Hayunom Behy UHcTHTYTa 32 QH3HKY
Beorpan, 25. okro6ap 2019.

Ipeamer: MoJi6a 3a moKpeTame NOCTYNKA 32 peu30op y 3Bame HAYYHH CapaAHHK

C o003upoM Ja WCIyHhaBaM KpHTEpHjyMe MponMcaHe Oja cTpaHe MuHucTapeTa
TIPOCBETE,HAYKE W TEXHOJOMIKOI pa3Boja 3a PeM300p y 3Bame HAyYHH CapajHHUK, MOJIHM
Hayuno Behe MucTuTyTa 3a dusuky y Beorpamy na mokpeHe mocTymak 3a Moj peusbop y
HaBEJICHO 3BamE.
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Hayuynom Behy UHcTHTYTa 32 PH3HKY
Beorpan, 25. Okro6ap 2019.

IMpeamer: Mubewe pyKOBOJAHOLA NPOjEeKTA
3a pen36op Ap Mapka LlBejuha y 3Bame Hay4HH capaJHHK

Ilp Mapko llpejuh, 3amocnen y JlaGopatopuju 3a crnekTpockonujy ruia3mMe W (u3MKy Jacepa,
UHctuTyTa 32 (PU3MKy aHrakoBaH je Ha mnpojektuma: (1) u3 o0nacTM OCHOBHHX MCTpakMBamba
OM171014 nox HaciaoBoM ,,CIIEKTPOCKONCKA AMjarHOCTMKA HHUCKOTEMIMepaTypHe IUia3Me M TacHHMX
npaxkKiberba: OOJMLM CNEeKTPATHUX JMHMja M HWHTepakiuMja ca noBpiMHaMa“; (2) w3 obsactu
texHosomkor pasoja TP 37019 ,Enekrpogunamuka atMocdepe y ypbanum cpenuHama CpOuje’.
O6a npojekta ¢uHaHCcMpa MHUHHCTApCTBO MPOCBETE, HAayKe M TEXHOJIOLIKOT pa3Boja PemyOnuke
Cp6wuje. Ha moMeHyTHM MpojeKTHMa paJy Ha TEMH CMIEKTPOCKOIHUje JJaCePCKU MHAYKOBaHe Tuia3Me.

VY nporekiaux 5 roquHa 6Mo je Ha MOCTAOKTOPCKUM CTy[HjaMa Ha HHCTHTYTY Bauimana y Uspaeny, y
[lnasma naboparopuju koa npod. Mixaka Mapona, rae je paguo Ha €KCIEpUMEHTY 3-MMHYa ca
yrpalleHUM aKCHjaJTHUM MarHeTHHM MoJbeM U 6aBHO ce MpoOJIeMaTUKOM KOMIIpECHje MarHeTH30BaHe
nia3Me ¥ MarHeTHOT MoJba.

C 003upoM J1a ucmymaBa cBe npeaBubheHe yciose, y ckiaay ca [IpaBunHukoM 3a u3bope y HaydHa
3Batba MUHMCTapCTBa, carjacHa caMm ca MOKpeTaweM MOocTynka 3a peusdbop np Mapka llpejuha y

3Balkb€ HAYYHHU CapaJHHUK.

3a cacraB Komucuje 3a penszbop ap Mapka LIsejuha y 3Bame HayuyHH capaJHUK MTpeIIakeM:
1. np Coma JoBuheBuh, Hayynu caBeTHHK, IHCTUTYT 32 GU3HUKY,
2. np MunuBoje MBkoBuh, BuIM HayyHu capagHuk, MHCTUTYT 3a GU3HUKY,

3. np Josan lisetuh, penoBuu npodecop, Enexrporexnuuxu daxynrer pakynrer.

PykoBoaunaii npojexra

PRy

npﬁoma JoBuheBuh




Bbuorpadgmuja

Hp. Mapko Ligejuh pohen je y Iloxapesiy 09.08.1982. roagune. IloxxapeBauky
rumHa3njy 3aBpmuo je 2001. rommue. V asrycty 2007. rogwHe, OWIDIOMHpPAo je Ha
Enextporexnuakom ¢dakynrery YHuBep3ureta y beorpamy, Ha cmepy 3a Dusnuxy
SJIEKTPOHUKY — oJiceK 32 ONTOENEKTPOHHUKY M JIaCEPCKY TEXHHKY. JIOKTOpCKe CTynuje Ha
EnextporexnnukoM dakynrery y beorpamy, momyn HanoenexTpoHuka M (OTOHHKA,
youcao je 2008. romune. JIOKTOpCKY AMCEpTalyjy MOJ Ha3uBOM ,./IpocmopHa u
BPEMEHCKU PA3NOANCEHA CREKMPOCKONCKA OUJAcHOCMUKA 1ACEPCKU UHOYKOBAHE Nad3Me Ha
uepcmoj memu y 6az0yxy Ha ammocgepckom npumucky™ onopanuo je 26.09.2014. roaune.

TokoM OCHOBHHX CTyZIHja y4eCTBOBAO j€ Ha MPOjeKTy u3paje TecauHor TpaHchopMaropa u U3JIoKou o
Huxomnu Tecnau nmoBomom 150 roauna pohewa y INanepuju CAHY (2006). Ox neuemdpa 2007. no aBrycra 2008.
OJICITYKHO je UMBHWJIHU BOjHU pok. On HoBemOpa 2008. 1o jyna 2009. roaune 61o je aHraxxoBaH Ha OuU3NYKOM
Gbakyntery YHuBep3uTeTa y beorpamy Ha HCTpakMBamby EKCIICPUMEHTA THHABOI HPaXKIEHa Ca MUKPO
IIYTUBMHOM, Y nabopaTtopuju akagemuka Hukone Komesuha. Ox 01.06.2009. ronune 3anocieH je y MHCTUTYTY
3a ¢pu3mKy y JlJaboparopuju 3a CrIieKTpOCKONHjy IU1a3Me 1 GU3NKy jacepa Iie je aHra)KOBaH Ha eKCIIEPUMEHTHMA
THUEHABOT NPAKHEHA HAa aTMOC(HEPCKOM NPUTHCKY M EKCIICPUMEHTY CIIEKTPOCKONHMjE JIaCepCKH WHIYKOBaHE
mwiazme. O jyma 2009. no nememOpa 2010. rogmHe OMO je aHTa)KOBaH Ha MPOjeKTy ,,HuckoTemreparypHe
IIa3Me W TacHa Mpaxkiberma: PaaujaTMBHA CBOjCTBA M MHTEpaKI(Mja ca MOBpIIMHAMA™, Koje je (UHAHCHUPATIO
MUHHCTapCTBO 32 HAYKY W TEXHOJIOWKH pa3Boj Permyonuke Cpouje. On 2011. anraxosas je Ha rnpojekruma: (1)
13 00JaCTH OCHOBHHMX HCTPa)KUBamba IOJA HACIOBOM ,,CneKmpoCKONCKa OUjacHOCMuKa HUCKomemnepamypHe
NAG3Me U 2ACHUX NPAXCFerbd: 00UYU CHeKMPATHUX TUHUja U uHmepaxkyuja ca nospuiunama™; (2) u3 od6IacTu
TEXHOJIOLIKOT pasBoja ,,Ernekmpoounamuka ammocghepe y ypoanum cpeounama Cpbuje”. Oba mpojexra
¢uHaHCHpa MUHHCTapCTBO HPOCBETE, HayKe W TEXHOJOMKOT pa3Boja Pemybmmke CpoOuje. Ox 19.10.2014.
TOJMHE HajJa3W Ce Ha ycaBpIIaBamy Ha IOCT-IOKTOPCKUM CTyIMjaMa Ha mpecTkHOM Weizmann Institute of
Sciencey y U3paeny, y miasma saboparoju kox npod. Mixaka Mapona, rie paay Ha HCTPaKUBEY KOHIIETTa 3-
MMUHY IUIa3Me y aKCHjalHOM MarHeTHOM nospy. OBaj KOHLENT je jeJaH OJ HajlepCHeKTHBHHjHUX ITyTeBa Ka
OCTBapewy HyKiIeapHe (y3uje M BeoMa WHTEH3MBHO ce mpoy4yaBa y CaHOua HAlMOHAJIHUM JadoparojaMa
(Sandia National Laboratories), Anoykepku, CAJl, rme ce u Hamasu Hajehn 3-MUHY [1a3Ma €KCEIPUMEHT Ha
CBETY.

Hp. liBejuh je cBoje 3HaWme MNPOIIMPHO YYECTBOBAKEM HA HEKOJIMKO OWJIATEpIIHMX MpojeKkata H
rnoceramMa HMHOCTpaHuM Jsaboparopujama. Y Majy 2010. u oxrobapy 2011, 6uo je y Hay4HO] MOCEeTH
naboparopuju JII13 (Laboratoire Lasers, Plasmas et Procédés Photoniques, LP3 UMR 6182 CNRS - Université
Aix-Marseille II Campus de Luminy, Marseille), ydectBoBaBmm Ha mpojekty ,,Measurements of Stark
broadening parameters in laser-produced plasmas” ¢unarcupanom on crpane LaserLab-Europe
(http://www.laserlab-europe.net/). ¥ nepuony jya-jyn 2014. rogune nocetuo je Oncexk 3a poToHuKy, MHCTHTYTA
3a (u3uKy npu JaremoHckoM yHuBep3uteTy y KpakoBy y IlosbCckoj, The je MCTpaknBao OCOOMHE JacepcKu
WHIyKOBaHe mia3Me nomohy TexHuke TOMCOHOBOT pacejaba.

