of the reduced electric field E/N (N is the gas

density) for the temperature 7' = 300 K.

Copyright © EPLA, 2016

Introduction. — Cold plasmas are often exploited in
new technologies where they favorably offer non-intrusive
production or modification of various substances [1]. The
main characteristics of these plasmas are their high elec-
tron temperature and low gas temperature where the non-
equilibrium behavior of a large number of species takes
place [2]. The present computer resources allow studies
of complex global models [3,4] describing the behavior of
such plasmas by taking into account a very large number
of particles. In such cases the knowledge of the ion-neutral
reaction and transport parameters for ions resurges as in-
teresting mostly in cases in which reactive processes take
place [5-7]. In spite of great efforts and numerous re-
sults [8-15], the knowledge about ion-molecule reactions
holding a prominent place in the descriptions of these plas-
mas, is far from satisfactory. The main reason for that
are the poorly known ion scattering properties in various
gases that must be guessed in order to obtain transport
properties during modelling [12,16-18].

Quantum-mechanical calculation of the ion-neutral
scattering cross-sections requires the knowledge of accu-
rate potential energy surfaces which are known only to
within limits of appropriate (usually very complex) theo-
ries [19], while experiments at low energies are sensitive
to small stray fields and many other technical problems.

Thus, simple and effective methods based on known prin-
ciples are highly valuable.

Calculation of the cross-section. — Due to the lack
of experimental and theoretical mobility data Gatland
et al. [20] found that all the experimental mobility curves
can be unified into a single mobility curve by using a
model interaction potential. Their interaction potential
predicts a peak in reduced mobility (Ko) and suggests
generalized mobility curves for alkali ions in rare gases
(closed-shell systems). The generalized mobility curves
are defined as Ko normalized by a polarization limit (PL)
value Kpy, [6,20] as a function of the effective temperature
normalized to the well depth of the potential minimum.
Takebe [21] made a further step in the unification of mo-
bility data. Apart from similar conclusions as in [20], e.g.
that the ratio Komax/Kpj, dominantly depends on the
observed ion, he showed that transport of ions proceeds in
the presence of clustering collisions and found out that the
activation energy for the reversible process accounts for
half of the potential well depth. Takebe’s reduced mobili-
ties in the 7' — 0 limit were slightly above the PL values.
Takebe’s approach is justified only for closed-shell systems
but presents a good base for upgrading for more complex
systems. By following a vast amount of data in [10] one
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Fig. 1: (Colour online) (a) Transport cross-sections as a function of relative collision energy and (b) reduced mobility as a

function of E/N where temperature 7' is used as a parameter.

may conclude that for a broad range of systems mobility
behaves similarly to closed-shell systems, i.e., where, apart
from the association reaction, other reactions are negli-
gible and the dominant effect on transport comes from
the elastic momentum transfer cross-section. Since at low
pressures the association cross-section is few percent of
the elastic momentum transfer cross-section and is dom-
inant at low collision energies, at T' — 0, £ — 0 affects
the reduced mobility which goes to values slightly higher
than the polarization limit. For the same reasons the as-
sociation will not significantly affect the mobility peak.
We than exploited a hard-sphere cross-section in order to
define the maximum cross-section for reactive collisions.

Modelling the transport cross-section by mobility curve.

In order to model the transport cross-section one may
exploit either numerical solutions of Boltzmann’s kinetic
equation or the stochastic Monte Carlo (MC) method [22,
23]. In this work we used the well-tested MC code [23].

Central information about the interaction is drawn
from the differential cross-section with all the possible
quantum-mechanical effects stored within, not exclusively
from interaction potentials. Thus, in the MC modeling the
momentum of the transfer cross-section omt [22,24-26]
with the assumption of isotropic scattering in the center-
of-mass frame is very often used. The idea behind is the
need to properly account for ion momentum losses which
also appear in balance equations [12] and are desired in
modeling many technologically interesting cases. Ion mo-
bility is exactly described with oy, at low energies where
the average distance at which the ion and the molecule col-
lide is within the range of the ion-induced dipole potential
~r~%. The same potential for the reaction coefficient gives
a constant value calculated from the known gas polariz-
ability and reduced mass of ion and gas.

Average polarizabilities for most gaseous atoms/mole-
cules are generally known [27] so simple approximations

based on them are useful for a wide range of systems.
For r—* the potential momentum transfer cross-section
omT = opr, = 1.105 - o1, has the same energy dependence
(~e795) as Langevin’s cross-section oy, [17] and a con-
stant mobility (see solid line denoted by Kpry, in fig. 1(b))
is obtained analytically by the so-called mean-free time
theories such as, for example, the theory in [22]. In this
case the obtained mobility is not a function of tempera-
ture and pressure [6,26] and is taken as a limiting case for
the polarization attraction between ion and neutral [17].
If for the same potential, Langevin’s cross-section is used
either partially or fully to describe the loss of particles,
for example, the association reaction [5] reduced mobility
increases. Generally inelastic collisions cause the decrease
of mobility [28] while reactive collisions increase the mo-
bility [6] which in general can be limited by the possibility
of inverse reactions. Both reduced mobility and reaction
rate coefficients are easily calculated by the MC code [24],
where oy is used as previously explained. The calculated
values are precise (reproducible) to a few significant digits
depending on the computing resources [4,24].

A hard-sphere (HS) cross-section opg [29,30] is often
used to represent ion transport [24,30] at high collision
energies (see fig. 1(a)) where actually the repulsive nature
of collisions becomes dominant. Scattering in this case,
described by a potential ~r~™ (n — o00), is isotropic in
the center-of-mass frame [24] and is exactly represented
by omT = ous in Monte Carlo codes. At the same time
ops is used as a starting point in theories of ion reactions,
for example as a good approximation in cases in which
processes of charge transfer dominate [29,31] so it can be
a potentially good approximation for more complex cases.
If one crudely joins the above-mentioned approximations
simply by using omT = 1.105 - o1, below ¢, and oyt =
ous above e¢p, trying to describe ion mobility in a wider
energy range (see thick solid line in fig. 1(a)) than the MC
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Table 1: Characteristic values for mobility peaks with respect to polarization limit values in percent [10,33] and appropriate

E/N values in Td (1Td = 1077 Vem?).

4He QONe 4OAI‘ 84KI‘ 131Xe 222Rn
ce | Fomax/Kopn(%) | 71| 59 | 62 66 | 65 -
1 E/N (Td) 48 | 50 | 117 | 112 | 144 -
iiper | Komax/Kop (%) | 4T |47 |68 | 61 | 52 52
e E/N (Td) 30 | 40 | 165 | 190 | 265 | 263
sy | COmax/Kopy (%) | 57 | 42| 46 | 47 | 50 56
a E/N (Td) 34 | 53 | 151 | 156 | 156 | 174
27 AL Komax/Kopr(%) | 37 35 37 43 40 41
E/N (Td) 20 | 38 | 129 | 173 | 213 | 223
895+ Komax/Kopr,(%) | 36 27 33 34 37 43
E/N (Td) 27 | 44 | 131 | 155 | 185 | 171
10(+ Komax/Kopr,(%) | 36 27 33 34 37 43
a E/N (Td) 27 | 44 | 131 | 155 | 185 | 171

code [22,23] which properly takes into account thermal
collisions [10], gives a reduced mobility in fig. 1(b) (solid
line labelled by K, ng). Kr-us at T = 300K overlaps the
PL curve and is a uniformly decreasing function at high
average energies.

It is commonly accepted that the mobility peak rep-
resents the average energy where attractive intermolec-
ular forces balance repulsive forces [24,32]. The height
of the peak is best represented with respect to the po-
larization limit value, while the E/N’s scale can be
well normalized by the well depth of the interaction
potential [20,21].

In table 1 are shown the mobility peak values obtained
from the newest theoretical data for the reduced ion mo-
bility for closed-shell systems [10] which are the best fit
to all the existing experimental data, all normalized at
the polarization limit value (Komax/Kpr,). It is evident
that Komax mainly depends on ion species in closed-shell
systems, so one may pull a more general conclusion that
Komax/Kpi, decreases with the increase of the ion atomic
number in inert gases, and even in minor cases a small
discrepancy exists from such average trend. With the in-
crease of the atomic number Komax/Kpy, are at higher
E/N’s since less collision energy is transferred from the
laboratory system with lighter ions to the gas for the sim-
ilar effect.

For our test case (*°Net 4 838CF,) we chose
2Nat + 84Kr as nearest closed-shell system due to its
similarity with the atomic number and polarizability
value.

From table 1, one may see that the mobility peak for
the Na™ ion is 46% relatively to the polarization limit
data and is characteristic not only for Kr [21] but also
for all closed-shell atoms. Thus, by analogy, the mobil-
ity peak for Ne™ + CF, should be very similar to the
peak for Na® + Kr if one neglects the different reactiv-
ity of these two systems. For Na™ + Kr both interaction
potential and bulk of the experimental measurements for

the transport coefficients are available [33-36], so in the
following we will refer to these data in order to model
the mobility of Ne* in CF4. The theoretical data for Ko
from [36] (see also [10]) give an excellent fit of the data
in [33,34] at T = 300 K so as to be used also for the descrip-
tion of the temperature variation of the reduced mobility.
We selected data for temperatures 7' = 100 K, 300 K and
500 K and normalized them at the Net + CF polarization
limit (solid lines denoted as “KoN for Max” in fig. 1(b)).
Ne™ has slightly lower atomic number than Na™ and so
slightly higher Komax/Kpy, for which we used 49% at
E/N =155Td.

Most probable processes in Net 4+ CFy scattering. It
is known [29,37] that the scattering probability for Ne™
on CFy is largest for charge transfer that has been mea-
sured with a guided ion beam apparatus [29] (CF3, CFy
and CF™) for energies below 50 eV and where also the ab-
sence of NeCF} and CF; was notified. The cross-section
extrapolation up to 1000eV was done according to the
emission measurements of Motohashi et al. [37] and data
in [31]. The line spectra of excited atoms obtained in spec-
trometric measurements in CFy indicate that the charge
transfer reaction is by far the most dominant process in
collisions with inert-gas ions, so other processes such as Ne
excitation can be safely neglected. Having in mind mea-
surements of the charge transfer cross-sections for F* and
C™ production at high energies [31] we also deduced these
cross-sections by using similarities with data for other rad-
ical ions [29,31], from He™ + CFy scattering data [29], and
for the emission cross-sections in [37]. Thresholds for the
production of all radical ions were selected from the data
for ionization energies for CF, [29].

Since it is not known whether dissociative processes pro-
ceed from excited CFy4 or a NeCF;l|r complex, we calculated
the dissociation cross-sections by using basic gas phase en-
thalpies of formation for CF4 and products [29]. With the
same input data we calculated thermodynamic thresholds
and used them as cross-section thresholds.

25001-p3
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Modelling the elastic momentum transfer cross-section.

Since reactive collisions reduce the total number of
trajectories, then oTr can be obtained by deducing
all non-continuing trajectories represented by reactive
cross-sections. The same is easily implemented in Monte
Carlo codes by simply removing the particle followed from
the simulation. This introduces non-conservativity in
transport coefficients dividing them into flux and bulk
coefficients [38]. Due to the uncertainties related to the
reactive cross-sections it is possible that at high collision
energies the sum of the reactive cross-sections be higher
than opr. With that in mind the momentum transfer
cross-section is approximated by org = ops for collision
energies € > e¢p (see fig. 2(a)) in order to account for
the possible reactions and if combined to a soft-sphere
cross-section which is the one actually determined from
the mobility of the closed-shell system to take into ac-
count scattering anisotropy. If now reactive cross-sections
are subtracted, then the resulting cross-section gerr rep-
resents all the elastic and inelastic losses. Now we may cor-
rect gerr for more realistic angular dependences at high
collision energies by applying the function A(e) to obtain
the cross-section oerra = Aoerr in fig. 2(a). If inelas-
tic collisions can be neglected goTra represents the elastic
momentum transfer cross-section gem ~ deTrA Which can
be easily treated in Monte Carlo codes. If inelastic scat-
tering is included in oerra the momentum balance will
still be holding providing a precise calculation of the ion
drift velocity and consequently of the flux. For the case
of the previously derived ogerra and reactive processes se-
lected for Ne™ +CFy, one may claim that the cross-section
set for Ne™ + CF, is derived, which recovers the transport
properties described by the given transport cross-section
for a similar closed-shell system and set of reactive cross-
sections (fig. 2(b)).

The mobility of high recombination energy ions such as
Ne™ ions in CF4 is not measured up to now although the
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Fig. 3: (Colour online) Reduced mobility as a function E/N
for Ne™ ions in CF4 gas for temperature 7' = 300 K.

small reactivity at low E/N does not present a significant
difficulty.

Transport parameters. — The reduced mobility for
Ne™ ions in CFy4 as a function of E/N (E is the electric-
field strength, N the gas number density) compared with
bulk and flux values is shown in fig. 3. The bulk drift
velocity (W = d{x)/dt) is the reaction corrected flux drift
velocity (w (v)): W = w + S, where S is the term
representing a measure of the effect of the reactions on
the drift velocity. The difference between bulk and flux
reduced mobility is a consequence of the energy-dependent
reactions.

Very different values of flux and bulk reduced mobil-
ity are obtained (above about 20Td), both with peaks
of different height, as a consequence of reactive collisions.
A large mobility peak appears for the flux component of
the reduced mobility, while a much smaller peak appears
in the bulk component of the reduced mobility. The flux
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reduced mobility peaks at the same E/N values where
the reduced mobility peak is obtained from the momen-
tum transfer cross-section corresponding to the closed-
shell system.

Conclusion. — We presented a simple and effective
method to obtain an elastic momentum transfer cross-
section for a modeled system from mobility data for a
similar closed-shell system. The method can be described
in a step-by-step manner as follows. A similar closed-shell
system is used as a reference system with the absence of
reactivity. For that system the elastic momentum transfer
cross-section (orRr) as a function of energy is deduced by
using Monte Carlo simulations where possible clustering
reactions and temperature-dependent mobility data are
taken into account. The momentum transfer cross-section
of the modeled system is then constructed from oTr by
using its polarization limit and atomic mass. At the same
time at high energies a hard-sphere cross-section is used in
order to recover the reactivity of the modeled system by
subtracting from it the reactive cross-sections. By taking
into account the angular dependence of the reference sys-
tem one finally arrives at an elastic momentum transfer
cross-section as a function of the collision energy and at
the assessment of the cross-section set.

The method is applied for the case of Net scattering
on CF4 for which the cross-section set is determined. By
using the Monte Carlo technique in the final run we cal-
culated transport parameters and discussed flux and bulk
mobility as a function of E/N, which were not available
up to now.

X % X%

The results of this paper were obtained in the Labo-
ratory of Gaseous Electronics, Institute of Physics, Uni-
versity of Belgrade, under the auspices of the Ministry of
Education, Science and Technology, Projects Nos. 171037
and 410011.
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Abstract

®

CrossMark

A capacitively coupled RF oxygen discharge is studied by means of mass spectroscopy. Mass
spectra of neutral and positive species are measured in the mid plane between the electrodes at
different distances between plasma and mass-spectrometer orifice. In the case of positive ions,

as expected, the largest flux originates from O3. However, a significant number of impurities
are detected, especially for low input powers and larger distances. The most abundant

positive ions (besides OF) are NOT, NO;, H(H,0), and H*(H,0),. In particular, for the case
of hydrated hydronium ions H"(H,0),, (n = 1, 2) a surprisingly large flux (for low pressure
plasma conditions) is detected. Another interesting fact concerns the H;O™" ions. Despite the
relatively high ammount of water impurities H,O" ions are present only in traces. The reaction
mechanisms leading to the production of the observed ions, especially the hydrated hydronium

ions are discussed.

Keywords: water cluster ions, RF oxygen plasma, mass spectrometry

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

1. Introduction

In common reactors used for reactive plasma processing
some amounts of impurities are usually present; often to an
unknown level. These impurities can have an immense influ-
ence on plasma properties [1] and thus increase the complexity
of chemical reactions in plasma processes.

One of the most common impurities—present both in low
pressure and high pressure plasmas- is certainly water. The
sources of water are different; in atmospheric pressure plasma
jets operating in contact with liquids, water is unavoidable
specie. But water impurities can also originate from some
chemical process in reactive plasma, from desorption by chem-
ical sputtering or they can intrude from the environment just by
opening the chamber and exposing it to the atmosphere. Once
deposited on the chamber walls or electrodes, water cannot
be efficiently pumped out and diminishes for example signifi-
cantly the lifetimes of argon metastable in plasmas [2].

0022-3727/16/265202+6$33.00

It is important to stress that although low pressure plasmas
are very often used, for example for surface functionalisation
(where even traces of water can play an important role for
the formation of surface functional groups) the analysis of
water ions and water ion clusters is rather rare. One interesting
example for the formation of water clusters in low pressure
plasmas concerns astrophysical applications [3]. More invest-
igations have been performed in the field of high pressure
discharges.

Very often impurities in plasmas are detected from obser-
vations based on optical emission spectroscopy [2] but also
with other more indirect methods, such as measuring the
decay times of metastable Ar™ or He™ [2, 4]. Impurities from
the feed gas, especially water molecules, are reported to be
responsible for the fast quenching of the He™ metastable
atoms [4].

Another diagnostic commonly used for the characterisa-
tion of processing plasmas is mass spectrometry. Besides the

© 2016 IOP Publishing Ltd  Printed in the UK
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detection of neutral species, plasma ion mass spectrometry
allows in addition the (energy resolved) detection of fluxes of
positive ions [5]. Recently, it was shown for a plasma jet oper-
ated at high pressure that the dominant positive ions originate
from ion clusters of water molecules H"(H,0),, n = 1, 2,...,
where the maximum neutral water content was 3790 ppm H,O
in He [6].

Here we present the mass spectra of positive ions in radi-
ofrequency oxygen plasma used for the functionalization of
carbon—based nanostructures. The ion mass spectra will be
discussed by considering relevant ion—neutral reactions and
their reaction rates. An unexpected large flux of hydrated
hydronium ions H"(H,O), (n = 1, 2) is detected under low
pressure plasma conditions. These ions are generated in
plasma chemical reactions of water and other impurities
present in the vacuum chamber. Under laboratory condi-
tions, H"(H,O) (hydronium ion or protonated water) is used
for example in Proton Transfer Reaction Mass Spectrometry
[7, 8] and is usually produced in atmospheric pressure corona
discharges. In this paper we show how the relative yield of O}
ions and ions originating from impurities (such as HY(H,0),)
depend on the discharge power, and on the distance between
the plasma source and the entrance of the mass spectro-
meter. In addition, the relative abundance of different water
cluster ions (H"(H,0), mass m = 19 amu and H"(H,O),, mass
37 amu) are analyzed.

2. Experiment

The experiments are performed in a radio frequency (RF) dis-
charge at 13.56 MHz (figure 1). The circular electrodes have
a diameter of 120mm and a distance of 50 mm. The distance
between the stainless—steel electrodes can be varied without
opening the discharge chamber. The lower electrode is
grounded while the upper electrode is powered. In the present
experiment, the input powers in the range from 3W to 15W
are used giving a stable discharge. This set-up is normally
used for the plasma based treatment of sensitive surfaces.

The vacuum system consists of a large cylindrical vessel
(610mm in diameter and 650mm high). The vacuum is
maintained by a turbo molecular vacuum pump and rotary—
van pump as a back-up. After opening the chamber (e.g.
by changing the samples) a background pressure of 5-7 x
10~® mbar can be achieved after few hours of pumping.
A continuous gas supply is introduced from a high pressure
cylinder ALPHAGAZ™ 1 from Air Liquide and controlled by
a system of flow controllers (MKS). The global oxygen purity
of ALPHAGAZ™ 1 is 99.998%. 0.002% or 20 ppm (particles
per million) of impurities consist of: hydrocarbons C,H,,
(<500 ppb (particle per billion) in total), H,O (<2 ppm), CO
(0.2ppm), CO; (<0.2ppm), Ar (<10ppm), and N, (<5 ppm).
During the experiment the gas pressure is kept constant at
0.1 mbar by reducing the pumping speed.

For mass spectroscopy a HIDEN EQP 1000 quadruple mass
spectrometer (QMS)—equipped with an energy analyzer—is
used. Besides for the rest gas analysis i.e. the detection of neu-
tral species, the QMS is also used for the detection of ions

F <+— Qas inlet

QMS&
Energy analyzer
I
RF& ~> —
Matching <_.|——|———
d

Vacuum
system

Figure 1. Experimental set-up. QMS is movable to and from
the plasma source, giving the possibility to measure ion fluxes at
different distances d.

;
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Figure 2. Residual gas analysis of the discharge chamber before
introducing the working gas. Mass 18 amu reveals the presence
of water, mass 28 amu nitrogen and mass 44 amu CO, impurities.
Other impurities, such as H,, have a much lower abundance. Total
residual gas pressure is 1.3 x 107> mbar. There is no oxygen
impurity.

and for measuring the energy distribution of the arriving ions.
The latter is necessary for determining the sampling energy
for optimal ion signal, which can be different for different ions
due to the nature of collisions experienced by the specific ions
during their travel from the plasma to the QMS.

The QMS is mounted perpendicular to the electrode axis
on a mechanical rail, which is used to move QMS to and away
from the electrodes. This system allows the measurements of
ion fluxes and their energy distribution at different distances d
from the plasma source (see figure 1); in this particular experi-
ment it is 50 mm and 93 mm from the electrode perimeter. The
QMS is electrically grounded and on the same potential as the
lower electrode and the chamber walls.

3. Results

Prior to the start of the experiment, a rest gas analysis of the
empty discharge chamber is made. The measured mass spec-
trum of the evacuated chamber is presented in figure 2. The
most abundant masses are 18 amu, 28 amu and 44 amu. These
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Figure 3. Residual gas analysis in the discharge chamber with the
total gas pressure of 0.1 mbar and under 20 sccm gas flow-rate of
oxygen. Beside the oxygen, there are different impurity species:
water (mass 18 amu), nitrogen (mass 28 amu), and CO, (mass

44 amu). Mass 16 amu (atomic oxygen), 17 amu (OH), 33 amu
(HO») and 34 amu (H;0,) are produced in chemical reactions in
mass spectrometers ion source.

masses are assigned to water, nitrogen and carbon dioxide,
respectively. In a recent report [9] the feed gas humidity is
found to be the source of water impurity in an atmospheric
pressure cold plasma jet. The authors find out that the type
of pipes used for the gas feed and their flushing time strongly
influences the water content. The mass spectrum in figure 2
reveals the absence of oxygen (mass 32) and furthermore, the
N,: CO; ratio excludes a leakage of ambient air as a source
of impurities. Some traces of molecular hydrogen (2 amu)
should be noticed too. Nevertheless, in our experiment the
RGA spectrum represents more a fingerprint of the opera-
tion history of the chamber than the water intrusion through
a gas feed.

Figure 3 presents a RGA mass spectrum measured at
0.1 mbar total gas pressure and a constant oxygen flow of
20scem. After introducing the oxygen gas, the largest peak is
at mass 32 amu. As usual, mass 16 amu (atomic oxygen O) is
produced due to the ionization of O, by electron collisions in
the ion source of the mass spectrometer. Some other detected
species have a similar origin, such as OH (17 amu), HO,
(33 amu) and H,O; (34 amu). In comparison with figure 2, the
relative content of water and CO, undergoes an insignificant
change. Nevertheless, the N, yield is two times and the H,
several times less than before introducing oxygen.

Figure 4 presents ion mass spectra detected at different dis-
tances from the discharge (a) 50 mm and (b) 93 mm away from
the electrodes at 6eV sampling energy. As it is expected, the
most prominent ion is O;. However, (H"(H,O) is the second
largest, followed by other ions that have their origin in impu-
rities, such as NO* and NOj. Some amount of protonated
water clusters of higher number (H"(H,0),) at mass 37 amu
is present. At 3.6 W input power, even very low yields of mass
55 amu (H"(H,0)5) are detected. Traces of other ions such as
H,0;, HO;, and COJ are detected too. At the larger distance,
the number of ions drops at least two times, except of NO*
which drops only about 20% compared to the value at 50 mm.

With increasing power, the signal of the main positive ion O3
increases, independently from the distance between the plasma
and the orifice. The trend for the impurities is rather opposite.
With respect to the plasma—orifice distance, the contribution of
the ‘impurity ions’ becomes larger at larger distances, reaching
almost 50% of the total flux for the 3.6 W cases.

The total ion yield versus RF input power is depicted on
figure 5 (The total ion yield is defined as a sum of the absolute
ion yields in the spectrum Zi Y{, where Y{ denotes absolute
yield of ion a expressed in counts per second.). By increasing
the input RF power, the plasma density increases, which is
reflected well by the increase of the total ion yield.

4. Discussion

As shown in figure 4, the most abundant positive ions are
(besides O3) NOT, NOJ, H*(H,0) and H"(H,0),. Regarding
the relatively high amount of water impurities, one striking
characteristic of the ion mass spectra presented on figure 4 is
the very low signal at the m/e = 18, which indicats a very low
flux of H,O™.

The origin of the mesured ion mass spectra will be ana-
lyzed in the following text by discussing possible reaction
paths that are described in the literature.

Due to their high kinetic energy, electrons play the main
role in low pressure discharges for the production of both
negative and positive ions. Electrons in pure oxygen plasmas
produce mainly O3 ions [10], which density depends on elec-
tron temperature and density. When water wapor molecules
are colliding with electrons, HO" and OH' are the mainly
produced ions. Electron collisions with N, impurities cause
the production of N3 and N ions and indirectly also the pro-
duction of NO* ions through reactions with O,.

Another possible source of H;O" can be exothermic charge-
transfer (CT) collisions of O™ ions with H,O molecules [11].
However, O" is efficiently removed in CT collisions with O,
producing Oj, and it is therefore not observed in the present
mass spectrum. The formation of HyO" due to to endothermic
CT reactions of water molecules with O3 ions is also an inef-
ficient process. In addition, HO" could be also formed in
charge transfer collisions of OH*, H*, and H; with H,O [12].

The main loss chanel of HyO™ are the collisions with neu-
tral oxygen moleculs, which exclusively produces O3 [12, 13]

H0" 4+ 0,—- 05 +H,0 k=1.5x10""%cm’s™ .. (1)

This gives for a O, pressure of 0.1 mbar a relatively short life-
time of about 2.6 us, which is the main reason why HO™ is
minimized in the spectrum. Another important loss process
for all positive ions is their diffusion to the walls.

According to Fehsenfeld e al [14], NO™ is known as a pos-
itive ion ‘sink’ in ionized air since (nearly) every combination
of positive oxygen or nitrogen ions, and oxygen (nitrogen)
neutrals can react exothermically to give NOT, and most
of these reactions are rapid. Apart of NO* produced in the
chamber there is also insignificant NO™ present as a product
of electron ionization of impurity NO.
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Figure 4. Ion mass spectra of oxygen plasma for two different distances of the QMS sampling orifice to the discharge: (a) 50 mm away
from the electrodes, (b) 93 mm away. Most prominent ions are labelled. Discharge conditions are: pressure p = 0.1 mbar, flow rate 20 sccm

and discharge power P = 7.6 W.
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Figure 5. Total ion yield versus RF input power measured at
two different distances of sampling orifice and plasma. Solid
squares—50 mm and opened circles—93 mm distance. Solid and
dashed lines are least square approximation of data, respectively.

NOj ion (46 amu) appears from charge transfer reactions
of NO, with other ions (O3, OH*,...), which is the main
channel for the NOJ production [13]. Nevertheless, electron
impact ionization of NO, produces only about 10% of NO3
and 90% of NO™. NO, is introduced into the system either
as impurity or produced in different reactions with neutrals
[15, 16]. It is known that O atom absorption on surfaces
[17, 18] causes the production of NO and NO, molecules,
which can be easily converted to positive ions in collisions
with O3 ions.

According to available data [12] HO5 (34 amu) is mainly
produced in charge transfer collisions of 02+ with H,O, [19].
H,0; is most likely produced in neutral (three body) reactions
such as [20]

OH + OH g H202,

with the rate coefficient k = 1.51 x 1077 m? s~! [12, 21].
The principal source of H,O, in the upper troposphere and the
stratosphere is the reaction [22]:

Table 1. Relative yields of different ions (%) versus input RF
power at two plasma—sampling orifice’s distances.

Distance (mm) 50 93
Power (W) 36 41 76 11 36 41 76 11

o; 8 90 90 97 56 71 87 92
H+(H,0) 53 43 54 13 14 12 58 36
H*(H,0), 1.1 08 02 001 42 17 026 0.05
NO* 45 35 19 08 19 12 45 3
NO; 22 14 06 04 59 3 L1 45

0, H+ O, H+M — Hy0, + 04+M, k= (1.5+£0.2) - 10712
x exp[(19 £31)/T]1 + 1.7 - 10733 - [M] - exp [1000/T] .

This reaction can be enhanced in the presence of H,O and pos-
sibly other molecules.

The most interessting product of ion—neutral reactions in
our plasma are hydrated hydronium ions H"(H,0),. According
to table 1, the H"(H,0), ion flux makes up to 20% of the
total ion flux at 3.6 W discharge power and 93 mm plasma—
sampling orifice’s distance. H"(H,0), cluster ions are also
important constituents of the terrestrial atmosphere [14].
Particularly, hydrated hydronium ions are the most abundant
species in the D region of the ionosphere (altitude 60-90 km)
[14]. It is interesting to notice that the pressures in D region
ranges between 1-10 Pa, which agrees well with the gas pres-
sure in this experiment (although the energy distribution of
those ions are different.)

In almost every report concerning this subject, the appear-
ance of HY'(H,O) (often written as H3;O") in mass spectra
is related to the formation of HY(H,0), by proton transfer
reaction

H,0" + H, O - H;O" +H. (2)

However, due to the low HyO" density measured in our experi-
ment (particularly due to the fast charge transfer reaction with
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Figure 6. (a) Contribution of mass m = 19 amu in relative yield spectrum. Solid line—53 mm distance, dotted—dashed line 93 mm
distance. (b) Ratio of relative ion yields of masses 19 amu and 37 amu (m(17)/m(37)) as a function of input power, at a distances 50 mm

and 93 mm.

0O, (1)) it is not clear whether reaction (2) is the only channel
for the production of H;O™.

It is known for example from ionospheric experiments, that
ions O3 and NO™ clustered with water contribute to the pro-
duction of proton hydrates [23, 24]. i.e. to the production of
H;0" and HY(H,0),.

The association of O3 ions with water molecules resulting
in the formation of O; - HO [25] is ineffiecient for our condi-
tions, as confirmed by the absence of O; - (H,0),, ions in the
spectra (figure 4) and for all discharge powers.

Independent from the production mechanism, once H,O"
is formed, it can be the starting point for the production of
higher water cluster ions via reversibile, fast exothermic reac-
tions with water (oxygen stabilized association cluster reac-
tions with H,O):

H™ - (H0),-1 + Ho0 + (M) - H' - (H,0),, + (M), 3)

where n = 1,2,3,... and third body partners are M = H,O
or O,.

However, the reactions (3) are third order reactions, which
are not so efficient at lower pressures [26] and very rare due
to the low density of H,O. Consequently, the mass spectra at
figure 4 displays a significantly higher signal of H"(H,O) ions
than of H"(H,0), ions or even larger water cluster ions. The
third body partner in the reaction (3) strongly influences the
relative abundance of ion water clusters of different masses,
which can be different with the higher background pressure
and different type of the background gas.

Another reason that the larger water cluster ions are not
observed are reactions with HO and O»:

(a) Endothermic chain reactions with HyO:

H*(H,0),, + H,O — H"(H,0),_| + 2H,0 — AE,,

which are important only for higher n’s [27];

“)

(b) Reactions with the more abundant O5:
H+(H20)n + 02 - H+(H20)n_1 + H2 O—|— 02 - AE,, (5)

Figure 6(a) shows the relative ion yield of mass 19 amu in
the ion mass spectrum as a function of power. (The relative
ion yield is defined as absolute ion yield normalized to the
total ion yield.)

The decrease of the relative yield of hydronium water clus-
ters with increase of power (see figure 6(a)) is expected due
to the nearly constant amount of water in the system and the
increasing number of radicals and ions produced at higher
powers. Moreover, it is known that the abundance of prot-
onated water clusters in water wapor strongly depends on the
collision energy [28, 29]. In general, the size of the cluster
ions decreases for higher collision energies and one may
expect higher HF(H,O) peaks with increasing power input as
it is observed in figure 6(b)).

As previously noticed, the total ion yied depends strongly
on (i) discharge power and (ii) sampling distance. The
results show that in this pressure range the influence of the
ion collisions with the backgroun gas on their path to QMS
is significant. The collisions with the background can change
the energy distribution of the sampled ions as well as their
lost by inellastic collisions. Although the increase of total
ion yield with the discharge power is expected, the strong
decay of the total yield with the sampling distance is more
complicated to explain. Cosidering different solid angles,
the expected yield at 93 mm (¥(93)) should be 30% of the
yield at 5S0mm (Y(50)) (figure 5). This value agrees well at
higher powers (7.6 W and 11 W). Nevertheless, the total ion
yield ratio at 3.6 W is Y(93): Y(50) = 1:10 and the differ-
ence can be explained by losses of O3 in different inellastic
collisions. Further invesigations, including a kinetic model
for ion transport in collisional sheat, are necessary to revail
observed behaviour.
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5. Conclusion

The measurements show that the composition of the ion flux
depends strongly on the apllied discharge power and the dis-
tance of the plasma from the orifice of the mass spectrometer.
For large powers and small distances the dominant ion species
is—as expected—the Oj ion. The situation changes dramti-
cally for smaller RF—input powers and larger distances.
In this case the impurity ions can make up to about 50% of
the total ion flux. Particularly, at 3.6 W discharge power and
93 mm away from the discharge the relative ion yield of ion
water clusters (HT(H,0), n =1, 2) with n=1 and n =2)
makes almost 20% of the total ion yield. The analysis of pos-
sible reaction paths explains well the sources of the impurity
ions and their products in oxygen plasma at low pressure.

The analysis of the ion fluxes and their dependance from
the discharge conditions is particularly important for plasma-
surface treatments. It is necessary to understand the sources
of impurities detected on different surfaces during and after
plasma-surface treatments. Eventually, this will lead to a
better understanding and controlling of the plasma functional-
ization, particularly of novel carbon and oxide materials (e.g.
carbon nanotubes, ZnO nanorods).
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Abstract — In this letter we present a cross-section set and transport properties for Ar™ scattering
on CF4 for relative energies up to 1000 eV. Monte Carlo simulation method is applied to accurately
calculate transport parameters in hydrodynamic regime. We present new data for Ar™ ions in CF4
as a function of reduced electric fields E/N (N-gas density) where the gas temperature T} is used
as a parameter. Values of the reduced mobility are discussed. Discrepancy of reduced mobility for
Ty — 0 and E — 0 from the polarization limit was previously theoretically considered but rarely
measured especially in the presence of exothermic reactions. We find that internally resonant
exothermic dissociative charge transfer cross-section for CF;‘ production significantly increases
zero-field ion mobility with respect to the polarization limit.

Copyright © EPLA, 2015

Introduction. — Transport of Ar™ plays a significant
role in various etching and deposition processes [1], in
dark-matter detection [2] and in many other scientific and
technological applications. In this letter the objective will
be to study the transport of Ar™ in CF4. Since quanti-
tative information about ion-molecule reactions is essen-
tial for understanding the production and transport of
ions in electrical discharges, it is necessary to have the
cross-section set. Although for this particular case some
experimental cross-sections exist, neither complete cross-
section set [3] was established nor transport parameters
were known. These data, although closely related, are
both needed in plasma modeling.

Transport parameters in the presence of exothermic re-
actions (recombination energy of the ion is higher than
the ionization potential of the gas particles) are gener-
ally less studied. In our selected case the reason is a large
rate coefficient for exothermic reactions (resonant [4]) that
limits the number of ions necessary for the determination
of mobility. By using Monte Carlo simulations one may
calculate transport parameters for the cases that are out
of the reach of experimental efforts, provided the com-
plete cross-section set is known. We expected that the
reduced mobility data, as a function of E/N, will be
significantly affected by the presence of exothermic reac-
tions. Taking into account the existing rate coefficient
for reactions, we also discussed the possibility of measur-
ing the mobility for Ar™ in CF4 in time-of-flight (TOF)
experiments.

In the following we have presented and explained the
assessment of the cross-section set. Then we showed
and discussed the results of our Monte Carlo simulations
for which the cross-section set was used as input data.
We presented the rate coefficients, the mean energies and
the reduced mobility data, as a function of E/N where
the gas temperature was used as a parameter. Finally we
discussed the discrepancy of zero-field mobility data from
polarization limit in the presence of exothermic collisions
in the range from room to very low temperatures.

Mobility and polarization limit. — In standard text-
books [1] transport of ions at low electric fields is com-
monly explained by frequent elastic collisions with gas
particles. Elastic collisions proceed according to the in-
teraction potential between ion and gas molecule proved
to be able to predict transport properties of ions such as
ion mobility [5]. The measured ionic mobility data are of-
ten used as a first test in establishing the complete cross-
section set [6].

When elastic collisions proceed in the long-range part
of the induced polarization potential one obtains zero-
field mobility in the so-called polarization limit. Due
to their simplicity, expressions connecting the polariza-
tion term of the potential to the mobility are very use-
ful and popular [1] and for many cases are satisfactorily
accurate [7,8]. Studies of the mobility of inert-gas ions
in atomic gases show that discrepancy from polarization
limit is not larger than about 20% [7] allowing simple
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extraction of total momentum transfer cross-section from
zero-field mobility.

Zero-field mobility is close to the polarization limit only
when the ion-atom collision energy is very low compared
to the well depth of the interaction potential [9]. For ex-
ample for a gas at T, = 77K the polarization limit may
just be approached for some selected cases while at room
temperature the thermal energy for the same cases can
be comparable with the well depth of the interaction po-
tential and so discrepancy from the polarization limit is
large [10]. In recent experiments (TOF) for measuring
mobility at very low temperature (T, = 4.35K, see, for
example, [9] and/or [11]) it has been possible to prove
that zero-field mobilities appear very close to the polar-
ization limit, i.e. higher than the polarization limit when
reflecting the association of ion with gas particles. Zero-
field mobilities can also be lower by some degrees due to
a rotational excitation [12]. Since the mobility of ions
at temperatures close to the room temperature is not far
from the polarization limit value [13] it is often used as an
approximate value for mobility [14,15].

