Hayuynom Behy UncTHTYTa 32 husuky y beorpany

IMpeamer: MoJji0a 3a nokperame NOCTyNnKa 3a u3oop Ap busbane CTtaHkoB y 3Bambe HAYyYHU
capajHuK

VY cknagy ca KpuTepujyMUMa NPONUCAHUM O] cTpaHe MUHHCTapCTBa 3a MPOCBETY, HayKy U
TEXHOJIOIIKM Pa3BOj 3a CTULIAKE HAYYHOI 3Bamba HAyYHU CapajJHUK, Kao U ca KPUTepUjyMHMa
MpornucaHuM of crpane lIpaBuiHuKa 0 MOCTYNKY M HayMHY BpEIHOBamba, U KBAHTUTATUBHOM
HCKa3MBamkby HayYHO-MCTPAXXUBAUKUX pe3ysiTaTa ucrpaxkupada, MmoauM Hayuno Behe MHcTuTyTa
3a ¢pu3nKy y beorpaay na mokpeHe mocrymnak 3a Moj u300p y 3Bam€ HAy4YHU CapaJHUK.
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HNPEIMET: Munubewe pyKoBOAHOILIA JIA00paTOPHje 32 CIEKTPOCKONMjY IJIa3zMe ¥ PU3UKY
Jacepa 1p Munusoja UBkoBuha 3a u3oop ap busbane CTaHKOB y 3Balbe HAyYHHU CapaJHHUK.

Jlp busbana CTaHKOB OCHOBHE CTy/Mje 3aBpIIMBa Ha cMepy (pu3mka-MeTeoposioruja Ha
Jenaptmany 3a ¢usuky, [Ipupogno-maremarnukor dakynrera y HoBom Cany 2012. roaune, ca
MIPOCEYHOM oIleHOM 9.57. MacTtep cTynuje 3aBpiiaBa Ha HICTOM (DaKynTeTy 010paHOM MacTep paaa
,,JICTIUTHBamE yClIoBa 3a CHUMAambe CIEKTPATHUX JIMHHMja XeIHjyMa U3 IUa3Me MPOU3BEICHE Y
enexktpomarnetnoj T-nesu 2013. rogune, ca mpoceynom omenoMm 10.00. Ymucyje mokTopcke
cryauje u3 obnactu ¢usuka-mazme 2013. roquae Ha [IpupomHO-MaTeMaTHUKOM (BaKyiITeTy y
HoBom Canmy. JIOKTOpPCKY IucCepTalujy IO HAclIOBOM ,,McTpakuBama KOMIUICKCHUX OOJIHMKa
CIICKTPAITHUX JINHU]a OepUIUjyMa y IPUCYCTBY OeprirjyMcke npammae’, ca 1p Uropom Casuhem
u ap MwmBojem MBkoBrhem kao MmeHTOpOM, yeremHo je oxopanmia 03.08.2020. rogune.

p bussana CraHkoB, 3amocieHa je Ha Mactutyty 3a dusuky ox 1.12.2016. YV 3Bame
UCTpakuBad capagHuk u3adpana je 09.07.2019. rongune.

Jp busbana CtaHkoB 710 caja nMa o0jaBJbeHa 2 HaydHa pajia, u3 karteropuje M21 u M22.
OO0nact HayyHO HCTpaXUBAYKOT pajia brusbane CTaHKOB je eMUCHOHA crieKTpockonuja. [Ipumapau
MHTEpEC UCTPAKUBAA j¢ T0OUjamke CIICKTPATHUX JIMHHjA 3HUJIa 1ICBH 32 NPAKHCHE HAIPABIbEHE
0J1 OEpUIIH]jyM-OKCHIa Y TUTa3MH, 3aTUM JIHjarHOCTUKA IapaMeTapa Iia3Me U UCIIUTUBAE 00JINKa
CIEKTPAJIHUX JMHHUja OepuiInjyma.

VYBUIOM y BeHEe KBAJIUTETE W C 003MPOM Ja KOJIETHMHHUIIA HMCITyHhaBa CBE KPUTEPHjyMe
nponucane [lpaBwiHMKOM 3a W300ope y HaydHa 3Bamba MUHHUCTApCTBAa TPOCBETE Hayke M
TEXHOJIOIIKOT pa3Boja carjiacad caM Iia MOKpPeTameM MOCTynka y n3bop ap bussane CTaHkoB y
3Bambe HAYYHU CapaJHUK.

3a wiaHoBe KomucHje 3a u36op 1p busbane CTaHKOB y 3Bamkb€ HAyUHU CapaJHUK MPeIakeM:
1) Ap Munusoje MBkoBuh, Hayuynu caBeTHUK, IHCTUTYT 3a ¢pu3uky beorpan
2) dp Henan Cakan, HayuHuk capaaauk, Uactutyt 3a ¢pusuky beorpan

3) HAp Urop Casuh, penosuu npocgecop, [IpupoaHo-marematnuku pakynrer y Hopom Cany

C momrToBamem,

Jp Munusoje BkoBuh



1. buorpadgcku noganu 0 KAHAUAATY

Hp bumana CrankoB pohena je 1989. rogune y 3pemanuHy. 3aBpuiwiia jé OCHOBHY IIKOTY
,,CBetozap Mapkosuh Toza* y Enemupy 2004. roaune u 3pelaHUHCKY TUMHA3Ujy y 3pehaHiHY
2008. roguse.

Yetupu roguHe OCHOBHUX CTyAMja U3 (puU3HKe-MeTeoposoryje 3apBiuiaBa Ha JlenmapTmany
3a pusuky, [Ipupoano-mapremarnukor dakynrera, Y auBep3urera y Hosom Cany 2012. roguse.
Hcre ronuue monaxke paziuKy HUCIMTA 33 UCTPAKMBAYKU cMep Ha (DU3HIM U YOHCYje MacTep
cTynuje w3 obmactu (U3MKE TUIa3Me, Koje 3aBpliaBa cliefehe ToauHe ca MacTep pajioM
,JICIUTHBame ycioBa 3a CHUMame CIEKTPATHUX JIMHHUja XeIHjyMa U3 IUIa3Me MPOU3BEICHE Y
enekTpomarseToj T-meBu®.

TokoM 3aBpIiiHE TOIMHE OCHOBHUX M MacTep CTyAHja, Ouia je ctunenaucta Jlocureje Kojy
nonebyje @onx 3a miame TaneHtre PemybOnuke CpOuje, HaMCHEHE TaJCHTOBAHUM U
HajyCHEIIHUjUM yIIEHUIIMMA U cTyieHTUMa y CpOuju 1 HHOCTPAHCTBY.

logune 2013. ymucyje AOKTOpCcKe cTyauje u3 obOsiactu (uU3MKe Ia3Me Ha HCTOM
dakynrery Kao CTUNEHAUCTa MUHUCTapCTBa MPOCBETE HAyKE M TEXHOJOMIKOT pasBoja.
3anonubasa ce Ha MHCTUTYTY 3a ¢usuky y beorpany 2016. ronune rae cTuye 3Bambe HCTPaKUBaY
npunpaBHUK. Y gnenemOpy 2018. roamHe mpHjaBWiia je TeMy IoKTopaTta ,McTpakuBama
KOMIUICKCHUX OOJIMKA CIIEKTPATHUX JIMHHUja OCPUITHjyMa Y IPUCYCTBY OCPUITH]yMCKE TIppaIimHe,
ca np Uropom Casuhem u ap MwmmBojem HMBkoBrhem kao MeHTOpoM. OurykoM HaydHOT Beha
09.07.2019. Crekina je UCTPAKUBAKKO 3Bamke, UCTpaxuBad capaaauk. [p bubana CraHkoB je
onOpanmna aoktopcky nucepranujy 03.08.2020. ma IIpupomHo-mMapreMaTHuKoM (axKyiITeTy,
VYuusepsutera y HoBom Cany.

Tokom cTyaupama peloBHO je y4ecTBOBajla Ha MHTEPHALMOHAIHO] KOH(QEpeHIMjU 3a
cryzaente ¢pusuke- ICPS (International Conference of Physics Students), onpxanoj 2010. y rogune
y I'panty (Ayctpuja), 2012. rogune y byaumnemru (Mahapcka), 2014. ronune y Xajnaepoery
(Hemauxka), 2015. ronqune y 3arpe0y (XpBatcka), 2016. rogune y Baneru (Mainra), 2017. y ronune
y Xencunkujy (Puncka). busbana je yuecHUK JeTHe 1Koje mocsehene minazmMa Gu3niu, oapxKaHe
y I'pajchBanay (Hemauka). Y ¢pedbpyapy 2019. roqune noduja rpant koju joj omoryhyje ydaemrhe
Ha koHdpepeHju EWCPS (European Winter Conference on Plasma Spectrochemistry), y rpagy
[To (®paniycka) 300r e je oapxana mpenaBame moa HacaoBoM “Uncovering beryllium line
with forbidden component”. Yuechuk je kondepenmuje SPIG (Summer School and International
Symposium on the Physics of Tonized Gases) 2016., 2018., i 2020. roxuse.

Jp busbana CtaHkoB 710 cajia ©Ma o0jaBjbeHa 2 Hay4yHa paja, u3 kareropuje M21 u M22.

O6mact HaydHO HCTpaKUBadkor pajga busbane CTaHKOB j€ €MHCHOHA CIIEKTPOCKOIIH]A.
[IpumapHu uHTEpec UCTpaxKuBama je 100Mjambe CIEKTPaTHUX JHMHHMjA 3U/1a LEBU 3a MPaKbemne
HampaBJbeHE OJ1 OepUSIMjyM-OKCHIAa y IUIa3MH, 3aTUM JIMjarHOCTHKA IapaMmerapa Iula3Me u
WCIIUTHUBA-E 00JIMKA CTIEKTPATHUX JIWHU]ja Oepunujyma. Takohe, hoKkyc HCTpaKuBama YCMEPEH je
Ka pa3Bojy CHEKTPOCKOIIUje 1acepoM HHIykoBaHor mpoboja - JIMBC (Laser Induced Breakdown
Spectroscopy) koja ce mpuUMEmYje 3a HCIUTHUBAKE Y30paka KOjU Yy CBOM CacTaBy CaJpiKe

oepunujym.



2. Ilpersnen HayuyHe akTuBHOCTH JAp busbane CTankoB

[TpBo HayuHO McKycTBO busbana CTaHKOB je cTeKiia TOKOM MacTep CTyAwja, panehu Ha mMacTtep
Te3u ,,VICOUTHBaIE YCIIOBA 32 CHUMAE CIEKTPATHUX JIMHHUjA XEJIHjyMa U3 IJIa3Me MIPOU3BE/ICHE
y enekrpomarHetHo] T-meBu“. Llwb wuctpaxkuBama Ouo je Kopumheme H00HjeHUX
eKCIIEPUMEHTAIHUX pe3yiaTara 3a ynopehusame ca nmpoduinrma CrieKTpalHUX JIMHHjA XEeJIujyMa
100HMjeHUM Ha OCHOBY TE€OPH]CKUX MPOpaUdyHa.

Toxom mpBe rogune paga y UHcturyty 3a ¢usuky y beorpany ap bussana CrtankoB
0aBmIa ce KOHCTPYKIIMjOM M MCIIUTHBAKEM CIIEKTPOCKOIICKOT M3BOpA 3paderka - Iia3Ma Milasa.
Hamena oBor uBopa je Ouna /1a ce MpoBepH Jia JIM CE HAa OBAa] HAYMH KOHCTPYHCAH U3BOP MOXKE
KOPUCTHUTH Yy METUIIMHCKE CBPX€E, OJJHOCHO J1a JIU je TEeMIIepaTypa Iia3mMa Miia3a JJ0BOJbHO Maa, a
KOHIICHTpAllKja eJIeKTPOHA y TIa3Ma MJIa3y JIOBOJHHO BEIHKA.

Hayuna axtuBHOCT KaHmupatkume ap bmpane CrankoB y MHcTHUTyTY 3a (U3HKY Yy
beorpany ycmepena y Hajehem nenry Ha aHann3y OnTHYKOT EMHCHOHOT criekTpa masme. Hajseha
naxKma nocBeheHa je aHalli3| CIEeKTpaIHUX JUHHUja Koje ce 100ujajy abialnjoM 3u10Ba 1IeBU 32
NPaXEmhe eICKTPUYHUM NpaxmemeM. [Ipumapan okyc mcrtpaxuBama O0uo je omoryhaBame
eKCIUTAIMje, CHUMAama U MpoyvaBarma CIEKTPAIHUX JTUHHja Oepuiinjyma, 300T U3pa3uTor 3Hadaja
OBOT' €JIeMEHTa y MpHUpOau W WHAYCTpHju. OBa HCTpakMBama OWia Cy Hajupe ycMepeHa Ka
KOHCTPYKIIMjU HOBOT, 0€30€IHOT, W3BOpa IUIa3Me KOju OW CIYXKHO 3a CKCIUTAIW]y JIHHH]ja
oepunmjyma. Hamme, Oepmiinjym je BpJIO TOKCHYAH T je OWIO MOTPEOHO KOHCTPYHCATH H3BOP
KojuM OM ce Moriio 0e30eJHO PyKOBAaTH y YCJIOBHMAa KOjU TocToje y jiaboparopuju. Hakon
KOHCTPYKIIMj€ U3BOpa IU1a3Me OWJIo je OTpeOHO OTKPUTH ONTHMAIIHE yCJOBE 3a paj U3BOpa U
CHHUMambe CIIEKTPAITHUX JMHHUja OCpHIINjyMa, OJJHOCHO YCIIOBE IPH KOjUMa Ce CIIEKTpaTHE JIHHU]je
OepuinjyMa I0jaBibyjy y CIEKTPY M MHTEH3UBHHUje Cy oj JuHHUja Hoceher raca. Ilpuinkom
UCIHUTHBama oJpel)eHn Cy ONTHMalHM YCJIOBH 3a CHMMame JHHMja Oepunujyma. Jlaseu pan
YCMEpEH je Ha J0JaTHO MCIUTHBAaWmE JIMHUja OepuiMjymMa CHUMJbEHUX Ha OBaj HA4WH, IMPH
onTUMATHUM ycioBuma. CrieKTpaliHe JIMHHU]e T0OHjeHe MPUMEHOM OBAaKBOT M3BOpa 3paycma Ou
MorJje Outu kopuurhene 3a nu3pauyHaBame llITapkoBux napamerapa.