Hp. Lpejuh je y 6paky ca ap. Auom Jlonaturom ox mapra 2017. rogune. Cynpyra je HaydHH pajHUK Y
00J1acTH MHUKPOOMOJIOTHje U TeHETHKE, aHI'a)KOBaHa Ha IOCT-JIOKTOPCKUM cTyaujamMa Ha Weizmann Institute of
Science. ¥ asrycty 2018. roguae poano uMm ce cuH Mumnas.



IIpersen nayuyne akrusHocTu Ap Mapka I{Bejuha

Hayuna aktuBHOCT 1p. L[Bejuha je ycmepena Ha mpoyuaBame (QHU3HKE IUIa3Me U
racHUX Npaxmbekha MeTo/JaMa CIEKTPOCKomuje mia3Me u TomcoHoBOr pacejama. Y
J0Ca/IallllbeM pajy, IpoydaBao je:
e MHGD (Micro Hollow Gas Discharge) TumaBo mNpaXkmeme y MHPKO
IIyTUBUHH,
e APGD (Atmospheric Preassure Glow Discharge ) TumaBo mpaxmeme Ha
aTMoc(epCKOM MPUTHCKY,
e LIBS (Laser Induced Breakdown Spectroscopy) Crekrpockomnuja J1acepcKu
HMHIyKOBaHE IJIa3Me Koje je Ouiia TeMa HBeroBe TOKTOPCKE JUCEPTaIHje,
e ExcnepumenT 3-MHY IUIa3Me€ y aKCHjalHOM MarHeTHOM moJby (Z-pinch
plasma experiment with pre-embedded axial magnetic field).

VY pany [Al] ucniutrBaHa je TUCTPUOUIIMja MATHETHOT T10Jba Y UMILIO3U]H TIIa3Me
KOja ce HaJla3u Y MarHeTHOM II0JbY, Y OKBUPY €KCIIepUMeHTa 3-nuH4Ya. BpemeHcku u
MIPOCTOPHO pa3ioXKeHa CIEKTPOCKOICKa Mepema, Koja KOPUCTE Mojapu3alroHa
CBOjcTBa 3eMaHOBOT edeKTa, MPUMEHEHA Cy MO NPBH MYyT Y OBOM EKCIEPHUMEHTY.
Mepema cy mokazajia Jia je a3UMyTaJIHO MarHEeTHO T0Jbe y TUIa3MHU KOja UMILIOAMPA,
YaKk U Yy MPUCYCTBY BeOMa clabOr aKCHjaJTHOT MAarHeTHOT T0Jba, 3HAYajHO Mamer
WHTEH3UTETa OJf OYEKHBAHOI, KOje ce J00uja W3 OJHOCa jadyuHe CTpyje |
MOJTyTIpeYHHKa IJ1a3Me Koja UMILIoupa kopructehn Amnepos 3akoH. Behu neo ctpyje
T€Ye KpO3 CIOpO HMMILIONUpajyhy Tuiamy, Majie TyCTHHE, KOja OKPYXKYje TJIaBHY
1a3My Koja umIutonupa. HeouekuBanu pe3ynraT U3 MPETXOAMHX SKCIIEPUEMHTA W3
auTepatype, ypaeHUX Ha CHa)XHMM HHCTajaljama, Kao Ha MpuMmep 3-MallhHa y
Canmua HarmuoHamHuM Jiaboparopujama y  CAJl, ykipydyjyhu HeoOjammeme
CIUpajHe Iuia3Ma CTPYKType y eKCIIEpUMEHTY WHEplMjaaHe HykieapHe Qy3uje, MOry
outu ofjammenn oTkpuhuma y oBoMm paay [Al]. Pa3Boj xondurypanuje force-free
current je MpeUIoKeH Kao 00jalllberhe OBOT (PeHOMEHA.

Y pany [bl] je mnpoydaBaHa uU30TepMHMUYKAa pPAaBHOTEXA Yy JIACEPCKU
MHIyKOBAHO]j IJIa3MH Ha aTyMHHH]YMCKOj METH Y aTMOC(epH aproHa Ha IPUTUCKY O]
200 mbar, kopunrthemeM MeTOAEe KoOja KOMOMHYjE CTaHIapIHO Jacepcko TOMCOHOBO
pacejame M aHaiNM3y CIEKTpaiHe JuHuje BojoHMKa Ho, Hax kxojom je IlltapkoBo
mupeme aoMuHaHTHO. I[Tmasma je kpempana kxopumhemeM Nd:YAG nacepckor
UMITyJIca Ty>)KHHE Tpajama 4,5 ns, eHepruje 4 mJ, Ha TanacHoj ayxuau ox 1064 nm.
'yctuHa enekpoHa W ENEKTPOHCKA TeMIepaTypa onapeheHu cy W3 aena CrekTpa
TomcoHOBOT pacejama KOjU JTOMHHAHTHO 3aBUCH O]l YTHIIaja TUHAMUKE €JIEKTPOHA.
Temnepatypa HeyTpasia U joHa (TEXHMX YECTHIA Yy IJIa3MHU) je JAOOHjeHa aHaIH30M
cnekTpanHor obmuka Ho nuxuje xopumihewmeM Tteopujckux mpoduna no0ujeHux
KOMITjYTEpPCKOM CHMYJIALMjOM KOja YKJbydyje edeKaT AUHAMHUKE JOHAa Ha CIIEKTPaTHU
npopmi. Y pany [Bl] je mponaheHo na mocTOju jaka HepaBHOTEXka u3Mehy
TEeMIepaType €JICKTPOHA W TeMIIepaType TEeKUX YEeCTHIA Yy IUIa3MH, TOKOM Ilelie



eBOJIyLIMje JIaCePCKH HHIYKOBaHE IUIa3Me, IITO IOKa3yje HhEHEe He-H30TepMallHe
ocobune. Y ucro Bpeme, npema McWhirter-oBom Kputepujymy, TyCTHHA €JIEKTPOHA
je IOBOJFHO BHCOKA 33 YCIIOCTaBJbakhe JIOKATHE TEPMOJHHAMUYE PABHOTEIKE.

Y pany [B2] mpe3eHTroBaHa je CTyaWja TPOCTOPHE M BPEMEHCKE EBOJIYIHUjE
JACepPCKU WHAYKOBAHE IUIa3Me Ha aTyMHHH]YMCKO] METH KOja C€ HaJla3W y BOJIH.
Jlacepcka abnaruja y3pokoBaHa je KOpuIThemeM JIacepcKor uMILTyJica Tpajama 20 ns,
Ha TajacHo] nyxuHu of 1064 nm. KapakrepucTtuke Iuia3Me H3MEpEHE Cy
kopumhemem Op3e Qororpaduje, llnupen TexHukoM u meroaoMm dotorpaduje
CeHKe, Ka0 U ONTHYKOM EMHMCHOHOM CIIEKTPOCKOMHjoM. Pe3ynraTu ekcrepueMeHTa
MoKa3yjy MoCTOjame JIBE pazianuuTe ¢aze y mia3Mu, rnpsa (asa Koja UMa Tpajame Of
oko 500 ns HaKoOH JIaCEPCKOT MMITyJICa, 3a KOJOM HAacTaje pacT HOBE, CEKyHIapHe
IUIa3Me Koja HacTaje M3 LeHTpa Jlacepckor kparepa. CekyHIapHa Iia3Ma pasBHja ce
peNaTHBHO CIOPO YHyTap pacTyher mexypa mape, a mbeHa ONTHYKa eMHCHja Tpaje
HEKOJIMKO JIeCETHHA MHUKPOCEKyHAW. Y TOKy KacHUjuX (aza pa3Boja Mexypa
neTekToBane cy Bpyhe cmeriehe dectuie, 3apobsbeHe Mexypom. [IpBu komamc
Mexypa HacTaje HakoH 475 MHKPOCEKYHIHM O] Jacepckor ummysica. Pasnmke y
ocoOnHama ma3Me TOKOM OBe JiBe (pa3e eBoiyIHje cy JUCKYTOBaHE, ca aKIEHTOM Ha
JETEeKLIMjy ONTUYKOT CHUTHAJa, jep je AeTeKkuuja oj npumapHe BaxHoctu 3a JIMBC
TEeXHUKY. Y paay je nemoHctupaHo aa ce kBamuteT JIMBC curnana HakoH jemHor
JIACEPCKOT HMMITyJICA TIOA BOAOM, MOXKE 3HA4YajHO TMOOOJHIIATH JETEKTOBAHEM CaMoO
ONTHYKE EMHUCHje CeKyHIapHe ¢a3e TIuia3Me, KOpPHIINEHEeM pelaTUBHO Jyror
BPEMEHCKOT CHTHaja 3a aKBU3HIIM]y ONTHYKE eMHCHje (TejT curHai, Tpajama on 10-
100 mukpocekyHan). Pesynraru oBor pama cy Beoma OutHu 3a JIMBC mepema y
TEYHUM CpeIMHaMa, jep JA0Kazyjy Ja ce Jo0ap aHaJIUTHYKUA CUTHAJI MOXXE A0OUTH
KopuithemeM HaHOCEKYHIHOI JIaCEPCKOM HUMILIyca J0OMjEHOT M3 KOMEpLHUjalIHO
JOCTYITHOT Jlacepa U KOpHIIhemeM MPUCTYNavyHUX JeTEKTOpa 3a KOje HUje MOTPeOHO
Op30 TejToBambE.