Low-field transport of ions in gases in many cases pro-
ceeds partially via exothermic reactions [16] that generally
appear as a consequence of higher recombination potential
(RE) of ions with respect to ionization potential (AE) of
the gas target. That has been for a long time the most ac-
tive research area in the field of electron capture collisions
of ions with gas targets both experimentally and theoreti-
cally [16,17]. That list is however rarely used to complete
cross-section sets that include exothermic reactions mainly
due to the lack of knowledge of other cross-sections.

Ton mobility for the case of exothermic reactions [16] was
experimentally studied only for few cases (He™ + Ne [18],
Ne™ + Ar [10]), the main reason being the disappearance
of the followed particles and the appearance of product
ions (non-conservative collisions) [19] or simply “vanishing
mobility” [20]. Note that in these cases exothermic
cross-sections are small due to the large energy defect
(Ae = RE — AE > 3¢V and 5.8eV, respectively). In
contrast there are cases, in which exothermic reactions
are dominant, such as Art + CF; (Ae ~ 0) with no
available information of how mobility behaves. One then
may exploit a theoretical approach based on Monte Carlo
simulations and complete cross-section set to reach such
information.

Assessment of the cross-section set. — The cross-
section sets for ion transport are rare due to a broad
range of specific methods relevant for the quantification
of the particular cross-section. The main problem in
heavy-particle scattering, precisely selecting the state of
the projectile and target before the collision, is still very
complicated so databases for ion scattering [7,10] are not
yet well filled with data. Phelps established the first world-
wide accessible database with “complete” cross-section
sets [21] tested for each particular case either for swarm
conditions of spatially resolved measurement of emission

or ion mobility values. Another range of cross-section
sets was established by measurements of ionic transport
coefficients [10].

In the following section we will establish a cross-section
set for Ar™ scattering on CF4 from 0.1meV to 1000eV
which will be used to calculate transport properties.
Generally one can distinguish three characteristic energy
ranges: low-energy regime where polarization scattering is
dominant, medium-energy regime where polarization scat-
tering is gradually replaced by hard-sphere repulsion, and
high-energy approximation regime.

Low-energy regime. At the lowest presented energies
polarization scattering is appropriate as also observed in
guided beam experiments [16]. Thus one may use sim-
ple scattering models [1,22] if a reliable value of the aver-
age polarizability of CFy is provided [23,24]. Stojanovié
et al. [23] found excellent agreement for the mobility of
CF37 ions in CF4 by using the value 3.86 - 10730 m3 [23]
as an acceptable value for the average polarizability of
CFy. A similar value was previously found appropriate
by Jarvis et al. [25]. It is also generally accepted that
dipole and quadruple moments are negligible (see, for ex-
ample, [16]) in the analyses with CF4. Fisher et al. [16] by
measuring the fast charge transfer reaction for CF3 pro-
duction proved that the internal states of the target which
are populated, are those closest to the recombination en-
ergy of the projectile [4,25]. This has been for a long
time the most active research area in the field of electron
capture collisions of ions with gas targets both experimen-
tally and theoretically [16,17] giving as a final output an
extensive list of available exothermic cross-sections. That
list is however rarely used to complete cross-section sets
that include exothermic reactions mainly due to the lack
of knowledge of other cross-sections.

Medium- and high-energy regimes.  Smooth extrapo-
lation above 0.1 eV towards higher energies will take into
account hard-sphere cross-section. Fisher et al. [16] pre-
sented a measurement for CF§ production cross-section
that is larger than Langevin’s value at the medium
energies. It seemed reasonable to adopt the author’s
explanation who attributed such behavior to a poten-
tial change from polarization potential to hard-sphere
potential. Thus, extrapolation of the elastic momen-
tum transfer cross-section approximately beyond the
crossing point of Langevin’s and hard-sphere (HS) cross-
section [16] was done by smoothly connecting to 1/v?
trend [19], where v is the center-of-mass velocity (see
fig. 1). Adopted 1/v3 dependence of the elastic mo-
mentum transfer cross-section [22] followed also naturally
from the trend of difference between Langevin’s and CF3
production cross-section.

Reactive cross-sections were extrapolated by constant
values for relative kinetic energies above 50 eV, having in
mind the work by Motohashi et al. [26] where slow oscil-
latory behaviour of the emission cross-sections was found
at high projectile energies and almost constant reaction
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Fig. 1: (Colour on-line) Cross-section set as a function of
relative energy for Ar™ on CFy.

probability was found over a wide energy range. The

resulting cross-section is shown in fig. 1.

Calculation of transport properties. — A Monte
Carlo simulation method appropriate to calculate trans-
port parameters [27,28] of Ar™ ions in CF4 at elevated
temperature [29] is used. In Monte Carlo simulations
exothermic reactive collisions are followed in a similar way
as all non-conservative collisions, i.e. followed swarm par-
ticle dissappear from the swarm after the exothermic colli-
sion. This produced change of the swarm particle number
in the whole energy range introducing non-conservativity
in kinetic equations and thus division of transport param-
eters to flux and bulk ones [27].

Due to the competition of exothermic and elastic pro-
cesses and specific sampling methods [30] necessary in con-
ditions of low number of swarm particles, calculations of
transport parameters are very time consuming. In order
to keep the number of ions in the swarm constant, for any
ion that disappears in the reaction we added another one
by randomly sampling characteristic for the reaction of
the remaining ions.

Behavior of ion swarm in the presence of erothermic
processes.  The external electric field induces a spatial
distribution of the average ion energy in the direction of
the swarm [31] causing the ions in the front to be fast while
those in the tail to be slow. Note that the distributions in
perpendicular directions are always uniform and equal to
the average swarm energy.

If the exothermic collision frequency is an increasing
function of ion energy, ions are removed from the regions of
higher energy and one has a swarm “cooling” [32]. Swarm
“heating” [32] occurs when the collision frequency is a de-
creasing function of ion energy.

Generally, the presence of non-conservative collisions
causes the drift velocity to be more complex, i.e. one
may define the bulk drift velocity as a measure of center-
of-mass displacement in time (W = d(z)/dt) [33] and flux
drift velocity w = (v) that describes the ion flux. The bulk
drift velocity is the reaction-corrected flux drift velocity:

Total
10" d—o—o—s-o0—6-0—00
Reactive
— '\‘kj%
T 1070, 5
-En EL Reactive Total
R~ —e— —o— —o— 4K
1074 —+— —2— —4—= TIK EL
—s— —o— —0— 300K
—*— —«— —#—500K "
EN
10" : : b
1 10 100 1000
E/N [Td]

Fig. 2: (Colour on-line) Rate coefficients as a function of E/N
for the sum of all processes (Total), sum of all reactive pro-
cesses (Reactive) and elastic momentum transfer (EL). The
gas temperature is used as parameter.

w =W+ S5, where S is the term representing a measure of
the effect of reactions on the drift velocity. It is necessary
to discuss both since bulk values are those obtained from
TOF experiments while flux values are those used as input
data in modelling (fluid equations). Exothermic collisions
cause differences between flux and bulk drift velocities at
low E//N while endothermic collisions affect the swarm at
high E/N.

Role of rate coefficients.  For collisions with 1/v cross-
section dependence (below 0.1 eV in our case) the collision
frequencies are constant and also are the rate coefficients
for E/N < 10Td (1Td = 1072 Vm?) as shown in fig. 2.
A slight decrease of momentum transfer rate coefficient
with temperature occurs as a consequence of momen-
tum transfer cross-section decrease for those temperatures
where ions from the energy distribution function tail over-
come 0.1eV (when the elastic momentum transfer cross-
section decreases). The rate coefficient for exothermic
reaction rapidly increases from an almost constant value
at E/N > 100Td. For E/N > 300Td the temperature
dependence dissappears.

According to Langevin’s theory ([22], see table 1) if each
collision within orbiting distance results in a reaction, it
is actually a measure of collision frequency and gives an
upper limit to the value of the rate constant.

The collisional rate coefficients, k., calculated using
Langevin’s theory [5] and reaction efficiency, calculated as
the ratio k. /k., where k,. is the thermal rate coefficient for
reactive processes, are presented in table 1. The average
value of all experimental measurements is 7.6 - 10719 ¢cm?
molecule s~! while the average reaction efficiency is 84%.

Average energy in the presence of exothermic collisions.
The swarm energy is thermal due to the constant collision
frequency of the exothermic process at low energies, for
temperatures under 77K, when E/N — 0. For higher
temperatures (300K and 500K in fig. 3) swarm energies
are lower than thermal, 7.e swarm “cooling” is present
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Table 1: Thermal reaction rate constants and reaction efficiency for production of CF3 ions.

Reference This work (1-10 Td) 300 K [16] [34] [16] [35] [25] | [22]
Total Rate (10*10 cm?® sfl) 6.803 70£26 | 815 |80£16 | 64+1.3 | 81 | 88
Reaction efficiency (%) 7.3 79.5 92.6 90.1 72.7 92 | &4
—e— bulk(4.35 K)
1 —Oo— flux(4.
10 81 i k7 k)
—_— —A—flux(77 K) %
> 0 79 —=—bulk(300 K) >
o 1073 . —s5— flux(300 K) !
T 1 —*— bulk R
g 100 'ﬂmc\’ - 'ﬁ/g?/‘,’r/ o
(] > A
] 38.8 meV ~
8 10-2-996 vV g
2 .96 me ?
3 M
1074
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Fig. 3: (Colour on-line) Mean energy as a function of E/N at
selected temperatures. With arrows we denoted the thermal
energies at elevated temperatures T, calculated as 3/2 kT,
(kg is the Boltzmann constant).

(fig. 3). For E/N > 300Td, the increase of the energy
diminishes as a consequence of the rapid increase of the
reactive collisions (E/N > 100T4d).

Fluz and bulk reduced mobility.  In this letter the re-
duced mobility [5] for ions in a gas is calculated by using
drift velocity sampling in Monte Carlo simulation. A zero-
field mobility is defined as the reduced mobility extrapo-
lated to the zero field (E/N = 0). Langevin’s reduced
mobility of ArT ions in CF4 in the polarisation limit is
Kpor = 1.3452 cm?/Vs.

In fig. 4 we show the reduced mobility for Ar™ ions
in CF4 obtained from bulk drift velocity (lines denoted
by “bulk”) a result that can be compared with reduced
mobility from TOF experimental measurements which ac-
cording to our knowledge are not available at present. If
one takes into account the rate coeflicient for reactive colli-
sions (fig. 2), then the distance at which the initial number
of swarm particles reduces to one particle is about 1.5 cm
for pressure p = 0.0071 torr (E/N = 10Td).

Due to the competition between elastic and exothermic
collisions within orbiting distance the zero-field reduced
mobility is more than three times higher (7, = 4.35K)
than the polarization limit value. This discrepancy is sig-
nificantly higher than the observed one for any of existing
measurements.

For E/N < 10Td and low temperatures, the exothermic
collision frequency is constant and corresponds to the en-
ergies below 0.1eV. This causes the equality of the bulk
and flux reduced mobilities [15] since the ions from the

Fig. 4: (Colour on-line) Reduced mobility calculated with bulk
and flux values of the drift velocities as a function of E/N with
gas temperature as a parameter (in the legend’s parentheses).

front and the tail are removed with equal rate [27]. For
higher temperatures the bulk reduced mobility is decreas-
ing with temperature because of an increasing number of
ions removed from the regions of higher energy (from the
swarm front). That results in a shift in the centre-of-
mass position. At the same time, flux reduced mobilities
increase with temperature since the number of elastic col-
lisions decreases.

Zero-field flux mobilities are less dependent on temper-
ature than bulk values since they are more dependent on
elastic collisions.

By increasing E/N the bulk reduced mobility is de-
creased since the exothermic collision frequency is in-
creased. The increase of the flux reduced mobility with
E/N is a consequence of the elastic cross-section decrease
which in turn increases the ion velocity. With further in-
crease of E/N elastic cross-sections decrease causing also
the fast ions to shift the swarm center-of-mass forward.

At 150 Td the maximum of flux reduced mobility is a
result of the significant reduction of high-energy ions in
exothermic collisions. A further gradual flux reduced mo-
bility drop appears due to the loss of elastic collisions
which are replaced with exothermic collisions. In such
a way fast particles are removed from the swarm.

The peak in bulk reduced mobility at about 300 Td ap-
pears at an average energy of 5.5 eV, where approximately
additional exothermic reactions begin and where elastic
collisions vanish. In these circumstances a drop of bulk re-
duced mobility beyond 300 Td is related to those Ar™ ions
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obtaining forward velocities as slow ones. Since the further
bulk velocity increase does not depend on elastic collisions,
the swarm of particles behaves as a beam attenuated by
the insignificant number of endothermic collisions.

For E/N > 300Td temperature effects are negligible
for temperatures up to 500 K.

Conclusion. — By using measured charge transfer
cross-sections we assessed the complete cross-section set
for ArT ions in CF4 that is used as an input in Monte Carlo
simulations in order to calculate transport parameters.

Focusing on calculated reduced mobility data as a func-
tion of E//N, in this letter we found that it is necessary
to discuss both flux and bulk reduced mobility data. We
have shown that zero-field ion mobility in the presence of
exothermic collisions does not vanish but is significantly
higher than in the case without exothermic collisions. We
predicted that, although large losses of swarm particles in
reactive collisions make measurement of mobility difficult,
the possibility of such measurements exists.

X % X%

Results obtained in the Laboratory of Gaseous Elec-
tronics, Institute of Physics, University of Belgrade, under
the auspices of the Ministry of Education, Science and
Technology, Projects Nos. 171037 and 410011.
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Abstract — In this paper we show predictions for the low-energy cross-sections and transport
properties for the F~ in Ar/BF3 mixtures which does not exist in the literature. These data are
needed for modelling in numerous applications of technologically important Ar/BF3 discharges.
Results for transport coefficients as a function of E/N (FE is the electric field, N the gas density)
were obtained by using the Monte Carlo technique. The Monte Carlo method is applied to obtain

swarm parameters at the temperature 7' = 300 K.

Copyright © EPLA, 2014

Introduction. — Negative ions are abundant in plas-
mas in fluor-containing molecules that are also relevant for
a wide range of applications. One should bear in mind that
the electron affinity of the F atom is the largest of all atoms
and also that electronegative plasmas containing F~ ions
are highly reactive [1]. Understanding reaction kinetics
is limited to scarce and often inconsistent data. Know-
ing the plasma chemistry and behavior of the negative
ions in the plasmas is thus a key to the control of plasma
processing devices. Negative ions determine the kinet-
ics of the electronegative plasmas and their presence may
change the nature of plasmas critically. Additionally, the
recent progress of discharge modeling and simulation [2]
has made contributions to a deeper understanding of the
discharge phenomena and to the optimization of the re-
actor design or finding operating conditions. One such
example is plasma implantation where Boron dopant pen-
etration in silicon is achieved by a pulsed DC plasma
system (PLAD) most widely employing BF;5 gas [3,4]. Ton-
ized atoms are accelerated directly into a crystal substrate
to add atoms selectively. Uniform plasma and implanta-
tion with normal ion incidence are the main goals in this
technological process. Control over the number density
of negative ions, such as F~ and BF, increases the ef-
ficiency of implantation. Modelling of such plasmas re-
quires knowledge of transport parameters of all abundant
particles [2].

Plasma enhanced chemical vapor deposition (PECVD)
using BF3 gas is successfully used for the synthesis of cubic
boron nitride (¢BN) films with extreme properties similar
to a diamond. In a fluorine-dominated environment the

low-pressure PECVD [5,6] produces low-energy negative
ions [7] affecting the chemistry near the surface. There is
a large gap in understanding the chemical kinetics data
relevant to ion-BF3 collisions that make the progress in
the synthesis of ¢BN films almost empirical. The BF3 gas
is also a working medium in neutron detectors [8] where
electron-ion pairs were produced in neutron encounters.
The signal detected due to the ion transport produces
false counts and should be avoided. In order to trace such
signals cross-sections and rate coefficients are needed for
ion transport. In the first part of this work, we have ex-
tended Denpoh and Nanbu’s technique (DN) for endother-
mic reactions [9] with exothermic association reaction to
calculate the transport cross-section set for F~ scattering
on Ar/BF3 appropriate for the low energies of F~ ions.
Next, by using the Monte Carlo technique developed by
Ristivojevié¢ and Petrovié¢ [10] we have presented the cal-
culated transport parameters as a function of the reduced
DC electric field E/N.

Calculation of the cross-section set. — An accu-
rate calculation of the cross-sections would involve deter-
mination of the ion-neutral interaction potential energy
surface, followed by quantum-mechanical calculations of
the ion-neutral scattering processes [11]. All these tasks
are tractable only if a certain level of approximation is
introduced. Significant simplification in the calculation
appears when some statistical theory is applied.

The cross-sections for scattering of BF, ions on Ar
and BF3 and for F~ ions on BF3 are calculated by us-
ing the DN theory [9] separating elastic from detachment
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Fig. 1: (Colour on-line) The cross-section set for F~ ions in
BF3. EL is the elastic cross-section, CT the charge transfer,
DET the electron detachment, EXO the association reaction.

collisions. The cross-sections for F~ on Ar [12] were used
to calculate rate coefficients for detachment. Dipole po-
larizability 3.31 - 10739 m? [13] and 1.64 - 1073 m3 [14] is
used for the BF3 and Ar target, respectively.

Similar to our recent paper [15] DN’s method is used
to separate elastic from reactive endothermic collisions by
accounting for the thermodynamic threshold energy and
branching ratio according to the Rice-Rampsperger-Kassel
(RRK) theory [9]. Within the RRK theory the internal
energy is being distributed among an empirical number of
s equivalent effective modes of the complex selected from
the total number of atoms involved in the complex.

The cross-section for the exothermic reaction (EXO)
forming a super halogen molecular ion BF} is commonly
represented by ion capture cross-section:

(1)

where oy, is the orbiting cross-section [11] and g is the
probability of a specific exothermic reaction.

By combining the relation (1) and the thermal rate co-
efficient, we determined the probability of exothermic re-
action and the contributions of association cross-section
(EXO) and elastic cross-section (EL) (fig. 1). In the low-
energy limit the cross-sections are similar due to the domi-
nant polarization of the target. At higher energies reactive
collisions including the non-conservative collisions become
efficient for various possible processes.

A cross-section set for F~ ions in Ar tested at low en-
ergies is presented by [16] (see fig. 2).

Oexo = ﬂaL )

Discussion and results. — A correct treatment to
obtain transport parameters of higher accuracy would
be to follow solutions of the quantum-mechanical gen-
eralization of the Boltzmann equation that includes the
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Fig. 2: (Colour on-line) Cross-sections for F~ in Ar.

effects of inelastic collisions and internal energy states [17].
The Monte Carlo simulation methods are generally built
around the same initial principles as related kinetic equa-
tions. In this work we apply the Monte Carlo simulation
designed for swarm particles [18].

The transport coefficients include drift velocity, diffu-
sion coefficients, ionization and attachment coefficients
and chemical reaction coefficients for ions [2]. Excita-
tion coefficients are also measured but seldom used in
modeling.

Swarm parameters are generally applied to plasma mod-
eling and simulations. At the same time, the non-
equilibrium regime in discharges is well represented under
a broad range of conditions by using the Boltzmann equa-
tion with the collision operator representing only binary
collisions.

In this work the Monte Carlo simulation technique for
ion transport accounts for a finite gas, and the tempera-
ture of the background gas particles [10] is used to calcu-
late the swarm parameters of F~ in Ar/BF3 mixtures for
temperature T = 300 K. The Monte Carlo simulation is
suited to the limitations of the swarm theory. Thus for
the present case the code perfectly satisfies the demands
required for the calculation of transport coefficients for ion
transport in a dilute gas in equilibrium at the temperature
T. A possible limitation imposed by the calculation of the
collision frequency with the total cross-section instead of
the differential cross-section [10] is relaxed simply by an-
alyzing the interaction potential and particles geometry
which actually reflect the central force.

A critical review of the experimentally obtained trans-
port properties of gaseous halogen ions is presented in [19].
In this paper [19] only (experimental) data for the reduced
mobility for F~ in Ar can be found. In our letter we give
all transport parameters for F~ ions in both Ar and BF3.
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Fig. 3: (Colour on-line) Mean and characteristic energy of F~
ions in BF3 gas as a function of E/N at T'= 300 K.
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Fig. 4: (Colour on-line) The bulk and flux drift velocity of F~
ions in Ar/BF3 as a function of E/N at T = 300 K.

In fig. 3 we show the characteristic energies (diffusion
coefficient normalized to mobility eD/K in units of eV)
based on longitudinal (Dy,) diffusion coefficients. We also
show the mean energy, a parameter which cannot be di-
rectly measured in experiments, but a map of mean energy
vs. E/N may be used directly to provide the data in fluid
models especially when the local field approximation fails.
As seen in fig. 3, the mean energy increases from about
10 Td. The Monte Carlo code [10] gives good results in
which for all mixtures Ar/ BF5 the mean energy converges
to the thermal mean energy 3/2 kT = 0.038778 eV, while
the thermal eD/K = kT converges to 0.025852 ¢V (longi-
tudinal (Dy,) and transverse (D) diffusion coeflicients).

The flux and bulk drift velocities [2,20,21] for F~ in
Ar/BF3 as a function of E/N are given in fig. 4. The
drift velocities obtained by the Monte Carlo simulation are
calculated in real space (bulk) and in velocity space (flux)
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Fig. 5: (Colour on-line) The reduced mobility of F~ ions in
Ar/BF3 as a function of E/N at T'= 300 K.
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Fig. 6: (Colour on-line) The longitudinal diffusion coefficients
for F~ ions in Ar/BF3 as a function of E/N at T" = 300 K.

values which are obtained as (v) and da/dt, respectively.
The bulk and flux values of the drift velocity begin to differ
above 100 Td but very little.

The mobility K of an ion is the quantity defined as the
velocity attained by an ion moving through a gas under
the unit electric field. One often exploits the reduced or
standard mobility defined as

Uq

Ko = —2_N,

NoE (2)

where vy is the drift velocity of the ion, IV is the gas den-
sity, at elevated temperature T', E is the electric field.

In fig. 5 we show the results of the Monte Carlo sim-
ulation for the reduced mobility as a function of E/N.
Non-conservative collisions of F~ ions producing BF; ions
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are only slightly modifying the mobility curve obtained
for the case of inclusion of only endothermic processes
(B =0).

Longitudinal diffusion coefficients for F~ ions in Ar/BF3
as a function of E/N are shown in fig. 6. Note that the
difference between the flux and bulk values of diffusion
coefficients, which have the same origin, have the same
initial value as drift velocities. There are no published
experimental data for the longitudinal and transverse dif-
fusion coefficients of F~ in Ar/BFs5.

Conclusion. — In this paper we present new transport
coefficients for low and moderate reduced electric fields
E/N (N is the gas density) and accounting for the non-
conservative collisions.

The cross-section set has been determined by using a
simple theory and transport data for the gas BF3, which
is technologically very important.

The Monte Carlo technique was applied to carry out
calculations of the mean energy, drift velocity and diffusion
coefficients as a function of reduced DC electric field.

The results are a good base for modelling, which could
be further improved by adding a data base of the measured
values of transport coefficients and then performing the
analysis again.

X % X%

Results obtained in the Laboratory of Gaseous Electron-
ics, Institute of Physics, University of Belgrade, under the
auspices of the Ministry of Education, Science and Tech-
nology, Projects Nos. 171037 and 410011.
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Abstract

A pulsed Townsend apparatus is used to measure the mobility of a single negative ion species
in N>O and N,O-N, gas mixtures. The range of the density-normalized electric field, E/N, is
6.5-100Td (1 Townsend = 10~!7 V cm?) over the pressure range 10250 Torr and temperature
range 295-300 K. Based on previous work it is shown that the most likely drifting ion is N,O; .
A reaction scheme involving ion conversion and electron detachment is presented, ending with
the formation of a stable N,O; ion. The momentum transfer integral cross section for N,O; in
pure N,O and N, gases is derived from the above measurements. The unfolded cross sections
are used as an initial guess and then further improved by ensuring good agreement between
Monte Carlo calculated mobilities and the experimental results for the N,O-N, mixture.

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

1. Introduction

Nitrous oxide is a gas of widespread use in different types
of glow discharges that find application in many scientific
and technological fields, including spectroscopy, kinetics
and plasma-enhanced chemical vapour deposition. In RF
discharges, N,O constitutes the major component of N,O—
SiH4 mixtures, commonly used to deposit SiO, thin films [1],
which find an application as interlayer dielectrics for integrated
circuits, and in the fabrication of optical waveguides. In
addition, nitrous oxide is used in the deposition of other
materials such as SiO,N, [2], phosphosilicate glass layers
[3] and aluminium oxides [4]. Microwave discharges in
mixtures of N,O with inert gases are efficient sources of
oxygen atoms and their properties have received attention as
well [5]. Another popular type of glow discharges are those
produced in hollow cathodes [6]. A review of cross sections
and transport data for negative ions required to model plasma
processing technologies in nanoelectronics was published by
Petrovic et al [7].

Nitrous oxide is one of the greenhouse gases, hence an

0963-0252/13/025004+06$33.00

important contributor to global warming. N,O is an important
factor and a stable chemical compound noted among the gases
that destroy the ozone layer, thereby influencing the electrical
parameters and the active processes in ozone formation [8].
The permanent increase of nitrous oxide concentration in the
atmosphere (about 0.2-0.3% per year) imposes the necessity
for a search to limit its emission. Because of its importance in
significant dissociative attachment and detachment reactions
[9] in the atmosphere and the formation of metastable
fragments upon dissociation [10], N,O can be a very active
species in any discharge situation, hence there is a need for
cross sections, spectroscopic and swarm data.

The N,O; anion was for the first time detected by
Moruzzi and Dakin [11] in their low-energy swarm experiment.
Klots and Compton [12] produced N,O; ions from the low-
energy electron attachment to N,O clusters. Coe et al [13]
observed N>,O; by injecting electrons into the high-pressure
region of a free expansion jet of N,O. By infrared matrix
isolation spectroscopy, Milligan and Jacox [14] recorded the
first spectrum of N,O, . Using photoelectron spectroscopy of
negative ions, Posey and Johnson [15] found evidence for three

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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distinct isomers of N,O; by varying ion source reagents and
conditions.

There have been a number of experimental attempts to
measure the electron affinity of N,O using techniques such as
charge exchange [9, 16], electron attachment [17], collisional
ionization [18] and dissociative electron attachment to N,O
[19]. In addition, there have been some studies on N, O dimers,
trimers or even larger clusters [20]. Recently, interesting work
on the formation of N,Oy; in corona discharges in oxygen and
N,/Oj; mixtures has been carried out [21]. These workers have
been able to measure the mobility of this species in the above
drift gases. To our knowledge, no experimental or theoretical
results of transport data or cross sections of N>Oj ions in pure
N,O or in N,O-N, mixtures are available.

The purpose of this paper is to provide measured mobilities
and sets of collision cross sections that may be used in the
simulation of plasmas containing N,O; . The procedure used
here to determine the elastic momentum transfer cross section
consists in applying the momentum transfer theory (MTT) as
an initial step and also to make further adjustments, thereby
saving a great deal of computation time. For higher energies,
an extrapolation of the elastic cross section was made, together
with the application of the detachment cross section. The
resulting sets of elastic and detachment collision cross sections
were validated eventually with some minor adjustments by
using an optimized Monte Carlo (MC) code. Systematic
comparisons were made of the anion mobility from the time-
resolved measurements of N,O; transients in N>O and in
binary mixtures with N,. Only slight adjustments were made
to the cross sections in the last stage to obtain the best
agreement possible between the experimental data and the
MC calculations. The MC calculations are claimed to provide
exact results, limited only by the statistical uncertainty and the
accuracy of the cross section.

Following this introduction, section 2 is devoted to an
account of the time-resolved technique used to measure
electron detachment and negative ion mobility (N,O; ) in N,O
and its mixtures with N,. In earlier papers [22], we have
explained in detail the MTT and the MC simulation procedure
to obtain the collision cross section sets, hence these two
techniques will not be explained thoroughly here. In section 3,
we will give a brief overview of the calculation of the elastic
collision cross section based on the MTT approximation and
related formulae. Finally, we present the best cross section set
obtained from comparison of the MTT and MC results with
the experimental data.

2. Experimental

2.1. The apparatus

The time-resolved pulsed Townsend method relies on the
measurement of the total displacement current due to electrons
and ions drifting through a parallel-plate capacitor [23-25].
The discharge is initiated by the instantaneous release of
photoelectrons from the cathode by the action of UV light
from a nitrogen laser (337 nm, Ins duration, 1 mJ). These
photoelectrons, under the action of the electric field between

the electrodes, will move towards the anode. During their
passage, according to the gas or gas mixture and the E/N
range, the electrons may ionize and/or attach to the gas neutrals.
Since the electrons are more mobile (by a factor of 100 or more)
than the ions, these will remain virtually in their positions
of formation during the electron transit. On a much slower
time scale, the ions move towards the cathode or the anode,
depending on their charge. This enables the distinction of two
types of current contributions, namely the fast, or electronic
component, and the second, slow, or ionic component [25, 26].

The measurements were carried out for a fixed gap
distance of 3.1cm, at room temperature in the range 293—
300K. The uncertainty in the drift velocity measurements
was estimated as 3—-5%, and was obtained from the known
possible systematic errors and, additionally, by averaging the
drift velocity over a series of measurements at the same E/N
value and different pressures. The stated purities of N, and
N,O were 99.999% and 99.5%, respectively, and were injected
into the discharge vessel without further purification. The
overall pressure range was 10-250 Torr. Ionic components
of the pulses were measured with a 107 V/A transimpedance
amplifier and linear bandwidth of 400 kHz.

2.2. The reaction scheme

The mid-energy range of electrons corresponding to the £/N
range 10-100Td covered in this study is 0.5-3.5eV (see
figure 3 below), hence we shall only deal with reactions that
are likely to occur over this range. Dissociative electron
attachment in N, O leading to the formation of O~ takes place
via the reaction [9]

e +N,O—> O +N, (1)

with an energy threshold of 0.2 eV. The exothermic reaction of
O~ with N,O

O™ +N;O —- NO" +NO+0.14eV 2)
may be followed by collisional electron detachment of NO™ as
NO™ +N,O — e~ +NO+N,0 +0.12¢eV. 3)

Reactions (2) and (3) have been studied together by several
groups using drift tube, afterglow and ion-cyclotron resonance
techniques [9]. For the mean energies of O~ in this study,
ranging between 0.039 and 0.12 eV, the effective rate constant,
k, for the combined reactions (2) and (3) measured by these
groups is (1-2) x 107%cm3s™!. NO~ is regarded as an
intermediate species that detaches readily since its electron
affinity is only 0.026eV [27], which is almost half the
thermal energy at 300 K. Over the pressure range 10-250 Torr
of measurement of the ionic pulses, the mean lifetime for
collisions, T = 1/kN, ranges between 30ns and 1.2ns,
respectively, a time which is much shorter than the electron
transit times, T, = d/ve, of 440 ns and 240 ns for E/Nvalues
of 10 and 100 Td, respectively, a gap distance d = 3.1 cm and
electron drift velocities, v., taken from [28]. This means that
formation and destruction of O~ with NO™ as an intermediate
take place only at the very early stages of ion drift, thereby
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Figure 1. Negative ion transients N,O at E/N = 10 Td, measured
over the pressure range 10-250 Torr. The negative ion transit time,
T,, is indicated.

eliminating the concern of an influence of reactions (2) and
(3) on the evaluation of the ionic transit time, 7,,, from which
the ion mobility is derived. The direct collisional detachment
of O~ is disregarded in this study since its electron affinity
is 1.46 eV [29], a value which is over 10 times the maximum
mean energy of this ion under the present conditions.

A second, three-body, exothermic ion—molecule reaction
of O~ with N, O, which is very likely to occur under the present
conditions, is [11, 15]

0™ +2N,0 — N,0; +N,0 +2.33¢V. 4)

Thus, for the conditions of our experiment the dominant
negative ion is N,O; .

2.3. Determination of the mobility of N,O5

The negative ion transit time, T,, in this case of N,O;, is
determined as indicated in figure 1 by the arrow. A further
discussion of this procedure can be found in [30]. It can be seen
from the three transients of figure 1 that the mobility, and hence
the ion species, does not change over the wide pressure range
10-250 Torr. The negative ion drift velocity is then v, = d/ T,
and, the reduced mobility is calculated by

Un
Ko = —— . Q)
No(E/N)
where Ny = 2.69 x 10" cm™ is the gas density under

standard conditions of pressure and temperature. The reduced
mobilities of N,O; in N,O and in N,O-N, mixtures are plotted
in figure 2 as a function of £/N. The overall uncertainties in
the mobility data, derived from averaging several measured
values at the same E/N and different pressures, are in the
range +3-5%.

The mobility calculations to be described below are also
shown in figure 2, where one sees an overall good agreement
with the measured data.
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Figure 2. Reduced mobility of N,O; in N,O and N,O-N,.
Symbols: measured values from inspection of the ion transit time
(see figure 1); solid lines: Monte Carlo calculations (see section 3).

3. Calculation of the collision cross sections and
mobility of N>O,

While it is possible to calculate the cross sections from
the potentials, the calculation is certainly not trivial and, in
particular, it is not easy to estimate which range of energies
may be covered by those calculations. On the other hand,
the preparation of cross section sets for plasma models may
involve a certain degree of extrapolation or interpolation that
should be applied bearing in mind the energy range of the ions
in the plasmas that are usually studied.

The procedure used here is to first determine the
cross sections using the MTT, which consists of a specific
simplification of the Boltzmann equation collision operator
and a specific procedure to determine approximate distribution
functions. When swarms develop in uniform and constant
fields, the theory yields simple analytical solutions that may
be surprisingly accurate (to within 15%) and may thus provide
a basis for an efficient modelling of plasmas. MTT is exact
only for the constant collision frequency model in the absence
of reactions. A more detailed explanation of the theory and the
equations that are used for the calculations of cross sections
may be found in our previous paper [22] and here we will give
only a brief overview of the equations used.

Considering ions with number density N in a neutral gas
in equilibrium at temperature 7, and assuming that the density
gradients are weak, we have the following simple approximate
balance equations for the mobility and mean energy of ions,
respectively [31, 32]:

K=——=—" ©6)

and
1

e = Imov? + 3kp Ty, (7
where g and m are the charge and mass of the ion, respectively,
mg is the mass of the neutral molecule, v, is the ion drift
velocity, E is the electric field, kg is the Boltzmann constant,
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Figure 3. Mean electron energy as a function of £/N in N,O and
40% N,O-N,.

and ¢ is the mean energy of ions in the centre of mass reference
frame consisting of two parts: a field part represented by %mo v?
and a thermal part represented by %kB Ty. The total momentum
transfer collision frequency in the centre of mass reference
frame, v,,, is given by

2
v =N [ oy ®)
%

where o, denotes the total momentum transfer cross section
and p is the reduced mass, u = mmq/(m + my).

Over the region of interest, the mean electron energies
lie between 0.5 and 3.5¢eV (figure 3), hence we have limited
the range of measurement to the low E/N range in which
no ionization takes place; in other words, over this low-
energy range the most important scattering process will be
elastic scattering and the reactive process would be electron
detachment.  Equations (6)—(8) are solved readily, and
experimental results for the reduced mobility could provide
cross sections up to 0.1 eV mean ion energy. The MTT is used
only as the initial step to fit the experimental results and obtain
the cross sections.

In the next step further and final adjustments are made in
order to achieve good agreement between experimental data
and MCS. Simulations are proved to give results in agreement
to better than 0.1% with other benchmark calculations [33].

Proceeding in a similar fashion as in our previous work [7]
we have calculated the elastic and detachment cross sections
according to the procedure of Denpoh and Nanbu [34], given
explicitly in [35]. The procedure resolves elastic and reactive
collisions [22]. The detachment cross section of N,O; was
calculated from the threshold around 0.28 eV up to 100 eV for
both gases. These cross sections were used as the initial guess
for our fits and were kept outside the range of our swarm data.

We performed all the calculations under the assumption of
isotropic scattering for elastic scattering and detachment. The
final sets of cross sections are given in figures 4(a) and ().
It should be noted that the cross sections had to be modified
from the original Langevin energy dependence at low energy

values. The departure from Langevin cross sections has often
been noticed [7]. Above the limit of sensitivity of our data we
maintain the Langevin cross sections and use the same energy
dependence for extrapolating to the low energy limit.

The mean energy of N>O; in N, calculated from the
measured mobilities, is shown in figure 5. Apart from
measuring the mobility of N>,O,; in pure N,O, we also
measured it in mixtures containing 10-80% N,O in N, as
shownin figure 2. In general, fairly good agreement is achieved
between experimental and our final MC results.

It is worth noting from figures 4 and 5 that our previous
assumption of no electron detachment effects in N,Oj
(figure 4) is now confirmed by the calculations since the
calculated mean energies of N,O, in N,O are significantly
smaller than the thresholds for electron detachment (0.3—
0.4eV).

4. Discussion

We have presented original measurements of the reduced
mobility and the corresponding derived cross section sets
concerning the interaction of N,O, with N,O and N,O-N,
mixtures. To our knowledge, no previous data have been
published in the literature. The measurement of the mobility is
reported over the density-reduced electric field strength, £ /N,
6.5-100Td by a time-resolved pulsed Townsend technique.
To substantiate the identity of the drifting negative ion, a
comprehensive reaction scheme, based on previous research,
is presented. Even though we could vary the N,O gas pressure
from 10 to 250 Torr, we found no particular dependence of
the reduced mobility of N>O; . A recent study on negative ion
formation in pure H, O revealed the formation of cluster species
of the type OH™ (H,0),, (n = 1-3) over the pressure range 2—
16 Torr. This clustering phenomenon is explained in terms of
the very large dipole moment of H,O (1.85D), in contrast to
the relatively small dipole moment of N,O (0.166 D).

Two further issues are worth addressing. The first deals
with electron detachment from N,O;. In their drift tube-
mass spectrometer experiment (0.1-8 Torr N, O pressure range
in the drift region) Moruzzi and Dakin [11] found that the
most abundant ionic species were N3O; and N,O, . However,
N3O; is a tertiary species formed from the secondary species
NO™ (reaction (2)) by

NO™ +N,0 — N;05. ©)

Thus, with NO™ being so easily destroyed by electron
detachment due to its small electron affinity of 0.02eV, it
is very unlikely that N3O, is the negative ion in question
since, on the other hand, N,O; is formed directly from O~.
Moreover, corona discharge studies assisted by drift tube-mass
spectrometry [21] report copious amounts of N>O, formed in
such an environment. No traces of N3O, were found.
The second issue deals with the formation of N;O~ by the
reaction
e +2N,0 — N,O™ + N0, (10)

with a small three-body rate constant of (641) x 10733 cm® s~!