Pe3ynTatnMa ekciepuMEeHTAIHOT pajia KaHIUJATKUELE j€ TIPBU YT MOTBPHEHO MOCTOjamke
3a0pameHUX KOMIIOHEHaTa KOJl IBe JuHHUje Oepuinujyma. Takohe, 3anmakeHo je 1a MmoJ yTUIlajeM
paXxmbema A0Ja3u 10 hopMupama npamuHe oepunnjyma. Kako 6u ce u3berna nojasa npaiimse,
HACTaBaK UCTPaKMBamka YCMEPEH j€ Ka pa3Bojy CIIEKTPOCKOINHU]€ JJACEpOM MHAYKOBAHOT Mpo0oja -
JIMBC (Laser Induced Breakdown Spectroscopy) koja ce mpuMemyje 3a UCIUTUBAKE Y30paKa
KOJU y CBOM CacTaBy CaJipKe OCpUITUjyM.

OBakBa nCIIUTHBAaKka OCpUIIMjyMa Cy O] BEJIMKOT 3Hauaja 3a acTpo(OHU3UKY - OEPHIIAjYM je
MpHUCYTaH y BEJIMKOM Opojy 3Be3/a uuje ce 3pademe npatd. OBU mojauu cy BaXHH M 300T
by3uoHuX wucTpaxuBama. TpeHytHo je y wm3rpammu MTEP  (International Thermonuclear
Experimental Reactor). IlpBu cioj 3u0Ba OBOT peakTopa, KOjU je y AUPEKTHOM KOHTaKTy ca
¢dopmupaHoM maasmMoM, 6uhe HampaBibeH oJ Oepuinjyma. Bucoke Temmeparype miasme Mory
JIOBECTH JI0 TOIUBbEH-A, MCIapaBama U (GopMmupama npammae oepunujyma. OBo 6M J0BENO 110



omrehemwa 3u/10Ba cyza, ajlu U 0 IPOMEHE cacTapa ja3Me. EKCiepuMeHT je CIpoBeIeH Y LIMJbY
aHaJIM3e Ipolieca Koju 10Bojie A0 hopMupama MpaiiiHe.

WcTrpaxkuBauku paj M HaydHU pe3yaTaTH Koje je 10 caja ocTtBapuiia Ap busbana CTaHKoOB,
MOTY ce Tpynucaru y 4 teme:

e KoHCTpyKIIMja M HCIUTHBAIE CIIEKTPOCKOIICKOT U3BOPA 3padeiha - IUIa3Ma Miiasa

e KoHCTpyKIIMja HOBOT H3BOpa IUIa3Me KOjuUM ce omoryhyje ekcuuTaiyja
Oepuirjyma abiannjoM 3u/1a EBH 3a MPAKHCHE

e licnuTuBame CIEKTpAIHUX JUHHU]a OepuiiMjymMa KOje ce IM0jaBJbYjy y CIIEKTPY ca
3a0pamkEHOM KOMIIOHEHTOM

e Pa3Boj cmekTpockomuje acepoM HUHAyKoBaHOT mpoboja - JIMBC xoja ce
IpUMEBYje 32 UCITUTHBAKE Y30paKa KOJH Y CBOM CaCTaBy cajpike Oepuiiijym

Tema 1

Kannnnarkuma ce 6aBuiia KOHCTPYKIMjOM U UCITIUTHBAKEM CIIEKTPOCKOIICKOT M3BOPA 3paucHka -
uia3Ma mjiasa, TOKOM TpBe roause paga y Mucturyry 3a ¢usuky y beorpany. W3Bop mazma
MJIa3a je MaJliX JUMEH3Hja - eNEKTPO/Ie Ce Hajla3e Ha pacTojamy o1 1 CM, a OTBOp Ha ENEKTPOIH,
KPO3 KOjH IpoJia3y mia3ma mias, uma aujamerap 0,6 mm. Ilpomaramnmja mrasma miasa je npahena
kopumthemem Op3e ¢ororpaduje unme je NOTBphEeHO HWEroBo Gopmupame U aHATU3UPAHO
IIPOCTUPakE. AHATU3UPAHU Cy U yiope)uBaHU ONTUUKY EMHUCUOHU CIEKTPH IJIa3Ma MJ1a3a U LIEBU
y K0joj ce oaBujaio mpaxmeme. CHuMmame ce obOaBibasio end on momohy kamepe, amu u
HCTOBpEMEHO, y3 momoh Tpu ¢ubdepa - jegaH 3a CHUMAabE IPaXbEha y 1EBH, IPYTH 32 CHUMAHbE
riazMa miasza u tpehu 3a end on caumMke. Ha 0cHOBY OBMX CHHMaka M aHaJM30M CIieKTapa Ouio
je Moryhe yTBpAMTH pa3iMKe y KOHLUEHTpalMju U TeMIepaTypu YHyTap caMe IIeBH U y Iula3Ma
MIIa3y, Kao U KOJIMKH je MojeJMHAYHH JOIPUHOC OBE JIBE IUIa3Me y YKYIHOM curHaiy. [Ipaxmeme
Jj€ yCIIOCTaBJbaHO y BUIIIE TacOBa, MPAXKHEHEM KOHJICH3aTOpa Pa3IMUUTUX KarnanuTrera. MemwaHe
Cy IMMEH3H]je, OTBOP U pacTojame u3Mel)y enekTpo/a, a cBe y by 1001jama cTaOUIHOT U3BOpa
KOJU CE€ MOXKE€ KOPHUCHTH 3a aHaju3y CIEeKTpaHUX JHWHHUja raca. YTBpheHo je 1Ja OBako
KOHCTpYHCaH U3BOp HE MOXKe OMTH ynoTpeOsbaBaH 3a TPETHUpPame OMOJIOIIKMX Yy30paka 300T
BHCOKE TeMIIepaType U HUCKE €JIEKTPOHCKE KoHIleHTpalrje. Onucanu pe3yaTaTtu 00jaBmhEHU CY Y
pany:
e M. Vinic, B. Stankov, M. Ivkovic and N. Konjevic, Characterization of an Atmospheric
Pressure Pulsed Microjet, 28th Summer School and International Symposium on the
Physics of lonized Gases, Belgrade, Serbia (2016), August 29" September 2", p. 276

Tema 2

Kanaunatkuma je yuecTBoBaja y KOHCTPYKLMJU HOBOT M3BOpa IJIa3Me, KOjU Pagl Y UMITYJICHOM
PEeXUMY, KOJHU j€ 32 OCHOBHH LIMJb UMao 0e30€JHO HCIIUTHBAkE CIIEKTPAIHUX JIMHUja OepHiujymMa
KOje MOTUYY U3 IJIa3Me MPOU3BEIEHE y U3BOpY NMpaxmema. [lojaBibuBame auHMja Oepuiinjyma
OCTBApEHO je yMETameM Kepamuke, OepminjyMm-okcuaa, BeO, y 11eB 3a npaxmeme. McnutuBana



wia3ma popMupaHa je yHyTap LEBH 3a Mpaxmbemhe. KaHauaaTkumba je BpIInia HCIIMTHBAbA MIPH
pa3IMYMTAM TIPUTHCIIMMA TacoBa: aproHa, aproHa ca XeJWjyMOM, XelhjymMa ca BOJOHHKOM,
KpunrtoHa. McnutruBama Cy BpIIeHA ca Pa3IMYUTUM KaKO €JICKTPUIHUM KOH(PHUTypalmjama, Tako
U ca pa3IMYUTUM IOCTaBKaMa M BapujaHTaMa caMoOr M3BOpa JOK CE€ HHje IMOCTHrao pe3yJiTarT.
CriexTpu cy CHUMaHHU Yy pa3IMYMTUM BpEMEHUMA Tpajama mia3me. [lomohy oBako KOHCTpyncanor
u3BOpa OMOryheHa je JeTeKIWja MpUCycTBa OepuiiMjyma y IUTa3MH M TpOydaBamke yTUIaja
yectuia npamunae. OBako KOHCTPYHCaH U3BOpP oMoryhyje MCIUTHBamE CIIeKTapa IJiasMe Koja
HacTaje y IeBMMa u3pal)eHHX oIl pa3IMYMTUX MaTepujaia, Tako IITO CE y HM3BOP yBeIE IICB
u3paheHa o marepujaia Koju ce xelu ucnuTatd. KamupaTkuma je mpoydaBalla M CIIEKTPE
noOujeHe Kajxa ce yHyTap IIEBU 3a NMpakmbeme yMeTHe 1eB u3paheHa ox amymune, Al:Os, u
CHJIMITH] yM-Tnokcuaa, SiOo.

Tokom ekcnepuMeHTaNHOr pana npuMmeheHo je QopMmupame mnmo3amamiHe KOJHMYWHE
MpalIrHe Koja HacTaje adianyjoM 3U10Ba IIEBH 33 PaXmbehe. TOKOM UCTIUTHBAba CBE 3 IIEBH 3
paXmHEHhe, YOUeHa je MojaBa MpallinHe U [0jaBa APYror MakcuMyMa crpyje. pyru makcumym
CTpyje je HajBepoBaTHHje Tocienuna (GopMupama HETaTHBHUX jOHA KOJU CY MPETXOIHUIN
dopmupamy npammbe. OBa aHOMaJIMja je TOKOM UCTPaKMBamba KOpUIINeHa Kao MPBH MMOKA3aTeJb
Ja je Jouwuio ja abnanuje KepamHKe U Jla ce y CIEKTPY MOKe OYEKMBATH I0jaBa JUHHUja KOje
MOTUYY OJ] LIEBU 32 MPAKHCIHE.

Kanaunatkuma je oapennia ONTUMAIHE YCIIOBE 3a Pajl U3BOpa IUIa3Me, 3a CBE TPH ILIEBHU 3a
npaxmeme. Onucanu pe3yaTatu 00jaB/beHH Cy y pay:

e B.D. Stankov, M. Vini¢, M. R. Gavrilovi¢ BoZovi¢, and M. Ivkovi¢,
Novel plasma source for safe beryllium spectral line studies in the presence of beryllium
dust, Review of Scientific Instruments 89, 053108 (2018), DOI.

Tema 3

KangunaTkuma je HMCHOUTHBalIa €MHTOBAaHO 3padea M3 HOBOI' M3BOpA IJIa3Me, MPETXOIHO
OIMCAHOT, KaJia ce Kao IIeB 3a MPaXmbEeHhe KOPUCTH OepuinnjyM okcua. IIpuinnkoM ucnuTHBama
OTKpHBEHA je TI0jaBa IMHHje jeHOCTPYKO joHn30BaHor 6epunujyma Be Il 436,1 nm, npenasza 3p?
P°-4d? D, ca 3abpameHOM KOMIIOHEHTOM Tpenas, 3p> P°-4f2 F°. Jla 6u ce noka3ama TojaBa
CTIEKTpaJIHE JIMHU]E ca 3a0pamkeHOM KOMIOHEHTOM, KaHIUIaTKUba j€ UCTIUTABANA je TIPUCYCTBO
HeuncToha y CIeKTpy, U CIpOBesia MEpeme pacTojama n3Mely nukoBa J03BOJbEHE U 3a0pameHe
KOMIIOHEHTE CIIEKTpajHe JHHHjE, Ka0 M MEpPEHhe OJHOCA MHTEH3UTETa OBE JBE KOMITOHEHTE.
@DyHKIIMOHAIHA 3aBHCHOCT pacTojamba u3Mel)y muKoBa KOMIIOHEHATa OJ1 TajJacHe Ty>KHUHE, Kao U
(yHKIIMOHATHA 3aBUCHOCT O/IHOCA MHTEH3UTETa MaKCUMyMa KOMIIOHEHATa O TaJlaCHE Jy>KUHE,
IpaTé TPEeH]l TUIHMYaH 3a JIMHUje ca 3a0pambeHuM KOMIIOHEHTaMma. JeaHa o Moryhux npumeHa
THUja Oepuirjyma ca 3a0pambeHIM KOMIIOHEHTaMa je 3a oJipelBame KOHIEHTpAIlH]je eIeKTPOHa
TOKOM iINn Situ wcrnuTHBama mnpBor 3uma Tokamaka JIMBC meromom. OmmcaHd pes3yiTaTH
00jaBJbEHHU Cy y pPaay:


https://doi.org/10.1063/1.5025890

e B.D. Stankov, M. Ivkovi¢, M. Vini¢ and N. Konjevi¢, Forbidden component of the Be
I1436.1 nm line recordered from pulsed gas discharge plasma, Europhysics Letters 123
63001 (2018), doi: 10.1209/0295-5075/123/63001

e B. D. Stankov, Beryllium Spectral Line Studies in the Presence of Beryllium Dust, 29th
Summer School and International Symposium on the Physics of lonized Gases, Belgrade,
Serbia (2018), August 28th— September 1st, progress report, p. 145

e B. D. Stankov, Uncovering beryllium line with forbiden component, European Winter
Conference on Plasma Spectrochemistry, PAU Feb. 3 — 8, 2019, student grant lecture, p.
68

Tema 4

Kangunatkuma je ydecTBOBaja y OCMHUIILUBbABalky JOJATHOT EKCIIEPHUMEHTa 3a aHalu3y
CIIEKTpAJIHUX JINHUja Oepuinjyma, KoJ| Kojer Ou Ouin n30ernyTy mpo0ieMn HaKyIybarkba YeCTHIIA
TE yTHIIaja MpalidHEe Ha CIeKTap, AeO0JbUHE ONTHYKOr MyTa M JOJATHOT EJICKTPUYHOT MOJba Y
UMITYJICHOM TpaXmemy. HacraBak uCTpaxuBama KaHAWIATKUELEG YCMEPEH je Ka pPas3Bojy
CIIEKTPOCKOIHje JlacepoM HHIyKoBaHOT mpoOoja JIMBC koja ce mpuMemYyje 3a HUCIUTHUBAKE
y30paKa KOju y CBOM cacTaBy cajpxke Oepwinjym. Kanaunatkuma je ucnutuBaia MOryhHOCT
CHMMama JHHHja Oepwinjyma ca 3a0pameHoMm kommoHeHToM JIMBC wmeronoM. Omnwmcanu
pe3ynraTé 00jaBJbEHU CY y paay:

e B.D. Stankov, M.R. Gavrilovi¢ Bozovi¢ and M. Ivkovi¢, Appearance of Be 11 436.1 nm
Line With Forbidden Component in LIBS plasma, 30"" Summer School and International
Symposium on the Physics of lonized Gases, Sabac, Serbia (2020), August 24"-28" p.
145

3. EjleMeHTH 32 KBAJTUTATUBHY OlleHY HAYYHOT JONPHHOCA

3.1. KBajuTeT HAay4YHHX pe3yJiTara
3.1.1 3nauaj nayunux pezynmama

Kannunatkuma ce y TOKy JIocaiallmber paja 0aBuia eMUCHOHOM CIEKTPOCKOIHUjOM, ca
MPUMAapHUM MHTEPECOM YCMEPEHUM Ka UCIHUTHBAKY I0jaBe CIIEKTPATHUX JIMHU]jA 3U]a IIEBH 3a
MPaKIbEHhE HallpaB/beHE 0/1 OEpMIINjyM-OKCHJIa Y CIEKTPY, 3aTUM JUjarHOCTHKOM IapaMerapa
MJ1a3M€ U UCTIMTHBAK-EM 00JIMKa CHUMJbEHUX CIIEKTPATHUX JIMHU]a OepriivjyMma.