EJIEMEHTHU 3A KBAJIMTATUBHY AHAJIN3Y PAJIA KAHAUJIATA
1. Iloxka3ate/bM ycmexa y HAy4HOM pagy

Hp Mapko IlBejuh je om 24.10.2014. Ha cTpydyHOM YycaBpIIaBamy Ha IOCT-
JOKTOPCKUM CTyJHjaMa Ha MpecTkHOM BajuMan mHcTuTyTy Y U3paeny, koju je ce
Hanasu w™mehy 25 Haj0ospux HayuyHux wuWHcTUTyIMja Ha cBery (https:/wis-
wander.weizmann.ac.il/weizmann-institute-science-ranked-top-25) npema

kareropuzauuju U-Multirank (https:/www.umultirank.org/). Mapko panu y Ilnazma
naboparopuju, Bajuman uncTutyTa, K0jy Boau npod. Mirxak Mapos.

On oxtobOpa 2017. Harpahen je cratycoM “senior postdoctoral fellow” 3a cBoje
3aciIyre TOKOM PeIOBHOT MOCT-JOKTOPCKOT MIEPUOIa.



Y nenembOpy 2018 wmmao je mpenmaBame mo mo3uBy Ha APS-DPP (American
Physical Society — Department for Plasma Physics) ckymy.

On oxto6Opa 2019. Harpalen je cratycom rocryjyher HayyHHKa.

2. AHraskoBaHOCT y Ppa3BOjy YycJoBa 3a Hay4YHM Ppaja, oOpa3oBamy H
¢GopMupamy HAyYHHUX KaJApPOBa

[Inazma mnaboparopuja Bajumann uHcTuTyTa y W3paemy TtecHo capalyje ca
BojiehMM yHHMBEp3WTeTHMMa W HalMOHAMHUM Jabopatopujama y CAJl, kao Hmp.
Cornell University, University of California at San Diego, Princeton Plasma Physics
Laboratory, Lawrence Livermore National Laboratory, Los Alamos National
Laboratory, Sandia National Laboratories, National Ignition Facility. Tokom GopaBka
Ha TIOCTJAOKTOPCKMM CTyJdjaMa HWMao je Tpuiauke J1a Oimcko capahyje ca
HCpakMBavyMMa U3 rope MOMEHYTHX JJabopaTopuja.

Ip Mapxo LlBejuh 6mo wian koMmucuje 3a onOpaHy JOKTOpCKe Te3e ap Mapujane
I"aBpunosuh-boxwuh.

3. KBaymTeT HAy4YHHX pe3yJaTara

Kangunat je y cBoM Hay4HOM pany, o u30opa y MpeTXOIHO 3Bame, 00jaBuo 3
pana y mehynapomaum gaconucuma ca MICH mucte y xareropuju M20.

VY kareropuju M21a xannuaar je o6jasuo 1 pax y Physical Review Letters (PRL)
yaconucy (U®:9.227);

V kareropuju M21 kanauaar je o6jaBuo 2 paja:
1 pan y Applied Physics Letters (M®:3.521)
1 pan y Physical Chemistry Chemical Physics (3.567).

Yxkyynan uMnakT (pakTop pagoBa KaHAWIaTa y TOPHEM yaconucuma je 16,315.
[Tpema Scopus-u, Hayuau pagoBu ap Mapka [[Bejuha ocTBapeHH y IpeTX01HOM
nepuony (2015-2019) cy nmutupann ykymnao 23 myta y Mel)yHapoaHuM
yaconucuma oJ Tora 21 myra 6e3 camoruTara.
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EJIEMEHTHU 3A KBAHTUTATUBHY AHAJIN3Y PAJA KAHAUJIATA

Jp Mapka L{Bejuha 3a peusoop y 3Bam-€ Hay4YHU CAPATHUK

OctBapenu pesynraru y nepuony 2015-2019, nepuony npe peusdbopa, HakoH n3bopa
y MPETXOAHO 3BaHE

Kareropuja | M 6o10Ba 1o pany | bpoj pamosa | YkynHo M 6o10Ba
M2la 10 1 10
M21 8 2 16
M32 1,5 1 1,5
M33 1 1 1
M34 0,5 13 6,5

Hopel)eH,e ¢ca MUHUMAJIHUM KBAHTHTATUBHUM YCJIIOBUMaA 3a I/I360p Yy 3BalkbC HAYYHU

capaHuK
Munumanuau 6poj M 6o110Ba Heonxomno | OctBapeHo
VYkynHo 16 34
M10+M20+M31+M32+M33+M41+M42 10 34
M11+MI12+M21+M22+M23 6 26




Cnucak pagosa np Mapka llBejuha y nepuony 2015-2019

A.PALY MEBYHAPOJAHOM YACONUCY N3BAHJAPEJAHE BPEJHOCTH
(M21A)

[A1] D. Mikitchuk, M. Cveji¢, R. Doron, E. Kroupp, C. Stollberg, Y. Maron, A.L.
Velikovich, N.D. Ouart, J.L. Giuliani, T.A. Mehlhorn, E.P. Yu, and A. Fruchtman,;

Effects of a preembedded axial magnetic field on the current distribution in a Z-pinch
implosion (2019) Phys. Rev. Lett. 122, 045001

DOI: 10.1103/PhysRevLett.122.045001 (nesbeno ayroperBo ca D. Mikitchuk kao npBum

ayTopom)

b. PAJIOBU Y BPXYHCKUM MEBYHAPOJHUM YACONIUCHUMA (M21)

[b1] M. Cveji¢, Krzysztof Dzierzega, T. Picta; Investigation of the thermodynamic
equilibrium in laser-induced aluminum plasma using the Ho line profiles and Thomson
scattering spectra (2015) Applied Physics Letters, 107, 024102-1

DOI: 10.1063/1.4926990

[B2] M.R. Gavrilovi¢, M. Cveji¢ , V. Lazic and S. Jovicevi¢; Secondary plasma formation
after single pulse laser ablation underwater and its advantages for laser induced breakdown
spectroscopy (LIBS) (2016) Physical Chemistry Chemical Physics, 18, 14629- -14637

DOI: 10.1039/C6CP0O1515H

B. HIPEJJABAIGE 110 ITO3UBY CA MEBYHAPJIOHOI" CKYIIA HITAMITIAHO ¥
HN3BOJAY(M32)

[B1] M. Cvejié¢, Current re-distribution in an experiment of magnetic flux
compression by an imploding plasma, invited talk at the APS-DPP-2018 (American
Physical Societe - Division of Plasma Physics),
http://meetings.aps.org/Meeting/DPP18/Session/CI2.3

I'. PAIOBU CAOINIIITEHU HA CKYITY MEBYHAPOJHOTI 3HAYAJA
HITAMIIAHM Y HEJIUHU (M33)
[T'1] M. Cvejié, D. Mikitchuk, R. Doron, E. Kroupp, C. Stollberg, Y. Maron, Current

distribution in an experiment of z-pinch with pre-embedded axial magnetic field, the 29th
Summer School and International Symposium on the Physics of lonized Gases (SPIG 2018),
August 28, September 1, 2018, Belgrade, Serbia, p.146-149



A. PATIOBU CAOIIIITEHW HA CKYITY MEBYHAPOJHOTI 3HAYAJA
IITAMIIAHH Y U3BOAY (M34)

[A1] M. Cveji¢, E. Stambulchik, M.R.Gavrilovi¢, S. Jovi¢evié, N. Konjevi¢, Neutral
Lithium Spectral Line 460.28 nm with Forbidden Component for Low Temperature
Plasma Diagnostics of Laser-Induced Plasma, IPSTA-2015, Ariel University
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We have studied isothermal equilibrium in the laser-induced plasma from aluminum pellets in ar-
gon at pressure of 200 mbar by using a method which combines the standard laser Thomson scat-
tering and analysis of the H,, Stark-broadened, line profiles. Plasma was created using 4.5 ns, 4 mJ
pulses from a Nd:YAG laser at 1064 nm. While electron density and temperature were determined
from the electron feature of Thomson scattering spectra, the heavy particle temperature was
obtained from the H, full profile applying computer simulation including ion-dynamical effects.
We have found strong imbalance between these two temperatures during entire plasma evolution
which indicates its non-isothermal character. At the same time, according to the McWhirter crite-
rion, the electron density was high enough to establish plasma in local thermodynamic equilibrium.
©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926990]

A detailed description of laser-induced plasma (LIP),
important for modeling and analytical purposes, requires a
thorough knowledge of atom, ion, and free electron number
densities and their temperatures. These parameters are usu-
ally determined in an indirect way from optical emission
measurements, assuming plasma in local thermodynamic
equilibrium (LTE). Such assumption always needs careful
verification, not easy in case of LIP of transient character
and with large spatial gradients. The concept of LTE has var-
ious nontrivial aspects which were discussed by van der
Mullen'? and recently recalled by Christoforetti et al.® for
the case of LIP. Among others, two balances—Saha-
Boltzmann and isothermal-—must be locally in equilibrium.
This condition is usually verified comparing excitation and
de-excitation rates of inelastic electron collisions with re-
spective radiative ones, and it is expressed by the minimal
electron number density ngv (Ref. 3)

T! 12 AE3

@
often called the McWhirter criterion where (g) is the Gaunt
factor averaged over the electron energy distribution function.
T, and AE, expressed respectively in K and eV, stand for elec-
tron temperature and the largest energy gap between adjacent
levels, usually between the ground and the first excited ones
coupled by the electric dipole transition. Besides the Saha-
Boltzmann equilibrium, LTE also assumes equal temperatures
of electrons and heavy particles (T;).