[36] at thermal energies. The study of Chantry [37] on
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are the calculated values from the measured negative ion drift
velocities, using equation (7) (transformed to the laboratory frame
of reference).

the effects of temperature (295-1040K) on the dissociative
attachment cross section in N,O showed that the production
of O~ from N, O was very sensitive to temperature at collision
energies close to thermal, while it was insensitive above 2.3 eV.
This finding has been related to two states of N,O~ involved
in the production of O~ from N,O below about 4eV [37].
The strong dependence of the cross section at thermal energies
and up to about 1.5eV is ascribed to the lowest state (ground
state) of N,O™, due to excitation of the bending and vibration
modes. The temperature-independent peak at 2.25eV is
ascribed to the second N,O~ state. Furthermore, the shape
of the density-normalized attachment coefficient in N,O is
typical of dissociative attachment [28]. Thus, the small amount
of N,O~ formed at low collision energies (low E/N) would
dissociate into O~ and N,, and therefore contribute with O~
to reaction (2).

The measured mobility data were used to determine the
cross sections at very low energies. The cross sections were

extrapolated to higher energies based on energy dependences
for other negative ions. Due to the lack of additional
experimental data such as diffusion coefficients or differential
cross sections, we were not able to separate the isotropic
and anisotropic components of the cross section [38]. The
cross sections provided here should be employed with the
assumption of isotropic scattering.

These data may be used [39] in the simulations of plasmas
containing N>O, , which cover most atmospheric discharges
and atmospheric-pressure plasmas [40]. In spite of the lack of
a mass analyser in the system, we have given strong evidence
for the predominance of N,O; in the discharge. For this, we
have provided some examples in previous publications dealing
with the drift of negative ions in O, and SFg [41,42].

The procedure used here to determine the cross sections is
to first apply the MTT, which is fast, albeit of limited accuracy.
The MTT is used to modify the cross sections until the transport
data fit the experimental results. Finally, all the calculations
are performed from a MC simulation that has been shown to be
very accurate and satisfies all the benchmark tests [33]. Thus,
the present final results should be associated only with the exact
MC procedure.
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Abstract — Transport properties of F~ ions in Fy in DC fields were calculated using the Monte
Carlo simulation technique. In the absence of a more reliable theory or experiments we have
employed a simple technique to predict the cross-sections and to separate elastic from reactive
collisions. We present reaction rate coefficients, characteristic energies, mean energy and drift
velocities for the conditions of low and moderate reduced electric fields E/N (E is the electric
field, N the gas density) accounting also for the non-conservative collisions.

Copyright © EPLA, 2013

Introduction. — F5 molecules, either as a part of the
gas mixture or formed in plasma chemical processes [1]
are frequently present in numerous processing plasmas.
For example, F5; may be produced in a pulsed plasma
implantation system that is the basis for the doping of
integrated circuit components [2]. In such a system it is
necessary to create a uniform plasma over the entire wafer
that can be more than 500 mm wide. To achieve such a goal
one needs to understand a number of processes of particles
interacting with gas molecules or the surfaces. Time-
resolved measurements of the ion energy distributions
in the cathode boundary [3] indicated a possible role of
charge-transfer collisions between singly charged ions of
various masses.

In this paper we study the energy-dependent scattering
and transport processes for F~ ions in the Fs gas. The
paper is divided into two parts. In the first part we
determine the scattering cross-sections for inelastic and
elastic (including charge transfer) collisions of F~ ions.
In the second part we study transport of these ions in
the background F; gas. The basic assumption is that
the density of ions is so low that they do not perturb
the background gas and external field. Experiments that
mimic these conditions are known as swarm experiments
and typically these conditions may be achieved when
the ratio of ion to molecule densities is below 10 7. In
such experiments and simulations results are independent
of pressure the only scaling being through E/N and pd
(where p is the pressure and d is the gap or the distance).
Using the basic cross-sections and simulations we hope

to explore the effects of non-conservative processes on
the transport properties of F~ ions. We hope that these
data may contribute to the complete kinetics of plasmas
in electronegative gases and in particular in the presence
of Fy, which is either applied as a participant in the gas
mixtures for plasma chemical processing or is sometimes
created in plasma chemistry [1].

Non-equilibrium discharges are usually modeled either
by fluid models, fluid models with correction for the
non-locality or hybrid models. The basic input to such
models are transport coefficients obtained for the swarm
conditions [4-8]. Kinetic codes, (PIC and full kinetic
codes) require cross-sections while hybrid codes use both.
In this paper we provide both the cross-sections and
transport coefficients that may be used in all such codes.
Importantly the transport coeflicients are consistent with
the cross-sections and therefore may be used to validate
different approaches.

The swarms are ensembles of charged particles traveling
through gas under the influence of the external field and
dissipating the energy and momentum in collisions with
the background gas [5,9]. It is assumed that probabilities
of colliding with products of other collisions are null
and that perturbation of electric field is null hence the
external voltage defines the field. In other words, the
Debye radius of such systems is much greater than the size
of the discharge vessel. In addition, in swarm experiments
all primary products are proportional to the electron
density, which is small. All the results of the subsequent
reactions between those products are present in even
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smaller numbers so the second-level processes do not affect
the system. The transport coefficients include the drift
velocity, diffusion coeflicients, ionization and attachment
coefficients and chemical reaction coefficients for ions.
Excitation coefficients are also measured, but seldom used
in modeling.

Using swarm data allows models of higher-density low-
temperature plasmas to treat collisions through transport
and rate coefficients. It makes it possible for these models
to deal with space charge effects and field distribution
separately but in a self-consistent way [6,7].

In this paper we provide transport coefficients for F~
ions in Fo because these data have been lacking up to
this point. In a standard swarm experiment it would be
difficult to produce F~ ions in the gas directly, but in
gas discharge low-temperature plasma those are readily
produced. In order to produce the transport data we use
our set of cross-sections in the relevant energy range and
then perform a numerical experiment mimicking a real
drift tube experiment. These studies have been known to
provide excellent agreement and in that sense the results
are as accurate as the input cross-sections.

It has been well established in experiments that the
predominant ion in low-temperature plasmas for the
processing of integrated circuits [1,2,10,11] and in excimer
lasers is F~ [12]. F5 is formed in Fy for low energies
well below 0.2eV. Dissociative attachment leading to F~
has a threshold of few eV. Mean energies of electrons in
most discharges are between 2eV and 6eV, well in the
range of dissociative attachment. Hence there are very
few electrons at thermal energies and as a result F~ is
more abundant.

Finally it should be noted that swarm coefficients for
ions [13] are of greater use than those for the electrons.
The reason is that negative ions are mostly trapped in
the potential distribution and are close to thermal energy.
Higher energy cross-sections are needed for those formed
in sheaths by attachment. In general, data for negative
ions in gases of interest for processing have been in limited
supply and this paper is a contribution with the goal of
extending the existing database [5].

Monte Carlo technique and the cross-section
data. — The cross-sections for scattering of F~ on Fy
molecule are calculated by using a simple procedure that
has been known as Nanbu’s theory [4,14]. It allows sepa-
ration of elastic from reactive endothermic collisions. In
this theory reactive collisions are treated by accounting
for the thermodynamic threshold energy and branching
ratio according to the Rice-Rampsperger-Kassel (RRK)
theory [14]. Our procedure is an implementation of this
theory and its inherent approximations. We have used the
value of 1.2611 10 3°m?, recommended by Spelsberg and
Meyer [15] for the polarizability of Fo, ionization poten-
tials for Fo and F from [16] and the bond values between
atoms from ref. [17]. The usual procedure would be to
unfold the cross-sections from the the measured transport

Table 1: F7-F2 endothermic reaction paths considered in
the model and the corresponding thermodynamic threshold
energies [6-8].

No. Reaction A (eV)
1 F, +F (CT) —0.38
2 F~+2F (DIS)  —1.602
3 F+F,+e (DET) —3.4012
4 F+2F+e” (DD) —5.0032
NE elastic
s F +F (CT)
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Fig. 1: (Colour on-line) Cross-section set for F~ ions in Fj.
Open circles denote the data of Chupka et al. [20] placed on
absolute scale by assuming maximum value as obtained by
Nanbu’s theory.

coefficients and thermo-chemical data in a separate drift
tube experiment, but to our knowledge no such data are
available.

The Monte Carlo technique was applied to perform
calculations of transport parameters as well as rate coef-
ficients in DC electric fields. In this paper we have used
a Monte Carlo code that properly takes into account the
thermal collisions [18]. The code has passed all the tests
and the benchmarks that were covered in our earlier stud-
ies [18]. Bulk and flux values of the drift velocity [19] are
presented for a range of reduced electric fields E/N includ-
ing the range where effects of the charge transfer collisions
take place.

Discussion and results. — Most probable reaction
paths, based on thermochemical data [15-17] are shown in
table 1. We found them relevant for the selected domain
of low F~ energies in Fs.

In fig. 1. we show calculated cross-sections for F~—
scattering on Fa. The cross-section for the charge transfer
(CT) producing F5 ion measured by Chupka et al. [20], is
also shown in the same figure.

Transport parameters were calculated for the room gas
temperature of T'= 300 K. Calculated rate coefficients for
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Fig. 2: (Colour on-line) Rate coefficients for F~ ions in Fy as
a function of E/N.

processes presented in table 1 and in fig. 1 are shown
in fig. 2. The rate for CT with its low threshold of
0.39 €V overlaps with the thermal distribution function of
participants in a collision and thus a plateau exists at low
E/N. The value of the plateau is very low but it increases
rapidly as the temperature of the gas is increased. The
temperature for the most part does not affect elastic
scattering as the total cross-section does not depart
much from the cross-section consistent with the constant
collision frequency. As for the rates of inelastic processes,
the temperature makes a small, hardly observable, effect
as the thresholds are considerably higher than the thermal
energy.

Flux and bulk drift velocities [5,8,19] as a function of
E/N are given in fig. 3. The drift velocities are not affected
by the temperature and mobility is almost constant.
Yet we observe effect of reactive collisions affecting the
splitting of flux and bulk drift velocity components above
40 Td. The first mention of non-conservative effects in ion
transport was given in [4].

In addition, in fig. 4. we show characteristic energies
(diffusion coefficient normalized by mobility eD/u in units
eV) associated with longitudinal (L) and transverse (T)
diffusion. We also show the mean energy, which cannot
be directly measured in experiments. A map of the mean
energy vs. E/N may be used directly to provide data in
fluid models especially when the local field approximation
fails. The data shown in figs. 2—4 constitute all the data
required to perform modeling of F~ ion transport in low-
temperature plasmas such as plasmas for treatment of
integrated circuits or excimer lasers.

The experimental cross-section is consistent with our
predictions, but it has a lower value in the threshold

1000

Drift velocity (m/s)

T T L L A AL |
10 100

E/N (Td)

Fig. 3: (Colour on-line) Bulk and flux values of drift velocity,
for F~ ions in F2 as a function of E/N.
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Fig. 4: (Colour on-line) Characteristic energies (longitudinal
and transverse) and mean energy for F~ ions in Fa.

region. This would reduce the temperature effect and push
the increasing part to somewhat higher E/N’s.

Conclusion. — In this paper we have given predictions
for the cross-sections and transport coeflicients of negative
F~ ions in Fy which did not exist in literature. In principle,
experiments and applications in pure Fy are unlikely but
one can use mixture laws [5,21] to predict the properties
in mixtures containing F5. The use of transport data or
the use of cross-sections [22] in plasma modeling requires
a wide range of data. The data for negative ions are
not covered as well as for other particles. Measurements

45003-p3
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of transport data with high accuracy would strongly
challenge these results and produce a basis to improve
them. Yet, in most applications, these ions and Fy are not
present in large abundances [11] and thus this set would
allow very accurate results for mixtures.

* ok ok

Results obtained in the Laboratory of Gaseous Elec-
tronics Institute of Physics University of Belgrade under
the auspices of the Ministry of Education and Science,
Projects Nos. 171037 and 410011.
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Abstract. The transport properties of O™ ions in water vapour drifting in DC fields were obtained by
using the Monte Carlo simulation technique with the scattering cross section sets assessed on the basis of
Denpoh and Nanbu’s technique and available experimental data. A swarm method is applied to determine
recommended cross section set. For the first time in this work we present the transport parameters for the
conditions of low to moderate reduced electric fields E/N (N is gas density) accounting for the effect of
non-conservative collisions. The data are applicable in the limit of low pressures where cluster formation
does not affect the transport or may be applied at higher pressures together with a model of cluster

formation kinetics.

1 Introduction

The interest in application of plasmas in medicine, some
nanotechnologies and environmental remediation [1-5] has
drawn the attention to studies of discharges in water and
in proximity to water [6] although other liquids are of in-
terest as well. Current studies show that in such systems,
discharge is usually produced in water vapour either from
evaporating liquid electrode or in bubbles created by an
induced phase transition within the liquid. Mechanisms
of breakdown in liquid without bubble formation are still
under discussion [7,8]. More generally, all atmospheric dis-
charges contain some degree of water vapour [9-12]. It is
therefore of interest to determine how discharges are cre-
ated in water vapour and to provide elementary trans-
port data for the charged particles [13-17]. One of the key
points must be to have an accurate knowledge of the elec-
trical properties of water vapour and in particular of its
breakdown potential [18,19]. Complicated chemistry and
poor data for a range of processes of particles interact-
ing with gas and surface require further insights and more
data. In particular the data for transport and cross sec-
tions of ions are missing, especially having in mind that
ions as well as electrons may have a wide range of ener-
gies, thereby affecting the profiles of electric field. In this
work we analyse and provide scattering cross sections and
transport coefficients of O~ ions in HoO gas and we ex-

* Contribution to the Topical Issue “Elementary Processes
with Atoms and Molecules in Isolated and Aggregated States”,
edited by Friedrich Aumayr, Bratislav Marinkovic, Stefan
Matejcik, John Tanis and Kurt H. Becker.

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

plore the resulting effects of non-conservative processes on
the transport properties of O~ ions.

The Monte Carlo technique was applied to perform
calculations of the transport parameters as well as rate
coefficients in DC electric fields. We have used a Monte
Carlo code that properly takes thermal collisions into ac-
count [20]. This term implies the collisions where thermal
energy of targets cannot be neglected and has to be in-
cluded in momentum and energy balances. Under those
conditions one cannot determine the collision probabili-
ties for projectile and for the target separately, a com-
pound probability has to be calculated. Simplified, al-
beit still more complex procedures have been proposed
and tested providing a proper decay of energy in the low
E/N limit. The code used here is the same as in [20] and
has thus passed all the relevant benchmarks [20] and has
been tested in our work on several types of charged par-
ticles [21,22].

2 Cross sections and calculated
transport coefficients

In what follows, we will present two sets of cross sections.
The first is based on experimental data and the second on
the Denpoh and Nanbu’s (DN) theory [23].

2.1 The available cross section data — cross section
set S1

The scattering cross sections of O~ in HoO, measured by
Hasted and Smith [24] for electron detachment (DET) and
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Fig. 1. Cross section set for O™ + H20O based on experimental
results (S1). Cross section for the electron detachment (DET)
is measured by Hasted and Smith [24], with the threshold taken
from [26]. Lifshitz [25] measured cross sections for elastic scat-
tering (EL) and for OH™ production (OH™). The elastic cross
section is extrapolated to low energies, based on the DN theory
(extrap 1). Cross section for the OH™ production is extrapo-
lated to higher energies by multiplying the results of Vogt [27]
by a factor of 5 (dash-dot-dot line). (Original data of Vogt
are represented by the thin dotted line.) Extension of Lifshitz
cross section by using Vogt’s scaled cross section up to 1 keV
is indicated by “extrap 2”.

Table 1. Products and the corresponding thermodynamic
threshold energies A for the reactions O™+ H2O.

No. Products of reaction A (eV)
O~ +H20
1 O™ 4+ H:20 (EL) 0.
2 OH™ + OH -0.36
3 HyOp+e (DET)  —0.43
O + H20 + e —1.46

Lifshitz [25] for elastic scattering and OH~ formation at
low energies, are shown in Figure 1 (thick lines) and pro-
cesses are listed in Table 1 with their thresholds. We found
them relevant for the selected domain of low O~ ener-
gies in water vapour. Preliminary results dealing with the
present calculation have been presented in [28].

A cross section set S1 is completed (Fig. 1) based on
these experimental data and applying extrapolations. For
extrapolation at the lowest energies (dashed line labelled
by “extrap 1” in Fig. 1) we have taken into account that
polarisation and dipole forces are expected to be impor-
tant over the energy range from 20 meV to few eV. This
extrapolation is actually identical to our results for elastic
scattering obtained by DN theory [23] as described in the
next section.

OH~ production cross section of Lifshitz [25] was ex-
trapolated towards high energies by using the data of
Vogt [27]. The experimental data of Vogt [27] are consider-
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ably lower than those of Lifshitz [25] but extend to higher
energies. Note that Lifshitz explained OH™ production
cross section solely through a complex formation, assum-
ing that direct reaction is negligible, while Vogt explained
his data by direct reaction only. Since both Lifshitz’s cross
sections [25] presented in Figure 1 are consistently mea-
sured (the same experiment), we assumed that it was rea-
sonable to scale and connect the data of Vogt (dashed line,
labelled in legend as “Vogt x 5”7) to the data of Lifshitz
for OH~ production (energy range from 1.5 eV to 100 eV).
The scaled cross section is then extended up to 1000 eV
(dashed line labelled by “extrap 2” in Fig. 1). Extrapola-
tions to high energy were necessary to enable calculations
in the tail of the ion energy distribution function, i.e. to
avoid possible numerical problems to the code due to a
few ions that may achieve high energies.

2.2 Cross section set based on Denpoh and Nanbu'’s
theory (52)

The cross sections measured by Lifshitz [25] which were
the basis of the cross section set S1 were interpreted by
the author as a consequence of a long lived complex for-
mation. Thus we have calculated a cross section set by us-
ing Denpoh and Nanbu’s theory (this theory is explained
well in [21,23] and our procedure has been shown in detail
n [21]) that assumes complex formation and is modified
to treat endothermic reactions with polar molecules by
the locked dipole model [29]. In DN theory a reactive col-
lision is treated by selecting the thermodynamic thresh-
old energy and branching ratio according to the Rice-
Rampsperger-Kassel (RRK) theory [23]. We have used the
data for polarizability and dipole moment of HoO as used
by Clary [30] and selected heats of formation and electron
affinities from reference [31]. The threshold for electron de-
tachment (DET) has been taken from reference [26]. The
obtained cross section set was corrected to fit the reduced
mobility calculated by the SACM (Statistical Adiabatic
Channel Model) approximation [32] (thick lines in Fig. 2)
and is labelled S2 in what follows. The zero field mobility
is Ko=10.984 cm? V=1 s7! at T = 300 K.

Experimental elastic cross section (EL in Fig. 1) agrees
well with the theoretical one up to 0.35 eV, but it falls
more rapidly towards higher energies. Theoretical reactive
cross section for OH™ production is about three times
lower than experimental results of Lifshitz [25]. A possible
variation of parameters in Denpoh and Nanbu’s theory
that increases this cross section worsens the other two
cross sections.

It is now worth pointing again at the experimental
measurements of Vogt [27] for reaction 2 in Table 1 (thin
line in Fig. 2) that is in a good agreement with the present
result of DN theory. On the other hand, Vogt explained
his results by direct O~ excitation only, while DN theory
and Lifshitz’ explanation are based on complex formation.
Note that the cross section for direct excitation is expected
to be significantly lower than that proceeding with com-
plex formation, so one may assume that process involving
complex formation is relevant for OH™ reaction.
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Fig. 2. Cross section set S2 for O~ + H20O based on the ND
theory [23] is shown by thick lines. We show the experimen-
tal data of Vogt [27] by a thin line. EL stands for the elastic
cross section, DET for detachment and OH™ for the produc-
tion of OH™.

The experimental uncertainty of the measured cross
sections is as given in the papers where data were pub-
lished. More importantly the discrepancies between dif-
ferent sources for the reaction cross section are up to an
order of magnitude. The theoretical cross section is based
on an approximate theory and input data that may intro-
duce uncertainties that are difficult to assess. In both cases
the best way to proceed would be to provide swarm data
and normalize the set of cross sections as a whole. Only in
that case one would be able to assign the uncertainty and
minimize it. At the present, however, we have to use those
data as better data are not available. The uncertainty in-
troduced in transport coefficients due to our simulation is
very small and for a given set of cross sections it is of the
order of 0.3%.

2.3 Transport parameters

Transport parameters obtained by Monte Carlo simula-
tion for the cross section sets S1 and S2 described above
are shown in Figures 3—7. Note that these transport pa-
rameters are the only information present in the literature
up to now, there are no published experimental data for
the transport coefficients of O~ in pure HO.

Cross sections S2 fall rapidly at higher energies which
is a characteristic of DN theory, so that all transport pa-
rameters are generally higher than for the case S1 at high
E/N. Since at relatively high energies the total cross sec-
tion S2 becomes very low and simulation may not be in
equilibrium with the local electric field E/N, we show only
results below 600 Td.

The endothermic (reactive) collisions affect the drift
velocity at high E/N values (Fig. 3). Since the total col-
lision frequency for endothermic reactions increases with
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Fig. 3. Bulk and flux drift velocities for O™ ions in water
vapour as a function of E/N obtained by Monte Carlo simu-
lation at 7" = 300 K, by using cross section sets S1 and S2.
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Fig. 4. Mobilities of O™ ions in water vapour as a function
of E/N obtained by Monte Carlo simulation at 7' = 300 K by
using cross section sets S1 and S2.

energy at high E/N thereby the dominant loss of the fast
ions happens at the front of the swarm. This shifts the
swarm’s centre of mass towards the lower values. Thus,
the bulk values (real space drift velocity d{x)/dt) are lower
than the flux values (velocity space drift velocity (v)).

Due to the lower cross section for non-conservative pro-
cesses in S2; at energies above their thresholds bulk drift
velocities are closer to the flux values (as compared to
the S1 results). Thus the difference between the bulk val-
ues for S1 and S2 increases with E/N (see Fig. 3). This
observation indicates a possibility to distinguish between
the two sets of cross sections by comparing flux and bulk
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Fig. 5. Mean energies for O™ ions in water vapour as a function

of E/N obtained by Monte Carlo simulation at 7' = 300 K by
using cross section sets S1 and S2.
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Fig. 6. Longitudinal and transverse characteristic energies for
O~ ions in water vapour as a function of E/N obtained by
Monte Carlo simulation at 7" = 300 K, by using cross section
sets S1 and S2.

values in experiments. However, in this case there are no
such measurements and it would be hard to find examples
of experimental devices where such measurements could
become available.

Values of the reduced mobility as a function of E/N
shown in Figure 4 are sampled by using bulk drift ve-
locities (i.e. mean velocities in real space), as those are
measured in most experiments [33-35]. When the experi-
mental or calculated data are to be used in modelling one
needs to make a distinction between bulk and flux and
apply the data according to the equations that are being
used [34,35].

Effects of non-conservative processes become signifi-
cant above 100 Td (Fig. 3). The mobility peak, repre-
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senting a balance between repulsive and attractive forces
appears at about 150 Td for S1 set and above 200 Td for
S2 set, as seen in Figure 4.

The mean energy and the characteristic energies (lon-
gitudinal L and transverse T) are shown in Figures 5
and 6. A similar increase with E/N may be observed for
diffusion coefficients, resulting in a significant increase of
the characteristic energy, especially in the direction of the
field (Fig. 6).

Longitudinal and transverse bulk and flux diffusion co-
efficients are given in Figures 7a and 7b and one should
notice the very large non-conservative effects almost a re-
minder of the positron transport [16]. Note that the dif-
ference between the flux and bulk values of diffusion co-
efficients for S2 is relatively small as compared to the S1
results.

Finally, in Figure 8 we present rates for different pro-
cesses for sets S1 and S2 together. Here the rate for detach-
ment is separated from that for OH™ formation. While de-
tachment is considerably smaller it becomes equal to OH™
formation at the highest E/Ns and also one should be
aware of each process separately as products are different.
Comparing rates for reactions between two models, the
differences between S1 and S2 results are approximately
one order of magnitude different. That is consistent with
the choice of the cross sections that cover well the spread
of data in the literature and within the observed experi-
mental discrepancies as reported in [25].

Formation of O~-H50O produced in three body colli-
sions [26] is not included in our work. We assumed that
processes presented in Table 1 describe O~ transport well
for low pressures where binary collision regime holds and
where the contribution of the three body collisions is
negligible.

3 Conclusion

O~ and OH™ are the principal negative ions in discharges
in water vapour. Having in mind the current interest in
discharges in and close to liquids it is important to provide
a complete set of cross sections that would serve as the
basis for modelling such plasmas/discharges.

The present data may be expected to be valid as a com-
plete representation of O~ kinetics for the water vapour
at low enough pressures so that clustering does not affect
the results. A similar procedure as employed in the model
S2 may be applied to provide collisions with most buffer
gases and thus cover mixtures with a small abundance of
water vapour. In addition, the data may be used as the
basis to help analyse the transport when clustering is im-
portant [36].

We have proposed two cross section sets based either
on experimental data or on theoretical calculations (by
using the Danpoh and Nanbu’s theory) and those sets
were used in a simulation to produce the swarm data. We
would recommend the theoretical cross section set S2 as it
is fully self-consistent and it agrees with elastic scattering
in [25] at low energies, OH~ formation from [27] and is
also consistent with the detachment cross section in [24].
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Fig. 7. Diffusion coefficients for O™ ions in water vapour as a function of E//N obtained by Monte Carlo simulation at 7' = 300 K
by using cross section sets S1 and S2: (a) bulk diffusion coefficients, (b) flux diffusion coefficients.
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Fig. 8. Rate coefficients for collisions of O~ ions in water
vapour as a function of E/N obtained by Monte Carlo simu-
lation at 1" = 300 K, by using cross section sets S1 and S2.

This set, however, leads to very low cross sections at higher
energies and thus some of the transport coefficients such
as the mean energy become exceedingly high. It would be
interesting to see whether a runaway of O~ ions may oc-
cur in water vapour and thus confirm such cross section
shapes. Tests of runaway, however, would require exact
modelling of a particular experiment (pressure, geometry,
etc.) and careful consideration both in simulations and
even more so in experiments. In addition one would need
to establish whether some new processes at higher ener-
gies open up and also whether elastic scattering at higher

energies may have considerable contribution greater than
that extrapolated from our study.

In addition to presenting the cross section and trans-
port data we show here effects of non-conservative colli-
sions on ion transport (that have been discussed to our
knowledge for the first time for ions in [21]). Due to
non-conservative cross sections that quickly become larger
than the elastic scattering cross section differences be-
tween flux and bulk transport coefficients are quite large —
comparable to the strongest cases observed for electrons,
even positrons. Set S2 does not show such large effects
as the reactive cross sections are smaller and are falling
off with energy but still its non-conservative discrepancy
between bulk and flux properties is significant.

Data for swarm parameters and cross sections for ions
are needed for kinetic, hybrid and fluid codes and it would
be essential to carry out some measurements of ion trans-
port to be able to make these results more accurate. Real-
istic experiments, however, will require somewhat higher
pressures to achieve local hydrodynamic equilibrium and
thus could be prone to cluster formation [36].

In this paper, we showed transport properties for the
O~ in water vapour which are not available in the lit-
erature. These data are needed for modelling in numer-
ous applications where water vapour is often present in
various abundances [9-12,37] thus similar cross sections
for the ions in standard buffer gases would be required
Present results are also of interest for interpretation of
the breakdown mechanisms [7,8,38] and early stages in
the development of the discharges.

This work is partly supported by Ministry of Education, Sci-
ence and Technology of Republic Serbia projects ON171037
and I11410011. Z.Lj.P. is also grateful to the SASA project
F155.
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Abstract:

In this work we select most probable reactions of alkali metal ion Na with
dimethoxyethane (DXE) molecule. Appropriate gas phase enthalpies of formation for the
products were used to calculate scattering cross section as a function of kinetic energy with
Denpoh-Nanbu theory. Calculated cross sections were compared with existing experimental
results obtained by guided ion beam tandem mass spectrometry. Three body association
reactions of ions with DXE is studied and compared to experimental results. Calculated cross
sections were used to obtain transport parameters for alkali metal ion in DXE gas.

Keywords: DXE molecule, Na*, Monte Carlo simulation, Denpoh-Nanbu method.

1. Introduction

Field-assisted sintering technique/Spark plasma sintering (FAST/SPS) is a low
voltage, direct current (DC) pulsed current activated, pressure-assisted sintering and synthesis
technique [1]. It has been widely applied in materials processing in recent years.

Cold plasmas are often used in new technologies where they offer methods for
nonintrusive production or modification of specific substances [2]. Main characteristics of
these plasmas are their high electron temperature and low gas temperature. Dimethoxy-
containing compounds, such as dimethoxyethane (DXE), can be produced from dimethyl
ether by using dielectric barrier discharge (DBD) plasmas containing water vapor at
atmospheric pressure [3]. As clear and colorless liquid at room temperature and atmospheric
pressure, DXE is used as a precursor in production of ceramics [4] or as a sole compound to
make other chemicals such as those used in lithium batteries production [5-8], superconductor
production [9], nanoparticles synthesis [10-12], in etherification [13] etc.

Very limited information exists about processes taking place in these or similar
complex plasmas. Therefore in this study we will analyze transport properties of ions in DXE
gas since ions are not only inducing products of reactions but also large number of radicals.

At atmospheric pressure three body reactions of ions are of increasing complexity for
modeling reaction kinetics. In many modeling cases information about the three body
processes is missing. Denpoh-Nanbu theory (DNT) [14] can be exploited to calculate cross
section sets as a function of the kinetic energy for cases where no or limited information is
available about scattering data [15]. Nikitovi¢ et al. [16] showed how radiative association for
three body reactions can be included into cross section set obtained by DNT. Approach
presented in [16] is compared with existing experimental data for association cross section as
a function of pressure [17] and showed good agreement at energies below few eV. Such
information is of great importance in atmosferic pressure plasmas containing complex
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molecules such as DXE and can be highly valuable in modeling clustering in various plasmas.

In this work we applied the approach of [16] for the case of alkali ions scattering on
DXE molecule since in all reactions studied experimentally [18, 19] the only product that
included alkali ions/atoms is the association complex Li'(DXE) and similarly Na"(DXE) and
K'(DXE). In the following text we will present cross section set for Na” + DXE scattering
which includes association cross section for Na' (DXE) complex. Alkaline metals are of great
interest for possible applications [20].

In this paper we firstly selected the most probable reactions of alkali metal ion Na"
with dimethoxyethane (DXE) molecule (and its most probable products) for thermodynamic
threshold energies below about 15 eV. Appropriate gas phase enthalpies of formation [21] for
the products were used to calculate thermodynamic thresholds.

Although DXE consists of many atoms its dipole moment is negligible, so the
simplest capture theories can be applied. Scattering cross section as a function of kinetic
center of mass energy is calculated with DNT [14, 22]. Calculated cross sections for three
body association reaction of selected ions with DXE were compared with existing
experimental results obtained by guided ion beam tandem mass spectrometry [18].

2. Calculation of the cross section set

The scattering cross sections of alkali ion Na“ on DXE are calculated by using the
DNT [14] separating elastic from reactive collisions. DXE is known not to have dipole
moment in its ground state. The dipole polarizability of 9.94x107°° m® [18] is used for the
DXE target. Similar to our recent papers [23], DN method is used to separate elastic from
reactive endothermic collisions by accounting the thermodynamic threshold energy and
branching ratio according to the Rice-Rampsperger-Kassel (RRK) theory [14]. Within the
RRK theory the internal energy is being distributed among an empirical number of s
equivalent effective modes of the complex selected from the total number of atoms involved
in the complex.

Appropriate gas phase enthalpies of formation for the products [19] (Table I) were
used to calculate thermodynamic thresholds (Table II). The cross-section for the exothermic
reaction (EXO) forming a molecular ion X" in DXE is commonly represented by ion capture
cross-section:

Oexo — B oL, (1)
where o1 is the orbiting cross-section [24] and [ is the probability of a specific exothermic
reaction.

Tab. I Heats of formation at 298 K (kJ/mol).

Species | AH’ Species AH°
Li 159.4 Li" 679.6
Na 107.3 Na' 603.1
K 89 K" 507.8
DXE -340 DXE" 557
C;Hz0, | -364 C;Hg0," 562
C,HO | 793.1 C,HO" 775.4
C,H,O0 | 821.1 C,H,0" -165.8
CH,O -201.6 CH,O" 845.3
CH,O -108.7 CH,0" 940.5
CH,4 -74.5 CH," 1132.0
CcO -110.53 | CO’ 1241.59
H, 0.0 H," 1488.3
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Tab. II X' - DXE reaction paths (X=Li, Na, K) showing reaction products and the
corresponding thermodynamic threshold energies A.

No products A (eV)
Li Na’ K
1 X +DXE 0 0 0
2 X+CH,0, 3.905 4.158 4.9561
3 X + C,H,0,+ CH, 3.793 3.793 3.793
4 X + C3H802+ +CH, 7.999 8.252 9.050
5 X +CH,0, + CHZ+ 8.724 8.977 9.775
6 X + C,HO +CH,+CO 4.513 4.513 4.513
7 X + C2H6O++ CH,+CO 9.147 9.400 10.198
8 X +C,HO + CH2++ CcO 9.444 9.697 10.495
9 X +C,HO +CH,+ co’ 13.135 13.388 14.186
10(EX01) | X + C,H,0+CHO -0.1016 | -0.1016 -0.1016
11 X + C2H4O+ +C,HO 4.7353 4.9882 5.7862
12 X +C,H,0+ CZHéO+ 4.5322 4.7851 5.5831
13(EX02) | X' + C,H,0 +CO -0.2625 | -0.2625 -0.2625
14 X' +CH,0 + C,H,+CO 03811 | 0.3811 0.3811
15 X + CHZ()+ +C,H,+CO 5.8636 6.1165 6.9145
16 X +CH,0 + C2H6+ +CO 6.5145 6.7674 7.5654
17 X +CH,0+C,H + co’ 9.0031 9.256 10.054
18 X +CH,0+C,H,+H,0 0.8620 | 0.8620 | 0.8620
19 X + CH4Q+ +C,H,+H,0 6.3207 6.5736 7.3716
20 X +CH,0 + C3H4++ H,0 5.8305 6.0834 6.8814
21 X +CH,0+CH,+ H20+ 8.0818 8.3347 9.1328
22 X + C,H, +2H,+0, 5.0307 5.0307 5.0307
23 X + C4H6+ +2H, + 0, 9.2012 9.454 10.2521
24 X +CH, + 2Hz+oz+ 15.064 15.317 16.115
25 X +CH, + H2++H2+02 11.716 11.969 12.7674
26(EX03) | x + CH, + C3H6++ 0, -2.4304 | -2.1775 -1.3794
27(EX04) | X + C4H3+ +H,+0, -1.8717 | -1.6189 -0.8208
28(EX035) | X' + C,H, +H,+CO, -1.6376 | -1.6376 -1.6376
29(EX06) | X + C3H6+ +2H,+ CO, -5.7366 | -5.4837 -4.6857

By combining the relation (1) and thermal rate coefficient we determined the
probability of exothermic reaction and the contributions of association cross section and
elastic cross section. In the low energy limit the cross sections are similar due to dominant
polarization of the target. At higher energies reactive collisions including the non-
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conservative collisions become efficient for various possible processes.

Elastic momentum transfer cross section is modified in order to fit approximate
mobility peak characteristic for presented systems. Swarm method [25, 26] is exploited to
modify the cross section for elastic momentum transfer where for reduced mobility in the
peak region (experimental [27] or theoretical values [28]) similarity with ions of equal or
similar reduced mass is targeted. Elastic momentum transfer cross section for elastic
collisions of Na" and DXE is presented in Fig. 1.

—o—DNT
modified

1074 ; ; ; ; . O\%“.
10° 10* 10" 10° 10" 107 10°
Relative collision energy [eV]

Elastic MT cross section [107° m?]

Fig. 1. Elastic momentum transfer cross section as a function of collision energy
for Na" and DXE.

Agreement with experiment is satisfactory for energies below 1 eV. A further step in
all cases will be to add more reactions with multiple radicals that will increase the
thermodynamic threshold and generally increase the number of reactions. This may
potentially improve agreement with experimental data for cross sections for association
reaction.

In all mentioned experimental cases, the cross sections show a clear pressure
dependence, which indicates the occurrence of collision stabilization of complex by
secondary collisions. The effect of secondary collisions can be eliminated completely by
linear extrapolation of the cross section data to zero reactant pressure. The same trend is
easily achieved with theoretical data providing our theoretical cross sections can be exploited
and also used in many other cases.

3. Transport parameters

The transport coefficients include the mean energy, the drift velocity, diffusion
coefficients, ionization and attachment coefficients and chemical reaction coefficients for
ions. Excitation coefficients are also measured but seldom used in modeling.

Swarm parameters as a function of reduced electric field E/N in DC electric fields is
generally applied to plasma modeling and simulations.

We have used a Monte Carlo code that properly takes into account thermal collisions
[29]. The code has passed all the relevant benchmarks and has been tested in our work on
several types of charged particles.

In Fig. 2 we show the mean energy, which cannot be directly measured in
experiments but a map of the mean energy versus E/N may be used directly to provide the
data in fluid models especially when the local field approximation fails.
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—o—DNT
modified

Mean energy [eV]

0.1

1 10 100 1000
E/N [Td]
Fig. 2. Mean energy as a function E/N for Na" ions in DXE gas.
Flux and bulk drift velocities [30-32] as a function of E/N are given in Fig. 3. The

drift velocities obtained by Monte Carlo simulation calculated in real space (bulk) and in
velocity space (flux) values which are obtained as <v> and dx/dt, respectively.

—o—DNT (bulk) ®
—o— DNT (flux) 7

— modified (bulk)

£ 1000 modified (flux)

£

2

] i

8 w0

o

>

=

S -

5 10

1 T T T T MR | T T 1
1 10 100 1000
E/N [Td]

Fig. 3. Flux and bulk drift velocity as a function E/N for Na" ions in DXE gas.