Kangumatkuma je wWMana 3HaYajHy W HEKaJa KJbYYHY VYIOTY Y TIpHUIIpEeMamby
eKCIIEpUMEHTAJIHEe TIOCTaBKe, IUIAaHUpamy W U3BeAOM ekcrnepuMmeHata. KangupaTkuma je
CaMOCTaJTHO paauiia Ha 2 ekcriepuMenTa y Jlaboparopuju 3a puszmky miasme u nacepe, Muctutyra
3a pusuky y beorpany; oa kojux je y IpBOM OCMHIILJbEH M KOHCTPYHCAH HOB HM3BOP IUIa3Me 3a



UCTIMTHBAE CIIEKTPATHUX JIMHMjA KOje MOTHYY U3 MaTepHjaia 3uja IIeBU 3a Mpaxmemne. V3Bop
j€ omucaH y pajay 4YdjH je KaHIuJaTKWIba NMpBHU ayTop. HoBOKOHCTpyHcaHu u3BOp oMoryhyje
UCTIMTHBAE CIIEKTPATHUX JIMHKja Oeprinjyma. OBaKkBa HCIMTHBAaba OEpUIIjyMa Cy BEOMa peTKa
300T MO3HaTe TOKCHYHOCTH Oepuinjyma u 6epuiinjymcke npammne. [Ipu paay KaHIuaaTKumbe Ha
eKCIIEpUMEHTY CHHMJbEHE Cy JHHHje OepuiujymMa Kojeé TPETXOJHO HHCY HWCIHUTHBaHE
eKCIIEpUMEHTAIHUM IyTeM, IpeMa JOCTYIHO] auTeparypu. Kannugatkuma ce HajBuIne OaBuia
aHAJIM30M CIeKTapa 100MjeHNX MPUMEHOM HOBOT M3BOpa IJIa3Me.

V pany umju je KaHIUTKHIbA IPBH ayTOp, 110 IPBU IIYT j€, IpeMa JOCTYIIHO] JIUTEPaTypH,
onucaHa CIeKTpaIHa JIMHUja OepriirjyMa ca 3a0pambeHOM KOMITIOHEHTOM.

Jlpyra ekcriepiMeHTaIHa [TOCTaBKa Ha KOjOj KaHIUIaTKUba CAMOCTAIHO Pa/iv je yCMepeHa
ka pa3Bojy JIMBC TexHuKe 3a UCIIUTHBAKE Y30paKa KOjU y CBOM cacTaBy caJpike OepuimjyM.
Pagom Ha OBOM eKCIIEpMMEHTY, KaHAWJATKHIbA j€ TMOKaszaja Jia ce y CIEKTpUMa JT0OWjeHHM
(hOKyCOM HaHOCEKYHJHOOT MUMITYJICHOT JIACEPCKOT CHOIA Ha METY OepHIIMjyM OKCHJa Y KOMOpPH
MOJ HHCKUM TMPUTHCKOM, II0jaBJbyje CIIEKTpaJIHA JIMHU]ja OepmivjymMa ca 3a0pameHOM
KOMIIOHEHTOM. 3axBajbyjyhu oBOM ekcnepuMeHTy, Omhe omoryheHo HCHHTHBambE JHHH]jA
Oepunnjyma 0e3 MPUCYCTBAa NOAATHOT MMOJbAa WIIU IMpalldHEe, HITO je 3HA4ajHO jep je TuMme
oMoryheHa ymorpeba eKCHEpHUMEHTATHUX pe3yaTara 3a nopeheme ca CHeKTpaTHUM JIMHHjaMa
Oepuirjyma J100H1jeHIUM TEOPUjCKIUM MOJIEIINMA.

3.1.2 Iapamempu xeanumema uaconuca

Kangunatkumwa np busbana CrankoB je o6jaBuia ykynmHo 2 pajga y mehyHaponHum
4acoIOCHM, YU j€ IPBU ayTOp, U TO:

1 pan y BpxyHckom mehynapoanom uvacomucy Europhysics Letters / EPL (M®=1.958,
CHUII=0,746)

*1 pax y ucrakuyrom mehyrapoanom yacornucy Review of Scientific Instruments/Rev Sci
Instrum (M®=1.587, CHU1II=0,899)
VYKynaH uMnakT ¢paktop 00jaB/beHUX pajioBa je 3,545.

3.1.3 lHo3umuena yumupanocm HaAy4HUX paoosa Kanouoama

ITpema 6azu Web of Science, panosu 1p busbane CTaHKOB Cy HUTHPaHU YKYITHO 2 ITyTa,
on yera 1 myt uzy3umajyhu ayrorurare. Jlok je XupiioB uHaeKkc mpema uctoj 6azu 1.

3.1.4 /looamnu oubiuomempujcku noxkazame. vu

no M CHMUII

VYkynHo 3,545 13 1,645
YcpeameHo Mo WIaHKy 1,7725 6,5 0,8225
YcepenmeHo 1Mo aytopy 0,709 2,6 0,329




3.1.5 Mehynapoona capaoma

Mehynapoane aktuBHocTH Jip busbane CtankoB oOyxBaTajy ydemihe Ha JETHOj HIKOIU (U3KKE
wia3me 3a cryaente y I'pajedanny, Hemauka, 2017. rogune. Takohe, kanaunaTkuma je 0CBOjuIa
TPaHT KOjH joj je oMoryhuo Ja oApku yCMEHO npenaBame Ha KoHdepenuju EWCP (European
Winter Conference on Plasma Spectrochemistry) y rpany Ilo, ®@panirycka, 2019. romune. OBy
Harpaay je ocBojuwio 12 cryneHara M3 HENOor CBETa, KOjU Cy Ha Taj HAYWH JOOMIM NPWINKY Aa
IpeCTaBe CBOj Pasl.

3.2. Hopmupame 0poja KoayTOPCKUX PajoBa, NaTeHATA M TEXHHYHUX pellerha

O06a pana Ha KOjuMa je KaHIHIaTKHba IPBU ayTop Cy eKcriepuMeHTaiHa. bpoj ayropa Ha 00a pana
je mamu on 7. Y ckmany ca [IpaBmmHrukoM MuUHHCTapCTBa O MOCTYNKY, HAYMHY BPEIHOBAkba U
KBAaHTUTATUBHOM HCKa3WBalkby HAYYHO HCTPAKMBAYKUX pe3yirara, Kaga cy y TMHTamby
EKCIICPUMCHTAIHU PAJOBU Y MPUPOJTHO-MATEMATHYKIM HayKaMa, ca IIYHOM TS)KUHOM IPU3HAJY
ce palloBH JI0 7 KoayTopa, Te HeMa ImoTpede 3a HopMmupameM M 0o1oBa.

3.3. Yuemhe y npojekTuMa, NOTNPOjeKTHMA U MPOjeKTHUM 3aallMMa

Kangunmatr je onx ymuca IOKTOpPCKMX cTyadja Ha mpojektry OWM17104 mox HazuBom
,,CIIEKTPOCKOIICKA JTMjarHOCTUKAa HHUCKOTEMIIEpAaTypHE IUIa3Me€ M TaCHUX NPaXmema: 00IuIn
CHEKTpaJHUX JIMHMja ¥ UHTEepaKiMja ca MOBpIIMHAMA®, YMju je pykoBoawial Ouo ap Huxona
Komwesuh u kacauje n1p Comwa Jouhesuh.

3.4. YTunaj Hay4HuXx pe3yJrara

VYTHaj HaydyHHUX pe3ysTaTa KaHAUJaTKHbE HaBeIeH je y ofiesbky 3.1 oBor u3Bemraja. [TyH cnincak
pazoBa U MoJay O UUTUPAHOCTH JaTH Cy Y IPUJIOTYy.

3.5. KonkperaH AONPHHOC KAHAWAATA y peajiM3alldjd PaaoBa y HAYYHUM LEHTpPUMA Y
3eMJbH M1 HHOCTPAHCTBY

Kannunatkuma je cBoje MCTpakhBauyke aKTHMBHOCTH peanu3oBana y MHCTHTYTY 3a QU3UKY Yy
beorpany. Kanauaatkuma je nana KJby4HH JOTPUHOC 00jaB/bE-HUM PAJIOBUMA, T]I€j€ TIPBU ayTop.



4. EJleMeHTH 32 KBAHTUTATHBHY OlleHY HAYYHOT JIONPUHOCA

OcTtBapenn M 6010BH N0 KaTeropujama myoaukanmja

Kateropiia M 6o110BH 110 Bpoj paziosa Ykynno M Hopmupanu
pany 0010Ba o6poj M 6010Ba
M21 8 1 8 8
M22 5 1 )
M33 1 ) )
M70 6 ) 6

ITopeheme ocTrBapenor 0poja M-06010Ba ca MUHHMAJITHUM yCJI0BHMA IOTPeOHUM 32 U300p y

3BabE¢ HAYYHOI CapaJHUKa

IToTpedHo OcTBapeHo
YKYIIHO: 16 24
M10+M20+M31+M32+M33+M41+M42 10 18
M11+M12+M21+M22+M23 6 13

5. Cnmcak paaoBa u octaaux nyoankanuja 1p busbane Ctankon

PanoBu y BpxyHckum Mel)ynapoauum yaconucuma (M21):

B. D. Stankov, M. Ivkovi¢, M. Vini¢ and N. Konjevi¢, Forbidden component of the Be 11 436.1
nm line recordered from pulsed gas discharge plasma, Europhysics Letters 123 63001 (2018),
doi: 10.1209/0295-5075/123/63001

PanoBu y nucraknyrum mehynapoaguum yaconucuma (M22):

B. D. Stankov, M. Vini¢, M. R. Gavrilovi¢ BozZovi¢, and M. Ivkovi¢,
Novel plasma source for safe beryllium spectral line studies in the presence of beryllium dust,
Review of Scientific Instruments 89, 053108 (2018), DOI.

Caonmrema ca Mel)yHapoaHUX cKynoBa mramnada y uejaunu (M33):

B. D. Stankov, Beryllium Spectral Line Studies in the Presence of Beryllium Dust, 29th Summer
School and International Symposium on the Physics of lonized Gases, Belgrade, Serbia (2018),
August 28th— September 1st, progress report, p. 145

M. Vini¢, M.R. Gavrilovi¢ Bozovi¢, B. Stankov, M. Vlaini¢ and M. Ivkovi¢, Nanoparticles on a
sample surface as laser induced breakdown spectroscopy enhancers, 29th Summer School and


https://doi.org/10.1063/1.5025890

International Symposium on the Physics of lonized Gases, Belgrade, Serbia, August 28'"-
September 1%, p. 190-193

B. D. Stankov, Uncovering beryllium line with forbiden component, European Winter
Conference on Plasma Spectrochemistry, PAU Feb. 3 — 8, 2019, student grant lecture, p. 68

B. D. Stankov, M.R. Gavrilovi¢ Bozovi¢ and M. Ivkovi¢, Appearance of Be Il 436.1 nm Line
With Forbidden Component in LIBS plasma, 30" Summer School and International Symposium
on the Physics of lonized Gases, Sabac, Serbia (2020), August 24128 p. 145-148

M. Vinic, B. Stankov, M. Ivkovic and N. Konjevic, Characterization of an Atmospheric
Pressure Pulsed Microjet, 28th Summer School and International Symposium on the Physics of
lonized Gases, Belgrade, Serbia (2016), August 29" September 2", p. 27-30
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Novel plasma source for safe beryllium spectral line studies
in the presence of beryllium dust

B. D. Stankov,'2 M. Vinié,! M. R. Gavrilovié Bozovié,! and M. Ivkovié'-2)
Unstitute of Physics, University of Belgrade, P.O. Box 68, 11080 Belgrade, Serbia

2Faculty of Sciences, Department of Physics, University of Novi Sad, Trg Dositeja Obradovica 4,
21000 Novi Sad, Serbia

(Received 14 February 2018; accepted 22 April 2018; published online 11 May 2018)

Plasma source for beryllium spectral line studies in the presence of beryllium dust particles was
realised. The guideline during construction was to prevent exposure to formed dust, considering
the toxicity of beryllium. Plasma source characterization through determination of optimal work-
ing conditions is described. The necessary conditions for Be spectral line appearance and optimal
conditions for line shape measurements are found. It is proven experimentally that under these
conditions dust appears coincidently with the second current maximum. The electron density mea-
sured after discharge current maximum is determined from the peak separation of the hydrogen
Balmer beta spectral line, and the electron temperature is determined from the ratios of the rel-
ative intensities of Be spectral lines emitted from successive ionized stages of atoms. Maximum
values of electron density and temperature are measured to be 9.3 x 10> m™ and 16 800 K,
respectively. Construction details and testing of the BeO discharge tube in comparison with
Si0, and Al,O3 discharge tubes are also presented in this paper. Published by AIP Publishing.
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I. INTRODUCTION

The interest for Be spectral lines studies stems from the
prevalence of Be, which occurs in nature and is used in many
devices. Beryllium is an element which has six times the spe-
cific stiffness of steel and at the same time it is one-third lighter
than aluminum. This unusual combination of properties makes
it suitable for a wide range of applications: aerospace, mil-
itary, information technologies, energy exploration, medical,
and other advanced applications. The three most used forms
of beryllium are beryllium-containing alloys, pure beryllium
metal, and beryllium ceramics, also known as beryllium oxide
ceramic.