The purpose of the present work is to study the local
thermal equilibrium in laser-induced plasma by combination
of the direct measurements of the electron number density,
T, and T;, using the laser Thomson scattering (TS) method
with the analysis of the hydrogen H, Stark-broadened pro-
files. The only experiment in which both T, and T; in LIP

ne(m™) > n¥ =255 x 107 (1)
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were studied was carried out by Dzierzega et al.* Applying
Thomson and Rayleigh scattering, they showed non-
isothermal character of helium LIP at atmospheric pressure.
The local Saha-Boltzmann equilibrium (LSBE) in Al LIP in
ambient air was recently studied by Mendys ez al.” also using
the TS technique. With thorough analysis of temporal and
spatial distribution of n, and T,, they showed Al atoms and
ions to fulfill the LSBE conditions during most of plasma
evolution while the McWhirter criterion was never satisfied
for N species.

In TS method, n, and T, are directly derived from the
electron feature of the TS spectrum without any assump-
tions about the plasma chemical composition or its equilib-
rium state unlike 7, determined from emission spectra with
the use of the Boltzmann graph method. The spectrum of
photons from the incident laser beam of a wavelength /;,
scattered on plasma electrons, is described by the spectral
density function S(AZ) with ALl=21 — A;. The character of
TS and its spectrum are governed by the scattering parame-
ter oo = (iL/sin(0/2))(ne/T,g)1/2 where 0 stands for observa-
tion angle with respect to the direction of the incident laser
beam. In case of the so called collective or partially collec-
tive (o« > 1) scattering, S(A4) takes the form of two satellites
with their widths depending on T, and their separation
related to both T, and n,. These characteristics of the TS
spectra thus enable one to unambiguously determine the
electron density and temperature in the plasma, and they
are presented in Fig. 1 for plasma parameters typical for
LIP at early stages of its evolution.’

The hydrogen H,, Stark-broadened, line profiles
(mostly its full widths at half maximum—FWHM) are a well-
established diagnostics tool in plasma physics for n,
determination.® However, it is well-known that so called ion-
dynamical effects can significantly modify their full profiles.'®
These effects explain large discrepancies appearing between
the measured profiles and the calculated with the use of mod-
els considering ions as static particles.'""'* The ion-dynamical

© 2015 AIP Publishing LLC
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FIG. 1. The electron feature of the spectral density function of the Thomson
scattering modelled for the observation perpendicular to the incident laser
beam of A, =532nm, for constant 7,=20000K (left) and constant
n,=1.0x10%m™> (right). The scattering parameter o varies from 0.61 to
3.45 and from 2.74 to 0.97 in the left and right figures, respectively.
Calculations performed according to Evans and Katzenstein.®

effects result from the relative motion of the emitter (hydro-
gen)—perturber (ion) pair with (v,.g;)2 = 2kTy /my + 2kT;/m;.
Under assumption of a two-temperature plasma (T, #Ty =T,),
these effects are accounted for with the concept of the reduced
mass 1 = my' 4 m; 110

Figure 2 shows hydrogen H, line widths depending on
the imbalance between ion (heavy particle) and electron tem-
peratures for given n, and T,. Calculations were performed
using the data presented by Gigosos et al.’ based on com-
puter simulations including ion-dynamical effects and non-
equilibrium plasma. Although the full width at half area
(FWHA) is very weekly affected by ion-dynamics, the other
two widths, AZ;/, (at half of the maximum) and A/, /5 (at
one eigths of the maximum), reveal quite significant sensitiv-
ity to the particles kinetics. Moreover, the line wings (see
AZy3/A%; ») become broader as the imbalance in tempera-
tures increases. The latter feature of the H, line profile was
exploited in the work of Gonzalez and Gigosos' and now in
our investigations of aluminium LIP assuming the electron
density and temperature as determined from TS experiment.

The scheme of the experimental setup is shown in Fig.
3, and its details have been described in our recent paper.’
Briefly, a vacuum chamber was evacuated below 0.1 mbar
and then purged with argon at 200 mbar at a constant flow
rate of 301/h. Plasma was generated by a Q-switched
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FIG. 2. H, broadening parameters vs. the ion temperature for 7, = 10> m >
and T,=16000K. Results obtained for a reduced mass of the emitter-
perturber pair u=0.9 in hydrogen mass units using the data presented by
Gigosos et al.’
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FIG. 3. Scheme of the experimental setup.

Nd:YAG laser (1064 nm, 4mJ), operating at a repetition rate
of 10 Hz, with a pulse duration of 4.5 ns. The laser beam was
focused 1 mm behind front surface of continuously rotated
target sample, yielding ablating pulses with fluence of 45J/
cm? (10'°°W/em?). The target was alumina pellets (Al,O3)
containing some adsorbed H,O vapors. All experimental pa-
rameters were matched to have shot to shot highly reproduci-
ble plasma plume. For laser TS, a separate, single mode
(A2 <0.28pm), Nd:YAG laser with 6.0ns pulse duration at
532 nm was used. This laser beam was directed orthogonally
to the first, plasma generating one, and was polarized perpen-
dicularly to the observation direction. It was then focused in
the plasma volume to the spot of about 200 ym in radius and
laser pulses of 19 J/em? fluence, lower than the ablation
threshold, were applied. The delay between the pulses was
controlled by a digital delay pulse generator with accuracy
better than 0.5 ns.

The emission from LIP and the laser-scattering light
were observed in a direction perpendicular to the plane of
laser beams by imaging the investigated plasma plume onto
the entrance slit of a Czerny-Turner spectrograph (750 mm
focal length, 1.005 nm/mm reciprocal dispersion) with 1.2
magnification. Plasma imaging was performed using the zer-
oth order of the spectrograph with the entrance slit fully
opened. Imaging allowed verification of the plasma stability
and selection of its regions for further investigations. The
spectra of the scattered light and the LIP emission were
recorded over a wavelength range of 13.3 nm with slit widths
of 50 um and 30 um, respectively. The instrumental profile
for the emission part of the experiment was measured using
a low pressure Hg spectral lamp and is well described by the
Voigt function with equal Gaussian and Lorentzian contribu-
tions of 0.03nm (FWHM) each. Self absorption of the stud-
ied H, line was verified with the back-reflecting mirror
method as it is described, e.g., in Cveji¢ et al."* Tn order to
probe the specific layers of the plasma plume along its axis,
the focusing lens and the pellet holder were mounted on two
separate translation stages which were moved by the same
distance to maintain laser fluence on surface of the sample.

The optical signals were collected using a gated two-
dimensional intensified charge-coupled device (ICCD)
camera with gate width synchronized to the probe and
plasma-generating pulses in case of TS and emission meas-
urements, respectively. In order to improve the signal-to-
noise ratio of TS spectra, the ICCD gate width was as short
as 6ns. On the other hand, emission signals were recorded
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FIG. 4. Experimental results for LIP 1200 ns after ablating laser pulse. (a)
Plasma image with the origin at the target surface, (b) TS spectrum after
subtraction of plasma emission background while illuminatng plasma layer
0.6 mm away from surface of the sample, and (c) H, spectrum (after Abel
inversion) from the same LIP layer as in (b).

setting this gate width to 3% of the respective delay time,
e.g., 36ns for 1200 ns delay, to have plasma of constant pa-
rameters. Laser scattered and emission spectra were aver-
aged, respectively, over 2000 and 5000 laser shots and were
investigated in the time interval from 400 ns to 2000 ns after
plasma-generating laser pulse and from plasma layers
0.6mm to 0.9mm from the target surface. In case of TS
measurements, a razor edge filter was placed in front of the
spectrograph, to block radiation below 533.0 nm, in order to
protect the ICCD from saturation by strong stray laser light
scattered off the sample surface and its mount. The sensitiv-
ity of the whole experimental system was corrected for, pixel
by pixel of the ICCD, using a halogen-deuterium lamp.

In Fig. 4(a), we present the LIP image recorded 1200 ns
after the ablating pulse where the axial position x =0.0 mm
corresponds to the surface of the sample. Fig. 4(b) depicts
the long-wavelength TS spectrum, after subtraction of the
plasma background, collected while illuminating plasma
layer 0.6 mm from the sample. This TS spectrum, with dis-
tinct electron feature, reveals partially collective character,
and fitting the spectral density function S(AZ) directly yields
electron density and electron temperature.” The example of
the experimental TS spectrum, as obtained for the plasma
axis, and the fitted S(AZ) is presented in Fig. 5(a). Radially
resolved (across plasma plume) LIP emissivity, in the spec-
tral range of the H, line, observed at the same plasma condi-
tions as for TS, is presented in Fig. 4(c). These spectra are
determined from the original, laterally integrated emission
spectra, applying inverse Abel transformation. Before Abel
transformation was performed, the original data were cor-
rected for dark current of the ICCD, the self-absorption (if

Appl. Phys. Lett. 107, 024102 (2015)
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FIG. 6. Temporal evolution of electron and heavy particle temperatures,
electron density, and of minimal n!" required to satisfy the McWhirter crite-
rion. Results obtained on the axis of the plasma plume. The error bars for 7,
are smaller than the size of the symbol.

necessary), and finally, they were smoothed using Savitzky-
Golay filtering function.