The mobility K of an ion is the quantity defined as the velocity attained by an ion
moving through a gas under the unit electric field. One often exploits the reduced or standard
mobility defined as:

v
K,=—<N, )
‘" N,E
where v, is the drift velocity of the ion, N is the gas density at elevated temperature T and E
is the electric field.
In Fig. 4 we show the results of Monte Carlo simulation for reduced mobility as a

function of E/N. Due to reactive collisions bulk and flux values of reduced mobility are
separated.
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2.25-
2,00 Na" + DXE
*-'m 1.75
> 1504
N
e
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flux (modified)
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Fig. 4. Reduced mobility as a function E/N for Na" ions in DXE gas.

Longitudinal (a) and transversal (b) diffusion coefficients for Na" in DXE as a
function of E/N are shown in Fig. 5. The peak is visible only in the behavior of longitudinal
diffusion coefficients. However, there are no published experimental data for the longitudinal
and transverse diffusion coefficients of Na” in DXE so far.

—o—DNT (ND, bulk)
104 —o—DNT (ND flux) 4
g —— modif. (ND_ bulk)
= —— modif. (ND, flux)
S 1
D_l
pd
0.14
1 10 100 1000
E/N [Td]
a)
—>—DNT (ND, bulk)
193 —<— DNT (ND, flux)
g 1 —— modif. (ND, bulk) '
- —— modif. (ND, flux)
91 14
-
o
zZ
O.l-:
1 10 10 1000
E/N [Td]
b)

Fig. 5. a) Longitudinal and b) transversal diffusion coefficients as a function E/N for Na" ions
in DXE gas.
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4. Conclusion

Cross sections for elastic collisions of Na+ and DXE are calculated using Denpoh-
Nanby theory and modified with help of swarm method. Calculated cross sections are used to
obtain transport parameters for Na" in DXE gas.

Peak for flux reduced mobility values is shifted in energy and intensity with respect
to peak for bulk values.

The cross sections and transport data for technologically very important gas DXE
have been determined by using simple theory. While it is a good basis for modeling it would
be much better to add a data base of measured transport coefficients and then to perform the
analysis again.
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Caopacaj: Y osom pady cmo uzabpanu Hajeeposamuuje peaxyuje 3a jone anikainoe Memana
Na® ca DXE monexyrom. Odzoeapajyhe enmannuje 2aca cy kopuuhene 3a uspauynasaroe
npeceka 3a cyoape y QyHxyuju Kunemuuke enepeuje nomohy Denpoh-Nanbu meopuje.
Hspauynamu npeceyu ynopelenu cy ca nocmojefium excnepumeHmaniHum pe3yimamuma
Ooobujenum nomohy mandem macene cnekmpomempuje jouckux cHonosa. Mcnumana je

acoyuj

amuena peaxyuja mpu mena 3a jone ca DXE u ynopehena je ca exchepumenmanHum

pesyamamuma. Hspauynamu npeceyu cy xKopuwhenu 3a Oobujarbe MPAHCHOPHIHUX
napamemapa 3a jone ankanroz memana y DXE 2acy.
Kwyune peuu: DXE monexyn, Na', Monme Kapno cumynayuje, Denpoh-Nanbu memoo
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In this work we present electron transport coefficients for electrons in Ar/H, mixtures for the conditions used
in plasma assisted technologies for semiconductor production i.e. in moderate to very high reduced electric field
E/N (E — electric field, N — gas density). We used a two term numerical solution of the Boltzmann equation
at the lowest E/N and mean energies and also Monte Carlo simulation technique at moderate and high E/N. We
show that a good agreement with experimental data exists for low and moderate E/N and that based on the tests
for pure Hy and Ar we can model properly the high E/N development. Results were obtained for abundances of
Hs from 1% to 50%. Such data are required to test the sets of cross-section data which are necessary in kinetic
models for this mixture and also to produce transport coefficients for fluid models. Hydrogen is used for etching of
organic compounds, most importantly low k dielectrics, at the same time argon as a buffer gas is added to control
the mean energy and distribution function. Besides, operation at high F/N allows the generation of fast neutrals

for charging free etching on nanometer scales.

DOI: [10.12693 /APhysPolA.123.73
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1. Introduction

In a number of technologies argon is a typical buffer gas
which allows control of electron temperature (mean en-
ergy may be quite high and one may support the selected
processes with high threshold). Mixtures with hydrogen
in rf plasmas may be useful for ashing of photoresists
in microelectronic processing, but may also be used in a
broader range of procedures.

In this paper we study the kinetics of electrons at E/N
by using Monte Carlo simulations that have been well
tested for similar discharges in Ar, Hy, and No. We focus
on a special role that electrons have in plasmas and at
high E//N discharges, leaving out heavy particle collisions
which will be dealt with separately. Another motivation
is to provide the transport data for the electrons in the
mixtures of Ar and Hy for modeling of such plasmas and
also to point out the need to employ a more detailed
kinetic modeling in sheath regions. These results can
be used as the basis for modeling of anomalously broad-
ened Doppler profiles which are particularly pronounced
in Ar—H, mixtures [1], fast neutral plasma etchers for or-
ganic dielectrics and the whole range of plasma ashing/
cleaning devices.

2. The Monte Carlo technique

A swarm is an ensemble of particles which move as a
collective, do not interact mutually, and their motion is
determined only by collisions with the atoms or molecules
of the gas through which they move and the possibly
present electric field. The behaviour of a swarm of elec-
trons moving through a neutral gas can be described by
transport coefficients. The basic transport coefficients

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

are the drift velocity, the diffusion coefficient, the char-
acteristic energy and the coefficients for ionisation and
attachment.

Transport coefficients are measured for two reasons:
because of possible direct use of these results in the anal-
ysis of experiments or modelling, and also because of the
determination of the cross section for scattering.

Determination of cross-sections is a complex process
consisting of several steps [2]. The first step is collect-
ing sets of maximally precise experimental data (w — the
drift velocity, eD;/u — the characteristic energy, the ion-
isation, excitation and coefficient of capture) for a wide
range of F/N values. The range of cross-section energies
to be covered depends on the width of the range E/N.

In the following step a test set of cross-sections is de-
fined. One chooses a complete set of cross-sections for all
processes which exist in the energy range from 0 eV to the
energy 10 times higher than the maximum mean energy
of the electrons. This set is based on the best possible
results obtained in experiments with swarms or crossed
beams, and in theoretical calculations. It is necessary to
know the characteristics of the components, the energy
limits of the cross-sections and which cross-sections are
tied.

Transport coefficients are obtained by using a two term
approximation (TTA) to the electron Boltzmann equa-
tion [3] and by Monte Carlo simulations [4, 5] (MCS).
The TTA technique is very frequently used in plasma
modeling in spite of its limited accuracy [6].

We use the argon cross-sections from our calculations
for argon electron (and ion) swarms [7]. For hydrogen
we use the data defined in the data base of Petrovié
and Phelps [8]. Both sets are based on accurate low en-
ergy cross-sections that were tested aginst the best swarm
data at low E/N and have been tested against the emis-
sion profiles at high E/N and energy distribution func-
tions. Thus there is no reason to question the application
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of such set for the mixture of two gases covering similar
energies.

3. Discussion and results

In Fig. 1 we show the electron energy distribution
function (EEDF) for the mixture of Ar and a small yet
variable percentage of Ho for the reduced electric field
E/N = 10 Td. This example shows that the effect of
hydrogen addition from 1% to 50% reduces number of
electrons in 10 eV energy group by two orders of magni-
tude. The shape of the EEDF changes considerably and
the highest energy electrons are depleted as hydrogen is
added.

1% 10% —-=--30%
S o5 ==== 15% s 50 %
——-- 20%\ pureH2

10'3—5
R 4
EIO 3
[z
A
M
/1074
10° :
107 1 — " .
0 5 10 15
Energy [eV]
Fig. 1. EEDF obtained by MCS for a broad range of

the Ar/Hy mixtures where the parameter is taken as a
percentage composition of hydrogen in the mixture.

Figure 2 shows electron drift velocity in the mixture
Ar/H, as a function of E/N. Even a smallest addition
of Hy completely changes the shape of the drift veloc-
ity and induces effect of negative differential conductiv-
ity (NDC). The range of NDC is, however, reduced by a
further increase of hydrogen concentration and is even-
tually lost beyond 15% of added hydrogen. In drift ve-
locity plots we have also used the ELENDIF code [3]
to calculate drift velocity at lower energies where the
Monte Carlo simulation becomes inefficient (for higher
H, abundances lower energies extend to higher E/N).
Agreement with the experimental results of Engelhardt
and Phelps [9] (EXP) confirms that a well-chosen set of
sections is used to describe the behaviour of electrons in
Ar/H, mixtures.

In Fig. 3 we show the mean energy of electrons in the
mixture Ar/H, as a function of E/N. These results were
obtained by the Monte Carlo code when Hs is present
from 1-20%.

—— MCS(bulk) H
1077 = e e e MCS(flux)
A, S, > EXP
—-—--TWO TERM

Drift velocity [cm/s]

—_
(=)
G
1

E/N[Td]

Fig. 2. Electron drift velocity for the mixture of Ar
and Hz. Experimental values for pure Hy are from Dut-
ton [10].

1 Ar/H, /

S

9,

>

2 /

Q = =MCS(pure H2)

@ 1 e MCS(Ar/H2[20%])
c /=== MCS(A/H2[15%])
) —— MCS(Ar/H2[10 %])
= 7 ——MCS(Ar/H2[5 %])

MCS(AVH2[3 %])
MCS(AVH2[1 %])

7 ——MCS(Ar/H2[0.5 %])
/ — = MCS(Ar/H2[0.1 %])
1
E/N[Td]
Fig. 3. Mean electron energy for the mixture of Ar
and H2.

There are notable changes in energy due to adding a
secondary maximum hydrogen at lower E/N, where the
influence of inelastic losses of electrons in collisions with
hydrogen greatest.

The resulting transport coefficients are in agreement
with existing experimental results, confirming that the
effective scattering cross-section set which we have cho-
sen can be used as a basis for modeling non-equilibrium
conditions in the Ar/Hy mixture gas discharges.

4. Conclusion

In this paper we show calculated electronic trans-
port coefficients for the Ar/Hs mixture under conditions
where the dominant influence is exercised in the collisions
of electrons with Ar and in conditions in which the influ-
ence of Hy [11, 12] is significant. The resulting transport
coefficients are in agreement with existing experimental
results. We confirmed that the set of effective scattering
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cross-section we have chosen can be used as a basis for
modeling non-equilibrium regions in the gas discharges
with Ar/Hs mixture.
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We present the new results for the simple scattering cross-section set and proposed transport coefficients for

F-

ions in F2 that can be used in such models. Nanbu’s theory based on thermodynamic threshold energies and

separating elastic and reactive collisions is used to calculate cross-sections for binary collisions of ions with atoms
and molecules. Direct MC method is applied to obtain swarm parameters at temperature of 7' = 300 K.

DOI: 10.12693/APhysPolA.125.46
PACS 51.10.+y, 52.20.Hv, 52.65.Pp, 52.77.—j

1. Introduction

The goal of this work is to present data for modeling of
complex low temperature collisional plasmas containing
F~ ions by using a global [1-3] and other plasma models.
The negative halogen ions are abundant in various forms
of nonequilibrium plasmas relevant to applications such
as excimer lasers [4, 5] and electrical discharges, biomed-
ical devices, nanotechnologies and in radiation chemistry
in the atmosphere. For example, it is experimentally
found that negative ions are effective for increasing the
etch rate and improving the etch profile [6]. F~ ions are
also unavoidable part of production of ¢BN films [7].

For example, F5 may be produced in pulsed plasma im-
plantation system that is the basis for establishing doping
of integrated components. In such a system it is neces-
sary to create uniform plasma over the entire wafer that
could be more than 500 mm wide. To achieve such a goal
one needs to understand a number of processes of par-
ticles interacting with either gas molecules or surfaces.
Time resolved measurements of ion energy distributions
in the cathode boundary [8] indicated a possible role of
charge-transfer collisions between singly charged ions of
various masses.

In this paper we study the energy dependent scattering
and transport processes for F~ ions in Fs gas.

2. Monte Carlo technique
and the cross-section data

The cross-sections for scattering of F~ on Fy molecule
are calculated by using Nanbu’s theory [9, 10] that
within same framework treats elastic and reactive en-
dothermic collisions. In Nanbu’s theory reactive colli-
sion is treated by accounting for thermodynamic thresh-
old energy and branching ratio according to the Rice-
Rampsperger-Kassel (RRK) theory [9]. In the RRK
theory of uni-molecular reaction rates excited molecular

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

(46)

complex is treated as excited activated complex where in-
ternal energy is distributed among equivalent oscillators-
-vibrational modes of the complex.

Our procedure is a direct implementation of this the-
ory and approximation. We have used value 1.2611 X
10739 m3, for polarizability of F5 recommended by Spels-
berg and Meyer [11], ionization potentials for Fo and F~
from [12] and the bond values between atoms in Ref. [13].
One is usually applying procedure where unfolding the
cross-sections is coming from the measured transport co-
efficients and thermo-chemical data known from a sepa-
rate drift tube and other experiments. According to our
knowledge no such data are available.

In Monte Carlo (MC) technique used in this study col-
lision frequency in case of thermal collisions of a test ion
particle is not calculated by MC integration technique
[14] but by using piecewise calculation [15]. That method
is based on assumption that most cross-sections are de-
fined numerically at limited number of points with linear
interpolation for mid points.

The MC technique was applied to perform calculations
of transport parameters as well as rate coefficients in DC
electric fields. In this paper we have used a MC code that
properly takes into account the thermal collisions [15].
The code has passed all the tests and the benchmarks
that were covered in our earlier studies [15, 16]. For ex-
ample the distinction should be made between [17, 18]
the so called bulk (b) and flux (f) transport properties
such as drift velocity

d n n
’l’b:E;ﬁ'; vf:;vi. (1)

3. Discussion and results

In Fig. 1 we show calculated cross-sections for F ~ scat-
tering on Fa. Cross-section for charge transfer (CT) pro-
ducing F5 ion measured by Chupka et al. [19] is shown
in the same figure.

Transport parameters were calculated for the room gas
temperature of T = 300 K. The rate for CT with its low
threshold of 0.39 eV overlaps with the thermal distri-
bution function of participants in a collision and thus a
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Fig. 1. Cross-section set for F~ ions in F3. Open cir-

cles denote the data of Chupka et al. [19] placed on
absolute scale by assuming maximum value as obtained
by Nanbu’s theory.

plateau exists at low E/N. The value of the plateau is
very low but it increases rapidly as the temperature of
the gas is increased.

The temperature for the most part does not affect elas-
tic scattering as the total cross-section does not depart
much from the cross-section consistent with the constant
collision frequency.

As for the rates of inelastic processes the temperature
makes a small, hardly observable, effect as the thresholds
are considerably higher than the thermal energy.

— MCS (bulk)
2 ——— MCS (flux)
1000+
= ]
‘©
o
o
>
-— 2
a
100 4
10 100
E/N [Td]
Fig. 2. Flux and bulk values of drift velocity for F~

ions in Fy as a function of E/N.

Flux and bulk drift velocities [20, 18, 21] as a function
of E/N are given in Fig. 2. The drift velocities obtained
by MC simulation were calculated in real space (bulk)
and in velocity space (flux) values which are obtained as
(v) and dz/dt, respectively. In most plasma assisted ap-
plications exploiting low temperature conditions the drift
velocities are not affected by the gas temperature and ion
mobility is almost constant. Yet we observe effect of reac-

tive collisions affecting the splitting of flux and bulk drift
velocity components above 40 Td (1 Td = 10721 V m?).
Since accuracy of the ion implantation model is based on
the precise determination of the flux and ion velocities
at the surface of the electrode, then the difference be-
tween bulk and flux drift velocity represents the error in
flux calculations. The first mention of non-conservative
effects in ion transport was given in [12].

Longitudinal and transverse bulk diffusion coefficients
for F~ ions in Fy as a function E/N are shown in Fig. 3.
They are necessary in modeling ionic diffusion losses in
global models [3]. Let us note that difference between
flux and bulk values of diffusion coefficients since having
the same origin have the same initial value as drift ve-
locities. There are no published experimental data for
the longitudinal and transverse diffusion coefficients of
F~ in Fs.

1000—§ O};’
] d
1 d
':m 100_? — ?/
.E ] . DL
a ] )
Z 1 /
14 -
j o F+E,
091 T T T LI | T T T
1 100 1000
E/N [Td]
Fig. 3. The diffusion coefficients for F~ ions in Fo

obtained by MC simulation as a function of E/N at
T =300 K.

From the modeler’s point of view, specifically for pur-
pose of modeling a specific application, distinguishing
between flux and bulk transport coefficients affects ac-
curacy of numerical calculations [22].

4. Conclusion

The cross-sections for scattering of F~ ions on molecule
are calculated by using Nanbu’s theory [9] separating
elastic from reactive collisions.

Monte Carlo technique was applied to carry out calcu-
lations of the drift velocity and diffusion coefficients as a
function of reduced electric field in DC electric fields.

The cross-sections and transport data for technologi-
cally very important gas Fo have been determined by us-
ing simple theory. While it is a good basis for modeling
it would be much better to add a data base of measured
transport coefficients and then to perform the analysis
again.
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1. Introduction

F~ ions are abundant in plasmas relevant for a wide
range of applications. Knowledge of the plasma chem-
istry and behavior of the negative ions in the plasmas is
thus a key to control plasma processing devices. Addi-
tionally, the recent progress of discharge modeling and
simulation have made contributions to a deeper under-
standing of the discharge phenomena and to the opti-
mization of reactor design or operating conditions. Boron
dopant penetration in silicon is technologically achieved
by DC pulsed plasma system (PLAD) most widely ap-
plying BF3 gas [1, 2]. Uniform plasma and implantation
with normal ion incidence are the main goals in this tech-
nological process. Control over the number density of
negative ions, in such a case being F~ and BF , increase
efficiency of implantation. Modeling of such plasmas re-
quires knowledge of transport parameters of all abundant
particles [3].

In this work, we employ the Nanbu theory [4] to calcu-
late transport cross-section set for F~ ions scattering on
BF3 molecule appropriate for low energies of F~ ions. By
using Monte Carlo technique of Ristivojevié¢ and Petro-
vi¢ [5] we calculated transport parameters as a function
of E/N (E — electric field, N — gas density).

2. Calculation of the cross-section set

According to the Nanbu theory elastic and reactive
endothermic collisions are separated and treated by ac-
counting for the thermodynamic threshold energy and
branching ratio according to the Rice—Rampsperger—
Kassel (RRK) theory [4]. Within the RRK theory an
excited molecular complex is treated as excited activated
complex where the internal energy is distributed among
s equivalent vibrational modes of the complex.

Accounting for long range polarisation forces we ex-
ploited polarizability of 3.31 x 103° m? for BF3 [6]. For

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

F~ 4 BF3 system characteristic low energy reactive chan-
nels are shown in Table.

The cross-section for exothermic reaction (EXO) form-
ing a super halogen molecular ion BF; is commonly rep-
resented by ion capture cross-section:

Oexo = B0, (1)
where oy, is the orbiting cross-section [7] and S is the
probability of a specific exothermic reaction. It is also
known that stabilization of the excited activated complex
proceeds either radiatively or collisionally [8] for reaction
EXO in Table. at room temperatures and pressures of
about 0.5 Torr (67 Pa). Similar situation appears in the
case where BF energies from the surface sputtering of
cluster BF3 ions [9]. In Ref. [8] Herd and Babcock con-
cluded that magnitudes of collisional stabilization, radia-
tive stabilization, and unimolecular decomposition back
to initial reactants are comparable in these conditions.
Since non-associative reactions share the same collisional
complex the total probability of all selected reactions
equals 1, so one can account cross-section for exother-
mic reaction as geyxo = $0eg, Where 3 is selected to define
elastic cross-section contribution as g, = (1 — 8)0en- Teo
is the elastic cross-section (EL) obtained by Nanbu the-
ory for endothermic reactions. Now one can determine
B by calculating rate coefficient for association reaction
and comparing with experimental data.

TABLE

F~-BF;3 reaction paths considered in the model and the
corresponding thermodynamic threshold energies A.

No Reaction path A [eV]
1 F, +BF, (CT) 5.6 [13]
2 F~+BF; + e~ (DET) —-3.4012 [14]
3 BF,; EXO) +3.58 [12]

Thermal rate coefficient for association reaction 3
(Table) is determined experimentally by Babcock and
Streit [10] by flowing afterglow technique and has a value
9.4 x 10~ cm3/molecule/s for T = 300 K. By com-
bining the relation (1) and thermal rate coefficient we
determined the probability of exothermic reaction and

(724)
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thus contributions of association cross-section (EXO) and
elastic cross-section (EL) (Fig. 1). In the low energy
limit the cross-sections are similar due to dominant po-
larization of the target. At higher energies reactive col-
lisions including the nonconservative collisions become
efficient for different possible processes.

mz]

-20

14

Cross section [10

0.14

0.1

1 10
CMS energy [eV]

Fig. 1. Cross section set for F~ ions in BF3.

3. Transport parameters

The transport coefficients include the drift velocity, dif-
fusion coefficients, ionization and attachment coefficients
and chemical reaction coefficients for ions [3]. Excitation
coefficients are also measured but seldom used in model-
ing.

Swarm parameters are generally applied to plasma
modeling and simulations. At the same time, the non-
equilibrium regime in discharges is well represented un-
der a broad range of conditions by using the Boltzmann
equation with collisional operator representing only bi-
nary collisions.

In this work a Monte Carlo simulation technique for ion
transport that accounts for finite gas temperature of the
background gas particles [5] is used to calculate swarm
parameters of F~ ions in gas for temperature T' = 300 K.

The critical review of experimentally obtained trans-
port properties of gaseous halogen ions is presented
in [11].

In Fig. 2 we show characteristic energies (diffusion co-
efficient normalized by mobility D/K in units eV) longi-
tudinal (L) and transverse (T) to the direction of electric
field. We also show the mean energy, which cannot be
directly measured in experiments but a map of mean en-
ergy versus /N may be used directly to provide the data
in fluid models especially when local field approximation
fails. As visible in the figure the energy increases from
10 Td.

The mobility K of an ion is the quantity defined as
the velocity attained by an ion moving through a gas
under unit electric field. One often exploits the reduced

—eD /K /’
——eD/K /
----- mean energy

Ll
~

0.1

Mean energy, eD/K [eV]

001 T
1 1

0
E/N [Td]

100 1000

Fig. 2. Mean and characteristic energy of F~ ions in
BF3 as a function of E/N.
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> 175/ 3
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Fig. 3. Reduced mobility of F~ ions in BF3 as a func-
tion of E/N.

——ND, bulk
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o0 1000

0 1
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Fig. 4. The diffusion coeflicients for F~ ions in BF3
gas as a function of E/N at T' = 300 K.
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or standard mobility defined as:
Ud
KO - N() NE> (2)
where vy is the drift velocity of the ion, IV is the gas
density at elevated temperature T', F is the electric field.

In Fig. 3 we show the results of Monte Carlo simu-
lation for reduced mobility as a function of E/N. Non-
conservative collisions of F ~ ions producing BF ions are
only slightly modifying mobility curve obtained for two
values of parameter 3.

Longitudinal and transverse bulk and flux diffusion co-
efficients for F~ ions in BF3 as a function of F/N are
shown in Fig. 4. Note that the difference between flux
and bulk values of diffusion coefficients which have the
same origin have the same initial value as drift veloci-
ties. There are no published experimental data for the
longitudinal and transverse diffusion coefficients of F~
in BF;.

4. Conclusion

In this paper we show predictions for the low energy
cross-sections and transport coefficients of negative F~
ions in BF3 which did not exist in literature.

Monte Carlo technique was applied to carry out cal-
culations of the mean energy, drift velocity and diffusion
coefficients as a function of reduced electric field in DC
electric fields.

In Monte Carlo technique used in presented study col-
lision frequency in case of thermal collisions of a test
ion particle is not calculated by Monte Carlo integration
technique [15] but by using piecewise calculation [16].
The piecewise calculation is based on assumption that
most cross-sections are defined numerically at limited
number of points with linear interpolation for mid points.

The cross-section set have been determined by using a
simple theory and transport data for gas BF 3, which is
technologically very important. There results are a good
base for modeling, but it could be further improved by
adding a data base of the measured values of transport
coefficients and then perform the analysis again.
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Transport parameters of F~ ions in mixtures Ar/BF3 in DC fields were calculated using Monte Carlo simulation
technique assuming the scattering cross-section set assembled on the basis of Nanbu’s technique separating elastic
from reactive collisions. In this work we present characteristic energy and rate coefficients for low and moderate
reduced electric fields E/N (N — gas density) and account for the non-conservative collisions.
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1. Introduction

Negative ions are abundant in plasmas containing flu-
orine molecules and which are also relevant for a wide
range of applications. One should bear in mind that
electron affinity of F atom is the largest of all atoms and
also that electronegative plasmas containing F ~ ions are
highly reactive. Knowledge of the plasma chemistry and
behavior of negative ions in plasmas is thus necessary
in order to model plasma processing devices. Addition-
ally, recent progress of discharge modeling and simulation
has made contributions to a deeper understanding of the
discharge phenomena and to the optimization of reactor
design or finding operating conditions.

Plasma enhanced chemical vapour deposition
(PECVD) using BFj3 gas is successfully used for
the synthesis of cubic boron nitride (cBN) films with
extreme properties similar to diamond. In a dominant
fluorine environment low pressure PECVD [1, 2] pro-
duces the low energy negative ions [3] that affect the
chemistry near the surface. The large gaps in under-
standing of chemical kinetics relevant to the ion—-BF3
collisions make the progress in the synthesis of cBN films
almost empirical. BFj3 gas is also a working medium
in neutron detectors [4] where electron—ion pairs are
produced in neutron encounters. The signal detected
due to ion transport produces false counts that should
be avoided. In order to trace such signals, cross-sections
and rate coefficients are needed for ion transport.

2. Monte Carlo technique

The cross-sections for scattering of BF; ions on Ar
and BF3, and for F~ ions on BFj3 are calculated by using
Nanbu’s theory [5, 6] separating elastic from detachment
collisions. The cross-sections for F~ on Ar [7] are used to
calculate rate coefficients for detachment. The dipole po-
larizability of 3.31 x 10730 m? [8] and 1.64 x 1073 m? [9]
is used for BF3 and Ar target, respectively.

Similar to our recent papers [10, 11] Nanbu’s theory
is used to separate elastic from reactive endothermic

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

collisions by accounting for the thermodynamic thresh-
old energy and branching ratio according to the Rice—
Rampsperger-Kassel (RRK) theory [5]. Within the RRK
theory internal energy is being distributed among empiri-
cal number of s equivalent effective modes of the complex
selected from the total number of atoms involved in the
complex.

The cross-section for exothermic reaction (EXO) form-
ing a super halogen molecular ion BF is commonly rep-
resented by ion capture cross-section

Oexo = BUL7 (1)
where oy, is the orbiting cross-section [12] and 3 is the
probability of a specific exothermic reaction. When re-
active processes come into play, according to Nanbu’s
theory elastic collisions are competing with reactive col-
lisions and as a consequence none of cross-sections is
following Langevin’s cross-section energy dependence.
Monte Carlo technique of Ristivojevi¢ and Petrovié [13] is

used to calculate the transport parameters as a function
of E/N.

3. Transport coefficients

A correct approach to obtain transport parameters of
higher accuracy would be to follow the solutions of quan-
tum mechanical generalization of the Boltzmann equa-
tion than to include the effects of inelastic collisions and
internal energy states [14, 15]. The Monte Carlo simula-
tion methods are generally built around the same initial
principles as the related kinetic equations. In this work
we apply the Monte Carlo simulation designed for swarm
particles [16].

The calculated transport coefficients are the drift
velocity, diffusion coefficients, ionization and attach-
ment coefficients, and chemical reaction coefficients for
ions [17]. Excitation coefficients are also measured but
seldom used in modeling.

Swarm parameters are generally applied to plasma
modeling and simulations. At the same time, the non-
equilibrium regime in discharges is well represented under
a broad range of conditions by using the Boltzmann equa-
tion with the collision operator representing only binary
collisions.

In this work a Monte Carlo simulation technique for ion
transport that accounts for finite gas temperature of the
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background gas particles [13] is used to calculate swarm
parameters of F~ ions in gas for temperature T' = 300 K.

Apart from mobility data for F~ in Ar [18], other trans-
port parameters for F~ were measured neither for Ar nor
for BF;.

10'9
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Fig. 1. Mean and characteristic energies of F~ ions in
Ar/BF3 mixtures as a function of E/N.
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Fig. 2. Rate coefficients for F~ ions in Ar/BF3 mix-

tures as a function of E/N.

In Fig. 1 we show the characteristic energies (diffusion
coefficient normalized by mobility D/K in units of eV)
longitudinal (L) and transverse (T) to the direction of
electric field. We also show the mean energy, which can-
not be directly measured in experiments but a map of the
mean energy versus E/N may be used directly to pro-
vide the data in fluid models especially when local field
approximation fails. As visible in Fig. 1 the mean energy
and the characteristic energies increase from about 20 Td.

In order to test the Monte Carlo code [13] for the
case of mixtures we calculated mean energy and char-
acteristic energy at lowest E/N. Obtained values for all
mixtures converged exactly to the thermal mean energy
(3/2)kT = 0.038778 eV and the thermal eD/K = kT i.e.
to 0.025852 €V (longitudinal (D = Di,) and transverse
(D = D) diffusion coeflicients) as expected.

Calculated rate coefficients for processes are presented
in Fig. 2. Rate coefficients are important for applica-
tions of the global model to Ar/BF3 mixtures. We are
presenting rate coefficients for charge transfer (CT), elas-
tic scattering of F~ in Ar, elastic scattering of F~ in
BF3, and total loss of F~ for (a) 80% Ar + 20%BF3 and
(b) 20% Ar + 80%BFs.

Transversal diffusion coefficients for F~ ions in Ar/BF;
mixtures as a function of E/N are shown in Fig. 3. Note
that the difference between the flux and bulk values of dif-
fusion coefficients, which have the same origin, have the
same initial value as drift velocities. There are no pub-
lished experimental data for the longitudinal and trans-
verse diffusion coefficients of F~ in Ar/BF3.

10"
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> 100_: —,thF3
‘2‘ 3
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~
[
A
1071-:
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107 +——rrrry ——rr ———rrry
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Fig. 3. The transversal diffusion coefficients for

F~ ions in Ar/BF3 mixtures as a function of E/N.

4. Conclusion

In this paper we show transport properties for the F~
in mixtures Ar/BF3 which do not exist in the literature.
The complete cross-section set has been determined by
extending Nanbu’s theory.

The results are believed to be a good base for modeling,
which could be further improved when measured values of
transport coefficients become available and then perform
the analysis again.



1636 Z. Nikitovié, V. Stojanovié, Z. Raspopovié

Acknowledgments

Results obtained in the Laboratory of Gaseous Elec-
tronics, Institute of Physics, University of Belgrade un-
der the auspices of the Ministry of Education, Science
and Technology, Projects No. 171037 and 410011.

References

[1] H.Yamamoto, S. Matsumoto, K. Okada, J. Yu, K. Hi-
rakuri, Diam. Relat. Mater. 15, 1357 (2006).

[2] W. Zhang, I. Bello, Y. Lifshitz, K. Chan, X. Meng,
Y. Wu, C. Chan, S-T. Lee, Adv. Mater. 16, 1405
(2004).

[3] S.J. Choi, M. Kushner, J. Appl. Phys. 74, 853
(1993).

[4] M. Padalakshmi, A.M. Shaikh, J. Pramana Phys.
71, 1177 (2008).

[6] K. Denpoh, K. Nanbu, J. Vac. Sci. Technol. A 16,
1201 (1998).

[6] Z.Lj. Petrovi¢, Z.M. Raspopovi¢, V.D. Sto-
janovié, J.V. Jovanovié, G. Malovié, T. Makabe,
J. De Urquijo, Appl. Surf. Sci. 253, 6619 (2007).

[7] J. Jovanovi¢, Z.Lj. Petrovié, J. Phys. Conf. Ser.
162, 012004 (2009).

[8] C. Szmytkowski, M. Piotrowicz, A. Domaracka,
L. Klosowski, E. Ptasinska-Denga, G. Kasperski,
J. Chem. Phys. 121, 1790 (2004).

[9]

[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]

E.W. Mc Daniel, Atomic Collisions-Flectron and
Photon Projectiles, Wiley, New York 1989.

V.D. Stojanovi¢, Z.M. Raspopovi¢, J.V. Jovanovi¢,
S.B. Radovanov, Z.D. Nikitovié, Z.Lj. Petrovié¢, Nucl.
Instrum. Methods Phys. Res. B 279, 151 (2012).

V. Stojanovi¢, Z. Nikitovi¢, Z. Raspopovi¢, J. Jo-
vanovi¢, Acta Phys. Pol. A 125, 46 (2014).

E.W. McDaniel, V. Cermak, A. Dalgarno, E.E. Fer-
guson, L. Friedman, Ion—-Molecule Reactions, Wiley—
Interscience, New York 1970.

Z. Ristivojevi¢, Z. Petrovi¢, Plasma Sources Sci.
Technol. 21, 035001 (2012).

K. Kumar, Aust. J. Phys. 33, 449 (1980).

L.A. Viehland, Y. Chang, Mol. Phys. 110, 259
(2012).

K. Kumar, H.R. Skullerud, R.E. Robson, Aust. J.
Phys. 33, 343 (1980).

Z.Lj. Petrovi¢, S. Dujko, D. Mari¢, G. Malovi¢,
Z. Nikitovi¢, O. Sasi¢, J. Jovanovié, V. Stojanovié,
M. Radmilovié-Radjenovié¢, J. Phys. D Appl. Phys.
42, 194002 (2009).

L.A. Viehland, E.A. Mason, At. Data Nucl. Data
Tables 60, 37 (1995).


http://dx.doi.org/10.1016/j.diamond.2005.10.007
http://dx.doi.org/10.1002/adma.200306658
http://dx.doi.org/10.1002/adma.200306658
http://dx.doi.org/10.1063/1.354877
http://dx.doi.org/10.1063/1.354877
http://dx.doi.org/10.1116/1.581259
http://dx.doi.org/10.1116/1.581259
http://dx.doi.org/10.1016/j.apsusc.2007.02.005
http://iopscience.iop.org/1742-6596/162/1/012004
http://iopscience.iop.org/1742-6596/162/1/012004
http://dx.doi.org/10.1063/1.1766297
http://dx.doi.org/10.1016/j.nimb.2011.10.052
http://dx.doi.org/10.1016/j.nimb.2011.10.052
http://dx.doi.org/10.12693/APhysPolA.125.46
http://dx.doi.org/10.1088/0963-0252/21/3/035001
http://dx.doi.org/10.1088/0963-0252/21/3/035001
http://dx.doi.org/10.1071/PH800449b
http://dx.doi.org/10.1080/00268976.2011.575407
http://dx.doi.org/10.1080/00268976.2011.575407
http://dx.doi.org/10.1071/PH800343b
http://dx.doi.org/10.1071/PH800343b
http://dx.doi.org/10.1088/0022-3727/42/19/194002
http://dx.doi.org/10.1088/0022-3727/42/19/194002
http://dx.doi.org/10.1006/adnd.1995.1004
http://dx.doi.org/10.1006/adnd.1995.1004

Vol. 130 (2016)

ACTA PHYSICA POLONICA A

No. 6

Cross-Section and Transport Parameters of Ne™ in CFy

Z. NIKITOVIC*, V. STOJANOVIC AND Z. RASPOPOVIC
Institute of Physics, University of Belgrade, POB 68, 11080 Belgrade, Serbia

(Received July 27, 2016; in final form October 17, 2016)

A cross-section set for scattering Ne™ ions in CFy is assessed by using available experimental data for charge
transfer cross-sections. In this paper we present new results for the mean energy, reduced mobility and diffusion co-
efficients for low and moderate reduced electric fields E/N (N — gas density) and account for the non-conservative
collisions. The Monte Carlo method is used to calculate transport properties of Ne™ ions in CF4 at temperature

of T'=300 K.
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1. Introduction

Charge transfer reactions of ions with molecules are
unavoidable elementary processes in modeling kinetics in
terrestrial, industrial, and astrophysical plasmas in dark
matter detection [1]. Motivational factors for this study
are identified and this paper reports on a topic important
both for fundamental studies and for applications.

Tetrafluoromethane or CF4 molecule which has widely
been used in aluminium manufacturing and semicon-
ductor industries has an extremely long life time
(= 50000 years) and the highest atmospheric abundance
of all perfluorocarbons [2]|. It is, therefore, very impor-
tant to develop replacing materials or methods to decom-
pose efficiently CF,4 molecules in order to reduce man-
made greenhouse gases.

Line spectra of excited atoms obtained in spectro-
metric measurements in CF, indicate that the charge
transfer reaction is dominant process in collisions with
inert gas ions. In selected cases charge transfer cross-
sections is representing the most significant part of a
cross-section set.

The cross-section data for dissociative excitation of
CF4 [3] are essential in estimating the degree of impor-
tance of many related processes. In this work we assessed
cross-section set for Ne™ in CF4 by using existing exper-
imental data [4] for charge transfer collisions producing
radical ions of CFjy.

Since no direct information is found in the literature
how mobility of high recombination energy ions such
as Net ions behaves in CF, we also calculated trans-
port parameters by using the Monte Carlo simulation
technique [5].

2. Cross-section set

The experimentally measured reaction cross-sections
presented by Fisher et al. [4] were extrapolated toward
lowest energies according to Langevin’s cross-section
trend (curves with labels CF+, CFJ, CF5) and shown

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

in Fig. 1. These curves were used to determine the elas-
tic momentum transfer cross-section (“EL” in Fig. 1) as-
suming the total momentum transfer cross-section o,
is known. At low energies less than 1 eV we assumed
that oy, is Langevin’s cross-section and elastic momen-
tum transfer cross-section is determined by deducing all
reactive cross-sections.

Ne' + CF,

20 2
G ~26 107 m

PRI

& LANGEVIN

Cross sections [10']6 sz]

-
o
[N}

T T T
10" 10° 107 10" 10° 10' 10° 10°
Relative energy [eV]

Fig. 1. Cross-section set for Net + CF4.