Since Be is also a naturally occurring element in metal-
poor stars,' the study of the spectral lines emission of beryllium
is important for astrophysics. For example, spectral lines com-
ing from Be m deexcitation at 313.0 nm and 313.1 nm are used
for the analysis of some stars’ origin.> Hence, basic knowl-
edge about beryllium spectral emission is available but still,
according to critical reviews,>™ spectroscopic investigations
and Stark parameters’ studies are almost exclusively limited to
Be 1 resonance lines at 313 nm.'%!3 In several of these stud-
ies, %12 the plasma source was an electromagnetically driven
“T” tube. Beryllium was deposited in the form of thin layers
of BeCl, on the electrode'%!""!3 and by dusting the quartz tube
with BeCl,.!?

Because of its low atomic number and very low absorp-
tion for X-rays, the oldest and still one of the most important
applications of beryllium is in radiation windows for X-ray
tubes.!®13

a) Author to whom correspondence should be addressed: milivoje.ivkovic@
ipb.ac.rs
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Also, the beryllium has been chosen as the element to
cover the first wall of ITER (International Thermonuclear
Experimental Reactor). The first wall of ITER is a part of
the blanket that is constructed with 440 panels that completely
cover inner wall of the vacuum vessel. Those panels will be
covered with 8-10 mm of beryllium armor, leading to approx-
imately 12 tons of beryllium in total, distributed over a surface
area of about 700 m? (Ref. 16, Sec. 13.3.1.2). In addition,
beryllium oxide is also used as insulation in some ITER com-
ponents (Ref. 16, Table 13.3-1). Beryllium is the material of
choice in ITER due to its light weight, low tritium absorption,
and efficient trapping of oxygen impurities at its surface form-
ing BeO. The drawback of Be is its low melting temperature
what makes it vulnerable to edge-localized modes (ELMs) and
disruptions.!” ELMs and disruptions may provoke large ther-
mal transient loads on beryllium components of the first wall
leading to rapid heating of the beryllium surface. Rapid heating
can result in plasma-surface interaction processes and can lead
to material loss, melting, evaporation, and formation of beryl-
lium dust. Erosion of beryllium under transient plasma loads
will determine a lifetime of ITER first wall.'"® The presence
of dust particles in fusion reactors has several consequences.
There is a safety issue because Be is toxic in the case of inhala-
tion, so constant air monitoring must be provided.'” Other
problems regard the pollution of the plasma by particles, caus-
ing the reduced performance, or its deposition on diagnostic
equipment. Still, the knowledge of dust creation processes and
behavior in a plasma environment is very limited,?® partially
due to the previously mentioned safety issues when handling
plasma sources with toxic materials, as beryllium.

Research on dusty plasma is gaining in popularity due
to its unique properties and importance for novel technolo-
gies.”! Furthermore, the dust in plasma shows interesting

Published by AIP Publishing.
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FIG. 1. Experimental setup, LPD—Iinear pulsed discharge, GO—gas out-
let, GI—gas inlet, M{—mirror, L—lens, Mp—mirror, IS—ignitron switch,
TU—trigger unit, HV PS—high voltage power supply, RC—Rogowski
coil, DSO—digital storage oscilloscope, DDG—digital delay genera-
tor, ICCD—Intensified Charge Coupled Device camera, PC—personal
computer.

fundamental phenomena like plasma crystals and dust acoustic
waves.”>2* In many applications, besides already mentioned
ITER, the dust in plasma is the unwanted effect, e.g., for
plasma etching and thin film deposition in semiconductor
industry. This increases the relevance of dust particle for-
mation studies and sets the need to relate it to some other
physical phenomenon, like spectral emission from the tokamak
plasma.>>26

In addition, in sifu examination of plasma facing materials
in tokamak (beryllium and others) by laser induced break-
down spectroscopy (LIBS)?’-?® requires the knowledge of
their atomic data (transition probabilities, Stark broadening
parameters, etc.). The lack of Stark parameters for Be spectral
lines was one of the main inspirations for this plasma source
construction.

The main goal of this work was not only to obtain a
stable plasma source for the beryllium spectral lines’ study
but also to enable the examination of dust particles’ influ-
ence on emission spectra when optimal conditions for Be
spectral emission are achieved. The idea was to obtain beryl-
lium spectral lines from erosion of the beryllium oxide,

3.0
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BeO discharge tube, and preferentially, the lines belonging
to transitions other than resonant, which are the only ones
studied in detail up to now. To draw an analogy with previous
studies'®!3 in the experiemental setup we used, beryllium
was introduced through the ablation of a ceramic tube settled
inside the discharge tube, which allowed more consistent abla-
tion, longer and more reliable work, and appearance of various
Be spectral lines. In order to closer investigate the influence of
specific discharge tube material on dust particle production and
emission spectra, two additional discharge tubes were made.
Construction details and testing of the BeO discharge tube
in comparison with SiO, and Al,O3 discharge tubes are also
presented in this paper.

Il. EXPERIMENT

The experimental setup is presented in Fig. 1. Capacitor
C is charged between 4 and 8 kV, using a high voltage power
supply, HV PS, operated through the laboratory made high
voltage control. When voltage reaches a selected value, the
pulse is generated by high voltage control and shaped by the
trigger unit in order to initiate ignitron switch, which starts the
current flow through the linear pulsed discharge tube. The cur-
rent shape is monitored by the Rogowski coil and recorded with
a digital storage oscilloscope, DSO (Tektronix TDS 360); see
typical current shapes for different discharge tubes in Fig. 2(a).
The same but attenuated signal from the Rogowski coil is used
for the triggering of intensified charge coupled device (ICCD)
camera (Andor DH720); see Fig. 1. The acquisition gate
width, tg, and delay, tp, are determined with a Digital Delay
Generator (DDG) (Stanford Research Systems SRS, Model
DG535). The spectra are recorded using a gate width of 50 ns
at different delays in order to determine the temporal evolution
of plasma parameters.

The 1:1 image of the radiation emitted end-on along the
axis of the discharge tube is projected on the entrance slit
(20 um wide) of the Shamrock 303 (Andor) imaging spectrom-
eter using folding mirrors M; and M» and a quartz achromatic
lens (focal length f = 33 cm). The change of the diffraction
grating (300, 1200, or 2400 groves/mm), slit width, and wave-
length position is performed using the commercial Andor Solis
software. The instrumental width with 2400 g/mm grating and
20 um slit width determined using Oriel penlight calibration
lamps is 0.09 nm.
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FIG. 2. Current shapes for (a) different discharge tubes for the same gas type Ar + 3% H,, pressure p = 2 mbar, and discharge voltage U = 7 kV, (b)
BeO tube with different gasses at the same pressure 2 mbar and the same voltage 7 kV, (c) temporal evolution of voltage and current for the BeO tube and

Ar + 3% H,.



053108-3 Stankov et al.

lll. EXPERIMENTAL DETAILS AND PROCEDURE

The discharge tube was made and studied under different
experimental conditions. Electrode material and dimension,
electrodes separation, discharge voltage, initial discharge pres-
sure, and direction of various gas flows through the tube, see
Fig. 3, were alternated. The general layout and construction
details of discharge tubes with special attention on safety mea-
sures are given first in Sec. III A, followed by the electrical
characterization and optimization of the discharge in Sec. III
B. Influence of discharge parameters on emission spectra is
fully described and discussed in Sec. III C, while appearance
and some properties of the dust particles formed during the
discharge operation are described in the Sec. III D.

A. Construction details of the discharge tubes

According to Material Safety Data Sheets, MSDS,%
beryllium, BeO, and especially their dust are highly toxic and
must be handled with great precautions. Therefore, the BeO
discharge tube with an inner diameter of 2.6 mm, an outer
diameter of 10 mm, and an overall length of 130 mm was
settled inside the Pyrex glass tube with an inner diameter of
11.5 mm, an outer diameter of 14 mm, and an overall length
of 140 mm; see Fig. 3(a). In such a way, exposure of the beryl-
lium tube to atmosphere was prevented. The position of the
inner (ceramic) tube inside the outer (glass) tube was adjusted
using Teflon rings or Teflon tape; see Fig. 3(a). This extra space
prevented cracking or destruction of the tube due to the signif-
icant mismatch in the thermal expansion coefficient between
the Pyrex glass and BeO tube and/or destruction caused by
shock waves generated by pulsed discharge.

Several additional safety measures were undertaken to
prevent exposure to beryllium oxide components and espe-
cially to the BeO dust. When handling the BeO tube, the
surgical gloves, surgical mask, laboratory coat, and goggles
were used. Assembling and manipulation of the discharge tube
were performed in the fume hood of the chemical part of the
laboratory.

The discharge tube connectors had a gas inlet or outlet
port and an electrode holder in the middle, ending with Wil-
son connectors for vacuum tight connection on one side and
quartz windows for spectroscopic observations on the other
side; see Fig. 3(b). The position of the high voltage connections
and electrically isolated support is also presented in Fig. 3(b).

a) - 140
B 130
e ] .
E=r=31
BeO ceramics glass tube 9

Al electrode
c)

[}
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Discharge tubes worked under low pressure continuous gas
flow. The gas was supplied from the gas cylinder using the
regulation and needle valve, with continuous monitoring of
gas pressure on the inlet side of the tube. Two positions of the
tube inlet were tested, 90° angle and 45° angle relative to the
discharge tube axis. The liquid nitrogen cooled trap and HEPA
(high efficiency particulate air) filter were inserted in the front
of and at the exit of the rotary vane vacuum pump. Gas exhaust
from the vacuum pump lead to the pump settled outside the
laboratory and equipped with an additional filter.

Two additional tubes were used for the comparative study
of the discharge tube material influence on the dust genera-
tion. The first one, made of alumina ceramics, Al, O3, with an
inner diameter of 2.6 mm, an outer diameter of 10 mm, and
an overall length of 125 mm was settled inside the glass tube
with the same dimensions as the one used for the BeO tube.
The second one, made of quartz, SiO,, with an inner diameter
of 3 mm, an outer diameter of 6 mm, and an overall length of
140 mm was attached with an additional adapter to the same
construction; see Fig. 3(c). In Fig. 3(a), the inner diameter of
the hollow electrodes, d, is presented. Throughout the exper-
imental course of the study, the value of d was changing
between 0.6 mm and 2 mm.

B. Electrical characterization and optimization

In this study, different gasses (Ar, Ar with 3% of Hj,
He + 3% of H, and 1:1 He/H, mixture) at different pressures
(1,2,3,4,5, 10, 20, and 90 mbar) were used. As the first step,
Pashen curves were determined, and then current shapes were
recorded for each gas/pressure/voltage combination. Typical
examples of voltage and current shapes are presented in Fig. 2.
Current shapes for different tube materials at the same condi-
tions are presented in Fig. 2(a). Comparison of current shapes
for the BeO tube with different gasses is illustrated in Fig. 2(b).
Temporal evolution of voltage and current for the BeO tube
are is presented in Fig. 2(c). As can be seen from the current
curves in Fig. 2, the duration of the current pulse was around
10 us, while the current maximum was detected around 3 us.
Besides the basic condition that the discharge voltage must be
larger than breakdown voltage, its value should be chosen in a
way that parasitic discharge in the space between the ceramic
and glass tube, see Fig. 3(a), is avoided. Such discharge may
not only introduce spectral lines of impurities in the recorded

FIG. 3. (a) Construction of the BeO
tube and its position inside the glass
tube; (b) discharge tube: (1) electrode,
(2) holding body, (3) Pyrex glass tube,
(4) tube made of BeO or Al,O3, (5)
anode connection, (6) cathode connec-
tion, (7) gas inlet at 45° angle, (7a) gas
inlet at 90° angle, (8) gas outlet, (9)

1 N ]
S Wl

additional /
adapter =2

dielectric support; (c) additional adapter
used for the SiO; tube.




053108-4 Stankov et al.

spectrum but also burn the Teflon tape and cause total destruc-
tion of the discharge light source. In order to prevent this
phenomenon, the discharge tube was first constructed in such a
way that electrodes come in the ceramic tube; see Fig. 3. There-
fore, the part of the electrode that goes inside the ceramic tube
must have outer diameter smaller than 2.6 mm, limiting the
maximum inner diameter of the electrode to 1.5 mm. Such
electrodes also centre the ceramic tube inside the glass tube.
However, the parasitic discharge still appears, Sec. III A. In
addition, the optical signal from discharge tubes with such
electrodes had very low intensity and poor reproducibility.
Therefore, further measurements were performed with con-
struction having a small separation between the ceramic tube
and electrodes, and with the Teflon rings being placed toward
the middle of the discharge tube. In this configuration, parasitic
discharge has never appeared.

Three types of electrodes were tested. First, the electrode
made of tungsten with an opening of d = 0.6 mm described
earlier’® was used. The idea was to obtain plasma with higher
electron densities and additional plasma emission from the
plasma jet at the outer side of the electrode, see Ref. 31, in
order to use the spectral line emitted from the plasma jet as
a reference line for wavelength shift measurements. Unfor-
tunately, spectral lines of beryllium from the jet were not
detected, while the radiation intensity was very low, in addi-
tion with a poor reproducibility. The spectra recorded using
aluminum alloy electrodes with inner diameters 2 and 3 mm
showed similar behavior irrespective of the diameter, while the
signal to noise ratio was higher with larger electrode openings.
Therefore, all further measurements were performed using alu-
minum alloy electrodes with 3 mm inner diameter. It should
be stressed that under used experimental conditions spectral
lines of the electrode material (tungsten and aluminum alloy
AlMgCus) were not observed in the case of the BeO and Al, O3
tube.

For the optimal conditions for the BeO tube, see Sec. [II C
2, the maximum current value goes up to 2.1 kA. The current
minimum (observed in the case of He/H, mixtures) is caused
by the change of plasma impedance resulting in periodic cur-
rent pulse behavior. Namely, the resistor in the discharge circuit
was chosen to obtain the aperiodic current pulse with Ar, which
is not optimal for discharge with He. The origin of the second
maximum detected only when working with Ar and Ar with
3% H,, see Fig. 2, is somewhat more complex and it will be
addressed later in Sec. III D.

Here, one should notice that for different inner diame-
ters of BeO, Al,O3, and SiO; tubes, current densities through
the discharge tubes are different as well: 98 A/mm? for BeO,
87 A/mm? for Al,O3, and j = 69 A/mm? for SiO,. Taking
into account different tube lengths, the energy densities are
0.058 J/mm?, 0.06 J/mm?, and 0.046 J/mm? for BeO, Al,O3,
and SiO; tubes, respectively.