The radially resolved H, profiles were then fitted using
computer simulation data as provided by Gigosos er al.’
Under our experimental conditions, we assumed reduced
mass of the emitter-perturber pair /Fl = m,f,l + mglﬁ, result-
ing in ¢ = 0.96 in hydrogen mass units. The Stark profile
was convoluted with the Voigt profile including the instru-
mental and the Doppler broadenings. The final fitting was
performed at given n, and T,, as determined from the TS
experiment, while varying T;. The result for some sample
data is shown in Fig. 5(b), where electron temperature signif-
icantly exceeds heavy particles’ temperature. This indicates
plasma out of isothermal equilibrium. Although reasonable
agreement between the experimental and theoretical profiles
can also be obtained assuming isothermal plasma conditions
(see Fig. 5(c)), the resulting electron densities strongly devi-
ate from values determined in independent TS experiments.
In each case we studied, this discrepancy was larger than the
combined uncertainty limits of TS and H, measurements
which further supports conclusion about non-isothermal
plasma displayed through ion-dynamical effects. The tempo-
rally resolved (during plasma evolution) n,, T,, and T; are
presented in Fig. 6. The electron density decreases from
2.1x10%m > at 400ns to 3.1 x 10*m > at 2 us after the
ablating pulse. At the same time, the measured electron tem-
perature drops from about 26100K to about 12700K and
largely exceeds the heavy particle (ion) temperature which
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FIG. 5. Thomson scattering spectrum fitted with the spectral density function S(AZ) (a). H, profile fitted assuming non-isothermal plasma conditions and using
n, and T, from TS experiment, % =0.99901 (b) and assuming isothermal plasma with 7, as obtained from TS experiment, % =0.9988 (c). All results corre-

spond to the axis of the plasma at 1200 ns after ablating laser pulse.
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decreases from 14480K to 2410K. The large discrepancy
between T, and T; exists for the entire plasma evolution stud-
ied in this work which indicates its non-isothermal character,
despite the McWhirter criterion is satisfied (at least until
1.2 us) for both aluminum atoms and ions (see Fig. 6).

In summary, we have shown that combination of stand-
ard spectroscopic methods—the laser Thomson scattering
and analysis of H, Stark-broadened line profiles—can pro-
vide reliable results about plasma, independent of its equilib-
rium state. Such joint method should be useful in studies of
non-thermal plasmas and LIP in particular. We also conclude
that in case of non-thermal plasmas, the electron number
density cannot be derived from the FWHM of the H, line
profile, instead its FWHA is recommended.
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profiles. M.C. wishes to acknowledge the support from the
Serbian Ministry of Education, Science and Technological
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Science. The research was carried out with the equipment
purchased thanks to the financial support of the European
Regional Development Fund in the framework of the Polish
Innovation Economy Operational Program (Contract No.
POIG.02.01.00-12-023/08).
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In this work we present studies of spatial and temporal plasma evolution after single pulse ablation of an
aluminium target in water. The laser ablation was performed using 20 ns long pulses emitted at
1064 nm. The plasma characterization was performed by fast photography, the Schlieren technique,
shadowgraphy and optical emission spectroscopy. The experimental results indicate the existence of two
distinct plasma stages: the first stage has a duration of approximately 500 ns from the laser pulse, and is
followed by a new plasma growth starting from the crater center. The secondary plasma slowly evolves
inside the growing vapor bubble, and its optical emission lasts over several tens of microseconds. Later,
the hot glowing particles, trapped inside the vapor cavity, were detected during the whole cycle of the
bubble, where the first collapse occurs after 475 ps from the laser pulse. Differences in the plasma
properties during the two evolution phases are discussed, with an accent on the optical emission since its
detection is of primary importance for LIBS. Here we demonstrate that the LIBS signal quality in single
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pulse excitation underwater can be greatly enhanced by detecting only the secondary plasma emission,
and also by applying long acquisition gates (in the order of 10—-100 ps). The presented results are of great
DOI: 10.1039/c6cp01515h importance for LIBS measurements inside a liquid environment, since they prove that a good analytical
signal can be obtained by using nanosecond pulses from a single commercial laser source and by employing

www.rsc.org/pccp cost effective, not gated detectors.
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1 Introduction

Laser induced breakdown spectroscopy (LIBS) is based on plasma
generation by short and intense laser pulses focused on solid,
liquid or gaseous samples. Presently, LIBS is the only available
technique for direct elemental analysis of bulk liquids and
submerged targets. Single pulse (SP) laser excitation underwater
has proven to be very challenging for LIBS due to several factors
related to the plasma formation and de-excitation. Compared to
the plasma initiation and development in a gaseous environ-
ment, the energy losses are much more pronounced when
working inside a water environment. Before reaching the target,
a certain amount of laser energy will be absorbed along the
optical path through the water.””> The laser induced plasma
emission also suffers from the absorption before reaching the
detector, particularly in the UV region. For that reason, the
optical paths through water should be minimized by employing
short focal lengths both for the beam focusing and the plasma
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light collection. Dissolved particles or those generated after
the laser ablation scatter the light and can also act as pre-
ferential breakdown sites, which screen the target from the
incoming laser beam.?* The importance of choosing the right
focusing conditions when dealing with laser ablation (LA)
underwater was elaborated by Nguyen et al.,” postulating the
existence of an optimal focal position for the stable and
reproducible plasma. However, even when the optimal condi-
tions for ablation are established, a great deal of laser energy
is spent on the liquid vaporization which strongly reduces the
energy available for the plasma excitation.® Furthermore, the
initially formed plasma has a very high electron density and
shields the target from the remnant portion of the laser pulse.
A portion of the total laser energy absorbed by the plasma is
dependent on the focusing conditions, the laser wavelength,
the pulse duration and the irradiance.” With ns pulses at
1064 nm, more than 90% of the input laser energy could be
absorbed by the plasma.””® From one side, this fact is favour-
able for the plasma excitation but on the other, it decreases
the effective irradiance on the submerged target and reduces
the ablation rate.

Laser ablation and plasma inside liquids are highly affected
by confinement with high density media,” followed by the
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emission of intense shock waves and vapour bubble formation.
The cavitation bubble, containing hot plasma and vapour, expands
from the plasma site. Initially, the bubble has very high inner
pressure and temperature, which decrease during the cavity
expansion both due to volume enlargement and vapour condensa-
tion across the bubble-liquid interface. When the bubble reaches
the maximum radius, its pressure is reduced to a saturated vapour
pressure of the liquid. Since this inner pressure is much lower
than the pressure of the surrounding liquid, the bubble starts to
shrink until the rate of condensation cannot offset the volumetric
reduction. The collapse of bubbles on a submerged target leads
to a rapid increase of the inside gas temperature and pressure
which induce an additional expulsion of the target material,’* a
subsequent release of the second shock wave and re-expansion
of the bubble. Depending on the energy stored in the bubble, its
oscillation may continue for several cycles of expansion and
collapse.'>"” Bubble formation and the plasma confinement
inside liquids are responsible for large differences between
plasma formation in gases and liquids. High acoustic pressure
and long duration shockwave in liquids with respect to a gas
environment lead to a manifold increase of the LA efficiency
and also to lowering of the ablation threshold."® Although the
ablation rates inside liquids are higher than in a gas environ-
ment, the LIBS signal under equivalent laser excitation is signifi-
cantly lower than in the presence of the sample-air interface."*"
Due to large energy losses in mechanical effects and in liquid
evaporation, the plasma cools very rapidly. This produces a
high rate of electron-ion recombination whose emission is
continuum. An intense continuum emission is also present
due to the Bremsstrahlung emission of the confined plasma,
characterized by a high electron density.”'*'** After decay of
the intense continuum emission in liquids, usually only the
emission lines from low excitation levels emerge in SP LIBS. The
spectral lines are strongly broadened due to the Stark effect and
self-absorption in dense plasma. Different papers report a very
short plasma duration (<1-2 ps) and the optimized LIBS signal
detection with a very narrow gate width, in the order of
100 ns.'*'>?%2324 The obtained SP LIBS spectra can be used
for recognition of only main sample constituents. The poor
spectral properties of the SP LIBS spectra could be improved
by increasing the laser pulse duration, for example, from 20 to
150 ns, as reported by Sakka et al.**% The same research group
performed the spatially resolved LIBS signal detection after SP
excitation using 100 ns long pulses.”® By shifting the collection
point away from the hot plasma core, they obtained well resolved
analytical lines. The majority of the results regarding SP LIBS
still focuses on the early stage of the plasma evolution (<1 ps)
while the long lasting plasma emission reported recently in
ref. 29 has been far less examined.

The present study is focused on different mechanical and
optical phenomena of the SP laser induced breakdown (LIB)
on the aluminium target in water, with special attention to
the late stage of the plasma evolution. Several experimental
techniques including fast photography, Schlieren, shadow-
graphy and optical emission spectroscopy are used to obtain
insights into the plasma formation and evolution, shockwave
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propagation, cavitation bubble dynamics, and plasma spectral
emission.