The Langevin cross-section was determined by using
the polarizability of the gas. The average polarizabil-
ity of CF4 is not well established [4] and may produce
discrepancy for calculated mobility of ions in CFy [6, 7]
and thus affect plasma parameters prediction in model-
ing. We adopted value of 3.86 x 1073° m3 used by Sto-
janovié et al. [6] who found excellent agreement between
experimental and calculated mobility of CF3 ions drift-
ing in CFy gas. Extrapolation of the elastic momentum
transfer cross-section trend beyond crossing point (see
vertical arrow in Fig. 1) of the Langevin and hard sphere
(ons, see dash-dot-dot line in Fig. 1) cross-section [1] is
done by smoothly connecting to 1/v3 trend [8] where v is
the center-of-mass velocity (see Fig. 1).

At all ion kinetic energies above 50 eV reactive cross-
sections are extrapolated by constant values taking into
account measured ratio of reactive cross-sections at high
energies [9].

(1343)
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The effects of various extrapolations (short dot-dashed
and dashed line in Fig. 1) of unusual behavior at low en-
ergy, observed for measurements of the cross-section lead-
ing to formation of CF; (where irrespective of the Ne*t
spin state exothermic behavior of reaction is expected) is
found negligible on mobility.

3. Transport parameters

The Monte Carlo technique was applied to perform
calculations of transport parameters. Information about
the cross-sections is used during the integration of the
collision frequency to get kinematics after the collisions.
By using the statistical methods transport parameters
(mean energy, drift velocity and diffusion coefficients)
were determined after their temporal relaxation.

We have used a Monte Carlo code that properly takes
into account thermal collisions [10]. The code has passed
all the relevant benchmarks [11] and has been tested in
our work on several types of charged particles [11, 12].

Results of Monte Carlo simulations are shown in
Figs. 2-4. Note that these transport parameters are
the only information present in the literature up to now,
there are no published experimental data for the trans-
port coefficients of Ne™ in CFj.

In Fig. 2 we show the mean energy, which cannot be
directly measured in experiments but a map of mean en-
ergy versus E/N may be used directly to provide the data
in fluid models especially when local field approximation
fails. The mean energy having thermal value of 0.039 eV
increases above 10 Td.

100 5
—-—T=300 K /
_ /
S, 103 /
= /
on i
= /
g
o 13 /
= E /
5 ] '3
p Ne™ + CFy /
0.14 /
] d
1 10 10 Mo00
E/N [Td]
Fig. 2. The mean energy for Net in CF4 as a function

of E/N.

Generally, the presence of non-conservative collisions
causes the drift velocity to be more complex i.e. one
may define bulk drift velocity as a measure of center of
mass displacement in time (W = d{(z)/dt) [13] and flux
drift velocity w = (v) that describes ion flux. Bulk drift
velocity is reaction corrected flux drift velocity: w = W+
S, where S is the term representing a measure of the
effect of reactions on the drift velocity.
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Reduced mobility for Ne%t ions as a function of E/N
(E — electric field, N — gas density) compared with
Langevin’s value is shown in Fig. 3.

3

—s—Ne' +CF,

N
|

Flux

===
—0
~O._

Langevin Ny

Ko [cm2 s s'l]

1 10 160 10b0
E/N [Td]

Fig. 3. The bulk and flux reduced mobility for Ne™ in
CF4 as a function of E/N.

For E/N < 50 Td, exothermic collision frequency is ap-
proximately corresponding to the energies below 0.1 eV.
This causes the equality of the bulk and flux reduced mo-
bilities [14, 15] since the ions from the front and the tail
are removed with equal rate [16].

For higher E/N the bulk reduced mobility is decreas-
ing with E/N because of an increasing number of ions
removed from the regions of higher energy (from swarm
front). That results in a shift in the centre-of-mass posi-
tion. At the same time, flux reduced mobilities increase
with E/N since number of elastic collisions decrease.

Due to exothermal collisions mobility is 10% higher
than the polarisation limit (F — 0 and T' — 0) value
(see the mark “Langevin” in Fig. 3) predicted by the
Langevin theory. The mobility which is shown is the
same at smaller temperatures because of the constant
collision frequency on small energies.

Bulk and flux longitudinal diffusion coeflicients [13]
were calculated by time averaging the position (z) and
velocity (v,) (direction of the electric field) of each swarm
particle

d

Dy (bulk) = 0.5 (<x2> - <:c>2) :

Dp(flux) = (zvg) — (2) (vz)

respectively. The same procedure is used for transversal
diffusion coefficients ((y) = (z) = 0, (vy) = (v,) = 0).
All calculated diffusion coefficients are shown in Fig. 4.
One should notice the very large non-conservative ef-
fects, almost a reminder of the positron transport [17].
Similarly to the results for drift velocity flux diffusion
coefficients are significantly larger than bulk values. The
decrease of the bulk longitudinal diffusion from 200 Td
to 600 Td is especially interesting due to a significant
increase of the collision frequency for reactive collisions.
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Fig. 4. The transversal and longitudinal diffusion co-
efficients for Net in CFy as a function of E/N.

4. Conclusion

By using measured charge transfer cross-sections we
assessed the complete cross-section set for NeTions in
CF4 that is used as an input in Monte Carlo simulations
in order to calculate transport parameters.

Focusing on calculated reduced mobility data as a func-
tion of E/N, in this paper we found that is necessary to
discuss both flux and bulk reduced mobility data.

Data for swarm parameters for ions are needed for hy-
brid and fluid codes and the current focus on liquids or
liquids in the mixtures with rare gases dictates the need
to produce data compatible with those models.
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In this paper we show predictions for the low energy cross-sections and transport properties for the H' in n-
butanol gas. These data are needed for modelling in numerous technologically important applications. Appropriate
gas phase enthalpies of formation for the products were used to calculate scattering cross-section as a function of
kinetic energy. Calculated cross-sections can be used to obtain transport parameters as a function of E/N (E —

electric field, N — gas density) for H" in n-butanol gas.
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1. Introduction

n-Butanol (C4HgoOH) also known as 1-butanol or bio-
butanol has a 4 carbon straight-chain structure, with
the —OH at the terminal carbon. It is an important
chemical feedstock used to produce solvents (butyl ac-
etate, butyl glycol ethers) [1, 2|, polymers (butyl acry-
late, butyl methacrylate) [3] and plastics. But the re-
cent interest in n-butanol is mostly due to its applica-
tion as a biofuel for use in engines, as an alternative to
conventional gasoline and diesel fuels [4-7]. Biofuels are
attracting great interest as transportation fuels because
they are renewable, can be locally produced, less pollut-
ing, more biodegradable, and reduce net greenhouse gas
emissions [8]. m-Butanol, like ethanol, can blend with
gasoline very well and could be a future option for blend-
ing with diesel. Butanol consists more oxygen content
compared with biodiesel, leading to further reduction of
the soot. n-Butanol occurs naturally as a minor product
of the fermentation of sugars and other carbohydrates
and is present in many foods and beverages as well as
in a wide range of consumer products. Although most
volatile organic compounds can be detected by fast meth-
ods such as ion mobility spectroscopy, precise determi-
nation is possible only if reaction of specific ions with
targeted compound is well known.

n-Butanol is produced by alcoholic fermentation of the
biomass feedstock [9-12] which include sugar beet, sugar
cane, corn, wheat, and other various plant crops contain-
ing cellulose that could not be used for food and would
otherwise go waste. Recently, the use of generically en-
hanced bacteria has also increased the fermentation pro-
cess productivity.

The goal of this work is to calculate transport parame-
ters of fragment ions of n-butanol. We employ Denpoh—
Nanbu’s theory (DNT) [13] to calculate transport cross-
section sets for HT ions scattering on n-butanol appro-
priate for low energies of H* ions. By using Monte Carlo

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

technique of Ristivojevi¢ and Petrovié [14] we calculated
transport parameters as a function of E/N.

2. Cross-section sets

A calculation of the cross-sections would include the
determination of the ion-neutral interaction potential en-
ergy surface, followed by quantum-mechanical calcula-
tions of the ion-neutral scattering processes [15]. All
these tasks are tractable only if a certain level of approx-
imation is introduced. There is another approach where
it is possible to exploit some statistical theory [16] where
the specific reaction rate for a unimolecular reaction may
be used to obtain cross-section for each particular pro-
cess [13, 17].

The scattering cross-sections of HT on n-butanol are
calculated by using the DNT [13] separating elastic from
reactive collisions. The induced dipole polarizability of
8.9 x 10724 cm?® [18] is used for the n-butanol target.
In resemblance with our recent work [19] DNT has been
used for separation of elastic from reactive endothermic
collisions by accounting for the thermodynamical tresh-
old energy and branching ratio according to the Rice—
Rampsperger—Kassel (RRK) theory [20]. In the context
of the RRK theory the internal energy is distributed
among an empirical number of equivalent effective modes
of the complex selected from the total number of atoms
in the complex. Appropriate gas phase enthalpies of for-
mation for the products [21] (Table I) were used to cal-
culate thermodynamic thresholds. The cross-section for
the exothermic reaction (EXO) forming a molecular ion
H™ in n-butanol is commonly represented by ion capture
cross-section

Oexo = ﬂaLa (1)
where o, is the orbiting cross-section [15] and 8 is the
probability of a specific exothermic reaction.

In this calculation in the absence of resonant exother-
mic reactions we assumed that the probability of exother-
mic reactions is zero (8 = 0). In the low energy limit the
cross-sections are similar due to dominant polarization
of the target. At higher energies reactive collisions in-
cluding the non-conservative collisions become efficient
for various possible processes.

(1420)
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It is well known that swarm method [22, 23] can be
used to modify the cross-section for elastic momentum
transfer if transport parameters are known. Thus elas-
tic momentum transfer cross-section can be obtained if
some initial, approximate, cross-section is available. For
n-butanol transport parameters are not available [17].
We have separated the endothermic and exothermic pro-
cesses by using the enthalpies from Ref. [21].

In this paper there are 20 exothermic processes.
Exothermic process with lowest excess energy (H* +n —
butanol — C3HzOH™ + C3H, + H) has 0.118 eV excess
energy while lowest endothermic threshold (HT + n —
butanol — CQH40+ + CoHy + 2Ho + H) is 0.061 eV.
Therefore we have assumed in this work that exothermic
processes are non-resonant, and neglected their effect on
transport properties. With assumed product ions (Ta-
ble I) we have selected 46 endothermic processes with
thermodynamic thresholds up to about 11 eV. Elastic
momentum transfer (MT) cross-section representing elas-
tic collisions with isotropic scattering together with col-
lisions where activated complex is back to reactants, and
the cross-sections for collisions where H* keeps on and
where HT is lost [13] are presented in Fig. 1.

elastic MT

m~]
3
>,
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Heats of formation A;H° at 298 K (kJ/mol) TABLE I
Species AHf+ AH?
Ho 1488.3 0
CO 1241.59 -393.51
CO2 935.4 -393.51
CH20 940.5 ~108.7
H20 975.0 -241.83
CH4 1132 —74.5
CaoHy 1066 52.2
C2Hs 1028 ~84.0
C3Hs 959 20.2
C3Hs 227.5 951.5
C4Hs 924 -0.4
C4Hio 889 ~126.5
CH40O 845.3 ~9201.6
C2HeO 775.4 —934.8
C3HsO 731 ~254.8
CoHo 1327.9 298.0
CsHa 1186.2 186.6
C4Hs 1033 162.3
CoH40 821.1 ~165.8
C3HeO 772.9 —187.4
C4HsO 742 -207.5

and process equipment.

Swarm parameters, which are

20 2

. +
survives H

losing H'

Cross Section [10

Energy [eV]

Fig. 1. Cross-sections for H ions in n-butanol.

3. Transport parameters

A precise treatment to obtain transport parameters
ions of higher accuracy as a function of E/N would be to
follow the solutions of generalization of the Boltzmann
equation [24]. The Monte Carlo simulation methods are
generally built around the same initial principles as re-
lated kinetic equations. In this work we apply the Monte
Carlo simulation created for swarm particles [25, 26].

Transport properties of species in gas plasmas are of
great importance in understanding the nature of molecu-
lar and ionic interactions in gas mixtures [27, 28]. These
properties include the mean energy, drift velocity, diffu-
sion coefficients, ionization and chemical reaction coeffi-
cients, chemical reaction coefficients for ions and rarely
excitation coefficients, and they are very useful in chem-
ical industries for the design of many types of transport

functions of reduced electric field E/N (E — electric
field, N — gas density) in DC electric fields are usually
applied to plasma modeling and simulations.

In this paper we have used a Monte Carlo code that
properly takes into account the thermal collisions [14, 17].
The code has passed all the tests and the benchmarks
that were covered in our earlier studies [17, 29]. Calcula-
tions are performed for the gas pressure 1 Torr and gas
temperature of 300 K.

E 10°4 —D/K
M ——D/K
3 10 Mean energy
>
N
g o
S 10
[
g
10" 4
p=
10” . . . T
1 10 100 1000
E/N [Td]
Fig. 2. Mean and characteristic energy as a function

E/N for H* ions in n-butanol.

In Fig. 2 we show characteristic energies (diffusion
coefficient normalized by mobility eD/u in units V) lon-
gitudinal (L) and transverse (T). We also show mean en-
ergy, which cannot be directly measured in experiments
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Fig. 4. Longitudinal and transversal diffusion coeffi-
cients as a function E/N for H' ions in n-butanol.

but map of mean energy versus E /N may be used directly
to provide the data in fluid models especially when local
field approximation fails.

In Fig. 3 we show the results of Monte Carlo simulation
for reduced mobility as a function of E/N. The mobility
K of an ion is a quantity defined as the velocity attained
by an ion moving through a gas under the unit electric
field. One often exploits the reduced or standard mobility
defined as:

Vq
K,

NoE
where v, is the drift velocity of the ion, NV is the gas
density at elevated temperature T, Ny = 2.6910%° m—3
and F is the electric field. Due to reactive collisions bulk
and flux values of reduced mobility are separated.

Longitudinal and transversal diffusion coefficients for
H™ in n-butanol as a function of E/N are shown in Fig. 4.
The peak is visible only in the behavior of longitudinal
diffusion coefficients. Because of great capture of ions, we
have a diminishing of NDL bulk values. However, there
are no published experimental data for the longitudinal
and transverse diffusion coefficients of HY in n-butanol
so far.

N, (2)

Z. Nikitovi¢, Z. Raspopovié, V. Stojanovié

4. Conclusion

In this paper we show transport properties for the H*
in m-butanol which do not exist in the literature. The
cross-section set has been determined by extending the
Denpoh—Nanbu method.

The Monte Carlo technique was applied to carry out
calculations of the mean energy, characteristic energy,
reduced mobility and diffusion coefficients as a function
of reduced DC electric field. The results are believed
to be a good base for modeling, which could be further
improved when measured values of transport coefficients
become available and then we could perform this analysis
again.
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Abstract. Scattering cross sections for positive H;“ ions in water vapour were calculated by a simple but
quite general theory and then assessed by using the available data. Transport coefficients for Hj’ ions in
water vapour in DC fields were calculated by using a Monte Carlo simulation from low to moderate reduced
electric fields E/N (E is electric field and N is gas number density) where the non-conservative collisions

are also taken into account.

1 Introduction

Plasmas are already deeply incorporated into our every-
day life either directly or indirectly within production
technologies that are superior to other production
methods. Plasma technologies offer treatment of vari-
ous substances [1-3]. Control of reactive ion plasmas
is necessary in applications related to semiconductor
modifications. A cornerstone in modelling of such plas-
mas is precise information on the transport of ions, as
the reactive ions flux and energy control the surface
processes. In plasmas in collision-dominated regimes,
if the negative ions dominate over the electrons, the
plasmas become electronegative with properties distinctly
different from the electropositive plasmas, especially in
the sheath regions. In modelling and analyzing of the
plasma chemistry, the cross-sections are needed (rather
than interaction potentials) for all relevant species and
not only concerning the momentum transfer.

In order to control increasingly complex plasmas large
databases for positive and negative ion transport prop-
erties are required [4,5]. Databases should be constantly
updated with new and improved data [6]. Apart from a
wide range of data produced up to now in the field of ion-
molecule collisions, there are still major gaps in cases of
very reactive gases such as BF3 that are not convenient to
study experimentally. There are also very complex envi-
ronments such as water vapor where very sophisticated
methods are needed in order to obtain some information.

* Contribution to the Topical Issue “Physics of Ionized
Gases (SPIG 2016)”, edited by Goran Poparic, Bratislav
Obradovic, Dragana Maric and Aleksandar Milosavljevic.

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

Sets that include cross sections for reactive processes are
needed to calculate the chemical kinetics of all the species
when some of the species may have low density but also
have a narrow range of processes controlling their popu-
lation. To remedy lack of data simpler theories have been
used and in this paper we exploited so-called Denpoh and
Nanbu (DN) model [7], together with other techniques to
make reasonable estimates of the ion scattering cross sec-
tions. In addition to cross sections, reaction rates [8] and
other transport data may be used directly in fluid and
hybrid codes and in process of normalization of cross sec-
tions. An important aspect of plasma models is that a
complete set of cross sections should be used. Otherwise,
even if one had all perfect cross sections albeit with an
incomplete set, the results would be unrealistic.

In this paper Monte Carlo technique was applied to
perform calculations of transport parameters, as well as
of rate coefficients in DC electric fields. We have used a
Monte Carlo code that properly calculates collision prob-
abilities for thermal collisions [9]. The code has passed all
the relevant benchmarks [9] and has been tested in our
work on several types of charged particles [10,11]. The
choice of three seemingly different molecules with differ-
ent improvements is intended as a review of the approach
in supplementing the existing data with simple theories
and basic calculations.

2 Cross sections

Ton-molecule reactions play a basic role in the field of gas
phase reaction kinetics. They are readily studied over a
wide range of collision energies and the ionic reactants
in a number of cases can be prepared in defined excited
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states (see for example Ref. [12]). There is a very detailed
knowledge of the ion molecule reactions in general in the
literature. Nevertheless, concerning the cross sections that
are necessary for modelling plasma processing there is a
shortage of data even for the most pertinent processes and
therefore a considerable effort in extending the existing
databases is required.

At low collision energies (thermal to few electron volts)
activated complex formation usually dominates the out-
come of the collisions. For pressures in low temperature
plasmas, related to technological applications, ranging up
to atmospheric pressure average flight time between col-
lisions is more than 4 orders of magnitudes larger than
the average lifetime of activated complex [13,14]. Hav-
ing that in mind the reaction can be safely assumed
as infinitesimally short both in space and time. Since a
large proportion of near-thermal ion-molecule reactions
proceed without significant barriers, statistical theories
of unimolecular decay have been successful in reproduc-
ing low-energy ion-molecule reaction rates, as well as the
product state distributions [15].

Rice-Ramsperger-Kassel (RRK) theory of unimolecu-
lar reactions has proven to be not only a cornerstone
for more precise theories that include quantum effects
such as RRKM [16,17] but is also a sufficiently reli-
able method to be used to explain measurements of the
rate constants (subject to selecting the required empirical
parameters [18]).

Denpoh and Nanbu [7] obtained reactive cross sections
for ions in collision with molecular gas by assuming their
behavior close to target is affected only by the induced
polarisation potential. For ions in low pressure Ar/CF4
RF discharges they included all possible reactions with
CF4 molecule and calculated thermodynamic thresholds
in the energy region about 10 times wider than the
expected validity of the induced polarisation poten-
tial. They separated elastic from reactive endothermic
collisions and determined branching ratio according to
RRK theory which is used to calculate the scattering
probability for each reaction. In their approach each
reaction cross section is proportional to the scattering
probability normalized to appropriate total cross section
[7]. Assuming that each binary collision produces reaction
with the activated complex formation, as a total cross
section for reactions they used orbiting cross section
[19] multiplied by cut-off value of normalized impact
parameter (% [7,20]. In terms of classical trajectory
analysis [19] this means that reactions proceed within
scaled orbiting distance bgf.o, where the internal energy
of the complex in RRK analysis is equal to the initial
kinetic energy of the particles in the center of mass
system. In their approach usage of normalized impact
parameter allows one to calculate angles of scattering and
subsequently velocities of particles after the scattering.

In this work we exploit DN model to calculate the com-
plete cross section set for scattering of H;r ions on HoO
molecules. Our basic assumption is that all trajectories
appearing within orbiting distance may lead to reactions
[19] while trajectories not entering the orbiting distance
are leading to anisotropic elastic scattering.
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We have used Monte Carlo simulations (MCS) to cal-
culate transport parameters [8]. In order to calculate the
total collision frequency in MCS we have employed the
total momentum transfer cross section [21].

The basis of standard RRK theory is that critical
motion leading to the chemical reaction of a molecule is
vibrational. It is assumed that molecule is a collection of
s classical oscillators where one of these oscillators is crit-
ical to the reactions. It is necessary to adjust number of
vibrational modes by using a factor 1/n where the choice
of n at the first instance apparently involves some degree
of intuition. It is found empirically that the best agree-
ment with experimental measurements of rate constants,
for the widest range of cases is achieved for n equal to
about 2 [22-24].

Number of endothermic processes that are included in
DN model becomes important if possibly missing pro-
cesses have threshold in the range of validity of the
polarization interaction. Since consistent tables of thermo-
chemical data are readily available [25] for large number
of reactions it is possible to calculate the thermodynamic
thresholds. On the other hand, we may choose to neglect
processes with higher thresholds especially if ions seldom
reach such energies.

Large dipole moments of gas particles significantly
affect the ion-molecule interaction and increase reaction
cross section. Stojanovié¢ et al. [26] used DN model for
scattering O~ ions in water vapor. They calculated cross
sections by using the locked dipole approximation [20].
Obtained cross section set was than corrected to fit the
reduced mobility calculated by the SACM (Statistical
Adiabatic Channel Model) approximation [27]. Those cal-
culations proved to be in good agreement with the existing
experimental measurements. In general DN model may
be used on its own as a source of data especially when
results from experiments and/or binary collision theories
of a higher order are not available. We choose to combine
the model with the swarm procedure to test the cross sec-
tion sets. There we employ as many experimental data
as available to improve the accuracy of results for cross
sections and consequently for transport coefficients.

In this work we present the cross section set for
H}f + H50O calculated by the same method. For presented
cross section set we have selected 24 endothermic reac-
tion paths and one exothermic reaction. In calculations,
we have assumed that effective number of vibrational
modes is 6. Ratio between total momentum cross sec-
tion and orbiting cross section is used as for the case
where dipole moment of the target is neglected. Finally,
exothermic reaction cross section is obtained by scaling
reduced orbiting cross section according to experimen-
tally obtained rate coefficient for the exothermic reaction.
H:?,|r is in-avoidable molecule in studies of low pressure and
astrophysical plasmas. It is known that H;r is produced in
astrophysical plasmas, in exothermic reactions of Hé" with
H, [28]. Note (see Tab. 1) that the same internal energy
if transferred to H7 in collisions with water only increases
exothermicity and cannot produce other particles than
again H3OT (process 2).


https://epjd.epj.org/

Eur. Phys. J. D (2017) 71: 283

Table 1. Hé"ngO reaction paths products and the
corresponding thermodynamic threshold energies A.

No Reaction products A (eV)
1(EL) Hi +H20 0
1(EXO) H;0% +H, (EXO) 2.8097
2 H;0" +2H —1.6676
3 H:O1" 4+ H+Hs —3.3465
4 H.O% +3H —7.8238
5 Hi +H2+0 —5.0587
6 Hf +2H+0 —9.5359
7 Hi + OH+H —5.1126
8 Hy +H,O+H —6.1904
9 Hf +H+H>+0 —11.249
10 HY +3H+0 —15.726
11 HJ 4+ 2H+ OH —11.303
12 Hf +H, +OH —6.8257
13 H' +H,0 + H, —4.3632
14 H*+H,O+2H —8.8405
15 Ht +H,+0+2H —13.899
16 H*+H,O0+2H —9.4219
17 HY+4H+0O —18.376
18 H"+OH+H,+H —9.4758
19 H*+OH+3H —13.953
20 Ot +2H, + H —9.4416
21 O" +3H+H, —13.919
22 Ot +5H —18.396
23 OH™ + 2H, —4.4006
24 OH' +2H + H, —8.8778
25 OH' 4+ 4H —13.355

3 Calculation of transport parameters

H;)r is not an important molecular ion in water vapor
discharges but is contributing to production of H3OT
molecule which has been shown to be the most abun-
dant in water vapor discharges and also in other discharges
where water can be present either as a part of the mix-
ture or as impurity. Since experimental rate coefficient
for H3OT production exist at thermal energies, we have
used these data to normalize the reduced orbiting cross
section [19] and thus improve uniqueness of the obtained
cross section set. Product distributions for those reactants
are found not dependent on amount of vibrational excita-
tion of H7 [29] thus only endothermic reactions may have
slightly shifted thresholds towards low energy while num-
ber of reactive channels will remain the same as with H;‘
in ground state.

Cross sections were calculated by applying DN model
for scattering of H; on HyO with the same data for polar-
izability and dipole moment of HoO as used by Clary
[30] and selected heats of formation from reference [25].
In Table 1 we show reaction paths products and the
corresponding thermodynamic threshold energies.

Cross section set that includes differentiation of elastic
and exothermic process (EXO) is shown in Figure 1. While
most inelastic channels occur at high energies beyond
the standard energies for gas discharges, there are some
processes taking place with thresholds in the vicinity of
2—4 eV that may become relevant for most discharges.
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Fig. 1. Cross section set for Hi +H,O scattering: (a)
without the non-conservative effect of the exothermic colli-
sions, (b) with the non-conservative effect of the exothermic
collisions. Only endothermic processes with thermodynamic
thresholds lower than 6 eV are included in this figure but we
have cross sections for all processes from Table 1.

Exothermic processes are often disregarded in their non-
conservative nature, and simply added to the total elastic
cross section. In any case, all channels will be accessible
in the sheath of the discharge.

Regarding elastic and exothermic processes one can dif-
ferentiate between two situations. In the first case one
can add 1(El) and 1(EXO) processes (Fig. 1a) and treat
the process as elastic. Thereby one neglects the number-
changing nature of the exothermic process. If exothermic
reaction with products H3O" + Hj is included as a non-
conservative loss (Fig. 1b) then it may affect the calculated
transport data greatly. We have normalized the exother-
mic cross section to the thermal rate at T = 297 K [31]
and thus also scaled the total momentum transfer cross
section [32].

The cross section for exothermic collisions oez, is
introduced by

Oexo = 6 el (1)

where o is the orbiting cross section and [ is the scaling
factor. Scaling factor can be determined if the thermal rate
constant for exothermic process is available. For the case
of Hy +H,O, rate coefficient at T = 297 K for exother-
mic reaction with products Hz3O™ + Hy is measured by
Betowski et al. [31] and it gives S = 0.4498 [1]. Note that
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Fig. 2. Rate coefficients for reactions of Hj ions with HoO
at T = 300 K, calculated by Monte Carlo simulations. The
results were obtained without the non-conservative effect of
the exothermic reaction.

our cross section for exothermic collisions has the same
energy dependence as the reduced orbiting cross section
obtained for the case of potential with dipole and induced
polarization term.

The obtained cross section set was corrected to fit the
reduced mobility calculated by SACM approximation [29],
i.e. the zero field mobility of Ko = 1.7795 cm? V—! g1
at T' = 300 K. We calculated rate coefficients (see Fig. 2)
for reactions shown in Table 1 by using MCS. Under the
same circumstances, we have obtained the mean energy
and compared it with the predictions based on Wannier
relations [32] using the cross sections from the MCS. Those
results are shown in Figure 3. The difference between
the bulk and flux drift velocities is a consequence of the
energy-dependent endothermic reactions [33,34]. Strong
dipole forces cause discrepancy of collisional frequency
from constant value characteristic for transport of ions in
the induced polarization potential [35]. In principle we are
here testing the Wannier relations, but more importantly
we are using in the relation the two varieties of the drift
velocities (flux and bulk). The idea is to see which provides
a better estimate of the mean energy, as non-conservative
processes were not included explicitly in the development
of these relations. Since non-conservative effect of the
exothermic relation is huge, we chose to make this com-
parison by using only the endothermic non-conservative
processes such as ionization. We can see that the predic-
tions of Wannier relations using the flux drift velocity are
in a much closer agreement with the mean energy obtained
in the same simulation.

4 Transport under the influence of a strong
non-conservative exothermic process

Exothermic collisions cause differences between flux and
bulk drift velocities at low E/N while endothermic reac-
tive collisions affect the swarm at high E/N. The former,
however affects the transport on a much larger scale due to
a larger cross section and also as it occurs in the energy
region of the bulk of most gas discharges. On the other
hand, if collision frequency of exothermic collisions is con-
stant that results in equality of the bulk and flux reduced
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Fig. 3. Mean energy obtained from simulations and also from
Wannier relations [32]. Two different drift velocities (bulk and
flux see [34]) were used for Wannier relations.

mobilities since the ions from the front and the tail are
removed with an equal rate [34].

In order to indicate the importance of including the
nature of all processes we have compared calculations
of transport coefficients with and without the non-
conservative effect of exothermic process or in other words
when losses of transported ions are taken into account
or when (as is usually the case in simpler models) those
processes are included by their number in the total
cross section. As for the isotropic scattering elastic and
momentum transfer cross sections are the same this pro-
cess is then effectively added to the elastic process. The
calculated transport coefficients are shown in Figure 4.

At low mean energies due to energy dependence of
the collision rates one has “heating” of the swarm due
to preferential removal of the low energy particles. This
results in a greater bulk drift velocity. When reduced elec-
tric field further increases, energy distribution of the ions
becomes wider and number of slow ions that are removed
by exothermic reactions reduces, so the bulk drift velocity
approaches flux drift velocity. Bulk drift velocity becomes
lower than flux drift velocity when endothermic collisions
begin to dominate. Reactive collision frequency due to the
endothermic collisions increases with respect to constant
collision frequency and one has swarm “cooling” due to a
preferential loss at higher energies.

In our case, bulk drift velocity appears as slowly vary-
ing function of E/N up to about 300 Td. At that point it
becomes equal to the flux velocity and later on it becomes
smaller. Behaviour of the diffusion coefficients is quite dif-
ferent due to tremendous effect of cooling and heating of
the distribution function on the diffusion.

5 Conclusion

In this work we present details of how Denpoh-Nanbu
model is used to calculate cross sections for reactive scat-
tering of H ions with HyO target for energies in the range
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from 0.01 eV to 200 eV. The role of these ions in water
vapour containing discharges is essential especially in the
chain of reactions leading to formation of the dominant
H;07 ions.

Cross section set and transport parameters presented
in this work were not available up to now. Accuracy of
exothermic cross section is +25% that comes from accu-
racy of the experimental rate constant and having in
mind successful description of exothermic reactions by
capture theories. Langevin Hasse model provides a good
low energy total cross section that may be successfully
extrapolated to higher energies. Having in mind the uncer-
tainty of the polarizabilities available in the literature and
the tests made for other ions by the same technique the
total cross section at lower energies is uncertain to £20%.
Although accuracy of the particular endothermic cross
sections may vary significantly, approximate accuracy of
data is about +50% with an uncertainty of the total effect
of endothermic inelastic processes being established more
accurately.

The Monte Carlo technique was applied to carry out cal-
culations of transport parameters as a function of reduced
electric field. Due to the lack of experimental transport
data, such calculations for H ions in HyO are the best
data that are available. The information on all the reac-
tants is an important part of the kinetic models for
discharges in mixtures with water vapour, in the inter-
face between liquid water and air and in the discharges in
liquids [36-43].
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scattering cross section set and proposed transport coefficients for F- ions
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in order to unfold the cross sections from the measured transport data.
Direct Monte Carlo method is applied to obtain swarm parameters at the
temperature of T=300 K.
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1.INTRODUCTION

The goal of this work is to present data for modeling of
complex low temperature collisional plasmas containing
F" ions by using a global [1-3] and other plasma models.

The electronegativity of the F atom is the largest of
all atoms. The F ion is also a highly reactive
nucleophilic reagent and generally forms strong bonds
with many Lewis acids in the gas phase [4].

The negative halogen ions are abundant in various
forms of nonequilibrium plasmas relevant to
applications such as excimer lasers [5] and electrical
discharges, biomedical devices, nanotechnologies and in
radiation chemistry in the atmosphere. For example, it is
experimentaly found that negative ions are effective for
increasing the etch rate and improving the etch profile
[6]. F ions are also inavoidable part of production of
cubic boron nitride (c-BN) films [7]. It is thus important
to understand plasma chemistry and the behavior of
negative ions for the control of etching characteristics.

Additionally, the recent progress of discharge
modeling and simulation have made contributions to a
deeper understanding of the discharge phenomena and
to the optimization of reactor design or operating
conditions.

The transport coefficients include drift velocity,
diffusion coefficients, ionization and attachment
coefficients and chemical reaction coefficients for ions
[8]. Excitation coefficients are also measured but
seldom used in modeling. Ion transport coefficients are
used in both fluid and hybrid models of plasmas.
Indirectly, transport coefficients are used to verify
validity of the cross sections in the sets used in
computer modelling.
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2.10N ATOM/MOLECULE COLLISION MODEL

In plasma modeling ion-atom/molecule collisions have
been usually simplified for the lack of detailed collision
data. In this work instead of very often cited Langevin’s
theory to determine effective cross section for collision
and reaction rate we used Nanbu’s theory [9, 10] that
may distinguish between reactive and nonreactive
collisions of collision partners.

Depending of available experimental data we also
applied procedure [10] to unfold the cross sections from
the measured transport coefficients and thermochemical
data in a separate drift tube experiment.

2.1 Calculation of cross section sets

The cross sections for scattering of F- ions on several
atoms and molecules are calculated by using Nanbu’s
theory [9,10]. According to Nanbu’s theory elastic and
reactive endothermic collision are separated and treated
by accounting for thermodynamic threshold energy and
branching ratio according to the Rice—Rampsperger—
Kassel (RRK) theory [9]. Within the RRK theory
excited molecular complex is treated as excited
activated complex where internal energy is distributed
among s equivalent oscillators—vibrational modes of the
complex. For example, in such a way we used s = 3 for
F- + BF3 system.

For F + Ar initial cross section set is calculated by
using Nanbu’s theory with polarizability of 1.64 10~°
m’ and extended [9] by measured values of detachment
cross section. Then MTT theory is used to unfold
momentum transfer cross section from available
experimental data for reduced mobility [11].

For calculation of cross section set for F* + F, [12]
we have used value 1.2611x107° m®, for polarizability
of F, recommended by Spelsberg and Meyer [13].

Cross section set for F* + CF, is calculated by taking
into account value 2.8155x10*°m’ for dipole
polarizability of CF,.

FME Transactions (2013) 41, 163-166 163



2.2 Cross section set for F" scattering on BF;

Thus we have decided to use Nanbu’s procedure that
was shown to give very good results for a number of
ions relevant to plasma processing [14,15]. Elastic
scattering in the low energy limit is controlled by
polarization force and thus for the same target, the
cross-sections as a function of relative energy are almost
identical.

If we apply Nanbu’s theory by assuming elastic
collisions (EL), charge transfer collisions (CT)
producing F,” + BF, [16] with threshold energy E; =5.6
eV, electron detachment (DET) with E;=3.4012 eV thus
initially omitting exothermic reaction [17]:

F+ BF3 - BF4_, (1)

we obtain resulting cross section set as shown in Figure
1. In these calculations we used polarizability of
3.3110°° m® for BF; from [18].

In the low energy limit the cross sections are similar
due to dominant polarization of the target. At higher
energies reactive collisions including the non
conservative collisions become efficient with different
possible processes.

100§
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Figure 1. Cross section set for F" scattering on BF;.

Cross section for exothermic reactions can be
expressed as [19, 20] owo = foi, where of is orbiting
cross section [21] and f the probability of exothermic
reaction. It is also known [20] that during reaction (1)
stabilization must proceed either radiatively or
collisionally [22]. Very similar situation appears in the
case where BF,” emerges from the surface sputtering of
the cluster BF; ions [20].

Thus one may account for competition between
collisions of radiatively stabilized reaction (1) and
elastic collisions by using elastic cross section oy from
Nanbu’s theory as an orbiting cross section. Now the
cross section for exothermic reaction is Ogo = for,
where f is selected to define elastic cross section as

0.=(1-f)owg, where oy is the elastic cross section (EL)
shown in Fig. 1.

3. MONTE CARLO METHOD

The swarm is an ensemble of charged particles
travelling through the neutral gas and balancing

164 = VOL. 41, No 2, 2013

between the energy and momentum gained from the
external (electric) field and dissipating the energy and
momentum in collisions with the background gas [24].

Assuming that probability of collisions of swarm
particles with collisions products can be neglected a
swarm of particles is not affected by other charged
particles so one may assume that external voltage
defines the field.

Swarm parameters are generally applied to plasma
modeling and simulations. At the same time, the
nonequilibrium regime in discharges is well represented
under a broad range of conditions by using the
Boltzmann equation with  collisional  operator
representing only binary collisions.

In this work the Monte Carlo simulation technique
for ion transport that accounts for finite gas temperature
of the background gas particles [25] is used to calculate
swarm parameters of F~ ions in gas at temperature
T=300 K.

4. TRANSPORT PARAMETERS OF THE F" IONS

The critical review of experimentally obtained transport
properties of gaseous halogen ions is presented in [26].

The mobility K of an ion is the quantity defined as
the velocity attained by an ion moving through a gas
under unit electric field. One often exploits the reduced
or standard mobility defined as:

v
K, =—LNE 2
= N 2
where V; is the drift velocity of the ion, N is the gas
density, at elevated temperature T, E is the electric field
and N,= 2.686763x10”° m™ is the standard gas density

(of an ideal gas at T=273K and p=101 325 kPa).
In Figure 2 we show the results obtained for reduced
mobility as a function of E/N.

5

Ko [cm2 \'a s_l]

1 10 100 1000
E/N [Td]

Figure 2. Reduced mobility of F ions in atomic and
molecular gases.

One had to be aware of non-conservative effects
[24] on the drift velocities that are observable at higher
E/N. Reduced mobilities shown in Figs. 2 and 4. at
higher E/N are represented by so called bulk drift
velocities [24]. Diffusion coefficient is a tensor having
components that refer to the directions parallel and

FME Transactions



perpendicular to the electric field named longitudinal
and transverse diffusion coefficients respectively.

In Figure 3 we show characteristic energies
(longitudinal diffusion coefficient normalized by
mobility eD\/K in units eV. These data can be directly
used in global models for discharges for F ions.