C. Spectra recordings

Since the main objective of this work was the construction
of a safe and stable plasma source for beryllium spectral lines’
recording, the next step was to examine the change of the spec-
tra under different discharge conditions. Construction details
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(d, gas flow direction), gas type and gas pressure, discharge
voltages, etc. were varied and their influence on recorded spec-
tra was monitored. All spectroscopic studies were performed
in three steps. The position of the projected plasma image on
the ICCD sensor was checked through the recordings with the
fully open slit of the imaging spectrometer and with the grating
in the zero diffraction order. Afterwards, overall spectra were
recorded with the shortest possible delay from the beginning
of the current pulse (800 ns in this experiment, determined
by reliable triggering of the ICCD camera) using a gate width
of 50 ns. Finally, the temporal evolution of the spectra under
various conditions was obtained and the influence of the par-
ticular discharge condition was studied. The influence of the
different construction geometries on discharge operation has
already been addressed in Secs. III A and III B, while here the
impact of the gas type, pressure, flow, and different applied
voltages on the quality of spectral emission is inspected more
closely.

1. Discharge gas

To study the influence of the gas type on spectra record-
ing, i.e., on the appearance of the tube material’s spectral
lines, three carrier gasses were used, He with 3% H,, Ar,
and Ar with 3% H,. The 1:1 He/H, mixture was excluded
from further measurements since beryllium lines were dif-
ficult to detect. Helium was chosen as one of the possible
solutions for carrier gas because it has a small amount of spec-
tral lines, while hydrogen is added for diagnostic purposes,
since it enabled diagnostics of electron density using sepa-
ration of the hydrogen Balmer beta line-peaks method.?? At
1 mbar of gas pressure, capacitor C = 5 uF charged to 7 kV,
and delay of 12 us, spectral lines of Be were narrower and
had much lower intensity for He + 3% H, in comparison to
Ar and Ar with 3% Hj; see Fig. 4. With He + 3% H; as a car-
rier gas, only prominent lines of Be appeared in current decay
and lasted only few us. By contrast, with Ar and Ar with 3%
H; lines of Be lasted 8 us longer. The highest intensity of
Be lines was obtained using the Ar/H, mixture. Therefore,
all proceeding measurements were conducted using Ar with
3% H,.

N Ar+3% H
5+ g :

= Ar

° He+3% H
4- = :

U=7 kV p=1 mbar

Be1457.2

Relative intensity (a.u.)

. . . . . T

450 460 470 480 490
A (nm)

FIG. 4. Influence of different gasses, Ar with 3% H,, Ar and He with 3% H,,

on spectral line shapes of beryllium lines and the hydrogen Balmer beta, at
discharge voltage 7 kV and pressure 1 mbar, delay 12 us.
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FIG. 5. Influence of different discharge voltage and pressure on spectral line shapes of beryllium in argon with 3% of hydrogen.

Under certain conditions, discussed later in Sec. III D,
the dust of the discharge tube material was produced and
often accumulated in small electrode openings (if smaller than
2 mm). These particles prevented evacuation of the discharge
tube. In addition, with electrodes with 3 mm opening, the
dust particles were reaching the observation window, caus-
ing degradation of transmittance and lowering of the optical
signal. Since the increase of the gas flow rate did not elimi-
nate deposition of dust particles on the observation window,
the gas flow direction was reversed; see Fig. 3(b). Also, the
additional adapter inlet enabling gas flow under the 45° angle
was introduced, see Fig. 3(b), which also helped in preventing
dust particle deposition on the window. It was confirmed that
the change of the gas flow direction did not affect the spec-
tra recordings, so for the rest of the measurements gas was
flowing from the output window toward the discharge tube
support.

2. Discharge voltage and gas pressure

Spectra recorded for the same gas, pressure, and gate
width but different discharge voltages vary significantly.
Namely, the differences between spectra were reflected in line
intensity, line width, and in appearance of non-beryllium lines.
As can be seen in Fig. 5(a), at 7 kV voltage, the beryllium lines
are clearly distinguishable, while Ar lines are not observed at
delays greater than 10 us, i.e., after the current pulse. On the
contrary, at a discharge voltage of 5 kV, spectra are rich in spec-
tral lines of discharge gas. Spectral lines of the gas appeared
during and lasted after the current pulse, while spectral lines
of the tube material were not observed, Fig. 5(b). That is prob-
ably due to low abrasion, i.e., low quantity of beryllium in the
plasma, or due to overlapping of Be spectral lines with stronger
lines of Ar. The same is to be expected when using voltages less
than 5 kV. Even though dust particles are produced at voltages
of 7 kV, only at higher voltage of 8 kV they were deposited on
the glass windows, lowering optical transparency in spite of
all undertaken measures described in Sec. III C 1. Therefore,
all forthcoming measurements were performed at a discharge
voltage of 7 kV.

Gas pressure influences greatly the Be spectral line inten-
sity. A slight increase of pressure leads to more effective
excitation of argon and appearance of argon lines in spectra. At
a pressure of 4.4 mbar shown in Fig. 5(c), the spectral lines of

Be are broader and the continuum is more pronounced, com-
pared to Fig. 5(a). This is most probably due to the increase of
electron density. On the other hand, the intensity of Be lines
is lower and argon lines are observed. Here, one should have
in mind that the spectral line at 467.3 nm presented in Fig. 5
is the most intense beryllium line recorded in this study, i.e.,
other spectral lines have very low intensity, if observed at all
at a pressure of 4.4 mbar and higher. Therefore, all proceeding
measurements were conducted at a pressure of 1.2 mbar in
order to record spectral lines of beryllium.

The temporal evolution of spectra recorded between
330 nm and 660 nm with the beryllium tube is presented in
Fig. 6. The spectra were recorded for the conditions described
earlier, i.e., Ar with 3% H; and gas pressure 1.2 mbar (gas
discharge voltage 7 kV), which were found to be optimal. At
early delays (around 10 us), see Fig. 6, spectral lines of argon
and pronounced continuum were evident. After current pulse,
the intensity of spectral lines of the discharge tube material
was increasing, reaching the maximum value approximately
at the time of the second maximum of the current pulse; see
Fig. 2. The maximum intensity of the tube material’s spec-
tral lines was detected around 12 us. At that time, lines of Be
were prominent and Ar spectral lines were not detected. The
beryllium lines were detected in spectra up to 25 us.
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FIG. 6. Temporal evolution of the spectra between 320 nm and 660 nm in
low pressure pulsed discharge with the beryllium tube.
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3. Comparison of plasma spectrum recorded
from different tube materials

As mentioned previously, three different tube materials
were used. Emphasis is placed on the BeO tube, while spectra
obtained using tubes made from SiO; and Al,O3 were used for
comparison. In Fig. 7, spectra recordings with the tubes made
of different materials are presented. The optimal conditions for
measuring line shapes of Be were concluded to be at C =5 uF,
U=7kV, gas Ar + 3% H», and p = 1.2 mbar. At those same con-
ditions, spectral lines of Al emitted from the Al,O3 tube were
self-reversed, in consequence of self-absorption, while spec-
tra when using the SiO; tube could not be recorded because
of occasional glass tube breaking and saturation of the optical
signal, even with the shortest gate. The best line/continuum
ratio for recordings with the glass SiO, tube was achieved
at C =5 uF, U =4kV, gas Ar + 3% H;, and p = 3 mbar,
while for the Al O3 tube those conditions were at C = 5 uF,
U=06kV, gas Ar + 3% Hj, and p = 1.5 mbar.

Temporal evolutions of spectral lines emitted from the
tube material differ for all the three cases. In early times (dur-
ing the current pulse), there were no spectral lines of Be or they
were not resolved due to overlapping with numerous much
stronger Ar lines and intense continuum; see Sec. III C 2.
Spectra of lines emitted from the SiO; and Al, O3 tubes were
impossible to record at early delays due to the more intense
continuum, which caused saturation of the optical detector
even at shortest gate time. As mentioned in Sec. III C 2, the
lines of beryllium were detected in spectra up to 25 us delay.
The lines emitted when using SiO, and Al,O3 tubes were
more persistent and they were observed in spectra up to 40 us
delay. In spectra obtained with the SiO, tube, two very narrow
aluminum lines coming most probably from aluminum alloy
(AIMgCus) electrodes were detected. Spectral lines from the
electrode’s material did not appear in BeO tube’s spectra. The
dust particles were formed in all three cases.

From the results of the spectroscopic studies with tubes
made of different materials and at various plasma conditions,
one can conclude that, if the space between the discharge
tube and electrodes exists, a cooler discharge region is formed
which enables the study of self-absorbed line shapes.

BeO, U=7 kV p=1.7 mbar D=18 ps
—Si0,, U=4 kV p=3 mbar D=25 ps
— AL O,,U=6.5 KV p=1.7 mbar D=22 ps

Si1390.5
Al1396.1
:l Al1396.4
Al1466.3

Be I1 467.3

Mg II 448.1

Be II 436.0
Be1457.2

Relative intensity (a.u.)
Al1464.8
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4
A(nm)

FIG. 7. Comparison of spectra from low pressure pulsed discharge observed
for three different tubes under optimized conditions.
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4. Plasma diagnostics

In order to characterize the plasma source, the electron
density, N,, and temperature, 7., were determined by using
the iterative method.

The electron number density during plasma afterglow was
estimated using peak separation Ak, of the hydrogen Balmer
beta line by using formula (6) from Ref. 32,

log N, (m>)=A+B log Ad,s(nm)
=22.65+1.53 log Ad,s(nm). €))]
In order to use that formula, the value of T, was presupposed
to be 13 000 + 3000 K, and based on T, the corresponding
value of parameters A and B was taken from Ref. 32. Using
this range of T, the uncertainty of N, was 30%. For, in such
a way, determined electron number densities, the temperature

was estimated from the ratio of Be 1467.3 nm/Be 1457.3 using
the following formula:

I _ h (gA) 1N, E, - E; +Ell'0n _AE
b 22mmk)? (gA), 1,72 T, :

@)
where E'" is the ionization potential and AE is the ionization
potential lowering.

After few iteration, N, and T, were determined. Transition
probabilities were taken from the NIST database.>3

Succeeding the determination of the excitation temper-
ature and electron density, it is necessary to check if the
conditions for LTE (Local Thermodynamic Equilibrium) have
been met. The expression (12) from Ref. 34 in the case of
beryllium sets the boundary value of the electron concentra-
tion to be 2.85 x 10>2 m™ for the temperature of 14 200 K.
This means that the conditions for the complete LTE in the
plasma used in this experiment have been met. Given that only
three neutral and three ionic spectral lines were recorded, and
considering that those transitions have very similar upper level
energies, the use of the Boltzmann plot could not provide more
precise values of N, and T,.

The temporal evolution of 7, and N, during plasma
afterglow is presented in Fig. 8.

It can be seen from Fig. 8 that N, has increased after
the end of the current pulse. The second maximum of N,
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FIG. 8. Evolution of T, and N,. N, is determined from peak separation of the
hydrogen Balmer beta line,3% and T is estimated using the ratio of intensities
of beryllium lines, Be 1 467.3 nm and Be 1457.3.



Stankov et al.

053108-7

coincides with the second maximum of the current pulse, i.e.,
with the time position characterized by the most intense Be
spectral lines around 12 us. As a conclusion, it can be said that
optimal conditions for Be spectral line shape measurements
are achieved with C =5 uF, U =7 kV, gas Ar + 3% H,, and
p = 1.2 mbar and that Be lines reach their maximum intensity
att=12 us.

D. Generation of dust particles

Throughout the course of the source construction and opti-
mization of Be line shape measurements, significant quantity
of the dust was produced. The appearance of the dust particles
may be related to the existence of the second current maximum
which is most likely to be a consequence of the formation of
negative ions that are the precursors of particle formation;>
see Fig. 2. Namely, the electron density, as shown in Fig. 8, fol-
lows the current shape and this increase of the electron density
after the main current pulse could be related to the charging and
de-charging (ionization and recombination) of particles inside
the plasma volume, as observed earlier in the pulsed complex
plasma.’®3” Anomalous behavior of the current pulse was used
as a first sign that beryllium was ablated from the tube wall and
that the Be spectral line should appear in the observed spec-
trum. Visible dust particles in the discharge were observed in
the form of deposits on the observation window. These par-
ticles were noticed with gas flowing from the discharge tube
support toward the output window. With the increase of dis-
charge voltage, the generation of dust particles became more
pronounced and appearance of the dust particles’ deposit on
the observation window became clearly visible. After a few
operational hours, the deposit covered window completely
decreasing optical signal to that extent that further spectro-
scopic measurements were impossible. The interesting fact
is that with subsequent current pulses two forms of the dust
deposits were observed: cone shaped after odd current pulse
and “half ring” shaped after even current pulse; see Figs. 9(a)
and 9(b), respectively, and the supplementary material in the
form of movie. All measurements had to be taken in 1 h, and
after this time the accumulated dust had to be removed and
window had to be cleaned. To enable longer measurements,
the gas flow direction was reversed, meaning gas was flowing
from the output window toward the discharge tube support;
see Sec. III C 1. In this configuration, dust deposits were not
observed, but the degradation of window still occurred; see
Fig. 9(c). This degradation of the window stopped occurring
when the special inlet at an angle of 45° with respect to the
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FIG. 9. Two forms of dust deposits: (a)
cone, (b) half-moon, (c) degradation of
the observation window caused by dust
particles’ deposition.

discharge tube axis was installed; see Fig. 3(c). This inlet did
not prevent the degradation of the window when working with
pressures less than 1 mbar and voltages higher than 7 kV.

Deposits on the observation window were easily cleaned
and since the BeO is highly toxic, the dust particles were
collected by exfoliation using adhesive tape, with all safety
precautions; see Sec. III A. After that, tape was folded in
order to insure dust particle isolation. When larger quanti-
ties of dust was collected from the discharge tube or from
the liquid nitrogen trap, a special handling and disposal pro-
cedure was performed. The dust particles were mixed with
the PMMA component in the glass bowel, after that the sec-
ond component, resin, was added and the polymer with BeO
dust was produced. In such a way, safe handling and disposal
of toxic dust was enabled. For further precaution, the glass
bowel is closed with the lid, thus preventing the possibility of
evaporation if heated.