2 Experimental

The experimental setup used in this study is shown schematically
in Fig. 1. The plasma was generated using a Nd:YAG laser
(Molectron MY34) operated at 1064 nm, with 20 ns pulse
duration and a pulse energy of 40 mJ. The laser beam was
focused perpendicular to the target plane by two quartz plano-
convex lenses L1 (f; = 100 mm) and L2 ( f, = 68 mm), where the
second lens was mounted directly on the chamber wall. Under
the optimized conditions, the focal plane of the focusing
system was slightly below (~0.5 mm) the surface of a pure
aluminium target (99.999%). The target was placed vertically
inside a chamber filled with 700 ml of distilled water. The
optical path length of the laser beam through water was
~3 cm. The chamber was equipped with two quartz windows
w1 and w2, used for the lateral observation of the plasma and the
vapour bubble. The target was shifted by 1 mm after each laser
shot. Considering the Beer-Lambert law and water absorption
coefficient o = 0.072 cm ™", the estimated laser energy delivered
to the target surface was 60% of the incident laser energy.*®
Based on the crater diameter on the target surface (250 &+ 25 um),
the estimated fluence within an error of 12% was about 45 J cm 2
(225 GW cm ?). Water inside the chamber was periodically
exchanged to avoid scattering on the particles produced by LA of
the sample.

Fast plasma imaging was performed through the lateral window
w1 by using a biconvex achromatic lens L3 (f; = 100 mm) and a
photographic objective lens OL (focal length 75 mm) mounted
with macrobellows on an iCCD camera (Andor Technology,
model DH7341-18U-03). The optical magnification of the system
was determined using a reference object and the dispersion
(0.01176 mm per px) was calculated for subsequent recordings.

iCCD

Fig. 1 Experimental setup: L1-L3 = lenses, M1, M2, and M3 = flat mirror,
M4 = concave mirror, WLS = white light source, KE = knife edge, OL =
objective lens, and wl and w2 = quartz windows.
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The iCCD was controlled using a pulse generator (DG-535,
Stanford Research Systems), triggered optically by a fast photo-
diode that captures the laser beam partially reflected on mirror
M2. The same optical setup was also used for shadowgraphy
adding illumination using a white light source (WLS). The light
from the WLS was guided by a fiber bundle (diameter 6 mm) to
the chamber’s lateral window w2. The same setup was used
for the Schlieren imaging, where a vertically mounted knife-
edge KE was positioned in the focus of lens L3, thus monitoring
the refractive index gradient perpendicular to the sample.
Images of the plasma were accumulated over 5 laser shots,
except for long delays (>80 us from the laser pulse) where
10 pulses were used; the acquisition gate width was varied
between 15 ns and 50 ps. For shadowgraphs and Schlieren
images only one laser pulse was applied and the gate width was
varied between 20 ns and 2 ps.

For spectroscopic measurements the 1:1 image of the
plasma plume was projected, by means of optical mirrors M3
and M4, on the entrance slit (100 pm wide) of a 0.5 m Ebert-type
spectrometer equipped with a grating of 1180 grooves per mm.
The iCCD detector was mounted at the spectrometer’s exit
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plane and operated in an imaging mode. The spectra were
reconstructed by manual binning of the pixels with the useful
signal. All LIBS spectra were accumulated over 160 laser pulses,
each one delivered to a fresh spot on the target.

3 Results and discussion

The dimension and shape of the laser induced plasma on the
aluminium target inside water were studied by fast photo-
graphy. Examples of plasma evolution at different delays after
the laser pulse are shown in Fig. 2. From the photographs it is
evident that during the first microsecond after the laser pulse
the plasma is very bright and small, being confined by the
surrounding liquid; in this phase, the detected plasma dia-
meter does not exceed 400 pm. At about 400 ns from the laser
pulse the plasma expansion perpendicular to the target slows
down drastically; its further expansion occurs mostly in the
direction parallel to the target surface. In this stage the plasma
has a flat shape where its length parallel to the target is almost
twice the height (direction normal to the target). The flat shape

DO0.5us W20ns

D3 psW20ns D4 1s W20ns D5 us W20ns D 7usW30ns

0 8 8

D80usW5ps  [D1204s W5 s

z (mm) z (mm) z (mm) z(mm)

Fig. 2 Fast photography of the plasma evolving from the target (placed on the left) captured at different delays D from the laser pulse with acquisition

gate width W.
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of the plasma is visible until ~10 ps; later it fulfils the growing
vapour bubble and is characterized by the formation of glowing
centres and their clustering. A flat plasma shape on submerged
targets was observed by different authors,>>" but a long lasting
emission (well beyond 1 ps) was reported only recently.>® The
typical duration of underwater plasma emission found in
the literature is very short, in the order of a few hundreds of
nanoseconds®® or even shorter.®> However, there are some
studies that discuss about light emission on a longer timescale
of a few microseconds. Lam et al.>* gave a temporal dependence
of the intensity of atomic Al lines and molecular AlO bands for a
time period of 6 ps after the laser pulse. Although in ref. 33 the
plasma plume formation and shape were not imaged, the
experimental data clearly demonstrate that some emission still
exists after several microseconds from the laser pulse. In ref. 25 a
visible plasma emission was documented up to delays of 1000 ns
and 2000 ns, for laser pulse durations of 20 ns and 100 ns,
respectively. To date, a long lasting plasma emission after a SP
laser excitation underwater was reported only by Lazic et al.,*®
where the plasma plume was detected up to 30 us from the laser
pulse. There, the plasma flattening was also observed and the
authors identified two distinct plasma stages. The first stage,
lasting for about 1 ps, is characterized by the rapidly expanding
plume and by ejection of macroscopic hot particles from the
sample surface; at the end of this phase the plasma emission
almost disappears. In the second phase, the newly forming
plasma expands slowly and smoothly from the target into the
growing vapour bubble. This secondary plasma formation was
explained by complex interaction of the hot plasma front with
the surrounding which leads to the propagation of a high
temperature and high pressure region back to the target. Similar
phenomena were reported for LA in air’***® where a newly
formed emissive plume detected at 3 ps after the laser pulse
was attributed to the expulsion of the material by the backward
reheated and melted sample layer. Slow target evaporation
through the backward reheated target into the growing bubble
was recently explained in the context of material removal during

View Article Online
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LA in liquids.*® This particular phase of LA is not always
observed and it depends on the experimental conditions.
Starting from the plasma photographs (Fig. 2), for each
acquisition delay the integral plasma intensity was calculated
by summing the pixel intensities over the same area and
subtracting the mean value over the dark region. The obtained
values were then normalized on the gate width, the number of
accumulations and on the nominal signal intensity as a function
of the applied iCCD gain. The influence of the iCCD gain on
the signal intensity was derived from measurements using an
external light source. The normalized integral plasma intensity
as a function of the acquisition delay is shown in Fig. 3, left.
The plasma emission decays rapidly during the first 100 ns, as
already reported in the literature.*® However, at a delay of 500 ns
we observed a sharp increase of the total plume intensity,
coincident with the change in the plasma shape (see Fig. 2). At
this point the plasma is well localized and enlarged on the target,
thus producing efficient heating and additional material eva-
poration. In Fig. 3, right, the position of the maximum intensity
plasma region above the target is shown as a function of time.
After the initial fast forward movement of the most luminous
plasma region (up to 250 um from the target), the same moves
back to the target after less than 100 ns. This is visible in the
inset of Fig. 3, right. Similar phenomena were previously
observed in the laser ablation of targets in air.*»** Other
mechanisms driving this “backward motion” of the intense
plasma emission towards the target (formation of the cavitation
bubble, rebound of the internal shockwave, etc.) are also possible
and should be further investigated. Successively, the position of
the most intense emission region remains almost constant for a
few microseconds and it is situated up to 200 pm from the target,
Fig. 3, right. This high intensity, well localized and stable plasma
over a few microseconds can be analysed using OES techniques
using a large number of accumulations and larger gate widths
with respect to the initial, fast decaying emission. In contrast to
our results, some papers>”**?” reported the plasma images with
a dark region immediately above the target; simultaneously, the
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Fig. 3 Left: temporal dependence of integral plasma intensity for early delays (main figure) and later delays (inset). Right: the position of the maximum
intensity plasma region with respect to the target for later delays (main figure) and early delays (inset).
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Fig. 4 Superimposed images of plasma photography (false colour) and shadowgraphy. Respective delays are shown in each photograph. Gate widths
for shadowgraph measurements are 0.5 ps for 20 ps delay, 1 ps for 20—-80 ps delays, and 2 ps for later delays. Gate widths for plasma photography are the

same as those in Fig. 2.

plasma lifetime was very short (in the order of 100 ns), probably
due to a lack of the backward heating of the target under the
specific experimental conditions.

To our knowledge, this is the first time that a long lasting
(over 100 ps) plasma emission was reported after single pulse
laser ablation of a submerged target. Actually, some optically
active species persist during the whole bubble cycle i.e. until
its first collapse. The coexistence of light emitting centres
and vapour bubble was checked using superimposed images
obtained by fast photography and shadowgraphy, recorded
using the same imaging system, and the results are shown in
Fig. 4. Here, it seems that the plasma confinement inside the
vapour bubble favours the long lasting optical emission, since
no emitting centres were observed outside the cavity wall.