100 T T 7
10
>
2,
M
= 1k
)
[
o1k
0501 1 1 1
1 10 100 1000

EN[Td]

Figure 3. Characteristic energy of F ions in atomic and
molecular gases in longitudinal direction.

4.1 Transport of F in BF3

In Fig. 4. we show results for reduced mobility as a
function of E/N for F ions in BF; distinctive by
inclusion of reaction (1). Results for reduced mobility
obtained by Monte Carlo simulation for the cross-
section set shown in Fig. 1 (f=0) are shown in Fig. 4
(connected full circles). Results for reduced mobility
obtained when exothermic reaction is present (f=0.5) are
almost twice larger (connected open circles) with
respect to results without exothermic reaction.

4,0

3,5

3,0
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1 10 100 1000

E/N[Td]
Figure 4. Reduced mobility of F- ions in BF3.

5. REMARKS

The cross sections for scattering of F~ ions on molecule
are calculated by using Nanbu’s theory [9] separating
elastic from reactive collisions.

Monte Carlo technique was applied to perform
calculations of the mean energy per particle and drift
velocity as a function of reduced electric field in DC
electric fields.

FME Transactions

The cross-sections and transport data for
technologically very important gas BF; have been
determined by using simple theory. While it is a good
basis for modeling it would be much better to add a data
base of measured transport coefficients and then to
perform the analysis again.
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TPAHCIHIOPT F- JOHA KPO3TACOBE Y
TEXHOJOIKUM IPUMEHAMA

Jacmuna B. JoBanoBuh, 3opan M. Pacnonosuh,
Baagumup . CtojanoBuh, Kemka /I. HuxkuroBuh

HeratuBHM XaJOTeHH jJOHH Cy 3acTYIUBCHH Y
Pa3IMYNTHM HEPAaBHOTSXKHHUM IIa3MaMa Koje Ccy
3aCTyIJbEHE y OMOMETUITMHCKUM ypehajuma,
HAHOTEXHOJIOTHjaMa, EJEKTPUYHUM MPAXKIbEHhUMa |
xemuju  atmocdepe. Ilpukazanu cy mnojgaum 3a
MOJIENIOBAahbe  HHUCKOTEMIIEPAaTypHUX  IUIa3MH  Koje
canpxe F~ joHe npuMeHOM Ti100aHUX U IPYTHX IU1a3Ma
monena. OBaj joH je m3abpaH 300r CBOje M3Y3€THO
BEIIMKE  EJEeKTPOHETaTUBHOCTH, BeoMa je  jak
HYKJICO(QHIIHH peareHT U (opMHpa BeoMma jake Bese ca
JlyucoBuMm kucenauHama y rachHoj ¢asu. Ca papyre
cTpaHe, Hen30exaH je y mpousBoimu c-BN ¢unmona.
EduxacHu mpeceuu 3a pacejame F~ jona Ha aromuma Ar
u monekynuma F,, CF4 u BF; nobujenu cy npumeHom
HanOyoBe Teopuje y Kkojoj je moryhe pa3aBojutu
€JIACTUYHE Of] PEaKTUBHHX CylapHUX npoueca. Kako ou
ce youwmd e(peKTH HEKOH3ePBaTUBHHUX CYAAapHUX
npoueca Ha Op3uHe ApudTa, NpopadyHu cy paheHu 1o
Bucokux BpeaHoctd E/N (1000Td).
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In this work we present swarm data obtained for F- ions in molecular gas
BF3 necessary to form the global models for the complex collisional
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transport coefficients for F- ions in BF; that can be used in such models
are presented. First we used Nanbu’s theory based on thermodynamic
threshold energies to calculate cross sections for binary collisions of F-
ions with BF; molecules. Cross section for three body association reaction

is included by using exothermic cross section for binary reaction
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1. INTRODUCTION

Plasma technologies are nowadays almost inavoidable
step in all branches of engineering with primary goal to
improve various materials properies. In order to control
reactive processes related to semiconductor properties
present knowledge stil have to be extended. Thus goal
of this work is to extend database for modeling of
complex low temperature collisional plasmas containing
F™ ions by using a global [1,2,3] and other plasma
models. Recent progress in plasma modeling have made
contributions to a deeper understanding of the discharge
phenomena and to the optimization of reactor design or
operating conditions.

The electronegativity of the F atom is the largest of
all atoms and F~ ion is highly reactive nucleophilic
reagent and generally forms strong bonds with many
Lewis acids in the gas phase [4]. Association reaction of
F” with BF; produces very stable BF, ion. This reaction
proceeds either with radiative or collisional stabilisation
both with similar intensities at pressures of about 100 Pa
and temperatures near room temperature [5].
Immediately follows that production of BF4 in three
body association process needs to be included in all
existing plasma models [6,7,8] for cases with similar
pressures and temperatures.

The negative halogen ions are abundant in various
forms of nonequilibrium plasmas relevant to
applications such as excimer lasers [9] and electrical
discharges, biomedical devices, nanotechnologies and in
radiation chemistry in the atmosphere. For example, it is
experimentaly found that negative ions are able to taylor
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set, BF3 gas.

increase of the etch rate and to improve the etch profile
[10]. F ions are involved in the production of cubic
boron nitride (c-BN) films [11] used in various
engineering projects. It is thus necessary to understand
plasma chemistry and the behavior of negative ions not
only for the control of plasma processing devices but
also for understanding properties of produced materials.

In this work our focus will be to study effect of three
body association reaction to transport parameters of F-
ions in BF; gas.

The transport parameters include mean energy, drift
velocity, diffusion coefficients, ionization and
attachment  coefficients and chemical reaction
coefficients for F- ion [12,13]. Ton transport coefficients
are used in both fluid and hybrid models of plasmas.
Indirectly, transport coefficients are used to check
validity of the cross sections in the sets used in
computer modelling.

2. ION MOLECULE COLLISION MODEL

In plasma modeling ion-molecule collisions have been
usually simplified for lack of detailed collision data. In
this work instead of very often cited Langevin’s theory
to determine effective cross section for collision and
reaction rate we used Nanbu’s theory [14, 15] that may
succesfully  distinguish  between reactive and
nonreactive collisions of collision partners.

2.1 Nanbu'’s theory

The cross sections for scattering of F~ ions on several
molecules are calculated by using Nanbu’s theory [14,
15, 16]. According to Nanbu’s theory elastic and
reactive endothermic collision are separated and treated
by accounting for thermodynamic threshold energy and
branching ratio according to the Rice—Rampsperger—
Kassel (RRK) theory [14]. Within the RRK theory

FME Transactions (2015) 43, 168-172 168



excited molecular complex is treated as excited
activated complex where internal energy is distributed
among S equivalent oscillators—vibrational modes of the
complex. For example, in such a way we used s = 3 for
F + BF; system.

2.2 Cross section set for F scattering on BF;

In this work we used cross sections assembled by using
Nanbu’s procedure that was shown to give useful results
for a number of ions relevant to plasma processing
[17,18]. Elastic scattering in the low energy limit is
controlled by polarization force and thus for the same
target, the cross sections as a function of relative energy
have almost identical shape.

Nanbu’s theory by assuming elastic collisions (EL),
charge transfer collisions (CT) producing F2- + BF2
[19] with threshold energy Et =5.6 eV, electron
detachment (DET) with Et =3.4012 eV is applied [8]
(See Fig. 1). In the low energy limit the cross sections
are similar due to dominant polarization of the target
while at higher energies reactive collisions become
efficient and it is common to represent cross sections at
these energies by hard sphere cross sections (see arrows
in Fig. 1). The total momentum transfer cross section at
high energies is distributed between elastic and reactive
processes as shown in Fig 1.
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Figure 1. Cross sections for F" scattering on BF;.
Exothermic reaction [17]:
F + BF; —» BF, ", )

is included in the cross section set [8] and its cross
section is shown in Figure 2. Competition between
radiatively stabilized reaction (1) and elastic collisions
is included in the cross section set.

Cross section representing three body association
reactions at elevated pressure can be expressed with the
same relation used for binary exothermic reaction [8].
Cross section and its pressure dependence comes from
the rate coefficient for three body reaction that is
reduced to two body rate coefficient [21] with BF; gas
density [Ngr3] at elevated pressure

FME Transactions

k
O35 = Oy k_3[NBF3]’ (2)
2

where oy, is the cross section for binary exothermic

reactions (see EXO in Fig. 2) and ks (20 cm®/s/s/molec’
) and k, are the rate coefficients for three body and two
body association reactions respectively. Cross sections
for exothermic reactions are shown in Fig. 2. Since one
may expect slow fall off of the exothermic cross section
at highest energies (see for example ref. [22]) we
studied this effect by cutting off cross section for three
body reaction at energies 0.1 eV (cut 0.1), 0.5 eV (cut
0.5) and 1 eV (cut 1) (see Fig. 2) and calculating
transport parameters.
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Figure 2. Cross sections for exothermic reactions for F
scattering on BF; for at pressure 1 Torr and T=295 K.

3. MONTE CARLO METHOD

The swarm is ensemble of charged particles travelling
through the neutral gas and balancing between the
energy and momentum gained from the external
(electric) field and dissipating the energy and
momentum in collisions with the background gas [13].

Assuming that probability of collisions of swarm
particles with collisions products can be neglected
swarm of particles is not affected by other charged
particles so one may assume that external voltage
defines the field.

Swarm parameters are generally applied to plasma
modeling and simulations. At the same time, the
nonequilibrium regime in discharges is well represented
under a broad range of conditions by using the
Boltzmann equation  with  collisional  operator
representing only binary collisions.

In this work the Monte Carlo simulation technique
for ion transport that accounts for finite gas temperature
of the background gas particles [23] is used to calculate
swarm parameters of F~ ions in gas at temperature
T=295 K and pressure p=133.3 Pa.
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4. TRANSPORT PARAMETERS OF THE F- IONS

Experimental data for transport coefficients of F~ in BF;
does not exist in the literature. The critical review of
experimentally obtained transport properties of F- and
other halogen ions in various gases is presented in [24].

The mobility K of an ion is the quantity defined as
the velocity attained by an ion moving through a gas
under unit electric field. One often exploits the reduced
or standard mobility defined as:

v
K, =4 NE )
0 N0

where V; is the drift velocity of the ion, N is the gas

density, at elevated temperature T, E is the electric field
and N,= 2.686763 10 m™ is the standard gas density

(of an ideal gas at T=273 K and pressure p=101 325
kPa).

In following we show the Monte Carlo results
obtained for T=295 K and pressure 133.3 Pa. For all
cases in Fig. 2 cross sections for exothermic reaction is
scaled in such a way that all obtained exothermic rate
coefficients have the same value at lowest E/N value.

In Figure 3 we show the results obtained for reduced
mobility as a function of E/N. One had to be aware of
non-conservative effects [13] on the drift velocities that
are observable at higher E/N. Values of the reduced
mobility shown in Figs. 3 at higher E/N are represented
by so called bulk drift velocities [13].

Due to the discrepancy from constant collision
frequency reduced mobility at low E/N’s shows
deviations from plateau obtained for case of uncut
exothermic cross section (dashed and thick line; see also
ref. [8]). Widest discrepancy with respect to E/N is
related to lowest energies cut off of exothermic process
(cut 0.1). Electrons passing exothermic process above
0.1 eV increase reduced mobility orders of magnitudes
higher. Note that reduced mobility for case cutOl is
obtained for exothermic process multiplied by factor of
10 with respect to other cases in order to keep constant
rate coefficient for association reaction.
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Figure 3. Reduced mobility of F ions in BF;.
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One had to be aware of non-conservative effects
[13] on the drift velocities that are observable at higher
E/N. The reduced mobility shown in Figs. 3 at higher
E/N are represented by so called bulk drift velocities
[13].

In Figure 4 we show mean energies []as a function
of reduced electric field. These data can be directly used
in global models for discharges for F- ions. Significant
increase of mean energy for the case cut0.1 is due to the
high energy electrons that passed without association
reaction. As cut off is shifted towards higher energies
groups of higher energy ions are passing without
association thus increasing mean energy. Such
behaviour is clearly shown for all curves for E/N > 50
Td.
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Figure 4. Mean energy of F ions in BF; in longitudinal
direction.

In Figure 5 we show the rate coefficient for
association reaction as a function of E/N. As assumed,
all the rate coefficients are the same at lowest E/N while
fall of the rate coefficient at high E/N is proportional to
the cut off of the cross section for exothermic reaction.
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Figure 5. Rate coefficient for association reaction of F ions
in BF.
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5. REMARKS

The existing cross sections for scattering of F~ ions on
BF; molecule are extended by adding the cross section
for three body association that is depending on elevated
pressure. For three variations of three body cross section
transport parameters are obtained and discussed.

Monte Carlo technique was applied to perform
calculations of the mean energy per particle and drift
velocity as a function of reduced electric field in DC
electric fields. Similar study from the point of view of
transport theory where effects of three body electron
attachment on transport coefficients are studied is
presented in Ref. [25].

The cross sections and transport data for
technologically significant gas BF; have been assesed
by using simple theory and facts. This cross section set
is a good basis for modeling. It would be reliable to add
a data base of measured transport coefficients and then
to perform the analysis again.
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YJIOT'A ITIPUTUCKA Y TPAHCIHIOPTY F JOHA
YTACY BOP-TPUDJIYOPUJA Y
TEXHOJIOIIKUM TPUMEHAMA

172 =VOL. 43, No 2, 2015

3opan M. Pacnionosuh, Bnaguvup /. Crojanosuh,
Ypou LBendap, Kemwka JI. HukuroBuh, Jacmuna B.
JoBanoBuh

Y oBOM pagy NpeACTaBWIM CMO TPaHCHOPTHE
napamerpe nooujene 3a F~ joHe y MoyieKyinapHOM racy
BF; nHeonxonne 3a dopmupame Iio0aIHUX Mojena 3a
KOMIUIEKCHE CyaapHe Iutazme. HoBM pesynTatu 3a ceT
mpeceka U T0OWjeHn TpaHCIOPTHHU KoeduiujeHT 3a F
jome y BF; koju ce MOry KOPHCTUTH y TaKBUM
MOJENNMa Cy TpeICTaBbeHU. [IpBO CMO KOPHCTHIH
Hauby teopujy 3a oxapehuBame mnpecexka OHMHApHHX
cymapa F~ jona ca monmexynuma BF;. IIpecek 3a cynap
TPU TeJa YKJbyuyje er3oTepMHH OWHApHH MpeceK
HOpMHUpaH Ha u3abpaHu nputHucak. Kopuctwim cmo
Monte Kapno merony 3a nobOujambe TpPaHCHOPTHHX
napaMmerapa Ha Temmneparypu ox T = 295 K n
nputucaky on 133.32 Pa (1 Torr).
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since new generations in technology require different plasma chemistry. In
this paper, we will study the influence of radicals on the plasma

Slovenia characteristics, since it was often neglected in plasma models. The radicals
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1. INTRODUCTION

The CF; has an important role in technological
applications such as discharge switches [1], in gaseous
detector technology [2] and for the development of
particle detectors [3, 4]. The CF, belongs to Freon
group of gases that unfortunately significantly affect the
global warming of our planet. Its atmospheric lifetime
is estimated at over 50 000 years and it has one of the
largest potentials to global warming. Because of this it
is important to continue research related to removal of
this Freon from the atmosphere. One technique
proposed to achieve this by applying plasma which
could be induced by focused microwave radiation [5].

Carbon tetrafluoride is commonly used in today's
semiconductor industry for etching of dielectric
materials, such as SiO, [6, 7] and also for deposition of
fluorinated polymer films.

2. CROSS SECTION SETS

In order to achieve further improvements of the high
resolution plasma processing for future generations of
integrated circuits, empirical development of plasma
processing tools has to be replaced by exact modeling of
the physics and chemistry of plasmas in real geometries.

A description of electron kinetics in non-equilibrium
plasma modeling necessarily includes, either directly or
indirectly the calculation of transport coefficients. Such
calculations are usually based on compilations of cross
sections from various sources [8]. Requirement to establish
reliable transport coefficients for CF, plasmas is especially
demanding since practical conditions include many reac—
tive species. The reactive radicals have often been neglec—
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ted in plasma models. Free radical species, such as CF,
(y=1-3) and fluorine atoms, play important but complex
roles in plasma processing. Electron transport coefficients
were calculated for pure CF4 and in X/CF, mixtures (X=F,
F,, CF, CF, and CF;) for the conditions overlapping with
those used in plasma technologies for semiconductor
production. In this paper we shall only consider CF. Set of
cross sections for CF, CF, and CF; is based on work of
Rozum et al. [9]. Set of cross sections for F, is from [10]
and for F is according to Gudsmundsson [11].

Attachment and ionization rate coefficients were
calculated for 0.01%, 0.1%, 1% and 10% of the radical
species X in CF,. Transport coefficients are obtained by
using numerical solution of Two Term approximation to
Boltzmann equation [12].

3. RESULTS AND DISCUSSION

The basic cross sections of pure CF, were used from [8]
with a modification made in [13, 14] in order to include
production of CF; ions. Complete cross section set is
shown in Figure 1.

104

1E3

Cross section [10~ 16¢m 2]

001

Energy[eV]

Figure 1. Electron impact cross sections for scattering on CF,
(1- el. mom. transfer, 2- vib.exc. v=1, 3-vib.exc.v=3, 4-
excitation v=4, 5-electronic excitation, 6-dissociation to
products CF;, 7- dissociation to products CF,, 8- dissociation
to products CF, 9-diss.el.at. (F), 10-diss.el.at (CF5), 11-
ionization CF;" + F + 2e, 12-17 -other channels of ionization.
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In Figure 2 we show the input data for the cross sections
for e-CF scattering.
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Figure 2. Electron impact cross sections for scattering
on CF (EL-elastic momentum transfer. EXC1, EXCM-
excitation to first exc.state, EXSB-exc.to bound and
radiative state, EXSO-exc.to other dissociative states,
EXSD-exc to dissociative A and B states,DEA-
dissociative attachment).
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Figure 3. Total rate coefficients for attachment in CF,/ CF
mixture.

We present transport coefficients for electrons in
mixtures of CF4 with its radicals (specifically CF) for
ratios of the electric field to the gas number density £/N
from 1 Td to 1000 Td (1 Td=10"' Vm?).

The rate coefficients for the formation of F, CF5
and CF;' ions calculated for the CF,/CF mixture are
presented in Figure3. In principle almost negligible
differences between low and higher abundance data
indicate a very small perturbations of the EEDF as those

106 = VOL. 44, No 1, 2016

ions are produced in collisions of electrons with CF,
molecule.

In the Figure 4. we show the Electron Energy
Distribution Function (EEDF) in mixtures of CF,/ CF.

Even the large attachment introduced by CF for
electron energies around 1 eV only causes minor
differences in the EEDF shape for energies below 0.5
eV and insignificant changes at higher energies.

The electron mean energy and electron drift velocity
in mixtures of CF,/ CF as a function of E/N is shown in
Figure5 and Figure6. Adding 1% or less of CF did not
significantly change the mean energy, although the
effect on the momentum balance is significant as can be
observed in the disappearance of the high velocity peak
(enhanced drift velocity) and of the negative differential
conductivity (NDC). This change on its own is
sufficient to warrant taking into account radicals when
one models realistic plasma devices.
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4. REMARKS

It was shown in this paper that even at small abundances
some rate and transport coefficients may change
drastically and the best example is the attachment rate.
The most abundant radical in plasmas containing CF, is
CF [15, 16] and it can be found even at abundances of
the order of several %. As CF have attachment at low
energies with thresholds considerably smaller than that
of the dissociative electron attachment for electrons in
CF, the overall attachment rate is enhanced and
extended to lower energies. Attachment rate at low
mean energies increases many orders of magnitude,
even the peak value is considerably increased. Also it
was found that even a small amount of radicals affects
the plasma and makes it more electronegative.
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[Mna3ma Harpusame NHpeicTaB/ba jefiaH Oll KPUTHUHHX
KOpaka y W3pajii MHTerpucaHux kona. Jlassa ontumu—
3anyja mwia3Ma ypehaja je morpedHa jep HOBE reHeparyje
y TEXHOJIOTHMjU 3aXTeBajy pasjiMYMTy IUla3Ma XeMujy. Y
OBOM pajy 0aBUMO Ce YTHIajeM pajJuKaja Ha Iuia3Ma
KapaKTepUCTHKE, IITO je YeCTO 3aHEMAPUBAHO Y ILIa3Ma
MojienuMa. Pajukaii JTOMHUHUPAjy 3aXBaTOM €JIEKTPOHA
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gynHehn na je Oa3Ha cMemma 3a Harpus3ame Cinabo
€JIEKTPOHETaTHBHA, a OHU Takohe mMomauduKyjy Op3mHYy
npudra npeko MoaupUKOBaHOT OanaHca MOMeHTa. Mu
CMO KOPHCTWJIM HYMEpHYKa peliemha bonmaHoBe
jennaunde u Mounte Kapio cumymnammje (MLIC) 3a
onpehyBame TPaHCIIOPTHUX KOoe(HIIMjeHaTa eIeKTPOHa.
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Development of Fast Neutral Etching for Integrated
Circuits and Nanotechnologies
Fast Neutrals in Gas

Z.1j. Petrovi¢, V. Stojanovic¢, N. Skoro, Z. Nikitovi¢, G. Malovi¢, J. Sivos, D. Marié

Abstract - In this paper we attempt to correlate the recently
developed procedure to use fast neutrals as a replacement to fast
positive ions in charging free plasma etching with the
development in gas discharge, atomic and molecular collision and
swarm physics. It is shown how ideas in the gas discharges
progressed and how, when it became well known that charging is
one of the primary problems in integrated circuit manufacture , it
became possible to transfer the ides directly to the processing
technology. Our ability to describe sources of fast neutrals as
well as possible future developments and applications are also
discussed.

I. INTRODUCTION

In the past decade fast neutral etching has become a
principal etching mechanism for many of the plasma
induced processes in integrated electronics [1]. One could
be led to believe that it is not such a recent paradigm
change from ion induced to neutral induced etching. In this
paper we shall follow the development of the idea of fast
neutral etching, the reasons why it was introduced and
mostly we shall review the pertinent atomic collision and
transport physics that is involved and that still opens room
for new fundamental studies and even possible
applications. On the other hand, we shall pursue the
observation of very fast neutrals in gas discharges with
energies close to the largest available energy (energy equal
to the total voltage drop times electron charge).

Most importantly we shall summarize our present
ability to model the processes due to fast neutrals both in
the gas phase and at the surface. That would be the basis
for exact representation of fast neutral etching and the next
stage in nano-sized integrated electronics. In addition, we
shall discuss some possible fields where knowledge of fast
neutrals produced in gas discharges may lead to better
understanding or control of processing of nano structures.

II. FAST NEUTRALS IN GAS DISCHARGES

Doppler broadened profiles have been used for many
years to obtain the kinetic temperature of the background
gas. In those studies it has been established that structured
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wings often indicate the existence of some high energy
groups. Those have been associated with dissociative
processes in plasmas such as dissociative excitation and
recombination [2]. Explanation was founded on
independently observed profiles in binary collision
experiments [3-5]. In principle, if one excites a molecule to
a repulsive curve the molecule will slide down the intra-
molecular potential leading to dissociation and a large
kinetic energy of fragments (depending on the profile of
the molecular potential). As a result, structures in the wings
of Doppler broadened lines appear and may actually
provide information on potentials [3,4].

The dissociative processes may produce fast neutrals
only up to around 15 eV which is defined by the Frank
Condon overlap of the ground state and repulsive curve. In
addition, the release of the resulting fragments appears to
be isotropic. On the other hand, a strong anisotropy was
observed in profiles of DC discharges with energies even
slightly in excess of the limit defined by the potential
diagrams [6]. The alternative explanation was that due to
acceleration of the positive ions, their momentum was
imparted onto the target molecules and the excited
fragments after dissociative excitation. However, it was
then difficult to explain the wing corresponding to the
motion towards the anode. Some degree of anisotropy was
even noticed in RF discharges, especially the asymmetric
systems and along the line of the external field, while it is
absent in the side-on observations [7].

At the same time due to the efforts of Art Phelps [8-
10] studies have begun of the spatial profiles of emission
from discharges at high E/N (electric field normalized by
the gas number density). By the virtue of the Paschen
curves [11, 12], the high E/N may be achieved at lower
pressures (left hand side of the Paschen curve) typically
under conditions when electrons have only a few collisions,
barely sufficient to sustain the discharge [11, 12]. When
operated in the Townsend regime, the profiles mostly
depart from the typical exponential growth towards the
anode (due to an avalanche of electrons and an increase of
their density). It was found that profiles become flat and
even peak close to the cathode [8-10, 13]. One explanation
was that electrons never achieve equilibrium with the local
field due to a small number of collisions. Thus, a beam like
component develops and the profile merely represents the
shape of the collision cross section against the spatially
distributed (i.e. increasing) beam energy. Under those



conditions ions gain high energies, so another way to
explain the cathode peak was to invoke excitation by heavy
particles.

As a matter of fact, the latter explanation proved to
be the valid one albeit with one caveat: the excitation is
actually performed by the fast neutrals produced from fast
ions in the process of charge transfer collisions [14]. The
only exception was the first negative band of nitrogen,
where spatial profile peaking close to but not right against
the cathode is due to the beam like electron energy
distribution convoluting the cross section for this process.
This is presently the only known example of a weak
excitation by heavy particles [14]. While not entirely
impossible, the excitation by ions has a much higher onset
and may eventually enter the kinetics but perhaps at
energies above 1 keV [15].

Quantitative comparisons were used to prove that the
excitation in low current Townsend discharges at very high
E/N is due to fast neutral collisions [14,16]. In addition,
one experiment was developed as well, providing a direct
and a very clear proof. It is a system where cathode is a
grid with transparency of around 50% and in the region
behind the grid the field is such that it prevents passage of
ions and electrons [17]. Yet, unperturbed by the field, the
fast neutrals penetrate this region and excitation profile is
extended almost exactly according to the transparency of
the grid. This experiment was modeled in [18] achieving an
almost perfect agreement without any adjustments to the
cross sections. This system also provides a blueprint for a
source of a beam of fast neutrals, neutrals that may have
energies in excess of 1 keV.

600

500

400/

Fig. 1. Paschen curves of CHCIF, and CF,. Labels correspond
to profiles shown in Fig. 2 [21].

Thus it was well established that a profile of
emission in parallel plate low current diffuse Townsend
discharge is an indication of the fast neutrals being present
and even being dominant in excitation kinetics. The effect
has been observed and analyzed in a number of gases and
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mostly the molecules containing hydrogen are prone to the
effect but not exclusively. The list includes (in addition to
the nitrogen, argon and hydrogen that were originally
observed by Phelps), methane [19], water vapour [20],
fluorocarbons [21], all rare gases and many more [22]. In
Figure 1 we show Paschen curves for CF, and for CHCIF,
[23].

It was found that the hydrogen containing molecule
has a much stronger effect due to fast neutrals. Presumably
the reason is dissociation followed by formation of a fast
atomic H which efficiently excites other molecules due to
being much lighter and more able to transfer energy to
inelastic processes. In Figure 2 we show spatial emission
profiles for the two gases shown in Figure 1. For CHCIF, a
strong peak close to the cathode is observed even at
around 5 kTd ( 1 Td = 107 Vem?) that equals electron
peak at the anode. For 12 kTd the cathode peak is much
higher. At the same time, for CF, the peak at 12 kTd close
to the cathode is observable and may have some fast
neutral excitation but it is much smaller than the anode
peak.

800 T T T T T

0.0 0.5 1.0

Fig. 2. Solid line CHCIF, profiles at 1: pd=0.11Torrcm,
E/N=13.2kTd, 2: pd=0.22Torrcm, E/N=5.3kTd, dotted line CF,
profiles at a pd=0.14Torrcm, E/N=12.2KkTd,
b: pd=0.29Torrcm, E/N=4.7kTd [23].

Particularly strong effects of the fast neutrals, as
evidenced by the peaks against the cathode, were found in
mixtures of rare gases with hydrogen containing molecules
(H,, CH,, etc.) [24]. The reason for this was that the
threshold for excitation by fast neutrals proved to be much
lower than that in pure gases and thus effects became more
visible [15].

It is important to note that all these observations of
the spatial profiles are for the low current limit of the
Townsend diffuse discharge where one expects exponential
growth of emission towards the anode (due to electron



excitation and avalanche). Still, observations of the
previously mentioned anomalous Doppler broadening were
also made in higher current discharges since a much larger
current was required to measure line profiles.

[1I. ANOMALOUS DOPPLER BROADENING DUE TO
FAST NEUTRALS AND THEIR DETECTION IN
HIGHER CURRENT DENSITY DISCHARGES

Returning to anomalously broadened Doppler
profiles, an explanation that combines effect of fast
neutrals with processes at the cathode surface [25] could be
offered only when a single experiment under swarm-
Townsend discharge conditions was made. Before that,
however, it is worth noting that Z. Sternberg [26] has
proposed an explanation of the profiles considering ion
acceleration towards the cathode and reflection of fast ions
neutralized at the cathode. Thus, fast neutrals would
originate at the surface and subsequently be excited by
electron collisions in the negative glow of the DC
discharge.
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Fig 3. Doppler profile of Ho line in hydrogen discharge at
10 kTd. Line with (red) dots is experimental, dashed (orange) line
are simulated wings due to heavy particle (fast neutral) excitation,
dotted (black) line is simulated electron induced excitation
including dissociative processes and instrumental resolution and
solid (yellow) line is the total simulated profile.

The wvalidity of this proposal was disproved by
testing the current dependence of the signal in the low
current experiment [25]. Nevertheless, it opened a
possibility that neutralized ions reflected from the cathode
may produce the wing of the Doppler profile that is the
opposite to the acceleration of positive ions by the electric
field. Combining this effect due to the surface
neutralization/reflection and excitation by the fast neutrals
originating from fast ions provided an explanation that
could fit both qualitatively and quantitatively all the
observations [25, 27]. Thus the experiment under swarm
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conditions (the only one carried out so far, consisting of
profiles of both spatial emission and Doppler broadened
lines) proved to be essential in establishing the explanation
of both wings and the basic process. It also allows us to
normalize the cross sections and test the set of cross
sections. In Figure 3 we show measured and simulated
(Monte Carlo procedure for all particles) Doppler profiles
of the Ha line in hydrogen at very high E/N of 10 kTd.

The component of the far wings, consistent with the
acceleration of ions by the field, is mostly produced by the
fast neutrals which were generated in charge transfer
collisions of fast ions. This component was found to be
consistent with the explanation for the spatial profiles
peaking close to the cathode and it extends all the way to
the maximum available energy at lower pressures. In case
of H, discharge at 10 kTd, the maximum energy is beyond
1 keV. Fast neutrals hitting the cathode may also be
reflected which leads to a component with a motion against
the acceleration of the ions by the field. This wing is
augmented by the neutralization/reflection at the surface of
the fluxes of different positive ions (in hydrogen those
would be H", H,” and H;") but some energy is lost at the
surface. Molecular ions break up upon hitting the surface
and are reflected mostly as fast neutral atomic hydrogen. It
was also found that atomic hydrogen dominates direct
excitation although fast H, also contributes. The distinction
between normal (i.e. expected) Doppler profiles (due to
kinetic energy resulting from the temperature of the gas),
hyper-thermal fast neutrals (resulting from dissociative
processes and limited to energies below 20 eV) and high
energy particles that produce the anomalously Doppler
broadened lines (due to the explained mechanisms) is in the
magnitude of the energy and in the opportunity to observe
the velocity of particles. At higher pressures, fast heavy
particles dissipate their momentum very rapidly so low
pressures are more favourable. In addition, a region of a
high electric field is required to provide energy to the ions
preferably with as few collisions as possible. A very good
agreement of the simulated profiles with experiment is
achieved without any fitting and it provides an important
test of both phenomenology, model and data. One should
bear in mind that the right wing, which is due to reflected
particles, is greater in magnitude as it also contains the
neutralized ion flux. At the same time, if we use non
reflecting graphite cathode, the right wing is almost
completely removed as in [25].

Anomalous Doppler broadening has only been
observed for hydrogen and hydrogen containing molecules,
with distinct chances that such profiles may still be found
for deuterium and helium. The reason is that energy
translates into greater velocity for lighter particles, and
having atomic excited hydrogen is a perfect way to detect
the activity of fast neutrals and their energy distribution.
On the other hand, when effect of fast neutrals is observed
at lower available energies (i.e. somewhat lower E/N and
higher pressures) it is almost impossible to see the Doppler
broadening in a swarm experiment. It is due to the need to



reduce the resolution since the intensity at few pA currents
is too low. At the same time at higher current discharges it
is possible to observe these effects in a number of gases but
in that case the boundary between dissociative and kinetic
mechanisms becomes blurred.

Several groups have probed Doppler profiles in a
number of gases and gas mixtures at higher powers. Most
notably the group in Belgrade from the department of
Physics and also the Institute of Physics has covered
different sources, and different conditions as well as gases
in a large number of papers [28-30]. In all those cases all
that was observed is consistent with the three proposed
mechanisms.

Thus it is worth noting that apart from the cathode
peak in the Townsend (and even in the glow regime) the
anomalous Doppler profile is another way of detecting fast
neutrals albeit only when one of the neutrals has a low
mass. Other techniques include a version of spatial profiles
with selection by using a grid to prevent passage of ions
[17,18] and also mass analysis. Mass analysis did not prove
to be very effective as it is very difficult to achieve high
efficiency of ionization of fast neutrals as they pass through
the ionizer of the mass analyzer. However, Bochum group
managed to provide direct evidence of fast neutrals by
using their conversion to negative ions inside the discharge
[31].

It should be mentioned, however, that observation of
fast neutrals have led to one of the most controversial series
of publications where these were linked to cold fusion and
new atomic states inconsistent with standard quantum
mechanics and observations of the stable universe.
Unfortunately, numerous reputable scientific groups
jumped on that bandwagon only to regret that decision
later. The hype has been laid to rest by the efforts of A. V.
Phelps [32] and J. Lawler [33]. We shall not cite the
literature that we believe is erroneous because we do not
wish to give credit to bad practices in science. One can
however notice that the prescribers to the "alternative"
view have almost completely avoided to address the swarm
Doppler broadening experiment and to perform quantitative
comparisons based on the model proposed there [25, 27].

IV. APPLICATION OF FAST NEUTRALS IN PLASMA
ETCHING

To our knowledge the first mention of the fast
neutral came from Giapis and coworkers [34] who
discussed hyper thermal neutrals with energies of several
eV, most likely products of dissociative processes. These
authors later used the term hyper thermal for very large
energy ions accelerated to several hundred eV. At ICRP
conference in 1991 [24] it was discussed by one of the
coauthors that one cannot assume that etching is only due
to the flux of ions reaching the substrate and that fast
neutrals may contribute significantly. That issue was
inspired by the observation that the efficiency of etching in
plasma equaled that of the pure beam with maximum
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energy. It was postulated that due to a broad energy
distribution and variability of the etching rate on energy,
the contribution of ions is only partial and the rest of the
etching is provided by fast neutrals. This suggestion was
not widely noticed. However, when it became apparent that
charging of dielectric layers is one of the biggest problems
in manufacturing, one of the present authors has proposed
fast neutral etching as a solution for the charging free
process [18] at ICRP conference in 1997. The proposal
focused on the source of fast neutrals from the Scott-Phelps
experiment [17] but it was quite general. The grid served
the purpose to block the passage of fast ions and also some
of the ions could be neutralized at the grids surface.
However, as it was shown that the loss of fast neutral
excitation corresponds well to the absorption by the grid,
the surface neutralization was neglected for this case. It
was also pointed out that the grid enables application of DC
discharges as a source of fast neutrals.

The principle of fast neutral etching has been
demonstrated several years later [35-41] in 2001. It was
however assumed that dominant process was surface
neutralization and thus narrow and long nanotubes were
used to maximize the production of fast neutrals. The fast
neutral beams have been implemented in a large number of
procedures in manufacturing of integrated circuits and
other aspects of nanotechnologies. It is worth stressing that
the technique has been implemented with a resolution of
several nm that matches excellent result in bottom-up
procedures and yet it is applicable in mass production [40].
In addition, this study showed that fast neutral etching has
a much smaller roughness almost an order of magnitude
than the ion etching. In the latter case the roughness is
typically around 2 nm. The requirement that the roughness
must be less than 10% of the critical dimension may lead to
the need to employ almost exclusively the fast neutral
etching for structures below 20 nm.

The principal developers of this technique focused
however on neutralization on surface employing narrow
large aspect ratio tubes in the grid. This, on the other hand,
may reduce the flux of both fast neutrals and radicals
considerably. This system would have a relatively small
transparency with a possible shadowing (thereby scanning
of the surface may be required). We have, however,
performed a detailed modeling of the sources as used in
[35, 36] and came to conclusion [42-44] that gas phase
production of fast neutrals under conditions of those
experiments may be dominant at somewhat larger pressures
but is still significant at the lowest pressures. In the process
we have also shown that for all practical purposes 100%
efficiency may be assumed for the grazing incidence
neutralization on metallic surfaces.

It is unfortunate that the developers of the fast
neutral etching did not address any of the gas discharge and
swarm papers dealing with the issue of fast neutrals. This
paper attempts to make that connection.



V. OUR ABILITY TO PREDICT THE PROPERTIES OF
FAST NEUTRAL SOURCES

Tools developed to model swarm physics and gas
discharges may be used very well to model the origin of the
fast neutrals. In addition to the already mentioned
theoretical and modeling papers, mainly aimed at swarm
experiments [10,11,14,16,18,27], one should also mention
other reviews presenting mainly preliminary versions of
our Monte Carlo simulations covering electrons, ions and
fast neutrals as well all relevant processes at surfaces [45,
46]. Similar models have been employed in Monte Carlo
simulations [47], and hybrid codes [48, 49]. In particular, it
is important to note an excellent agreement between the
model and experimental data without any adjustment for
normal and abnormal glow discharges [49] and also for the
breakdown data with the effect of fast neutrals included

[11].
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Fig. 4. Arrival time spectrum a) for particles in a Townsend N,
discharge, b) for groups of fast neutrals born after the secondary
electron emission in heavy particle collisions [50].

To illustrate the quality of the models we shall first
include a prediction of the arrival time spectra of a pulse of
electrons released at the cathode (see Figure 4). The result
is relevant for setting up the relaxation times for electrons
and fast heavy particles as the two occur at very different
time scales [51] and fast neutrals require times longer that
us to develop.