In order to study conditions for producing dust particles
in the discharge, two additional tubes made from alumina
and quartz were constructed; see the description in Sec. III
A. For both tubes, dust particles were formed. Indication for
dust formation was the appearance of the second current max-
imum; see Fig. 2(b). Although the occurrence and duration
of the second current maximum, hence dust production, were
slightly different for all three tubes, there were some common
features: the dust was always formed when Ar was used as
discharge gas; smaller retention of particles was observed for
higher pressures; the deposition of particles on the observation
window was more pronounced when working with low pres-
sures and high voltages. However, two forms of dust deposits
(cone shaped and “half ring”’), which can be seen when work-
ing with the BeO tube, were not noticed. Also, with the SiO,
tube, dust was accumulated on the window even with reverse
gas flow and with a 45° angle inlet installed.

The study about the influence of dust movements on spec-
tral line shapes is in progress. Due to the high toxicity of dust,
the shapes and dimensions of the obtained particles were not
studied in this work.

IV. CONCLUSIONS

In this work, the construction details and optimization of
the low pressure pulsed discharge for safe beryllium spectra
studies in the presence and in the absence of dust particles
were presented. Beryllium lines were obtained from erosion
of the discharge tube made of beryllium oxide ceramic, BeO.
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Electrical and spectroscopic studies were used for determi-
nation of the capacitance C, discharge voltage, gas type, and
pressure, as well as electrodes distance, diameter of electrode
openings, and other construction details. As a result, opti-
mal conditions for beryllium lines observation are determined:
low inductance 5 uF capacitor charged to 7 kV, 1.2 mbar of
Ar + 3% H,, 3 mm diameter of the electrode opening and
the smallest possible distance between electrodes and ceramic
tube, see Fig. 3 and Sec. III C 2. At discharge voltages greater
than 7 kV, the productions of dust particles became exces-
sive, thus preventing the study of the discharge tube material’s
particles on spectral line shapes. Using discharge tube modi-
fications, i.e., with the gas inlet at 45° angle and reversed gas
flow, longer measurements were enabled.

Under the optimized conditions, studies of Be lines in the
presence of the Be dust were enabled for the first time. From
the point of signal to noise ratio, optimal emission spectra
of Be were obtained from 10 to 20 us (measured from the
beginning of the discharge), Fig. 2, coincident with the time
of the second current maximum appearance. This shape of
the current pulse was used as a first sign that beryllium was
ablated from the tube wall and that the Be spectral line should
appear in the observed spectrum. Stable operation of this novel
beryllium plasma source creates the possibility of deepening
the knowledge about the atomic data of Be, very much needed
for the in situ examination of plasma facing materials in the
tokamak by LIBS.

Hypothesis of relation between the second current maxi-
mum and optimal spectral emission from the tube material was
proved using two additional tubes made of SiO, and Al,0Os3,
even though discharge conditions differ. The dust particles
were formed from all the three tubes. In this way, it is shown
that this kind of low pressure pulsed discharge can be used for
dust production and introduction of various materials into the
plasma.

SUPPLEMENTARY MATERIAL

See supplementary material for the illustrations of two
forms of dust deposits inside the discharge tube.
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PACS 32.70.Jz — Line shapes, widths, and shifts

PACS 52.70.Kz — Optical (ultraviolet, visible, infrared) measurements

Abstract — We report results of the experimental study of the singly charged beryllium spectral
line 436.1 nm, transition 3p?P°-4d>D, and forbidden component, transition 3p*P-4f2F°, which
is for the first time identified in this work. Beryllium lines are recorded from gas discharge, after
ablation of a beryllium oxide discharge tube, running in pulsed regime with the following gases:
helium with traces of hydrogen, argon with traces of hydrogen and pure krypton. The ratio of line
intensities and wavelength separation of the Be II 436.1 nm line and neighbouring line located at
the blue wing are followed in the electron density range (1.16-6.4) x 10** m™ determined from
the hydrogen Balmer beta line (Hg) in the electron temperature interval between 10500 K and
15500 K. The functional dependence of the wavelength separation range and peak intensity ratio
of these lines upon electron number density suggests the complex profile of the forbidden and
allowed line, which can be used for diagnostics of low-temperature beryllium containing plasmas.

Copyright © EPLA, 2018

Introduction. — The subject of this experimental
study is an investigation of the shape of the Be II 436.1 nm
line which appeared with a strong component, located at
the blue wing, in our gas discharge [1]. The assumption
was that this may be the forbidden component of the al-
lowed line 436.1 nm, and this work is an attempt to prove
this hypothesis. If proven, this result will partially fill the
gap between the investigations of this type of transitions
along a lithium isoelectronic sequence, with already pub-
lished data for Li I [2-4], C IV [5-7] and N V [7].

The spectral lines with forbidden components attracted
attention some time ago, see, e.g., [8], because of numerous
applications in the field of Stark broadening theory test-
ing, for electron number density, ., laboratory plasma
diagnostics and in astrophysics for the analysis and mod-
elling of the star atmosphere, see, e.g., [9]. In addition, in
the case of beryllium lines there are two more specific ap-
plications. One is related to the study of the inner plasma-
wall interaction in ITER (International Thermonuclear
Experimental Reactor) since this wall is considered to be
covered with beryllium [10]. The other important field of

(8) E-mail: milivoje.ivkovic@ipb.ac.rs (corresponding author)

application is in astrophysics, considering that beryllium
is a naturally occurring element in metal-poor stars [11].

Here, it should be emphasized that under a forbidden
component (transitions with Al # £1, where [ is the angu-
lar momentum quantum number) we consider lines which
occur as a result of the breakdown of the parity selection
rules induced by ambient plasma electric microfield. This
effect has nothing to do with the forbiddeness associated
to magnetic dipole, electric quadrupole or higher multipole
transitions. A forbidden line starts to appear close to the
allowed one when wave functions become mixed. It hap-
pens when plasma broadening of the allowed line becomes
comparable with the energy levels separation between the
allowed transition and the nearest dipole allowed perturb-
ing level or levels. With an increase of the electric field
(i.e., an increase of the charged particles density), the mix-
ing of the wave functions becomes stronger, and the wave-
length difference between the allowed and forbidden com-
ponents peaks becomes more pronounced. A further in-
crement of the electric field brings an overall profile of the
line shape close to the one of a hydrogen-like emitter with
linear Stark effect. The conclusion here is that the over-
all shape of these lines is sensitive to the charged particle
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density. Therefore, it can be used for the N, plasma diag-
nostics. It should be stressed that plasma conditions when
a forbidden component becomes significant differ from el-
ement to element and even from line to line. The over-
all shape of lines with forbidden components to a smaller
extent depends also on the electron temperature, reduced
mass and ratio between electron and gas temperature [12],
which opens possibilities for other plasma parameters di-
agnostics. The most frequently studied spectral lines of
this type belong to the visible spectrum of He I, see,
e.g., [8,13,14]. The application of parameters of these lines
for electron density diagnostics is demonstrated in several
publications and references therein [12,15-21]. In addi-
tion, parameters of these lines are applied also for DC
electric-field measurements, see, e.g., [22,23].

To achieve the aim of this work, we recorded the over-
all shape of the Be II 436.1 nm line, together with nearby
lines, in a discharge tube with different carrier gases. Si-
multaneously, N, and the electron temperature, T, and
the dependence of the line profile parameters upon N,
were determined.

Experiment. — In this section the experimental setup,
the measurement procedure as well as the method and
results of plasma diagnostics will be described. The ex-
perimental apparatus was set up as for the standard end-
on linear discharge plasma observation, see, e.g., [1]. For
data acquisition two spectra recording systems were used.
In both cases the 1:1 axial image of the plasma source
was projected onto the entrance slit of a monochroma-
tor, by the use of a focusing mirror and achromatic lens,
see fig. 6 in [24]. Almost all spectral line shape recordings
were performed using an imaging spectrometer (Shamrock
303 Andor), having instrumental half-width of 0.09 nm
equipped with ICCD camera DH734 (Andor). These line
shape recordings were performed with full vertical bin-
ning and gate width of 50 ns at various delay times. Delay
times from the beginning of the current pulse, monitored
by the Rogowski coil were determined with a digital de-
lay generator (Stanford Research Systems, DG535). In
order to check the influence of the instrumental broad-
ening to the line shape, the cross-check with a second
high-spectral-resolution recording system was performed.
The spectra were obtained using a 1 m monochromator
(McPherson Model 2051), having the instrumental half-
width of 0.02nm. This monochromator was supplied with
a stepping motor and photomultiplier radiation detec-
tor, PMT (EMI 9658 R). The signal from the PMT was
observed by the digital oscilloscope Tektronix TDS360
(bandwidth 200 MHz), triggered by the signal supplied
from the Rogowski coil. The step motor rotates the
diffraction grating of the monochromator so that, at differ-
ent wavelengths, the radiation intensity can be recorded.
The computer simultaneously collects data from the os-
cilloscope and controls the step motor. The end signal
represents the mean value of 4 consecutive signals. This
shot-to-shot technique was justified considering that the

pulse-to-pulse current reproducibility was better than 2%.
More details about data acquisition and data manipula-
tion can be found in [24].

Plasmas are created in a BeO ceramic discharge tube
with inner diameter of 2.6 mm, outer diameter of 10 mm
and length of 130 mm. Beryllium spectral lines are de-
tected in the discharge after evaporation of Be off the in-
ner tube wall by ablation induced by the discharge itself.
Here, it should be emphasized that due to the toxicity of
beryllium, a special procedure in handling the discharge
tube and ablation products was always adapted [1]. The
most important result of the previous study [1] is that the
optimum conditions for excitation of Be spectral lines in
our discharge are achieved when the capacitor C' = 5 uF
is charged up to 7kV in argon with 3% of hydrogen at
p = 1.2mbar. At lower discharge voltages only lines of
the carrier gas appear in spectra [1]. In addition, only at
low gas pressure, p < 5 mbar, the percentage of the beryl-
lium atoms in the discharge becomes significant and Be
becomes the main plasma constituent and most of the Be
spectral lines appear in the recorded spectra.

In order to characterize the plasma source, diagnostics
of N, and T, were performed. The electron number den-
sity, Ne, was determined from the peak separation A\
of the Hg line using formula (6) from [25]:

log N.[m™®] = A + Blog A)\,s[nm] =

22.65 4 1.53 log A\, s [nm]. (1)

The values of parameters A and B are taken from [25] for a
presupposed electron temperature of 13000 + 3000 K. For
electron number densities determined in such a way, the
electron temperature, T, was estimated from the ratio of
Be II 467.3 nm/Be I 457.3 line intensities using the formula

ﬂ _ h? (gA)1 A1 Ne
Iy 202mmk)*/? (g A), T2/

y (EQ—El—l—E{O”—AE)
exp .
kT,

(2)

After several iterations N, and T, were determined. The
required transition probabilities were taken from the NIST
database [26].

Since the Be lines have noticeable intensity in a very
short time interval, the plasma diagnostics was performed
only for times between 8 us and 18 us from the beginning
of the current pulse. It should be stressed that N, was
determined only with a gas mixture of Ar with 3% Ho,
since the intensity of the Hg line under other experimen-
tal conditions was negligible. Namely, in the stated delay
times interval, lines of other elements have very low inten-
sity with the exception of O II lines (originating from the
ablation products of BeO ceramics) and Hg. The recorded
O II lines have a width equal to the instrumental width
and they are located on the broad wings of the studied
Be II line shape, see fig. 2, and, therefore, they are not
convenient for N, diagnostics. The intensity of Hg line
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Fig. 1: (Colour online) Beryllium spectrum between 429 nm
and 445 nm with normalised peak line intensities recorded in
1.2mbar of He + 3% Hz gas mixture at discharge voltage of
7kV at different delays after beginning of the discharge cur-
rent pulse.

at the time of interest in helium with 3% of hydrogen gas
mixture was very weak and not usable for diagnostics as
well. Small contribution of hydrogen traces in krypton
plasma prevented detection of Hg line, also. The use of
strong Be lines for N, diagnostic has a significant draw-
back since their Stark widths may introduce inaccuracy
due to pronounced self-absorption and even self-reversal
in the case of resonant lines 313.0 nm and 313.1 nm.

Results and discussion. — The main result of this
experimental study is the identification of the forbidden
component 3p?P-4f2F° allong with allowed component
3p? P°-4d?D of the Be 1II line at 436.1 nm in various gases.
Although it has been previously stated [1] that the best
conditions for excitation of beryllium lines were achieved
when the carrier gas was argon, we first present the results
in He with 3% Hj plasma, see fig. 1. The reason for this
being that in spectra recorded when the carrier gas was
He with 3% Hs, only beryllium lines appeared, e.g., there
are no other lines that could entail confusion in the deter-
mination of a forbidden line shape and peak wavelength
position.

However, in such discharge, beryllium lines appeared in
a shorter period of time (10-n12 us). In order to confirm
that the recorded line belongs to singly ionized beryllium
and to analyse the possible influence of the Ar IT and O II
lines on the wavelength position and intensity of the for-
bidden component, spectra recordings were performed for
Ar and Kr using the same discharge conditions that were
employed for He with 3% Ha.

In fig. 2 recordings made from Ar plasma are presented.
It can be seen that on the blue side of Be II 436.1 nm the
appearance of other spectral lines can call into question
the presence of the forbidden Be II line in the spectra pre-
sented in fig. 2. Lines which may interfere with the Be II
436.1 nm overall line profile belong to hydrogen Balmer

10000
Be 11 436.1

—12ps

7500

5000

Relative intensity

2500

85 46 43
Wavelength (nm)

433 434

438

439

Fig. 2: (Colour online) Temporal evolution of the Be spectrum
between 433 nm and 439 nm, recorded at discharge voltage of
7kV at 1.2 mbar of Ar with 3% of Hz. The wavelength positions
of the peaks are taken from [25]. Peak intensity and wavelength
position of the forbidden component are denoted with circles
and presented in table 1.

gamma (H,) 434.0nm, Ar II at 434.81nm and O II at
434.91 nm and 435.1 nm.

Having in mind the Stark shift and intensity of the H,,
this line influence on the Be II 436.1 nm profile, at our ex-
perimental conditions, is small. Namely, for the estimated
T of 10500 K-15500 K the H, line has at least twice lower
peak intensity than the Hg line, recorded at the same ex-
perimental conditions, see fig. 5 in [1], and even smaller
intensity at the position of the forbidden component due
to the AXN~%/2 line wing dependence.

In order to resolve the influence of other non-hydrogenic
plasma constituents, spectra recordings presented in fig. 2
were performed with smaller instrumental broadening,
i.e., the apparatus with better resolution, see section “Ex-
periment”. From the results in fig. 2 one can conclude
that the Ar IT and O II lines may interfere in the deter-
mination of the peak wavelength position of the forbidden
component. Fortunately, the difference in line widths (the
forbidden line is much broader) confirms the existence of
the forbidden component.