These results are in line with the recent research on the
position and the origin of nanoparticles (NPs) in underwater
ablation, claiming that all NPs are trapped inside the cavitation
bubble.****2 The presence of the luminous emitting centres,
tending to aggregate in the well expanded bubble (Fig. 4),
indicates that the materials trapped inside the cavity hold
temperature high enough to emit detectable light during the
first evolution cycle. This conjecture is further justified by
temperature measurements with the AIO molecular band up
to a delay of 10 ps that clearly shows that the early bubble holds
temperatures as high as 3500 K under our experimental condi-
tions. Temperatures were evaluated using the program for AIO
synthetic spectrum generation’® and the example is shown in
Fig. 5. These temperatures agree with the values reported by
Casavola et al.*" obtained by modelling of the bubble dynamics.
If we adopt again the temperature values from the model*' at
the full bubble expansion 7'~ 1000 K, this late emission can be
ascribed to the blackbody radiation which can be detected
using the employed system up to 850 nm. On the other hand
it can be a weak emission from Na vapour which has a low
temperature of evaporation (~1156.090 K) and a low lying
excited level (16973, 16956 cm™ ') and is the longest observable

This journal is © the Owner Societies 2016
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Fig. 5 Example of temperature evaluation by comparison of calculated
and recorded AlO bands at a delay of 10 ps with 100 ps gate width.

line in the spectrum, up to 20 ps. A deeper understanding of the
nature of these glowing centres requires further studies.

Extension of the bubble and the plasma emission at different
delays from the laser pulse, measured along the target by
shadowgraphy and photography, are shown in Fig. 6. At the
beginning, their extension is similar but later, when the bubble
is well expanded, the optical emitting region in photographs
appears to be smaller than the bubble. We attribute this to an
optical effect because the expanded vapour cavity has a lower
refractive index than the surrounding water and behaves as a
negative lens.”>** Rays originating near the bubble edge and
travelling parallel to the axis of the collecting lens are deviated
strongly by the expanded and cooled bubble, so that they do not
reach the detector, thus creating the image of a dark layer close
to the bubble wall.

From Fig. 4, it is found that the maximum bubble expansion
occurs 260 ps after the laser pulse, and its radius is ~3.157 mm
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Fig. 6 The plasma and the bubble radius at the target plane, determined
from photographs.

and ~3.371 mm in the direction parallel and normal to the target
surface, respectively. The bubble remains slightly elongated
towards the laser source during the expansion. Differently, in the
shrinking phase a part of the bubble just above the target starts to
deform, increasing the contact angle, as evident in Fig. 4 at a delay
of 400 ps. Similar phenomena were also observed by Ibrahimkutty
et al.,** who speculated that still high surface temperature can be
responsible for the observed change in the contact angle between
vapour, liquids and solids.

In our experiment, the bubble collapses after about 475 ps
from the laser pulse. Based on the experimentally determined
radius and collapse time of the bubble, the energy contained in
the bubble was estimated using formula (1) widely used in the
literature:>**

Eb = V(pstat - pv) (1)

where V denotes the bubble volume. The difference between
static pressure in liquid and pressure of the vapour inside the
bubble (pswar — pv) is inferred using (2)

Ty =2-0.915 Rugey/— )
PDstat — Pv

where Ty, represents the bubble oscillation period®”** i.e. time
elapsed between bubble formation and the collapse. The time
of the bubble collapse was determined from the Schlieren
images based on the release of the second shock wave upon
the bubble collapse, Fig. 7 - last two images in the sequence.
Eqn (2) was derived for spherical bubbles but has already been
proven to be applicable for elongated bubbles,”” as is the case
here. R, for elongated bubbles corresponds to the radius of a
sphere which has the same volume as the elongated bubble.**
In this way the energy stored in the bubble was calculated to
be 10.8 mJ. Three bubble rebounds were detected after the
initial collapse, which lasted up to 900 ps after the laser pulse.

# D0.4usW20ns [ D3.5us W 100 ng

s W 100 ngD 477 us W00 ns|

304 05 6 7 1

Fig. 7 Images of the shock wave obtained using the Schlieren technique,
at different delays D from the laser pulse; W is the acquisition gate width.
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During the successive rebounds the bubble had less regular
shape and it was flattened on the target.

From the measured position of the outer SW front, the
initial velocity of the SW is 3 km s~ at 100 ns; after 1 ps it
decreases to 1.6 km s~ '. The peak pressure as a function of a
SW velocity can be obtained using the equation found in the
literature."""*® For our experimental conditions derived values
of pressure are 2.29 GPa at the earlier delays and 86 MPa after
1 ps, similar to those reported in the literature.>> The velocity of
the second SW could not be determined using the employed
measurement procedure due to slight fluctuations in the time
of the bubble collapse and the subsequent release of the second
SW (£2 ps).

We return now from mechanical effects to optical emission
which is of primary interest from the standpoint of LIBS. From
the LIBS spectra acquired at different delays from the laser
pulse, analogous to the results related to Fig. 2, we observed
two distinct phases of plasma evolution. The first phase is
dominated by an intense continuum emission that is a direct
consequence of a large electron density. This phase lasts
shortly, up to a delay of 500 ns from the laser pulse. Here,
the resonant lines of aluminium 3s*3p-3s”4s (*P°-?S) and
sodium 2p°®3s-2p°3p (*S-’P°) impurities were detected; these
lines were highly broadened and almost masked by the con-
tinuum emission. Beside the atomic lines, molecular AlO bands
(0,0) B’Z* — X°Z" were detected already at 100 ns after the laser
pulse. Appearance of the molecular bands so early in the plasma
is characteristic of rapidly cooling underwater plasmas.'"
Furthermore, due to an efficient dissociation of water molecules
which produces abundance of oxygen atoms in the plasma, the
oxidation rate of the target material is high leading to the
formation of AlO species. The same molecular emission during
underwater LA of alumina was recently reported by Lam et al.*?

After 500 ns from the laser pulse, the plasma continuum
radiation almost completely vanishes but the emission from
low lying levels of atoms and molecules is still present (Fig. 8a).
A further increase of the acquisition delay up to 2 us leads to a
new growth in the analytical signal (Fig. 8b). Comparing the
spectra obtained at delays of 0.5 pus and 2 ps, in the second case
there is a significant improvement in signal strengths and the
quality of the lines. By setting the gate width to 100 ps at a delay
of 5 ps clearly resolved spectra with further improvement in the
signal to noise ratio are obtained (Fig. 8c). The longest lasting
emission is detected from Na atoms, probably due to the lowest
energy of the excited level. Weak Na emission was detected even
at delays of 20 ps. This result is quite comparable with the
emission duration in the gas surrounding.*”*°

Evolution of the peak line intensities after the background
subtraction, and the corresponding signal-to-noise ratios (SNR)
are depicted in Fig. 9. The delay times before 0.5 ps are omitted
here due to a preponderant continuum contribution. Although
different lines have peak emission intensity at different delays,
from Fig. 9a it can be seen that the most intense emission is
delayed by 1-2 us with respect to the laser pulse for all of them.
This late LIBS signal increase is especially pronounced for the
molecular AlO species, which are optimally emitted when the

This journal is © the Owner Societies 2016


https://doi.org/10.1039/c6cp01515h

Published on 27 April 2016. Downloaded by Weizmann Institute of Science Library on 10/21/2019 8:20:27 PM.

View Article Online

PCCP Paper
6
a.
6+ All 12 AlO
Nal
3 al
[
- 8.
2
[}
c
[]
5 2]
4
385 390 395 400 405 484 488 492 496 584 586 588 590 592 594
6
b.
6 All 121 AlO Nal
s
< 4
Z 4 8
w
c
2
£
2.
2 4
0 ; . . 0 M - T 0
385 390 395 400 405 484 488 492 496 584 586 588 590 592 594
10
C.
16
61 N
al
- Al l AlO 81
s
< 12
z 4 *
(7]
S 8.
£ 4.
2]
4. 2
0 . ; : 0 WJ ; ; 0-
385 390 395 400 405 484 488 492 496 584 586 588 590 592 594

wavelength (nm)

wavelength (nm)

wavelength (nm)
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temperature is between 3500 and 4000 K, because AlO radicals
dissociate into atoms at higher temperatures and form into
polyatomic aggregates at lower temperatures.’® The signal
quality in terms of SNR importantly increases for longer delays
(Fig. 9b). For the molecular species the maximum SNR, measured
with a gate width of 0.5 ps, occurs 2 ps after the laser pulse, while
the atomic transitions show a steady increase of SNR up to 4 ps.
The line intensity evolution for delays up to 10 ps, measured with
a gate width of 100 ps, is shown in Fig. 9¢, and the corresponding
SNR is given in Fig. 9d. Increasing the gate width during the
secondary plasma evolution leads to a manifold increase in the
SNR with respect to the detection of the early plasma with short

This journal is © the Owner Societies 2016

acquisition gates often used in the LIBS experiments,'®'*2%232

The corresponding emission lines are well resolved and almost
free from the continuum background, as evident from Fig. 8c.
Based on the FWHM of recorded lines and on the low
continuum component, it is clear that secondary plasma has
much lower electron density than the initial plume formed
immediately after the laser pulse. In the secondary plasma
phase there are no violent material expulsion, and no abrupt
changes in pressure, temperature and shape. In this phase, the
vapour bubble is already formed, and its presence seems to
increase the secondary plasma persistence, as in the case of
double pulse LIBS.>'*** The just formed bubble is small, so
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there is a limited heat exchange across its interface with the
surrounding liquid interface. The plasma expansion is also limited
by the bubble wall and remains well localized during the first tens
of microseconds. Later, due to a large bubble expansion, the
confined plasma no longer holds high pressure and temperature,
and hence the emission from the excited states of atoms and
molecules progressively disappears. The disappearance of the LIBS
signal also occurs due to the movement of the maximum intensity
region away from the target (Fig. 3, right), so that it is not focused
efficiently onto the entrance slit of the spectrometer.