As for the discharges in argon we may predict the
fluxes (Figure 5) and energy distribution of fast neutrals
and ions. One can see that even in a discharge with a rather
low E/N, corresponding to the minimum of Paschen curve,
the flux of fast neutrals exceeds by almost an order of
magnitude the flux of ions. The overall effect of the fast
neutrals will be proportional to their energy. At a much
higher energy and E/N=150 kTd (see Figure 6) one has
energies of the fast neutral that cover the entire range to the
highest available energy. One must admit that ions have a
distinct advantage as they peak at the maximum energy and
also at these low pressures fluxes of ions and fast neutrals
are similar.
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Finally we shall show in Figure 7 a prediction of the
angular and spatial dependence of the velocity components
for fast H atoms in a Townsend hydrogen discharge [52].
These velocity components directly translate to the
different wings of the anomalously Doppler broadened
profile.
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Fig. 5. Fluxes of ions and fast neutrals compared to the flux of
electrons in a self sustained Townsend discharge in Ar at high
E/N (E/N=6.3 kTd) [18].
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Fig.6. Energy distribution function of fast neutrals (with energies
greater than 10 eV) produced by ions at the cathode, in uniform
field discharge in Ar (E/N=152 kTd) [18].

V1. CONCLUSION

We can conclude that it is possible to predict
quantitatively all the properties of gas discharges relevant



for prediction of the properties of fast neutral fluxes and
energy distributions at surfaces of the reactor chamber.
First comparisons should be made and models tested for
the swarms or Townsend regime low current diffuse
discharges. It is also possible to obtain excellent results for
the higher current glow discharges. Thus, one may be able
to develop predictive models for fast neutral etching
devices. In doing so a particular attention should be made
for the processes on surfaces (see as an example [11, 53]).
Therefore, as far as making models of the fast neutral
etchers for integrated circuit production goes, it is mainly
an issue in refining the available data and models of surface
interactions.

At the same time, it has not been studied sufficiently
whether fast neutrals make any contribution to
development of other nanostructures. In particular, the role
of fluxes of different particles in creating nanostructures
that may be unlikely under thermodynamic conditions may
very well depend on fluxes of ions and fast neutrals. For
example, etching of graphite in graphene nanotube
production may depend on these fluxes. Presently, we have

fast H

100000

enough knowledge to modify these fluxes and control the
desired effects in the manufacture of nano particles. In
particular, one would want to connect the energy
distributions of particles impinging on the surface and
simulations of the dynamics of the nanostructure upon the
collision [54].

Fast neutral etching may prove to be the dominant
strategy for charging free etching in production of
integrated circuits and it has been expected that it will lead
to a reduced roughness thus allowing sub 20 nm etching to
be executed. At the same time, it allows functionalization
of the surface, certain surface alloys and selective etching
of some materials such as graphite carbon material. It is an
excellent example how knowledge of elementary processes
(charge transfer collisions and surface collisions) together
with the theoretical and experimental experience in plasma
surface interaction and in transport of particles as well as
the ability to integrate the knowledge into predictive
models for plasma devices may merge fundamental science
with applied science and solving of the critical
technological issues.

Angular

distribution [arb.un, ]

M’"
i

/ anode

——————

cathode

Fig.7. Angular distribution of the fast neutral H atom flux in H, discharge at 10 kTd. [52].
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Abstract. Collisions of electrons, atoms, molecules, photons and ions are the basic processes
in plasmas and ionized gases in general. This is especially valid for low temperature
collisional plasmas. Kinetic phenomena in transport are very sensitivitive to the shape of the
cross sections and may at the same time affect the macroscopic applications. We will show
how transport theory or simulation codes, phenomenology, kinetic phenomena and transport
data may be used to improve our knowledge of the cross sections, our understanding of the
plasma models, application of the swarm physics in ionized gases and similar applications to
model and improve gas filled traps of positrons. Swarm techniques could also be a starting
point in applying atomic and molecular data in models of electron or positron therapy/
diagnostics in radiation related medicine..

1. Introduction

In this paper we present a survey of some of the recent results of the physics of swarms of
charged particles (we will confine our interest to electrons and positrons). Our first and
necessary point is to illustrate some of the recent results obtained by the group(s) at the
Institute of Physics in Belgrade (together with our collaborators). We also wish to illustrate
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how swarm physics connects on one side to atomic and molecular collisions (and thus to
overall atomic and molecular physics) and on the other to non-equilibrium plasmas and their

numerous applications. As the topic of swarms has not been addressed frequently at ICPEAC
(although one of its satellites, Electron-molecule Collisions and Swarms, covers the topic very

well) this presentation will necessarily be rather broad but not very detailed.

Collisions of electrons, atoms, molecules, photons and ions are the elementary processes
occurring in plasmas. It may be argued that the level of individual collisions is the most
fundamental level of phenomenology required to describe non-equilibrium collisional plasmas.
That is so for two principal reasons: the first being that the duration of the collisions is many
orders of magnitude shorter than the mean free time between the collisions. Thus we may bury
all the quantum mechanics into the cross sections and basic properties of the energy levels and
molecules. As a result, we may even use classical trajectories for charged particles and thus
the Monte Carlo technique has had so much success. The second reason is related to the first
and it is that the De Broglie’'s wavelength of particles is usually small compared to the mean
volume per particle in the gas, at least until we reach very high densities (e.g. as in liquids).
Thus electrons collide with only one target per collision.

A reductionist view of the science which dominated in the past declared that the more basic
the phenomena were, the more fundamental they were. In that view of the world, the field
theory and mathematics on their own may explain the psychological states of humans! A more
realistic view which, luckily, prevails today is that there are layers of phenomenology, each
with its own rules and foundations and each providing its accomplishments that are not
trivially predicted at the more basic levels. In this way we may construct a path between
atomic and molecular physics and the numerous modern applications of low temperature
plasmas. As previously mentioned, there is no need to go deeper than the physics of
collisional processes (including a range of collisions with surfaces). The next stage is the
physics of swarms where collisions join the statistical physics and kinetic theory in addition to
the surface processes. More detailed presentations of this realm of physics have been given in
earlier texts [1,2], while more recent reviews have been given in references [3-5]. It is possible
to say that little in the papers presenting the cross section data prepares us for the complex
kinetic phenomena that evolve in the swarm physics, such as negative differential conductivity
or negative absolute mobility [6,7].

The next layer of phenomenology is that of low temperature or more accurately non-
equilibrium plasmas (NEP). It brings in space charge and other plasma effects, chemistry and
many more different inputs. Swarm physics, represented by its kinetic phenomena, together
with atomic collision data are the building blocks of the NEPs but little prepares us for the
phenomena such as the spewing of the plasma bullet (ionization front) from the glass tube
where an atmospheric pressure plasma jet (APPJ) is formed [8,9]. This device often produces a
plasma bullet (ionization front) that actually moves faster, and is bigger and brighter, in the
supposedly hostile world of atmospheric gases once it leaves the region of high field between
the electrodes wrapped around the tube where more favourable gases for its formation
dominate. But even at this level one cannot really envisage why and how such plasmas may
induce, for example, preferential differentiation of human (periodontal ligament mesenchymal)
stem cells into one out of four possible types of the cells [10].

Finally, one should welcome another change in the attitude that happened recently. It has
been slightly over 100 years since the discovery of electron. Its discoverer J.J. Thompson
toasted at Christmas receptions: “To the electron and may nobody find its application.”.
Needless to say, the previous century being labeled as the century of the electron means that
some applications were eventually found. The attitude that applied is not fundamental has,
however, changed. Luckily non-equilibrium plasmas offer one of the quickest and most
abundant fronts of development of new applications and each application brings in
requirements for new phenomena to be included. For example, attempting to apply NEPs to
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medicine requires an understanding of a large part of the relevant medical knowledge.
Following publication of a major review by David Graves, of the mechanisms coupling
reactive species from the plasmas with biological triggers [11], there is now no room for
plasma and atomic physicists to claim that medical processes need not be understood from
their viewpoint, they simply have to learn them (Latin terms and all). Nevertheless one could
claim that at the deepest relevant level leading to such applications, one may find atomic and
molecular collisions however remote from the final outcome those may be [10].

2. Electron swarms in gases, cross section data sets and kinetic phenomena

Swarms may be simply defined as ensembles of particles (in this case electrons and positrons) moving
in the background gas under the influence of external fields (if charged), limited by the walls of the
vessel. These particles do not suffer effects of any significance due to interactions between themselves
(Coulomb force, shielding of the external field) and also have negligible chances of colliding with the
remnants of previous collisions. In other words, they move in the external fields affected mainly by the
collisions with the pristine background gas.

Swarms bring transport theory and other aspects of statistical physics to the table, and often effects
of surfaces may be needed albeit only in specific situations (e.g. a Steady State Townsend
experiment). The transport may be well represented by a single particle distribution function, so the
standard Boltzmann equation (BE) is appropriate. However, due to 7 degrees of freedom, a complex
theoretical treatment is required for solving the BE. Due to the complexity of the cross sections (the
dependence on the energy that can only be tabulated) and hence collision operator, the final result has
to be obtained numerically. The resulting energy distribution function is however not something that
can be measured, and the swarm physics focuses on averaged properties such as transport coefficients
(drift velocity, diffusion tensor, ionization coefficients) or rates for specific processes (excitation or
chemical).

Initially swarm physics was developed when techniques of electrochemistry were applied to study
properties of charged particles in gases, especially when their elementary nature became obvious.
However, they quickly proved to be a very good source of data for cross sections for the dominant
processes especially after numerical solutions to the BE became available. The advantage of the
technique was originally significant, as it provided good absolute calibration, and results for He were
only matched by theory and beam technigues some ten to twenty years later [1]. Most importantly, if
a full set of swarm facilities is used the resulting cross section set provides good number, momentum
and energy balances for the charged particles in the gas and is thus directly applicable in the modeling

of plasmas.

10° grmm—r—rrrrm Recent swarm derived cross
107 Diss. exc. CH,F, section_ sets cover many gases so we
shall give only one example, for the
N”E\ 10" 1,1,1,2-tetrafluoroethane {8:F,)
o molecule [12]. Transport coefficients
‘s 10° measured by a Pulsed Townsend
Na technique were converted to cross
10" sections, based on an initial set that
o JEw was available in the literature due to
10 Alt. x 20 S. Biagi. Results are shown in Figure
10° L.

A disadvantage of the swarm
technique is that it is indirect i.e. it
involves guessing of the cross section

_ 8 (eV) set and then comparing the calculated
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reached. In addition its resolution is poor, especially at higher energies, and the results potentially
suffer from non-uniqueness.

Reliable results are usually obtained from drift velocities and characteristic energies (diffusion
coefficient divided by mobility) for energies up to 1 — 2 eV, while typical electron energies in relevant
plasmas are higher. If the ionization coefficient is used in the analysis one may extend the energy
range of the set. Assuming that the measured ionization cross sections are very accurate we can fit the
ionization rate by adjusting the middle range electronic excitation cross sections or dissociation to the
ground state (which are often incomplete).

The accuracy of the resulting cross sections depends very much on the accuracy of the transport
theory (or the corresponding Monte Carlo simulation (MCS). Numerous tests need to be made to
check the codes against specially designed benchmarks, for various aspects of the transport or
properties of the processes [13]. On the other hand one needs to reopen, in a systematic fashion, the
issue of anisotropic scattering. At low energies, due to the randomizing effect of frequent collisions,
isotropic scattering is a good approximation provided that the momentum transfer cross section was
obtained with that approximation. It has been shown, however, that for mean energies in excess of 20
eV or even for smaller energies when inelastic processes are very strong, one needs to include
differential cross sections i.e. a full anisotropic model.

A plethora of atomic and molecular processes acting at the same time, that use up the energy
gained from the field, leads to the formation of the shape of the electron energy distribution function
(EEDF), and furthermore, but less obviously to the dependencies of the averaged properties, i.e. the
transport and rate coefficients. Those processes finally lead to the functionality of low temperature
plasmas and their many applications. From the viewpoint of fundamental physics the most interesting
aspect of the swarm physics are the so-called kinetic phenomena [3,5]. Those represent an often
counter intuitive behaviour of the collective properties, that cannot be predicted from the individual
trajectories or from the shape of the cross sections (at least not without some experience). Those may
be loosely classified according to the primary source of their existence (although the cross section
magnitudes, shapes and properties are generally relevant) :

= Dependence on the rates of momentum transfer and inelastic processasisotropic
diffusion; diffusion heating/cooling; enhanced mobility; negative differential conductivity
(NDC); spatial separation of fast and slow particles-i.e the energy gradient, ...

= Non conservative transport:attachment heating/cooling; negative absolute mobility;
difference between flux and bulk transport coefficients; positron NDC for bulk drift; skewed
Gaussians, ...

= Magnetic field induced: magnetic field cooling; ExB drift; ExB anisotropy of diffusion,...

= NDC for positrons in liquids

= Time dependent fields: anomalous diffusion; limited relaxation; phase delays at high
frequencies; time resolved NDC; transient negative diffusivity, heating of electrons due to
cyclotron-resonance effects,,..

= Non-hydrodynamic: Frank Hertz oscillations and Holst Oosterhuis structures; runaway ions;
runaway electrons; thermalization/equilibration (non-local transport); increasing mean
energies close to the boundaries; back-diffusion.

The fundamental reasons for these effects lie in the interplay between the times or spatial scales
required for relaxation of number, momentum and energy, and in the interplay between the source of
energy and momentum (i.e. the external field) and the processes that dissipate those properties. One
example of kinetic phenomena is particularly important for the world of Atomic and Molecular
physics. Absolute negative mobility has been predicted by several authors. The phenomenological
explanation requires a group of electrons to be released with energy of 2 eV in a mixture of argon with
0.5% of i (or any other gas with a large thermal attachment). The majority of the electrons would be
accelerated by the field and would have an increasing chance to collide. If scattering is isotropic then
50% of the electrons will scatter backwards and join the smaller group of electrons that move against
the field. Although those lose energy, the decreasing cross section will reduce their chances of
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redirection until they thermalize in the region of the Ramsauer Townsend (RT) minimum. There, the
electric field would again accelerate the majority of the electrons in the expected direction. Thus, for a
while, electrons would on average move against the field and current — mobility would be negative. If
one adds small amount of the thermal attachment will eat up the thermalized electrons not allowing
themto accelerate and the current would be negative perpetually [14,15]. Of course it has been shown
that this does not mean that we have a source of free energy although entropy is in principle reduced.
However we pay the price by producing a lot of negative ions which contribute to an even greater
growth of entropy [16]. The importance of this example is that it provides a situation where atomic
processes may be used to tailor the distribution function, and in essence act as Maxwell’'s demon (in
this case the thermal attachment). It is also not a man made device. Requirement to maintain the
second law of thermodynamics requires us to separate at least two kinds of transport coefficients. For
drift velocities we may have an average over all electrons in all of the space (the flux drift velocity),
while we may also follow the center of the mass of electrons and determine its velocity (the bulk drift
velocity). The distinction between these two is due to the changing number of particles (non-
conservative processes; attachment, postronium (Ps) formation for positrons or ionization for
electrons) and the difference may be associated with the vailidity of the second law of
thermodynamics [16].

We shall also show one example of the
related phenomenon of negative differential
conductivity (NDC), where drift velocity is
reduced as the field increases and the mean
energy increases due to the reduced control of
the energy by inelastic process and increased
randomization of directions in momentum
transfer collisions. This example also shows
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similar, set does not show the experimentally
observed NDC [12].

Kinetic phenomena, being shaped by the
cross sections, provide an opportunity to
strengthen the ability to normalize the cross
section sets and also to modify and even
define some of the applications or plasma
properties. Thus those effects should be
recognized and their implications understood when one wants to model collisional NEP.

3. Direct application of swarm data and models in the physics of ionized gases
In some cases when space charge is not excessive, swarms may be used as a direct representation of
the ionized gas (often under those conditions, however, all conditions are not met to call such systems
a plasma). The first example is the physics of Townsend discharges. The fact that swarm models are
exact for such circumstances (in the limit of vanishingly small currents), makes them perfect to
determine atomic and molecular processes in gas phase [17] and on surfaces and to study gas
breakdown as well sometimes even revealing new phenomena in experimental observations [18].
Further direct application of swarm data and theory is in attempts to optimize gaseous dielectrics. In
principle, two directions of research are dominant. The first is replacia@pySmore ecologically
acceptable gases and the second is to produce mixtures of such gases that would allow their operation
without the need for expensive high pressure vessels.

Another direction of research where swarm models and data are used abundantly (albeit that field
has almost severed its connections with the swarm community) is that of the gas filled particle
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detectors, including the nowadays most popular Resistive Plate Chambers (RPC)[19]. Using the
Monte Carlo code developed to study swarms and obtain cross sections, and the newly established
cross section set, we were able to calculate the time response of such devices [20] that agrees well
with experiments. These results may nowbe used to optimize gas mixtures, operating conditions,
chemistry and control the degree of ionization to speed up the counting rate. Other types of gas filled
detectors may be modeled in a similar fashion.

The most important aspect in application of swarm physics, is in so called low temperature plasmas
(we prefer to call them non equilibrium plasmas-NEP). We could spend much space on this issue, but
it is only covered here as a brief introduction with more being found in reference [21]. The kinetic
theory and the transport data all enter fluid models and together with the solution for the field
distribution are the foundation of the theory. The hybrid models use the same data together with the
cross section sethat have to be completeand thus be tested by the swarm technique, as do the
kinetic codes. As one example we can describe capacitively coupled RF plasmas, which have sheaths
close to the electrodes and with high fields that increase on one side and decrease on the other. During
the reduction of the field electrons diffuse into that region and get accelerated into the plasma when
the field starts increasing again. The diffusion flux of electrons is defined by the longitudinal
diffusion coefficient, the one that shows anomalous behavior due to inability of the electron energy to
respond the changes in the fields. This inability follows from the finite relaxation time of the electron
energy which is strongly affected by the shape of the elastic cross section. On the other hand, for
inductively coupled RF plasmas the ExB drift opens new channels to feed energy into the plasma [3].
Most models however assume constant (in space and time) transport coefficients, and neglect
additional components of drift velocity and diffusion when magnetic fields are present. Nevertheless
it has been difficult to impress upon the plasma modeling community that their models, when applied
to simple low space charge limit benchmark situati@muld be able to replicate the swarm
benchmarks Completing this exercise, however, would open many issues on the available cross
sections and would forge a stronger link between atomic and molecular collision physics and the
plasma modeling community. At the same time it would make binary collision experts aware of the
data needs for the numerous plasma applications,

Another issue is that of the pertinent theory. As mentioned above, most frequently spatial and
temporal uniformity are assumed in modeling. This is seriously wrong in cases of sharp gradients, in
the profiles of plasma properties when hydrodynamic expansion of the theory is not an option (and is
still being used in almost all cases). One such example is that of the streamers. Streamers are the basis
for most high pressure discharges and recently a theory has been developed that includes proper
treatment of transport across strong gradients in various streamer properties. Although the space
charge made the final profile very robust, the improved theory produced results that had a significant
change in the speed of propagation [22]. Streamers are an essential component of a number of
atmospheric plasmas including lightning, sprite discharges in the upper atmosphere and atmospheric
pressure plasma jets, which are being championed for novel medical procedures while having some
intriguing physics on their own [8]. Other atmospheric discharges like aurora are often modeled [23]
by using measured distribution functions from the atmosphere, in a procedure that resembles swarm
models. It seems possible that a similar analysis should be made with distribution functions calculated
having in mind all the available data and conditions at high altitudes.

4. Positrons in gases: swarms and (swarms in) traps

The absence of swarm experiments for positrons, with two exceptions [24], made us adopt a strategy
that we do not advise for electrons. That is to collect the available cross sections, which are now
generally available for several of the most important gases [25-27], and calculate the transport
coefficients hoping to identify new kinetic phenomena that would justify building new swarm
experiments. It was found that for gases with a strong positronium formation cross section, skewing
of the positron swarm occurs due to preferential loss at the front of the group leading to a major
reduction (NDC) for the bulk drift velocity. One such example is water vapour [28], which is critically
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important for applications of positrons in medicine. Assuming that a set of cross sections is
sufficiently complete, we may proceed to model tracks of positrons in water vapour allowing also for
assessment of nanodosimetry [29].

One should be aware that some of the critical devices in positron physics contain gas to reduce the
energy of positrons, below the threshold for Ps formation, and then to further cool them so that the
outgoing beams might have a very narrow energy spread. the Penning-Malmberg-Surko trap is usually
separated to three stages, with pressures ranging fromak®to 10° Torr, with pure N at the front
and nixture of N, and Chk in the last stage [30,31]. We have been able to apply the code originally
devdoped for electron swarms (and tested against all known benchmarks) to model the Surko trap
[32]. In figure 3 one can see the development of the distribution function from a single beam, through
to multiple beams (due to inelastic collisions with electronic excitations), and to gradual development
of the low energy distribution which becomes dominant and eventually decays to the Maxwell
Boltzmann distribution at room temperature [33]. This is fully analogous to the equilibration of
electron swarms with initial beam, followed by Frank Hertz like effects during the first collisions and
subsequent development of a broad energy distribution function demonstrating also that interpretation
of the experiment using swarm phenomenology is appropriate (including of course a good set of cross
sections). Having this tool it became possible to determine other aspects of trap operation: losses,
optimum choice of potential drops and geometry. It led to some new proposals such as the idea of S.
Marjanovk for the inversion of the gases, whereby, @Buld be used at the trap front and with the
mixture still at the last stage, with lower potential drops that would help avoid Ps formation and allow
efficiencies of up to 90%.

A large number of elastic
% 0z 54 collisions, which happen during
thermalization, leads to an
expansion of the positron swarm
£ o in the trap. For many applications,
e : - however, increased density is
S S 243 B i & require_d _and thus additional
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o N be required. For this purpose a
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Figure 3. Temporal development of the energy distribution
function in a positron trap [3:

viscosity was added to a simple
transport equation allowing the
experiments to be fitted. In our
approach a swarm based Monte Carlo codes has been used with realistic sets for the cross sections
[37]. The role of each of the processes has been elucidated, and it is possible to characterise all the
salient features of the rotating wall trap. As the system develops with an entire ensemble, it appears
that the term single particle rotating wall should be replaced by the swarm regime of the rotating wall.

5. Conclusion

The realm of the physics of ionized gases controlled by collisions without a significant effect of the
Coulomb interaction between charged constituents, is known as swarm physics. It is in this area that
the kinetic phenomena are observed most directly. The tools of swarm physics allow us to cross the
path from the elementary microscopic collisional processes all the way to the macroscopic properties
of swarms, plasmas and other forms of charged particle ensembles and their applications. It appears
that for gas filled systems the phenomenology, tools and data of swarm physics provide the best way
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to understand and even optimize the devices and their applications, while crossing the gap between
microscopic cross sections and the large scale practical devices.
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We present results of research on basic processes goverining low-current liquid vapour discharges.
Experimental measurements of breakdown properties, spectrum and spatial emission profiles of
Townsend regime in low pressure water vapour are used for comparison with the data obtained
from a Monte Carlo simulation. The realistic simulation includes both reactions with electrons and
heavy particles in the discharge volume with borders. Thus, by attaining good agreement between
experimental and modeling data we can obtain cross sections for processes between heavy
particles and provide detailed description of the discharge.

Intense investigation of discharges in liquids or liquid vapours have been present for more than a
decade initiating a new realm in non-equilibrium discharge field. Motivation for the investigation
comes both from scientific and technological interests to unravel and explain complex systems that
intertwine vapours, liquids and electrical discharges. On one hand, these complex systems have found
many applications such as novel environmentally friendly light sources, plasma sterilization and
modifications of different kind of surfaces, biomedical applications and many other [1-3]. They all
necessitate basic research in order to explain processes important for particular application and to
enhance the device itself. On the other hand, there is a scientific interest in liquid/vapour discharges so
as to provide relevant information about this non-equilibrium system. Since there is variety of
discharge configurations employed there are many different approaches of investigation, both
experimental and modeling [4-7]. Investigation of basic processes in these discharges can be
successfully accomplished only as a joint effort between experimental measurements and modeling.
Prerequisite for a complete set of reliable experimental results is well controlled conditions in a wide
range of experimental parameters, which can sometimes be difficult to achieve. Afterwards,
experimental data can be used either as input data for models or for comparison with the modeling
results. However, complexity of systems investigated requires a step-by-step modeling approach, i.e.
separating the liquid/vapour discharge system into parts and running a separate model for every
subsystem.

Vapour environment is a feature shared by many vapour/liquid discharge systems and therefore is
an important system to investigate. Hence, we aim to investigate elementary processes taking place
inside vapour discharge at low-pressures, at breakdown conditions and low currents. Here we will
present results of experimental measurements and simulation obtained in a water vapour discharge.

Our experiment consists of parallel flat electrodes, copper cathode and platinum film coated anode,
separated at 1.1 cm. Electrodes are placed in a quartz cylinder that allows side-on observation to the
discharge and at the same time prevents long-path breakdown. Chamber construction, capacitive
manometer and gas pumping system allow precise pressure control and measurement at minimal gas
flow rate intended only for slow purging of the discharge volume. Electrical system in the experiment
enables control of the working point of the discharge in a wide range of discharge currents. Electrical
signals from the discharge are monitored and registered on an oscilloscope providing an insight to
time-dependent waveforms. Therefore, a special attention is devoted to produce stable discharge
parameters and carefully control them, resulting in reproducible measurements.

Water vapour for the measurements was produced by evaporation of a liquid sample of bidestilled
deionized water at low pressure, which was previously made devoid of all volatile constituents (such
as dissolved oxygen) by a prolonged pumping of the sample. Although we have shown that the
influence of minerals and other dissolved content of tap water is not significant for breakdown [8] we
chose processed water sample in order to keep the pumping system clean. The ambient temperature
during measurements was kept at 300 K.
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Emission was recorded either by an ICCD camera with a photographic objective — a setup suitable
for recording spatial emission profiles of the discharge, or a spectrometer equipped with the ICCD
camera as detector to record spatially integrated spectrum of the discharge. Spatial profiles can be
recorded as 2D images of entire discharge emission, i.e. emission integrated in visible spectral range,
or they can be spectrally resolved by inserting a band-pass filter (Hao line at 656 nm). Details about the
experimental setup can be found elsewhere [8,9].

A Monte Carlo simulation (MCS) was employed to realistically model the discharge with
parameters used in the experiment and take into account boundary conditions, spatially dependent
transport coefficients for electrons and heavy particles as well as distribution functions that may
include a runaway component. Monte Carlo code for electron transport was coupled with similar
particle codes involving ions and neutrals, all based on the null collision technique. Details about the
MCS technique have previously been published [10]. Cross sections for electron collisions were taken
from the literature [11,12]. For heavy-particle processes we modified initial collisions cross sections
from the data reviewed by Phelps [13,14] and Miller and Green [15] assuming the dominant role of
fast H atoms in excitation. Electrons reflected from electrodes were also included in the simulation. As
an output of the model we observed Ha emission coming from excitation processes induced by
electrons and in heavy particle collisions.

Fig. 1 shows measurement of spatially-integrated emission spectrum of water vapour discharge at
pd = 0.2 Torrcm for wavelengths in wide interval from 300 nm to 880 nm. In the visible part of the
spectrum H atom emission at 656.3 nm (Ha), 486.1 nm (HB) and 434.1 nm (Hy) are present.
Moreover, strong lines of OH band (306-309 nm) are visible as well as atomic O lines at 777.4 nm and
844.6 nm.

OH
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—
@© 306.4] 308.9 Ha

.
700 800 900

400 500 600
A (nm)
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Fig. 1. Emission spectrum of Townsend discharge in water vapour at pd = 0.2 Torrcm and
d = 1.1 cm with characteristic lines designated in the plot.

In Fig. 2 axial emission profiles from H,O vapour discharge running in low-current limit are
shown. Total emission in visual spectral range is plotted using full lines while filtered emission is
represented by dashed lines. At low pressures (high E/N), small pressure variations in different
measurement sets change significantly the breakdown point and therefore presented total emission and
Ha profiles are acquired at two comparable E/N values. The profiles are obtained at two disparate
pressures, i.e. E/N values. The profiles recorded at higher E/N field (lower pressures) corresponds to
breakdown conditions in the left-hand side of the Paschen curve, while the profiles at E/N = 3 kTd are
recorded around minimum of the breakdown curve [5].
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Fig. 2: Axial profiles of emission from water vapour discharge at around pd = 0.2 Torrcm and
pd = 0.6 Torrcm. Intesity of profiles obtained with Ha filter (dotted line) is multiplied by a factor
of 60 to facilitate the comparison. (1 Td = 102 V-m?)

The lower E/N profile peaks at the anode due to excitation of particles induced in collisions with
electrons. At such conditions, while discharge running in the low-current limit, the emission slope of
the discharge rises from the cathode towards anode reflecting electron multiplication in the volume
and allowing determination of the effective ionization coefficient [16]. Flattened part of the profile in
front of the cathode belongs to the non-hydrodynamic region [16].

Contrary to this, in the case of high E/N field, the slope of the profile has a maximum at the
cathode. This suggest that the dominant particle excitations are induced by collisions with energetic
heavier particles, most likely fast H, present in the discharge [9]. Obviously, at high E/N heavy-
particle processes dominate over electron processes. Between these two E/N values there is a
continuous transition between dominant processes in different regimes, i.e. electron-dominated
excitation gradually declines with E/N increment as heavy-particle excitation emerges and prevails at
high E/N.

Spatial discharge profiles recorded with Ha filter have the same shape as the profiles of emission
integrated in visual spectra (Fig. 2). This indicates that major contribution to overall emission comes
from excited hydrogen atoms, both in the regime where electrons play crucial part in excitation and
also in the case of heavy-particle excitation. However, in order to clarify a particular role of H atoms
and all possible heavy-particles involved, we have performed further investigation.

To quantify the role of heavy-particle processes in low-current limit discharge we employed our
comprehensive MCS and compared Ho emission from the simulation to the experimentally obtained
data. In Fig. 3 we show the comparison of results at E/N = 14.4 kTd, presenting separately calculated
contributions due to electron excitation and fast H atom excitation. The MCS data and experimental
results agree quite well with almost identical shapes of emission profiles. On the other hand, intensity
of the simulated profile of Ho emission is somewhat higher than the experimental. Discrepancy in
front of the anode (a narrow anode peak) may come from an overestimated reflection of electrons.
Additionally, spatial resolution of the optical detection system will broadened the anode peak due to
reflection. Adjusting the reflection and the magnitude of the excitation cross section will produce an
excellent agreement with experimental data.
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Extensive experimental investigation of low-pressure water vapour discharges yielded complete
sets of data for different operating regimes. We used the data obtained from Townsend discharge, the
breakdown data and optical emission profiles, to compare to the MCS results in order to obtain
guantitative information regarding heavy-particle processes. Specifically, cross sections for processes
between heavy particles assumed in the simulation returned a good agreement between calculated and
measured emission data, and therefore proved to describe the heavy-particle processes well. The cross
sections obtained here can be further used for modeling different discharge systems in water vapour
environment that involve heavy particle processes.

This work is supported by the Serbian MESTD projects ON 171037 and |11 41011.
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CROSS SECTIONS AND TRANSPORT
PARAMETERS OF O IONS IN WATER WAPOUR

V. Stojanovié, Z. Raspopovié¢, D. Mari¢ and Z. Lj. Petrovi¢

Institute of Physics, University of Belgrade, Pregrevice 118, Serbia

Abstract. The transport properties of O™ ions in water wapour in DC fields were
obtained by using Monte Carlo simulation technique with the scattering cross
section sets assembled on the basis of Nanbu’s technique and available
experimental data. In this work we present the mean energy and the reduced
mobility for the conditions of low to moderate reduced electric fields E/N (N-gas
density) accounting for the non-conservative collisions.

1. INTRODUCTION

Interest in application of plasmas in medicine, nanotechnologies and
environmental remediation [1-5] has drawn attention to studies of discharges in
water and in proximity to water [6]. Current studies show that in such systems,
discharge is produced in water vapour either from evaporating liquid electrode or
in bubbles created by an induced phase transition within the liquid. More
generally, all atmospheric discharges contain some degree of water vapour. It is
therefore of increased interest to determine how discharges are created in water
[7-9]. Until recently it has been thought that discharges can only be formed in
water vapor resulting from an induced phase transition. Therefore an initial point
must be to have accurate knowledge of the electrical properties of water vapor
and in particular its breakdown potential [10,11]. Complicated chemistry and
poor data for a range of processes of particles interacting with gas and surface
require further insights and more data. In this work our intention is to study
energy dependent scattering probabilities of O™ ions in H,O gas and to explore
effects of non- conservative processes on transport properties of the O™ ions.

2. CROSS SECTION SETS

The scattering cross sections of O” on H,O molecule, measured by Hasted and
Smith [12] for electron detachment (DET) and Lifshitz [13] for other low energy
processes, are presented in Fig. 1.a) (thick lines) and listed in Table 1. A simple
cross section set (S1) is completed based on these experimental data and
applying appropriate linear extrapolations [see thin lines in Fig. 1.a)]. Note that
in our extrapolations we have taken into account that polarisation and dipole
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forces are expected to be important over the energy range from 20 meV to few
eV.
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Figure 1. Cross section set of O ions in H,O based on a) available experimental
data (S1) with extrapolations, b) Nanbu theory (S2).

We have also calculated a cross section set by using Nanbu’s theory [14-15] (S2)
which is modified to treat endothermic reactions with polar molecules by the
locked dipole model [16]. In Nanbu’s theory reactive collision is treated by
selecting the thermodynamic threshold energy and branching ratio according to
the Rice-Rampsperger—Kassel (RRK) theory [14]. Obtained cross sections were
corrected to fit reduced mobility obtained by SACM (Statistical Adiabatic
Channel Model) approximation [Fig. 1.b)].

We have used data for polarizability and dipole moment of H,O as used by Clary
[17] and selected heats of formation and electron affinities from Ref. [18].
Threshold for electron detachment (DET) has been taken from Ref. [19].

The most probable reaction paths are shown in Table 1. We found them relevant
for the selected domain of low O™ energies in water vapour.

Table 1. The list of products and the corresponding thermodynamic threshold
energies A for reaction O + H,0.

No Reaction products A (eV)
1 O+ H,0 (EL) 0.0
2 OH + OH -0.36
3 H,0, + e-(DET) -0.43

O+H,O+¢ -1.46
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Moreover the usually applied procedure would be to unfold the cross sections
from the measured transport coefficients and thermo-chemical data in a separate
drift tube experiment but to our knowledge no such data are available.

Monte Carlo technique was applied to perform calculations of transport
parameters as well as rate coefficients in DC electric fields. In this paper we
have used a Monte Carlo code that properly takes into account the thermal
collisions [20].

3. RESULTS AND DISCUSSION

Bulk values of drift velocity [15] are used to obtain the reduced mobility for
two selected cross section sets as shown in Fig. 2.a) for a range of reduced
electric fields E/N (E-electric field, N-gas density) including the range where the
effects of the charge transfer collisions take place. As expected, excellent
agreement is achieved for the lowest field reduced mobility where the same trend
for both cross section sets exists. Reactive processes with low thresholds
gradually split the two curves. At the end of our E/N scale the difference appears
as a consequence of very different total cross sections at highest energies. We
also show the mean energy, a parameter which cannot be directly measured in
experiments but a mean energy as a function of E/N may be used directly to
provide the input data in fluid models especially when the local field
approximation fails. The mean energies for two cross section sets overlap up to
100 Td where slow rise of energy is obtained due to the disappearance of the O
in the process of producing OH". As shown in Figure 2.b) mean energy increase
with E/N from about 20 Td at room temperature. Significant increase of mean
energy with E/N for the S2 with respect to the S1 is due to a significant fall of the
reactive cross section with energy for S2.
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Figure 2. a) Reduced mobility, and b) mean energy, for O ions in water vapour
as a function of E/N obtained by Monte Carlo simulation at 7=300 K.
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MODELING OF F-1ONS IN Ar/BF3 MIXTURES

Z. Raspopovié', 7. Nikitovic’l, V. Stojanovic’l, J. Jovanovié¢® and Z. L. Petrovic'

!Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade,
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’Faculty of Mechanical Engineering, University of Belgrade, Kraljice Marije 16,
11000 Belgrade, Serbia

Abstract. Transport parameters of F~ ions in mixtures Ar/BF; in DC fields were
calculated using Monte Carlo simulation technique assuming the scattering cross
section set assembled on the basis of Nanbu’s technique separating elastic from
reactive collisions. In this work we present characteristic energy and drift velocity
for low and moderate reduced electric fields £/N (N-gas density) and accounting
for the non-conservative collisions.

1. INTRODUCTION

Negative ions are abundant in plasmas in fluor containing molecules
that are also relevant for a wide range of applications. One should bear in mind
that electron affinity of F atom is the largest of all atoms and also that
electronegative plasmas containing F~ ions are highly reactive. Knowledge of the
plasma chemistry and behavior of negative ions in plasmas is thus necessary in
order to model plasma processing devices. Additionally, recent progress of
discharge modeling and simulation have made contributions to a deeper
understanding of the discharge phenomena and to the optimization of reactor
design or finding operating conditions. One such example is plasma implantation
where Boron dopant penetration in silicon is achieved by a pulsed DC plasma
system (PLAD) most widely employing BF; gas [1, 2].

Uniform plasma and implantation with normal ion incidence are the
main goals in this technological process. Control over the number density of
negative ions, in this case F~ and BF,, increase efficiency of implantation.
Modeling of such plasmas requires knowledge of transport parameters of all
abundant particles [3].

2. EQUATIONS

The cross sections for scattering of BF, ions on Ar and BF;, and for F
ions on BFj; are calculated by using Nanbu’s theory [4, 5] separating elastic from
detachment collisions. The cross sections for F~ on Ar [5] were used to calculate
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rate coefficients for detachment. The dipole polarizability of 3.31:107" m® [6]
and 1.64:10°° m® [7] is used for BF; and Ar target respectively. Monte Carlo
technique of Ristivojevi¢ and Petrovi¢ [8] was used to calculate transport
parameters as a function of E/N.

According to the Nanbu’s theory, elastic and reactive endothermic
collisions are separated and treated by accounting for the thermodynamic
threshold energy and branching ratios according to the Rice—Rampsperger—
Kassel (RRK) theory [4]. Within the RRK theory an excited molecular complex
is treated as an excited activated complex where the internal energy is distributed
among s equivalent vibrational modes of the complex.