In the case of Kr plasma, fig. 3, the forbidden line is
clearly visible, but its peak intensity and wavelength po-
sition are different in comparison with Ar plasma, under
the same excitation conditions. Also, the appearance of
the forbidden component in the Kr plasma is prolonged.

Differences between spectra recorded in various gases
are illustrated by the change of ratio between the intensity
of the allowed Be II line 436.1 nm and Be I line 440.79 nm,
see figs. 1 and 3, thus indicating that the plasma parame-
ters are incomparable.

In order to use the Be II line 436.1 nm with forbidden
component 3p>P-4f2F° for plasma diagnostics, the func-
tional dependence of the wavelength separation between
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Table 1: Temporal variation of N, T, s and F/A in argon
with 3% of hydrogen for p = 1.2mbar and U = 7TkV.

t (us) | Ne (1022m=3) | T. (K) | s (nm) | F/A
10 6.40 15500 1.5 0.97
12 5.90 14200 1.3 0.78
14 5.00 13500 1.01 0.68
16 3.01 11980 0.93 | 0.55
18 1.16 10500 0.88 | 0.38
20 0.74 | 0.26
Be 11 436.09
—18 s
60000 —22ps
—28 us
z g
% 40000 §
2 £
c§ e
b =
2 20000 p
. 3
(=
R
0 IJ\/IL T T T =
432 435 438 441
Wavelength (nm)

Fig. 3: (Colour online) Temporal evolution of the Be spectrum
between 429 and 445 nm, recorded at discharge voltage of 7TkV
at 1.2 mbar of Kr.

16
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Fig. 4: (Colour online) The dependence of wavelength peaks
separation s and peaks intensity ratio F//A dependence upon
N, for Be II allowed 3p?P°-4d*>D component and forbidden
3p®P-4f?F° component at p = 1.2mbar of Ar + 3% Hs at
U=T7kV.

their peaks s, and/or the ratio between the maximum in-
tensities of the forbidden component and allowed compo-
nent, F//A, upon N, should be determined. Unfortunately
for our experimental conditions the Be II lines appear in
a short time interval in which diagnostics of N, is very
difficult. Nevertheless, in spite of all the difficulties to de-
termines the s(N.) and F/A(N.) dependences, we made
an attempt to demonstrate the potential of this line with
the forbidden component for the plasma diagnostics ap-
plication, see fig. 4 and table 1.

The range of s and F'/A and the corresponding N, deter-
mined in the case of Ar with 3% Hj suggests the possibility
of using the Be II 436.1 nm line with forbidden compo-
nent for plasma diagnostics purposes. Namely, it is shown
that under our experimental conditions (p = 1.2mbar,
U = 7kV and C = 5 uF) during plasma generation and
decay s changes between 0.74nm and 1.5nm, while F//A
changes between 0.26 and 0.97 in the range of electron
densities (1.16-6.4) x 1022m~2 and electron temperatures
10500 K-15500 K. The aforesaid functional dependence
of wavelength separation and intensity ratios of two lines
upon electron density are typical for lines with forbidden
components. Unfortunately, a small N, range does not al-
low the determination of the best-fit formulas N, = f(s)
or N, = f(F/A) for reliable plasma diagnostics.

Conclusions. — On the bases of our experimental
study we conclude that the spectral line located at the blue
wing of the Be II 436.1nm line, transition 3p?P°-4d’D,
has all the characteristics of the forbidden transition. In
order to prove that this line originates from the forbidden
3p?P-4f2F° transition we carried out several studies like
wavelength analysis of plasma impurities, measurement of
the wavelength separation and ratios of two line intensi-
ties vs. electron number density. All results are indicating
that the forbidden line 3p?P-4f2F° is present in spectra
of our discharge, which is well illustrated in figs. 1-3. The
functional dependence of the wavelength separation and
intensity ratios of two lines upon electron density are typ-
ical for lines with forbidden components, see, e.g., He I
lines [12,18-21]. Thus, on the basis of all the presented
results one may conclude that the line at the blue wing
of Be II 436.1 nm line, is a forbidden line belonging to
the 3p? P-4 f2F° transition. Finally the wavelength sep-
arations and the ratios of peak line intensities in table 1
cannot be used for the testing of the overall line shape
modelling of this beryllium allowed line with forbidden
component since the influence of the allowed line optical
thickness and additional electric field has not been exam-
ined in this work. For the same reason the data in table 1
may be applied for low-temperature plasma diagnostics
with great precautions. One interesting application can
be for the N, determination during in situ examination of
plasma facing materials in tokamak (containing beryllium)
by laser-induced breakdown spectroscopy (LIBS) [27], in
which electron density and temperature ranges are close
to the values studied in this work.
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On the basis of the analysis of energy levels along a
lithium isoelectronic sequence for Li I [2-4], C IV [5-7],
NV [7] and our results for Be II, we propose the study of
the B III line 195.38 nm from the same transition 3p%P°-
4d?D in order to check whether the forbidden compo-
nents, 3p?P-4f2F° and 3p?P-4f2P° will appear. In the
present study of the Be II lines the forbidden component
3p? P-4 f2P° was not detected.
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APPEARANCE OF Be II 436.1 nm LINE WITH FORBIDDEN
COMPONENT IN LIBS PLASMA
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Abstract. In this work study of LIBS on BeO target in low pressure gas mixture of Ar (97
%) and H, (3%) using a nanosecond pulsed laser with 266 nm wavelength is presented. The
appearance of forbidden component of Be II 436.1 nm was observed and presented in
comparison with the previously acquired results for pulsed gas discharge plasma.

1. INTRODUCTION

The results of the experimental study of the singly charged beryllium spectral line
436.1 nm, transition 3p* P°- 4d* D, and its forbidden component, transition 3p* P-
4f* F°, were previously reported, e.g.: see Stankov et al. 2018.a In this paper
beryllium lines were recorded from gas discharge running in pulsed regime, after
ablation of beryllium oxide (BeO) discharge tube. The plasma source was
described in detail, e.g.: see Stankov et al. 2018.b.

The reason for the necessity of devising another experiment, to examine Be II
with forbidden line, is twofold: a) there were dust particles in the pulsed discharge
plasma observed, e.g.: see Stankov et al. 2018.b.; b) published experimental results
can not be used for testing of the overall line shape modeling because the
influence of the allowed line optical thickness and additional electric field has not
been accounted for, e.g.: see Stankov et al. 2018.a.

LIBS stands for Laser Induced Breakdown Spectroscopy technique that uses a
short laser pulse to create plasma on the sample surface. Analysis of this plasma
enables determination of material’s elemental composition, without sample
preparation and with simple experimental setup. Difficulties that arise during
analysis are mainly associated with the fast evolving plasma which demands well
temporally and spatially resolved measurements.

This paper explores the possibility of recording Be II line with forbidden
component in LIBS plasma. As a comparative study, LIBS method was chosen
because it is assumed there will be no dust particles production. Besides,
experimental setup used for LIBS plasma creation gives the possibility for spatially
resolved measurements and experimental testing of self-absorption, which could
not be performed in gas discharge experiment. Aim of this study is to check the
possibility of spatially and temporally resolved measurements of Be line with
forbidden component in dust free environment.
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2. EXPERIMENT

Experimental apparatus for pulsed gas discharge plasma recordings, e.g.: see
Stankov et al. 2018.b, was set up as for the standard end-on linear discharge plasma
observation. Axial image of the plasma source was projected onto the entrance slit
of a spectrometer (Andor Technology, Shamrock 303), by the use of a focusing
mirror and achromatic lens. For line shape recordings the imaging spectrometer
was equipped with iCCD camera (Andor Technology, model DH734). Line shape
recordings were performed with full vertical binning and gate width of 50 ns at
various delay times.

For the LIBS method, the fourth harmonic of Nd:YAG Q-switched laser
(Quantel, Q-smart 450) at 266 nm, with repetition rate of 10 Hz, was used. The
pulse energy at 266 nm was 70 mJ, on the average. The laser beam was focused
perpendicular to the BeO target by the means of biconvex achromatic lens L1 ( {1
=100 mm), see Figure 1.

%
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o
=
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H el H‘/ Spectrometer
M,
M

Figure 1: LIBS setup

Target made from BeO ceramics was glued to the carrier, which was rotated by
the motor (M), in the low pressure chamber. 1 : 1 image of the plasma plume was
projected by optical mirrors M1 and M2 on the entrance slit (20 pm wide) of a 0.5
m Ebert-type spectrometer (/8.6 equipped with a grating of 1180 grooves per mm).
The spectrometer was mounted with an iCCD camera (Andor Technology, model
DH7341-18U-03, with 1024 x 1024 pixels, 13 x 13 pum size, 18 mm intensifier
diameter). The iCCD camera was operated in the image mode and controlled using
a pulse generator (DDG 535, Stanford Research Systems) triggered optically by the
occurrence of plasma on the BeO target. Fast photodiode placed towards the target
was used to convert the light signal. The shatter (S), placed between the laser and
the lens L1, was changing open/close position for every 16 laser shots. Images of
the plasma were accumulated over 16 laser shots and the final signal was the
product of 10 such accumulations. Accumulation of the signal was performed to
exclude the influence of the eventual shot-to-shot changes in the signal. The
acquisition gate width was 100 ns.
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3. RESULTS AND DISCUSION

Diagnostics of plasma parameters, the electron number density, Ne, and electron
temperature, Te, was used for characterization of two experimental methods.

For optimal conditions in the pulsed discharge plasma electron number density,
Ne, was determined from the peak separation Adps of the Hy line using formula (6)
from e.g.: see Ivkovi¢ et al. 2015. Te was estimated from the ratio of Be II 467.3
nm/Be [ 457.3 line intensities, using formula (1):

(1)

I h3 (gA)12A1Ne E,—E +E°"—AE
L 2@Emk)? T (gay,ame? ( KTe )

where E;ion is ionization potential and AE is ionization potential lowering.
After several iterations Ne and Te were determined, and presented in Table 1, e.g.:
see Stankov et al. 2018.a. Maximum values of Ne and 7e are measured to be
9.3-10”m™ and 16800 K.

For LIBS method, the chamber was filled with 10 mbar of Ar (97%) and H, (3%)
mixture. The previously mentioned experimental conditions were chosen in order
to achieve maximum Be and H line intensity.

Experimental profile of the Ha line fitted with Voigt function was used for
determination of Ne in LIBS plasma. Stark halfwidth, wg, is determined by
assuming wg = w; and introducing this result in Eq. (12), e.g.: see Konjevic et al.
2012. Instrumental line profile was measured at several wavelengths using Oriel
penlight calibration lamp. Te was estimated from the ratio of Be II 467.3 nm/Be 1
457.3 line intensities, equation (1). The electron density and plasma temperature
are displayed in Figure 2a as functions of time. Temporal evolution of Be II nm
with forbidden component is presented in Figure 2b. Forbidden component,
transition 3p2 P- 4 F°, is easily seen on the blue wing of Be II, transition, 3p2 P°-
44’ D.
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Figure 2: a-Temporal evolution of Ne and Te for LIBS on BeO target, b-Temporal
evolution of Be II with forbidden component for LIBS on BeO target

The dependence of wavelength peaks separation s and peaks intensity ratio F/4
upon Ne for Be II allowed and forbidden component is shown in Figure 3.
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Figure 3: wavelength peaks separation s and peaks intensity ratio F/4
dependence upon Ne for Be I Line with forbidden component for: a) pulsed discharge
plasma b) LIBS plasma

Slight discrepancy between s[nm] values for two experimental setups exists. More
notable discrepancy is observed for F/A values. Reason for this may be presence of
self-absorption and spatial inhomogenity in both experimental setups. The example
of spatially resolved Be Il 436.1 nm line is presented in Figure 4.
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Figure 4: Spatially resolved Be 11 436.1 nm line in LIBS plasma

In the next step of investigation, Ne and Te will be determined using spatially
resolved measurements of Be and H lines. Since there were no dust particle
observed, as assumed, results obtained from LIBS experiment may be used to
evaluate the effect of dust particles on Be line parameters obtained from gas
discharge.
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OM-04 Uncovering beryllium line with
forbiden component

Biliana Stankov %"

! Institute of Physics [Belgrade] (IPB) — Pregrevica 118, Belgrade-Zemun, Serbia

Beryllium is uniquely strong and light element, it has six times the specific stiffness of steel and at the same
time it is one-third lighter than aluminum which makes it suitable for a wide range of applications: aerospace,
information technologies, energy exploration, medical and other. Beryllium is naturally occurring element in metal-
poor stars [1]. Also, beryllium has been chosen as the element to cover the first wall of international thermonuclear
experimental reactor (ITER) [2]. But still, spectroscopic investigations and Stark parameters studies are almost
exclusively limited to Bel(ll) resonance lines at 313 nm. The reason for the lack of experimental data may be found in
the toxicity of beryllium.

During this research novel plasma source was constructed in order to safely record the beryllium lines in
laboratory condition [3]. Beryllium lines appeared as a result of the ablation of the discharge tube made of ceramic,
BeO. The presence of dust particles was also observed. It is found that the optimal conditions for Be spectral line
shapes measurements are achieved with C = 5 F,U = 7 kV, gas Ar +3% H2, p = 1.2 mbar. The electron density, Ne, and
temperature, Te, were determined by using the iterative method. The electron number density during plasma
afterglow was estimated using the peak separation Aps of the hydrogen Balmer beta line and the electron
temperature is determined from the ratios of the relative intensities of Be spectral lines emitted from successive
ionized stages of atoms.

From this pulsed discharge plasma, several beryllium lines were observed and amongst them the Be(ll)
436.09 nm line with a forbidden component detected for the first time, to the authors knowledge. This result
partially fills the gap between the investigations of this type of transitions along lithium isoelectronic sequence, with
already published data for Li(l), C(IV), and N(V).

Keywords: beryllium lines, forbidden lines, optical emission spectroscopy, spectral line shapes, plasma
sources, dusty plasma
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NANOPARTICLES ON A SAMPLE SURFACE AS
LASER INDUCED BREAKDOWN
SPECTROSCOPY ENHANCERS

M. Vini¢"?, M. R. Gavrilovi¢ BoZovi¢', B. Stankov', M. Vlaini¢' and
M. Ivkovi¢!

!Institute of Physics, University of Belgrade, Belgrade, Serbia
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Abstract. Signal enhancement of Laser Induced Breakdown Spectroscopy in the
presence of gold nanoparticles was studied. Nanoparticles were synthesised
using pulsed laser ablation of the rotating Au target immersed in liquid mediums.
Stability of nanocolloids was estimated. Nanosuspensions were applied to
sample surface what enabled studies of Nanoparticle Enhanced Laser Induced
Breakdown Spectroscopy. The effect of spectral line enhancement was observed
under the optimised conditions both for neutral and ionic lines of the studied
sample material.

1. INTRODUCTION

Laser Induced Breakdown Spectroscopy (LIBS) is emission
spectroscopy technique that uses a short laser pulse to create plasma on the
sample surface, and analyses formed plasma to gather information about the
sample studied. Despite of all its advantages (fast response, no or minimal
sample treatment, simple setup, requires only optical access to the sample), lower
detection limit is the largest drawback of this technique. One way of signal
enhancement is deposition of metallic nanoparticles on sample surface before
laser irradiation. In this way, the order of magnitude enhancement of optical
signal can be obtained [1,2].

In this work, nanoparticles (NPs) were synthesised using laser ablation
of the bulk gold in liquid medium, and then applied on the surface of the sample.
Surface prepared in such a way was than irradiated with the laser beam,
Nanoparticle Enhanced LIBS (NELIBS) plasma was formed and spectra were
recorded. It was shown that application of Au NPs on the target surface prior to
laser induced breakdown leads to signal enhancement of sample's element
optical emission.

2. EXPERIMENT

Experiment was conducted in several steps. Firstly, it was necessary to
synthesize Au NPs, uniform by size and shape. Next, the size of the NPs needed
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to be evaluated, based on the position of a Surface Plasmon Resonance (SPR)
band maximum. In order to do that, absorption spectra of all produced colloids
were recorded with spectrophotometer [3-5]. After that, synthesised colloids of
NPs ought to be applied to analysed metal target (AlMgCus), where proper
volume of the colloid drop and surface coverage had to be determined
experimentally. As a final step, conditions for NELIBS spectra recordings had to
be optimised.

Method of choice for NPs synthesis was laser ablation in different
solutions. Experimental setup consisted of laser (Nd:YAG, 2nd harmonic 532
nm), mirror for guiding the laser beam (45° angle), focusing lens of 2.5 ¢cm focal
length and rotating table on top of which cuvette with a solution and immersed
Au target were positioned., see Figure 1a. In order to find the optimal conditions
for NPs generation, laser energy and wavelength were changed. Also, different
distances between the target and lens were set, so different energy densities on
the target surface were obtained, leading to the NPs of various sizes. Duration of
ablation was varied in order to obtain different colloid concentrations. NPs were
synthesized in water (distilled and deionized) and in different organic solvents
(DMSO, Acetonitrile and Chloroform) [6]. Characterisation of formed
nanocolloids was performed with measurements of SPR band using
spectrophotometer Beckman Coulter DU720. Stability of formed solutions was
also estimated.

a)

Figure 1. Experimental setup: a) for synthesis of Au nanocolloid; b) for
NELIBS.

Experimental setup used for measurements of NELIBS spectra of
prepared samples consisted of: laser (Nd:YAG, 2nd harmonic 532 nm), mirror
(45° angle), focusing lens of 2.5 c¢cm focal length (L;) and lens for focusing
NELIBS plasma (L,, f=20cm) onto the entrance slit of detection system (imaging
spectrometer equipped with ICCD camera), see Figure 1b. Position of the
projection lens L, with respect to the spectrometer was varied, i.e. different
portions of the plasma volume were collected by optical system, which had
prove to have direct consequence on the spectral line emission enhancement.

3. RESULTS AND DISCUSION

When a metal particle is exposed to light, the oscillating
electromagnetic field induces a collective coherent oscillation of conduction
band electrons. The amplitude of the oscillation reaches maximum at a specific
frequency, called surface plasmon resonance. The SPR induces a strong
absorption of the incident light and thus can be measured using a UV—-Vis
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absorption spectrometer [5]. Based on the measured position of SPR band
maximum, sizes of Au NPs were estimated, see Figure 2a. After few days,
recordings were repeated in order to verify stability of solutions, Figure 2b. The
variations in position of the SPR maximum were almost negligible after two
days, leading to the conclusion that produced colloids are rather stable.
Significant change in the SPR maximum position was only detected four days
after the colloid synthesis.
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Figure 2. SPR band of formed solutions: a) size estimation; b) stability check.

Estimated sizes of Au NPs (30£5 nm) [3] were in the range of sizes that
have already been reported to produce NELIBS effect [1], even two days after
synthesis. Besides NPs size, important parameter for line intensity enhancement
is the NP surface concentration. It was found that after certain limit, further
increase of concentration does not contribute to signal enhancement [2]. In order
to test that, nanocolloid was first applied on the sample surface in a form of large
droplets (~10pl). In this case, the deposition of colloid was inhomogeneous such
that the concentrations at the edges were higher than at the center, i.e. “"coffee-
ring" effect [7], resulting in noticeable enhancement only when particular place
on a drop was irradiated. This indicates that, with the large droplets, surface
concentration of NPs was above critical, leading to decreased NELIBS
performance [7]. Since enhancement is strongly dependent on the total amount of
colloid, smaller droplets should be used. Having this in mind, further on
microdroplets (0.5 pl) were applied with micropipette on the previously
irradiated surface of the target.

180000 { — LIBS Al 1a4000 ][ —LIBS
— NELIBS|

170000 4 142000 4
140000 -
160000 4
138000 4
150000 4
136000 4

140000 4 134000

130000 - 132000

T ! 130000 T T T
390 395 400 350 355 360 365

A [nm] A [nm]

Figure 3. Comparison of LIBS and NELIBS spectra for neutral and ionic lines of
main target constituent.
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Spectra obtained with microdroplets are shown in Fig. 3. All presented
spectra were recorded with single shot. Further enhancement of optical signal
could be obtained if signal accumulation was performed. Increase of signal
intensity was present in both neutral and ionic lines. Enhancement of spectral
line intensity was more pronounced in case of neutral lines, possible due to larger
emission volume of NELIBS plasma. Since LIBS and NELIBS plasma have
similar plasma parameters [1], larger emission volume of NELIBS plasma means
more contributions from "colder" layers which are emitters of mostly neutral
lines. It is important to emphasize this was the reason why lens L, was
positioned in such a way that complete plasma volume was focused to the
spectrometer. This configuration corresponds to the maximum signal
enhancement.

90007 | ne 80001 1iBs

—NELIBS ——NELIBS Mg |
8000 -

7000 6000

6000 -

4000
5000 -
40004

2000
3000 -

2000 T T T T T T
510 515 520 370 375 380 385
A [nm] A [nm]

Figure 4. Comparison of LIBS and NELIBS spectra of minor elements in
sample.

Fig. 4 illustrates intensity increase of spectral lines of magnesium which
is minor sample constituent. Also, lines of Ca appeared in NELIBS spectra.
Calcium can be present in AIMgCus in small amounts, but also can come from
water used as a medium during the NPs synthesis. Because of this uncertainty, it
can be concluded that this method is not reliable for investigations of calcium
containing samples.
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BERYLLIUM SPECTRAL LINE STUDIES IN THE
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Beryllium is the element which has six times the specific stiffness of steel and at
the same time it’s one-third lighter than aluminum which makes it suitable for a
wide range of applications: aerospace, information technologies, energy
exploration, medical and other. Since Be is also naturally occurring element in
metal-poor stars [1] study of the spectral lines emission of beryllium is important
for astrophysics. Also, the beryllium has been chosen as the element to cover the
first wall of ITER (International Thermonuclear Experimental Reactor) [2].
Hence, basic knowledge about beryllium spectral emission is available but still
spectroscopic investigations and Stark parameters studies are almost exclusively
limited to Be II resonance lines at 313 nm. In this research special plasma source
was made in order to broaden the studies of spectral line shapes of beryllium [3].
Guideline during the construction of the source was to prevent exposure to
formed dust, considering the toxicity of beryllium. Plasma source characterization
through determination of optimal working conditions is described. It is found that
the optimal conditions for Be spectral line shapes measurements are achieved
with C =5 pF, U ="7kV, gas Ar +3% H,, p = 1.2 mbar. Beryllium lines appeared
as a result of the ablation of the discharges tube made of ceramic, BeO. The
presence of dust particles is also observed. The electron density, Ne, and
temperature, Te, were determined by using the iterative method. The electron
number density during plasma afterglow was estimated using the peak separation
Alps of the hydrogen Balmer beta line, and the electron temperature is
determined from the ratios of the relative intensities of Be spectral lines emitted
from successive ionized stages of atoms.
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CHARACTERIZATION OF AN ATMOSPHERIC
PRESSURE PULSED MICROJET

M. Vinic', B. Stankov', M. Ivkovic' and N. Konjevic?

!Institute of Physics, University of Belgrade, Belgrade, Serbia
Faculty of Physics, University of Belgrade, Belgrade, Serbia

Abstract. The results of an experimental study of atmospheric pressure pulsed
microjets in helium and gas mixture are presented. The images of plasma jet
propagation were recorded and emission spectra from glass discharge tube and
plasma jet were analyzed and compared. From helium spectral lines electron
density was calculated for several different configurations of discharge source.
Temporal dependence of electron density was determined. The influence of
various capacitors and discharge voltages on plasma jet emission and
propagation were studied also.

1. INTRODUCTION

Atmospheric pressure He microdischarges have many different
configuration and many applications. Most of them are constructed in order to
obtain cold plasmas for medical and plasma chemical applications. It can be used
for cleaning, decontamination, etching, or coating surfaces at atmospheric
pressure and low temperature. [1] One reason for why plasma jets are
advantageous is because even though the electrons are hot, the overall gas is at
room temperature. Another important advantage of using atmospheric plasmas is
the possibility to process materials which are not resistant to vacuum. [2,3] The
main disadvantage of such microdischarges is high consumption of He.

Here, we present attempt to construct and characterize low flow
atmospheric pressure He single pulse plasma microjet.

2. EXPERIMENT

Schematic sketch of pulsed atmospheric pressure plasma jet is shown in
Figure 1a. The experimental setup consists of microjet, focusing optic, radiation
intensity detection system (imaging spectrometer equipped with ICCD camera),
computer and electronics system for synchronization, detector gating and
spectrum storage, Figure 1b:

276



28th SPIG Low Temperature Plasmas

PLASMA JET

R
O ,,,,,,,,,, S\ 500 k2

B -

Spectrometer

]

|10 mm

EXT trigg Gas ]
INLET

L IDDG
|
A

1!
ﬂ_

= T

Figure 1. a) Microjet; b) Experimental setup.

Light emitted from microjet was focused by the use of lens L, having
focal length of 32 cm. For the recordings of plasma jet images an additional lens
L, was used having focal length of 17 cm.

Plasma image was projected on the 20 pm wide entrance slit of the 0.3
m imaging spectrometer Andor Shamrock 303, equipped with ICCD camera. The
camera gating was performed with digital delay generator (DDG) by processing
signal from Rogowsky coil which was used for current pulse measurements. The
spectra were recorded at different delay times in respect to beginning of current
pulse monitored by digital storage oscilloscope (DSO). The fast pulse discharge
is driven by a different capacitors - C, charged with high voltage power supply -
HV PS.

In microjet gas is fed through a hole in center of lower electrode (d),
with passage trough glass tube and output through hole in an upper electrode (b)
see Fig. la. Glass tubes with various inner diameters were used (a). In some
cases, stainless steel tubes (SST) of different lengths were placed in upper hole
(c), Table 1.

Table 1. List of different configurations of microjet.

label | MJ1 | MJ2 | MI3 | MJ4 | MJS | MJ6 | MJ7 | MI8 | MJ9 | MJ10 | MJ11 | MJ12

a[mm] | 4 4 4 4 4 4 2 2 1 1 1 2

b [mm] | 0.50 | 0.70 | 0.70 | 0.70 | 0.70 | 0.45 | 0.70 | 0.45 | 0.70 | 0.70 | 0.45 0.5

c[mm] [ 0 6 15 0 6 6 6 6 0 6 6 0

d [mm] | 0.50 | 0.10 | 0.10 | 0.35 | 0.35 | 0.35 | 0.35 | 0.35 | 0.35| 0.35 | 035 | 0.35

First step of our experiment was to record plasma images. After
analyzing images, next step was to record spectrum of main discharge and
plasma jet area. Helium and gas mixture (He with 1.5% CO, and 1.5% N,) were
used as carrier gasses. For the electron density determination we used the
separation between allow and forbidden component of He I 447.1 nm line [4].
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3. RESULTS AND DISCUSION

Due to an insufficient space in this publication we show only several
results out of large number of images and spectra recordings.

Images of jet propagation were recorded, see example in Figure 2. First
image depicts emission from discharge tube and plasma jet. In order to record
images of jet, emission from discharge tube was blocked. It was discovered that
jet appears 1 us after beginning of discharge current, reaches maximum intensity
at 2.5 ps and lasts until 14 ps. Based on these observations time and spatial
position of subsequent measurements were selected. Another result from images
appeared - in this type of discharge there is no plasma propagation, i.e. plasma
stays in contact with upper electrode.

Figure 2. Images of jet evolvement. Each image is normalized to max light
intensity.
In order to obtain aperiodic waveform of discharge current the resistor

(0.4 Q) connected in series with discharge was used. Figure 3 illustrates different
current waveforms depending on used capacitor and applied voltage:
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Figure 3. a) Current waveform depending of C and U; b) Temporal dependence
of electron density for discharge tube and microjet (MJ12), C=0.33 pF,
U=3.6 kV.

Temporal dependence of Ne for microjet without SST is shown in
Figure 3b. Strong continuum obstructed estimation of Ne at the beginning of
discharge so first evaluated Ne value is at 3.5 ps. At that moment, electron
density in discharge tube is 6.2-10% m™, while Ne in jet is 4.4-10” m™.

The distinction between spectra from discharge tube and jet is shown in
Figure 4a.
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Figure 4. a) Comparison of spectra from discharge tube and microjet (MJ1),
C=0.33 pF, U=5.6 kV; b) N," FNS (MJ8), C=0.33 uF, U= 5.6 kV.

Molecular bands of N, were detected in spectra when gas mixture was
used as carrier gas, see Figure 4b. This is an indication that plasma jet
temperature is low.
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