The cross section for exothermic reaction (EXO) forming a super
halogen molecular ion BF; is commonly represented by ion capture cross
section:

O-exo :IBGL (1)

where O is the orbiting cross- section [9] and P is is the probability of a specific
exothermic reaction.

3. DISCUSSION AND RESULTS

The transport coefficients include drift velocity, diffusion coefficients,
ionization and attachment coefficients and chemical reaction coefficients for ions
[3]. Excitation coefficients are also measured but seldom used in modeling.

Swarm parameters are generally applied in plasma modeling and
simulations. At the same time, the non-equilibrium regime in discharges is well
represented under a broad range of conditions by using Monte Carlo simulation
scheme.

In this work we use Monte Carlo technique that accounts for a finite gas
temperature of the background gas particles [5] to calculate swarm parameters of
F ions in gas for temperature T=300 K.

In Figure 1 we show the characteristic energies (diffusion coefficient
normalized to mobility eD/K in units of eV) based on longitudinal (D) diffusion
coefficients. We also show the mean energy, a parameter which cannot be
directly measured in experiments but a map of mean energy versus £/N may be
used directly to provide the data in fluid models especially when the local field
approximation fails. As seen in Figure 1, the mean energy increases from about
10 Td. The Monte Carlo code [8] gives good results in which for all mixtures Ar/
BF; the mean energy converges to the thermal mean energy 3/2 kT = 0.038778
eV, while the thermal eD/K = kT converges to 0.025852 eV (longitudinal (DL)
and transverse (DT) diffusion coefficients).
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Figure 1. Mean and characteristic energy of F™ ions in BF; gas as a function of
E/Nat T=300K.

The bulk and flux drift velocities for F- in Ar/BF3 as a function of E/N
are given in Figure 2. The drift velocities obtained by Monte Carlo simulation
are calculated in real space (bulk) and in velocity space (flux) values and are
obtained as <v> and dx/dt, respectively. The bulk and flux values of the drift
velocity begin to differ above 100 Td but very little.
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Figure 2. The bulk and flux drift velocity of F- ions in Ar/BF3 as a function of
E/N at T=300 K.
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4. CONCLUSION

In this paper we show transport properties for the F- in mixtures Ar/BF3
which do not exist in the literature. The complete cross section set has been
determined by extending Nanbu’s theory.

The results are believed to be a good base for modeling, which could be
further improved when measured values of transport coefficients become
available and then perform the analysis again.
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CROSS SECTION AND TRANSPORT
PARAMETERS FOR K' IN DIMETHOXY
ETHANE

7. Nikitovié¢, M. Gili¢, Z. Raspopovié, M. Petrovié¢ and V. Stojanovié

Institute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade,
Serbia

Abstract. In this work we present most probable reactions of alkali metal ion K"
with dimethoxy ethane (DXE) molecule. Appropriate gas phase enthalpies of
formation for the products were used to calculate scattering cross section as a
function of kinetic energy. Three body association reaction of ion with DXE is
studied and compared to experimental results. Calculated cross sections were
used to obtain transport parameters for K" in DXE gas.

1. INTRODUCTION

Cold plasmas are often used in new technologies where they offer
methods for nonintrusive production or modification of specific substances.
Main characteristics of these plasmas are their high electron temperature and
low gas temperature. Dimethoxy-containing compounds, such as dimethoxy
ethane (DXE), can be produced from dimethyl ether by using dielectric barrier
discharge (DBD) plasmas containing water vapor at atmospheric pressure [1].
As clear and colorless liquid at room temperature and atmospheric pressure,
DXE is used as a precursor in production of ceramics or as a sole compound to
make other chemicals such as those used in lithium batteries production,
superconductor production and nanoparticles synthesis.

In this paper we firstly selected the most probable reactions of alkali
metal ion K* with DXE molecule (and its most probable products) for
thermodynamic threshold energies below about 15 eV. Appropriate gas phase
enthalpies of formation [2] for the products were used to calculate
thermodynamic thresholds.

2. CROSS SECTION SET

The scattering cross section of alkali ion K" on DXE are calculated by
using the Denpoh-Nanbu (DN) theory [3] separating elastic from reactive
collisions. DXE is known not to have dipole moment in its ground state. The
dipole polarizability of 9.94x107*° m® [4] is used for the DXE target. Similar to
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our recent papers [5] DN method is used to separate elastic from reactive
endothermic collisions by accounting the thermodynamic threshold energy and
branching ratio according to the Rice-Rampsperger-Kassel (RRK) theory [3].
Within the RRK theory the internal energy is being distributed among an
empirical number of s equivalent effective modes of the complex selected from
the total number of atoms involved in the complex.

A K + DXE

N from database
association(EXP + extrap.)
N === sum of reactive processes
elastic mtr

Cross section [10%° m’]

10™ " " , " R B Rt "
10° 10®° 10* 10° 10% 10" 10° 10" 10® 10° 10°
Relative collision energy [eV]

Figure 1. Cross section sets for K'in DXE.

Elastic momentum transfer cross section is modified in order to fit
approximate mobility peak characteristic for presented systems. Swarm method
[5, 6] is exploited to modify the cross section for elastic momentum transfer
where for reduced mobility in the peak region (experimental [7] or theoretical
values [8]) similarity with ions of equal or similar reduced mass is targeted.
Elastic momentum transfer cross section for elastic collisions of K* with DXE
is presented in Figure 1.

3. DISCUSSION AND RESULTS

Swarm parameters as a function of reduced electric field £/N in DC
electric fields are generally applied to plasma modeling and simulations.

We have used a Monte Carlo code that properly takes into account
thermal collisions [9]. The code has passed all the relevant benchmarks and has
been tested in our work on several types of charged particles.

In Figure 2. we show the mean energy, which cannot be directly
measured in experiments but a map of the mean energy versus £/N may be used
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directly to provide the data in fluid models especially when the local field

approximation fails.
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Figure 2. Mean energy of K" ions in DXE gas as a function of E/N at T = 300

K.

In Figure 3. we show the results of Monte Carlo simulation for
reduced mobility as a function of E/N. Due to reactive collisions bulk and flux
values of reduced mobility are separated.

0.9
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Ko [cm2 v-1 s‘l]
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100 1000
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Figure 3. Reduced mobility of K" ions in DXE as a function of £/N at 7=300 K.

114



28th SPIG Atomic Collision Processes

The mobility K of an ion is the quantity defined as the velocity
attained by an ion moving through a gas under the unit electric field. One often
exploits the reduced or standard mobility defined as:

KO = Vd N 2 (1)
N,E

where Vv, is the drift velocity of the ion, N is the gas density at elevated

temperature 7 and is the electric field.

4. CONCLUSION

Calculated cross sections are used to obtain transport parameters for
alkali metal ion K" in DXE gas.

The cross sections and transport data for technologically very
important gas DXE have been determined by using simple theory. While it is a
good basis for modeling it would be much better to add a data base of measured
transport coefficients and then to perform the analysis again.
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Abstract. In this paper we are presenting cross section set for scattering He" ions
in CF, that is assessed by using available experimental data for charge transfer
cross sections. Monte Carlo method is used to calculate mean energy and drift
velocity as a function of £/N and discussed as a consequence of non-conservative
reactions at temperature T=300 K.

1. INTRODUCTION

Charge transfer reactions of ions with molecules are inavoidable
elementary processes in modeling kinetics in terrestrial, industrial and
astrophysical plasmas. In selected cases charge transfer reactions are known to
represent the most significant part of a cross section set. Line spectra of excited
atoms obtained in spectrometric measurements in CF, indicate that the charge
transfer reaction is dominant process in collisions with inert gas ions. Thus, in
this work we assessed cross section set for He' in CF, by using existing
experimental data [1] for charge transfer collisions producing radical ions of CF,.
Since no direct information is found in the literature how mobility of high
recombination energy ions such as He' ions behaves in CF, gas we also
calculated transport parameters by using Monte Carlo simulation technique [2].

2. MONTE CARLO TECHNIQUE

The cross sections measured by Fisher et al. [1] were used to deduce
elastic momentum transfer cross section (Figure 1) assuming total momentum
transfer cross section oy, is known. At very low energies we assumed that o,
behaves as Langevin’s cross section and elastic momentum transfer cross section
is determined by deducing all reactive cross sections i.e productions of CF," and
CF;" ions. In the absence of association reaction [1] these were only processes
that may affect mobility of He" ions. Accordingly for average polarizability of
CF, we adopted value of 3.86 A® used by Stojanovi¢ et al. [3] who found
excellent agreement between experimental and calculated mobility of CF;™ ions
in CF4
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Figure 1. Cross section set for He" in CF,.

Further, extrapolation of elastic momentum transfer cross section trend
beyond crossing point of Langevin’s and hard sphere (HS) cross section [1] is
done by smoothly connecting to 1/° trend [4, 5] where v is the center-of-mass
velocity (see Figure 1).

At all ion kinetic energies above 50 eV reactive cross sections are
extrapolated by constant values.

Effect of various extrapolations (short dot-dashed or dashed line in
Figure 1) of unusual behavior at low energy, observed with measurements of the
cross section leading to formation of CF," (where irrespective of the He" spin
state exothermic behavior of reaction is expected) is found negligible on
mobility.

3. DISCUSSION AND RESULTS

The transport coefficients include drift velocity, diffusion coefficients,
ionization and attachment coefficients and chemical reaction coefficients for ions
[2]. Excitation coefficients are also measured but seldom used in modeling.

Swarm parameters are generally applied in plasma modeling and
simulations. At the same time, the non-equilibrium regime in discharges is well
represented under a broad range of conditions by using Monte Carlo simulation
scheme.
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In this work we use Monte Carlo technique that accounts for a finite gas
temperature of the background gas particles [6] to calculate swarm parameters of
He' ions in CF, gas for temperature T=300 K.

In Figure 2 we show the characteristic energies (diffusion coefficient
normalized to mobility eD/K in units of eV) based on longitudinal (D.) and
transversal (Dr) diffusion coefficients.

10 4 —«—eDL/k bulk *ﬁ;%
3 —«—eDT/k bulk o
—=—¢eDL/k flux f‘ﬁ_.
—s—eDT/k flux
E B
>, E
()
()
0.1
0.01 - — e I
1 10 100 1000
E/N [Td]

Figure 2. Characteristic energy of He" ions in CF,4 gas as a function of
E/N at T=300 K.

The bulk and flux drift velocities for He" in CF, as a function of E/N are
given in Figure 3. The drift velocities obtained by Monte Carlo simulation are
calculated in real space (bulk) and in velocity space (flux) values and are
obtained as <v> and dx/dt, respectively. The bulk and flux values of the drift
velocity begin to differ above 20 Td.
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Figure 3. The bulk and flux drift velocity of He ions in CF, as a function of E/N
at 7=300 K.

Acknowledgements

Results obtained in the Institute of Physics University of Belgrade under the
auspices of the Ministry of Education, Science and Technology, Projects No.
171037 and 410011.

REFERENCES

[1] E. R. Fisher, M. E. Weber and P. B. Armentrout, J. Chem. Phys. 92, 2296
(1990).

[2] Z. Lj. Petrovié, S. Dujko, D. Mari¢, G. Malovi¢, Z. Nikitovié, O. Sasié, J.
Jovanovi¢, V. Stojanovi¢ and M. Radmilovi¢-Radenovié, J. Phys. D: Appl.
Phys. 42, 194002 (2009).

[3] V. Stojanovi¢, Z. Raspopovié¢, J. V. Jovanovi¢, J. de Urquijo and Z. L.
Petrovi¢, J. Phys. Conf. Ser. 514, 012059 (2014).

[4] P. S. Krsti¢ and D. R. Schultz, J. Phys. B: At. Mol. Opt. Phys. 42,
065207 (2009).

[5] Z. Raspopovi¢, V. Stojanovi¢ and Z. Nikitovi¢, EPL 111, 45001 (2015).

[6] Z. Lj. Petrovi¢, Z. M. Raspopovi¢, V. D. Stojanovi¢, J. V. Jovanovi¢, G.
Malovi¢, T. Makabe and J. de Urquijo, Appl. Surf. Sci. 253, 6619 (2007).

119



28th SPIG Atomic Collision Processes

CROSS SECTIONS FOR SCATTERING AND
MOBILITY OF OH" AND H;0" IONS IN H,0

V. Stojanovié¢', J. Jovanovi¢, D. Mari¢' and Z. Lj. Petrovi¢'?

!Institute of Physics, University of Belgrade, Pregrevica 118,
11080 Belgrade, Serbia
? Faculty of Mechanical Engineering, University of Belgrade,
Kraljice Marije 16, 11000 Belgrade, Serbia
3 also at Serbian Academy of Sciences and Arts, Knez Mihajlova 35,
11000 Belgrade Serbia

Abstract. In an attempt to provide the data that are not yet available, we present
cross sections sets and reduced mobility for OH™ and H;O" ions. Denpoh-Nanbu
procedure (DNT) has been applied to calculate cross section sets for collisions of
OH and H;0" ions with H,O molecule. Reduced mobility for OH and H;O" ions
in H,O are calculated by using a Monte Carlo code over a wide range of E/N (E-
electric field, N-gas density) at temperature 7=295 K, in the low pressure limit.

1. INTRODUCTION

The interest in application of plasmas in medicine, some
nanotechnologies and environmental remediation [1] has drawn the attention to
studies of discharges in water and in proximity to water [2] although other
liquids are of interest as well. More generally, all atmospheric discharges contain
some degree of water vapour [3]. It is therefore of interest to determine how
discharges are created in water vapour and to provide elementary transport data
for the charged particles [1, 4].

We applied Denpoh-Nanbu [5] procedure to calculate cross section sets
for collisions of OH™ and H;O" ions with H,O molecule. Induced polarization
and permanent dipole interaction in reactions of these ions with H,O are taken
into account. The OH" set includes production of anions (OH", H,07,0,,, HO;y)
and electrons released in ion induced electron detachment, while the H;O" set
includes production of cations (H', H,", H;', H,0', O", O,", O,H', OH").
Reduced mobility for OH and H;O" ions in H,O are calculated by using a well
tested Monte Carlo code over a range of E/N from 1 Td to 1200 Td at
temperature 7 =295 K, in the low pressure limit.

The data are valid for low pressure water vapour or small amounts in
mixtures. These data will provide a solid basis for calculation of ion-water
molecule clusters properties that are most commonly found at higher pressures,
and for modelling of discharges in liquids.
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2. CALCULATION OF THE CROSS SECTIONS AND
REDUCED MOBILITY

The scattering cross section sets for OH and H;O0" ions on H,O
molecule, are presented in Fig. 1 and Fig. 2, respectively. Cross section sets are
initially calculated by applying Denpoh-Nanbu theory [5, 6] where we have
taken into account that polarisation and dipole forces are expected to be
important over the energy range from 20 meV to few eV. Since range of
polarisation potential is a few eV, only processes with low threshold energies are
taken into account.

For both ions we have used data for polarizability (¢=1.45-107° m®) and
dipole moment of H,O as suggested by Clary [7]. Selected heats of formation
and electron affinities are taken from from Ref. [8].
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Figure 1. Cross section set for OH" scattering on H,O.

In Fig. 1 and Fig.2 we have shown cross section set for scattering of
OH ion and H;O" ions, respectively. Considering H;O' ions obtained cross
section set was used as initial in swarm procedure in which elastic momentum
transfer cross section was further improved by assuring a good agreement
between our Monte Carlo (MC) calculated reduced mobility and the available
experimental results [9].

Reduced mobilities for OH™ and H;0" ions in H,O as a function of E/N
are shown in Fig. 3. Reduced mobilities for OH and H;0" ions in H,O are
calculated as a function of E/N at temperature 7' = 295 K, for conditions where
pressure effects can be assumed to be negligible. A Monte Carlo simulation
method appropriate to calculate transport parameters [10, 11] for ions in gases at
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elevated temperature [11] was used. In Monte Carlo simulations exothermic
reactive collisions are followed in a similar way as all non-conservative
collisions, i.e. followed swarm particle dissappear from the swarm after the
exothermic collision.
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Figure 2. Cross section set for H;O' scattering on H,O.
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Figure 3. Reduced mobility as a function of £/N for a) OH ion and b) H;O" ion.
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3. CONCLUSION

In this paper the cross-section set has been obtained by using a simple theory.
The Monte Carlo technique was applied to carry out calculations of reduced
mobility as a function of reduced electric field. Due to the lack of experimental
data, we were not able to test the accuracy of derived cross sections set for OH
ions in H,O. However, considering H;O+ ions it is noteworthy saying that the
agreement between calculated and measured reduced mobility is very good and
for these ions the derived cross section set is more accurate but for further
validation some additional experimental data such as diffusion coefficients are
needed. Anyway, the obtained results are a good base for modelling, which could
be further improved by adding a data base of the measured values of transport
coefficients and then performing the analysis again.
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Abstract. Low pressure (0.1 - 0.2 mbar) capacitively-coupled RF nitrogen plasma
is used for plasma functionalization of carbon nanotubes. To optimize the
functionalization, the samples are exposed at different distances (0 - 93 mm) from
plasma source. To analyze the active species, the mass spectrometry is done at
same positions. On short distances the majority of ion flux consists of N, ions.
However, the large flux of N,H', H,O" and H;0" is detected too, which originate
from relatively small amount of impurities. The possible ion-molecule reactions
responsible for the detected ion fluxes are analyzed.

1. INTRODUCTION

The functionalized carbon nanotubes (CNTs) are used in biotechnology
for creating bio-nanocomposits [1], in particular for fabricating components for
biosensors [2]. The functionalization of CNTs with nitrogen containing
functional groups is used to create chemical (covalent) binding with polymers
[1]. Low-temperature nitrogen plasmas provide an important alternative way to
functionalize CNTs with nitrogen [3].

In order to get the optimal parameters for low-temperature plasma
polymerization the diagnosis and control of plasma properties is necessary [4].
Recently, it is shown for radiofrequency (RF) oxygen plasma that significant
amount of impurity ions, especially water cluster ions, contribute to the total ion
flux upon the distance of the mass spectrometer sampling orifice and plasma
source [5]. The presence of impurity ions can, in some cases, help to improve
functionalization of CNTs. Here, we will present the results of ion mass spectra
of RF nitrogen plasma upon the different distances to plasma source. By
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analyzing ion -molecule reactions in the reactor it is possible to explain the
change of ion spectra form “nitrogen dominated” (near to the plasma source) to
the “impurity dominated” (far away from the plasma source). These results will
be correlated with the material analysis of CNTs functionalized at the same
positions.

2. EXPERIMENT

Experimental set-up consists of discharge chamber equipped with
vacuum system, providing the basic pressure of 5 - 7 x 10™® mbar. The system of
mass flow controllers and valves ensures the continuous flow of gas mixture and
the working pressure. RF power in the range of 3 W to 15 W is capacitively
coupled to the discharge by using matching network. Plasma properties can be
monitored with different diagnostic techniques, including infrared absorption
spectroscopy, microwave interferometry, emission spectroscopy and electric
probe. Here, we use mass spectrometer equipped with energy analyzer that is
mounted on the mechanical rail and can be traveled to and from the plasma. The
mass spectrometer is mounted perpendicular to the discharge axis and supplies the
information about different neutral and ionic species, as well as ion energy
distributions at different distances from the plasma source. The details on
experimental set-up and procedure can be found in the literature [5].

3. EXPERIMENTAL RESULTS

Table 1. Total ion fluxes for different ions for two distances between the plasma
and the sampling orifice. Discharge conditions are: pressure p = 0.1 mbar,
electric power P =4 W, working gas N,, flow - rate 50 sccm.

distance (cm) N," (c/s) H,0" (c/s) H(H,0)" (c/s)
0 3.40-10’ 2.93-10’ 3.40-10’
93 1340 1.33-10° 1.59-10°

Energy resolved ion distributions of some relevant positive ions are
measured for different distances between sampling orifice of mass spectrometer
and plasma. Energy resolved ion fluxes of specific ions are integrated over
measured energy range to obtain the total ion fluxes, which are listed in Table 1.
In addition, fluxes of N¥, N3, N,*, N,H", NO", OH", and ion clusters of water
molecules H'(H20),, (n = 2, 3) are also detected (not presented here).

As expected, close to the plasma the most prominent ion is N,
Nevertheless, even the abundance of water impurities are very low in comparison
to the working gas (nitrogen) the flux of water ions and protonized water ions
H'(H,0) is very high and close to the flux of N," ion.

The relative ion contributions are dramatically changed with the
distance. At 9.3 cm distance, the molecular nitrogen ions disappear, leaving the
H,O" as the most dominant constituent of the positive ion flux.
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4. CHARGED PARTICLES TRANSPORT

It is obvious that change of mass spectra is induced by various ion
reactions that occur during the travel of ions between plasma and the sampling
orifice. It is why is necessary to analyze the ion transport processes in the
presence of impurities. The first step is to select the proper set of cross sections
for N,*, N,H', H,0", H;0" and NO* scattering on H,O molecule. In this work
we present assessed cross section set for scattering of N, on H,O as probably
most relevant for production of N,H' impurity ions detected in our system.

Since only a few measurements of the cross sections exist for selected
system we used Denpoh-Nanbu theory [6] to resolve between elastic and reactive
cross sections assuming induced and permanent dipole interaction [7-9]. In Table
2 we show most probable reactions, based on thermo chemical values [10]. At
hyperthermal collision energies, intermediate collision complex become too
short-lived and thus measurements of Dressler et al.[6] (EXP, see Fig. 1) were
included to cover that energy range. Rate constant for charge transfer reaction
selected in Ref. [11] (k=1.8 10° cm’/s at 300 K) is in agreement with value
calculated from charge transfer cross section presented in Fig. 1. If cross section
for N,H" production is extrapolated to low energies with the same trend as
charge transfer cross section we obtained about 2.3 times lower rate constant at
300 K than suggested in Ref. [11].

Our preliminary Monte Carlo calculations [12] of transport parameters
show that non conservative collisions strongly affect transport of N," in H,O not
only by producing N,H" but also in significant variation of transport parameters
in whole range of reduced electric field values [13].

Table 2. N,™-H,O reaction products and the corresponding
thermodynamic threshold energies A.

No products A (eV)
Pl  N,"+H,0O (EL) 0
EXOl H,0"+N, 2.999
EX02 N,H'+OH 1.974
P2 N,+H,+0 -5.059
P3 N,"+OH+H -5.113
P4 N, +O+2H -9.536
P5 H,0" + 2N -6.799
P6 N +N+H0 -8.751
P7 H,"+0+N, -4.903
P8 O "+H,+N, -3.096
P9 H++H+O+N, -7.553
P10 NO'+H,+N -1.999
P11 N,O'+H, -10.58
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Figure 1. Cross section set for N, + H,O reaction as a function of collision
energy. EL-the elastic momentum transfer cross section, EXOx- xth exothermic
and Py-yth endothermic cross section (see Table 2).
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Abstract. We follow transport of electrons, positive ions and fast H atoms in H,O
in high DC fields by using Monte Carlo simulation technique. Cross section sets
for scattering of electrons, positive ions (H", H,", OH", H,0", H;O") and fast
hydrogen atoms on H,O were assessed and used as an input in Monte Carlo
simulations. In this paper we show results of our Monte Carlo simulations (MCS)
for spatially resolved Ha emission for the conditions of high reduced electric
fields E/N (N-gas density). Cross section for Ha excitation of H,O by fast H
atoms is modified in order to obtain agreement with a range of experimental
results for Ha emission from moderate to high E/N.

1. INTRODUCTION

Interest in application of plasmas in medicine, nanotechnologies and
environmental applications [1-5] has motivated studies of discharges in water
and with water vapour as well as the water boundaries [6]. Current studies show
that in such systems, discharge is produced in water vapour either from
evaporating liquid electrode or in bubbles created by an induced phase transition
within the liquid. Since all atmospheric discharges contain some degree of water
vapour it is of an increased interest to determine how discharges are created in
water [7-9] both liquid, at the interface betwene liquid and gas and in water
vapour. Accurate knowledge of the electrical properties of water vapor and in
particular its breakdown potential [10,11] are the basic information for modelling
in various situations. Complicated chemistry and poor understanding for range
of processes of particles interacting with gas and surface forced to further
insights of such discharges. In this work our aim is to model spatially resolved
Ho emission in water vapor gas by using assembled cross sections for positive
ions (H", H,", OH", H,0O", H;0") and fast H neutrals scattered on H,O and to
explore effects of heavy particles.
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2. MONTE CARLO SIMULATION

A Monte Carlo simulation (MCS) was employed to model the
Townsend discharge with parameters used in the experiment and take into
account boundary conditions, spatially dependent transport coefficients for
electrons and heavy particles as well as distribution functions that may include a
runaway component. Monte Carlo code for electron transport was coupled with
similar particle codes involving ions and neutrals [12]. Cross sections for
electron collisions were taken from the literature [13,14]. For heavy-particle
processes we modified collision cross sections from the data reviewed by Phelps
[15,16] and Miller and Green [17] assuming the dominant role of fast H atoms in
excitation. For ions other than H" we exploited Denpoh-Nanbu theory [18,19] to
calculate cross sections for elastic and reactive processes which where
extrapolated towards high energy by a hard sphere cross section. Energy
partition of ions dissociated at the cathode is according to data for pure H,
discharge as well as integrated probability of escape [16]. Electrons reflected
from the electrodes were also included in the simulation. As an output of the
model we observed H emission coming from excitation induced by electrons and
in heavy particle collisions.

3. RESULTS

Spatial discharge profiles recorded with Ha filter have the same shape
as the profiles of emission integrated in visual spectra [10]. This indicates that
major contribution to overall emission comes from excited hydrogen atoms, both
in the regime where electrons play a crucial part in excitation and also in the case
of heavy-particle excitation. In order to clarify a particular role of H atoms and
all possible heavy-particles involved, we have modified cross section for fast H
[16] (dashed-dot-dot line in Fig. 1) by fitting Monte Carlo results for spatial
emission to experimental emission data from moderate(not shown) to very high
E/N.

Modified cross section for Ha excitation by fast H atoms is presented
by connected solid line in Fig.1. Energy distribution function (EDF) of fast H
atorgls at the cathode is shown in Fig. 1 for 6.1 kTd and 14.4 kTd (1 Td=10*
Vm").
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Figure 1. Cross sections for Ha emission/EDF as a function of energy. Energy
distribution function (EDF) of fast H particles 0.05 cm from the cathode.

In Fig. 2 we show comparison of Monte Carlo simulation (MCS) results with
experimental data (EXP) at very high £/N. The experimental results are

APPARENT EXCITATION COEFFICIENT [cm’]

1E-17 4

1E-18 4

0 EXP
——MCS(d+b)
- - MCS((HH)

0.0 0.5 1.0

Distance from the anode [cm]

Figure 2. Comparison of the experimental and Monte Carlo simulation results
for the apparent excitation coefficient as a function of the distance from the
anode in pure water vapor discharge at E/N=14.4 Td.
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normalized to the apparent (electron induced) excitation coefficient [16] at the
anode. Total Ho emission signal obtained from MCS (sum) consists of a sum of
electron component (d + b) including backscattered electrons (b), and fast H
component [(f) H] which accounts also for all fast H reflected back from the
cathode.
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SynopsisCross section set for scattering’Nens in Ck is assessed by using available experimental data for
charge transfer cross sections. Monte Carlo method is used to calculate transport propertiemsfiNER.

Charge transfer reactions of ions with molecules ard-urther, extrapolation of elastic momentum transfer
unavoidable elementary processes in modeling ki-cross section trend beyond crossing point of Lange-
neticsin terrestrial, industrial, and astrophysical plasmasvin’'s and hard sphere (HS) cross section [1] is done
In selected cases charge transfer reactions are known toy smoothly connecting to \F/trend [4] wherev is
represent the most significant part of a cross section sethe center-of-mass velocity (see Fig. 1).

Line spectra of excited atoms obtained in spectroat all ion kinetic energies above 50 eV reactive
metric measurements in CiRdicate that the charge cross sections are extrapolated by constant values.
transfer reaction is dominant process in collisionsgffect of various extrapolations (short dot-dashed or
with inert gas ions. Thus, in this work we assesse@ashed line in Fig. 1) of unusual behavior at low
cross section set for Nén CF, by using existing energy, observed with measurements of the cross
experimental data [1] for charge transfer collisions section leading to formation of GF(where irre-
producing radical ions of GF spective of the Nespin state exothermic behavior
Since no direct information is found in the literature of reaction is expected) is found negligible on mo-
how mobility of high recombination energy ions pjlity. Reduced mobility for Neions as a function
such as Neions behaves in GRve also calculated of E/N(E-electric field, N-gas density) compared
transport parameters by using Monte Carlo simulawith Langevin’s value is shown in Fig. 2.

tion technique [2].

The cross sections presented by Fistenl [1] 24
were used to determine the elastic momentum trans- .
fer cross section (“elastic” in Fig. 1) assuming the — Langevin

total momentum transfer cross sectigpis known. L \
At low energies we assumed tlwaf is Langevin's H.‘” \
cross section and elastic momentum transfer cross > —o—Ne +CFE \,
section is determined by deducing all reactive cross Ng 1 : Y
sections. =

Average polarizability of CFis not well estab- ™ X,
lished [1] and may produce discrepancy for calcu-

lated mobility of ions in CF[3] and thus affect

plasma parameters prediction in modeling. We 0 . .
adopted value of 3.86°Aised by Stojano¥iet al 1 10 100 1000
[3] who found excellent agreement between ex- E/N [Td]

perimental and calculated mobility of €Fons in , . .
CF.. Figure 2. Reduced mobility for Nein CF, at 300 K.
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Cross sections and transport parametersfor F ionsin BF;

V. Stojanovi?, Z. Raspopow, Z. Nikitovi¢*, J. Jovanow?, N. Pua' and Z. Lj. Petrovi*

! Institute of Physics, University of Belgrade, Pregrevica 118,11080 Belgrade, Serbia
2 Faculty of Mechanical Engineering, University of Belgrade,
Kraljice Marijel6,11000 Belgrade, Serbia

We presented results for reduced mobility as atfonof E/N for F ions in Bk gas. Results were
obtained by using the Monte Carlo technique forssreection set determined on the basis of
Nanbu'’s theory.

1. Introduction Tablel. F- BF; reaction paths considered in and the
Negative halogen ions are abundant in plasmasrresponding thermodynamic threshold energies
relevant for wide range of applications. Since
electron affinity of F atom is largest of all atoms
electronegative plasmas containing ns are No reaction A (eV)
highly reactive. Knowledge of the plasma chemistry

and behaviour of the negative ions in the plasmas i 1 R+ BR (CT) -5.6 [12]

thus a key to control plasma processing devices. 2 F+BFy+e (DET)  -3.4012 [13]
Boron dopant penetration in silicon s

technologically achieved by DC pulsed plasma 3 BF, (EXO) +3.58 [11]

system (PLAD) most widely applying Bas [1].
Uniform plasma and implantation with normal ion

incidence are main goals in this technological Cross section for exothermic reaction (EXO)

process. Control over the number density Gfing super halogen BFcan be expressed as:
negative ions, in such a case beingaRd Bf,

increase efficiency of implantation. Modelling of _

: O, =080, Q)
such plasmas requires knowledge of transport
parameters of all abundant particles [2].

In this work, we employ Nanbu theory [3] to Where g, is orbiting cross section [6] arftithe
calculate transport cross section set foridhs probability of exothermic reaction. It is also kno
scattering on Bf molecule appropriate for low that stabilization proceed either radiatively or
energies of Hons. By using Monte Carlo techniquecollisionally [7] for reaction EXO in Table 1. at
of Ristivojevi and Petrovd [4] we calculated room temperatures and pressures of about 0.5 Torr.

transport parameters as a functiorety. Similar situation appears in case where ;BF
emerges from the surface sputtering of clustes BF

2. Results and discussion ions [8]. Herd and Babcock (1987) further
2.1. Calculation of the cross section set concluded that magnitudes of collisional
According to Nanbu'’s theory elastic and reactivetabilization, radiative stabilization, and

endothermic collision are separated and treated bgiimolecular decomposition back to initial reacsant
accounting for thermodynamic threshold energy arate comparable in these conditions.  Since non-
branching ratio according to the Rice-associative reactions are shearing the same
Rampsperger—Kassel (RRK) thedB]. Within the collisional complex we may account cross section
RRK theory excited molecular complex is treated #8r exothermic reaction as,_ = Bo,,, where Sis
excited activated complex where internal energy i§jected to define elastic cross section contanuti
distributed among equivalent vibrational modes of . . .

the complex. We used polarizability of 3.31%e® 25 %= (L=p)0- 0y Is the elastic cross section
for BF; from [5]. For F + BR; system characteristic (EL) obtained by Nanbu theory.

low energy reactive channels are shown in Table 1.
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Cross section set and transport properties for Ar* in CF,

V. Stojanovié, Z. Raspopovi¢, 7. Nikitovié, N. Puag, Z. Petrovi¢

Institute of Physics Belgrade, University of Belgrade, P.O. Box 57, 11000 Zemun Serbia

Cross section set for scattering Ar* ions in CF, is developed by using and extrapolating the
available experimental data for charge transfer cross sections. Monte Carlo simulation is employed

to calculate transport properties of Ar* ions in CF,.

1. Introduction

In often applied mixtures of argon (dominant gas)
and CF,; (minority gas- 5-10% in the abundance)
often overlooked collisions are those of argon ions
on minority constituent in the mixture since their
transport is dominated by the resonant charge
exchange collisions with the parent gas argon. Still
one believes that completing the set of data would
be welcome and provide more accurate foundation
for modelling. In addition, taking in account Ar*
collisions on CF,, reactive collisions may provide
new channels for some ionic species and alter their
Kinetics.

Charge transfer reactions of ions with molecules are
unavoidable elementary processes in modelling
Kinetics in terrestrial, industrial, and astrophysical
plasmas. In the selected case, charge transfer
reactions are known to represent the most significant
part of a cross section set. Line spectra of excited
atoms obtained in spectrometric measurements in
CF, [1] indicate that the charge transfer reaction is
the dominant process in collisions with inert gas
ions. Thus, in this work we assessed cross section
set for Ar* in CF, by using existing experimental
data [2] for charge transfer collisions producing
radical ions of CF,.

Since no direct information is found in the literature
how mobility of inert ions such as Ar* ions behaves
in CF, we also calculated transport parameters by
using Monte Carlo simulations.

2. Cross section set

The cross sections presented by Fisher et al [2] were
used to determine the elastic momentum transfer
cross section (“elastic” in Fig. 1) assuming the total
momentum transfer cross section o, IS known. At
low energies we assumed that on is Langevin’s
cross section and elastic momentum transfer cross
section is determined by deducting all reactive cross
sections.

Average polarizability of CF, is not well established
[2] and may produce discrepancy for calculated

mobility of ions in CF, [3] and thus affect plasma
parameters prediction in modelling. We adopted
value of 3.86 A% used by Stojanovié et al [3] who
found excellent agreement between experimental
and calculated mobility of CF;" ions in CF,. Note
that usage of this polarizability increases Langevin’s
cross section above reaction cross sections of Fisher
et al. (1990) at least in the region of the validity of
polarization potential approximation.

1000 4~. +
Ar’ +CF,
~
~
— 1004 ~ e
€ - ~ HS=35 A’
o
= 104 ' Ve
2 = = elastic "~ Langevin
2 - CF \ o
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Figure 1. Cross section set for Ar* + CF,.

Further, extrapolation of elastic momentum transfer
cross section trend approximately beyond the
crossing point of Langevin’s and hard sphere (HS)
cross section [2] is done by smoothly connecting to
1/V® trend [4] where v is the center-of-mass velocity
(see Fig. 1).

Reactive cross sections for ions are extrapolated by
constant values for kinetic energies above 50 eV
following measurements of emission cross section
by Motohashi et al. [1] where slow oscillatory
behaviour of the emission cross sections was found
at high projectile energies and almost constant
reaction probability was found over a wide energy
range.
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3. Transport parameters

In this paper Monte Carlo technique was applied to
perform calculations of transport parameters. We
have used a code that properly takes into account
thermal collisions [5]. The code has passed all the
relevant benchmarks [6] and has been tested in our
work on several types of charged particles [6,7].
Results of Monte Carlo simulations are shown in
Figs. 2-5. Note that these transport parameters are
the only information present in the literature up to
now, there are no published experimental data for
the transport coefficients of Ar* in CF,.

The reactive collisions which are spread over the
entire energy range affect the drift velocity (as well
as other transport coefficients) at all E/N values
(Fig. 2).  Since the total collision frequency for
endothermic reactions increases with energy at high
E/N, the dominant loss of the fast ions happens at
the front of the swarm. This shifts the swarm’s
centre of mass towards the lower values. Thus, the
bulk values (real space drift velocity d<x>/dt) are
lower than the flux values (velocity space drift
velocity <v>).
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Figure 2. Drift velocities of Ar* ions in CF, as a
function of E/N.

Reduced mobility for Ar® ions as a function of
E/N(E-electric field, N-gas density) compared with
Langevin’s value Ky is shown in Fig. 3. Values of
the reduced mobility as a function of E/N shown are
obtained by using bulk drift velocities, as those are
measured in most experiments, though proper
quantities should be applied according to the source
of experimental data [8,9]. A significant increase of
mobility at low E/N is the result of hon-conservative

charge exchange at low energy. At about 300 Td
another mobility peak appears, representing a
significant increase of reactive collisions.
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Figure 3. Reduced mobility for Ar* in CF, at
300 K.

Characteristic  energies  (longitudinal L and
transverse T) and the mean energy, as a function of
E/N, are shown in Fig. 4. To calculate the
longitudinal component properly here and also in
the case of diffusion coefficients, one would need a
better and more complete information on the
anisotropy of scattering.
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Figure 4. Mean and characteristic energy for Ar” in
CF, at 300 K.
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Diffusion coefficients are given in Fig. 5 and one
should also notice very large non-conservative
effects almost as large as in positron transport
[10,11]. Similarly to the results for drift velocity
flux diffusion coefficients are significantly larger
than the bulk values.
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Figure 5. Diffusion coefficients as a function of E/N for
Ar"in CF, at 300 K.

4. Conclusion

In addition to presenting the data we show here
effects of non-conservative collisions on ion
transport. Due to non-conservative cross sections
that are larger than the elastic scattering cross
section differences between flux and bulk transport
coefficients are quite large - comparable to the
strongest cases observed for electrons, even
positrons.

Data for swarm parameters for ions are needed for
hybrid and fluid codes and the current focus on
discharges in liquids or possibly liquids in mixtures
with rare gases dictates the need to produce similar
data for ions stemming from the liquid vapour .
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