4 Conclusions

The results of the spatial and temporal studies of the plasma formed
after single pulse laser ablation of the aluminium target underwater
performed using different optical techniques are presented here.
The obtained results show that it is possible to produce long
lasting plasma underwater by applying single pulse laser ablation.
Here detected plasma has two characteristic evolution phases. In
the first stage, immediately after the laser pulse and with a duration
of less than 500 ns, the plasma rapidly expands and decays, where
the optical emission is characterized by an intense continuum
component and very large widths of the detected lines. Here, the

14636 | Phys. Chem. Chem. Phys., 2016, 18, 14629-14637

LIBS signal has a poor quality in terms of the spectral resolution
and signal-to-noise ratio. The successive plasma phase starts from
the backward reheated target. Its emission has a stable position
close to the target and still growing intensity over tens of micro-
seconds from the laser pulse. Later optical emission, detected over
the whole bubble cycle, remains confined inside the expanded
vapour cavity. The secondary plasma has significantly lower elec-
tron densities with respect to the first plasma stage, and hence it is
almost free from the continuum component.

Here, we demonstrated that well resolved and intense spec-
tral lines can be obtained by single pulse laser excitation if
avoiding the initial phase of the plasma evolution (approxi-
mately during the first 500 ns), and by using large acquisition
gate widths, in the order of 10-100 ps. These findings are very
important for performing LIBS measurements inside a liquid
environment, since a good analytical signal can be obtained by
using a single, commercial laser source.
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The fundamental physics of the magnetic field distribution in a plasma implosion with a preembedded
magnetic field is investigated within a gas-puff Z pinch. Time and space resolved spectroscopy of the
polarized Zeeman effect, applied for the first time, reveals the impact of a preembedded axial field on the
evolution of the current distribution driven by a pulsed-power generator. The measurements show that
the azimuthal magnetic field in the imploding plasma, even in the presence of a weak axial magnetic
field, is substantially smaller than expected from the ratio of the driving current to the plasma radius.
Much of the current flows at large radii through a slowly imploding, low-density plasma. Previously
unpredicted observations in higher-power imploding-magnetized-plasma experiments, including recent,
unexplained structures observed in the magnetized liner inertial fusion experiment, may be explained by
the present discovery. The development of a force-free current configuration is suggested to explain this

phenomenon.

DOI: 10.1103/PhysRevLett.122.045001

Compression of magnetic flux and magnetized plasma is
a fundamental problem manifested in a variety of con-
ducting fluid phenomena in laboratory plasmas and astro-
physics [1-5]. Recently, this subject has gained particular
interest due to the advances in producing plasmas of high
temperature and density for fusion purposes, based on the
approach of magnetized plasma compression [3,6]. These
advances follow three decades of experimental [7—14] and
theoretical [15,16] research. Some of the magnetized-
plasma implosion experiments [7,8,11,17-19] reveal new
and unpredicted phenomena, yet to be fully understood,
which dramatically differ from those observed in implosion
experiments without a preembedded axial magnetic field.
These include significant changes in the plasma dynamics
and radiation emission properties, specifically, (i) the for-
mation of helical structures [17,18], (ii) larger than pre-
dicted implosion time and plasma radius at stagnation
[18,19] accompanied by strong mitigation of instabilities
[11,18], and (iii) reduction of the continuum [7,8] and
K-shell emission [11]. In order to advance the concept of
magnetized plasma compression, it is essential to under-
stand the governing mechanisms of these phenomena.

A key parameter for the understanding of the physics
occurring during the implosion and at stagnation is the
compressing azimuthal magnetic field (B,). Knowledge of
the magnetic field is required for inferring the current
distribution, the magnetic field diffusion, the energy bal-
ance, and for comparisons with simulations. However,

0031-9007/19/122(4)/045001(5)

045001-1

reliable experimental data on the B-field distribution in
Z pinches are scarce due to the high electron densities,
high ion velocities, and transient nature of the plasma,
which make measurements of B fields in such plasmas
rather difficult. We note a few examples of such spectro-
scopic measurements in gas-puff Z pinches [20-22], and
measurements based on Faraday rotation in wire-array Z
pinches [23].

Here, we present an experimental determination of By
throughout the magnetized plasma implosion, achieved
using a noninvasive spectroscopic technique that provides a
high sensitivity for the Zeeman effect [24]. This technique
is based on the polarization properties of the Zeeman
components for light emission viewed parallel to the B
field, as described in Refs. [25-28], and recently imple-
mented for Z-pinch implosions [22]. These measurements
showed that the application of an initial axial magnetic field
(B,o) has a significant effect on the current distribution in
the plasma: a large part of the current does not flow in the
imploding plasma, rather it flows through a low-density
plasma (LDP) residing at large radii (here, by “current
distribution” we mean the partition of the total current
between the flow in the imploding plasma and the LDP).
We believe that these findings are of general nature and can
explain various unexplained phenomena mentioned above.

We note that previous measurements in classical Z
pinches have indicated that during the stagnation some of
the current is carried by an imploding trailing plasma [23,29].

© 2019 American Physical Society
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FIG. 1. (a) Schematic description of the experimental setup
and spectroscopic system used for B, measurements. (b) Shot-
averaged current traces obtained with a B-dot probe (z = 5 mm,
r = 120 mm) for different values of B, (more details are given
in the Supplemental Material [30]).

However, here we show a completely different phenomenon
that is directly related to the presence of an applied B,.

In our configuration [Fig. 1(a)], a cylindrical argon gas-
puff shell (initial radius 19 mm and mass 30 ug/cm, as
determined by interferometry), containing a preembedded,
quasistatic axial magnetic flux (B,y < 0.4 T), prefills the
anode-cathode gap (10 mm). Subsequently, a pulsed
current (rising to 300 kA in 1.6 us) is driven through
the gas, ionizes it, and generates an azimuthal magnetic
field that compresses the plasma radially inward together
with the embedded B, field. B, is generated by a pair of
Helmholtz coils (HC) carrying a long current pulse (~5 ms)
to allow for the diffusion of B into the anode-cathode gap.

As shown in Fig. 1(a), the imploding plasma column
is radially observed. The collected light passes through a
quarter-wave plate that transforms the circularly polarized
ot and ¢~ components into orthogonal linear polariza-
tions that are subsequently split using a polarizing beam
splitter. Each of the two polarizations is then imaged on
a separate linear array of 50 optical fibers. The two ends
of the fiber arrays are imaged along the entrance slit of a
high-resolution (0.3 A), imaging spectrometer; its output
coupled to a gated (10 ns) intensified charge-coupled
device (ICCD). This setup allows for a simultaneous
recording of the two polarization components, emitted
from exactly the same plasma volume, on different parts
of a single detector, with a spatial resolution of 0.3 mm in
the radial and axial directions.
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FIG. 2. (a) Spectral image of the Ar Il 4s —4p transition
(4 = 3301.85 A), for B.o = 0. (b) Spectral line shapes of the ¢
(blue circles) and ¢~ (red squares) Zeeman components along
with the best fits (blue solid and red dashed lines). (c) Spectral
image for B, = 0.4 T. (d) Explanations are the same as in (b). y
is the distance of the chord to the axis. The dashed white vertical
line in (a) and (c) represents the unshifted position of the line
center (By = 0). The horizontal lines mark the lineout positions.

Here, for the determination of By, we use the 6+ and 6~
Zeeman components of the Ar III (*S)4s3S, — (4S)4p P,
transition (4 = 3301.85 A). Figure 2(a) presents a typical
spectral image obtained at z =5 mm (z = 0 is the anode
surface) and r =806 ns (t =0 is the beginning of the
current pulse) for B,y = 0. The upper and lower halves
show the plasma emission of the 6 and 6~ components,
respectively, chordally integrated along the line of sight.
Figure 2(b) shows the line shapes of the 6 and 6~ Zeeman
components, obtained from the spectral image [Fig. 2(a)]
by integrating the data over Ay = 0.3 mm at the outermost
y of the plasma, along with their best fits. rjy, is defined at
20% of the peak emission after inverse Abel transform of
the Ar III line intensity distribution (the Ar III line is
optically thin and 2D images confirm that the plasma
posses cylindrical symmetry). For B= Bgé, using the
emission from the outermost plasma radii ensures that
the line of sight is parallel to B.Itwas verified, using visible
2D imaging, that the outermost radii of the imploding
plasma and of the Ar III emission coincide.

Since the Zeeman splitting within each of the ¢ compo-
nents is small (<£0.025 AforB =1 T), each of the " and
o~ line shapes is fitted with a Voigt profile, where the
Gaussian part accounts for instrumental and Doppler
broadening, and the Lorentzian part is due to the Stark
broadening. B, is then extracted from the wavelength
difference between the peaks (AA) of the best fits [where
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FIG. 3. (a) By as a function of the outer imploding plasma
radius, measured at z = 3.5 mm for B,; = 0, 0.1, 0.2, and 0.4 T,
together with the B, expected, calculated using the total current.
The upper scale shows the typical times that correspond to each
plasma radius (times of stagnation for B,; = 0,0.1, 0.2, and 0.4 T
are 860 £ 20, 920 + 20, 1030 £ 30, and 1160 + 40 ns, respec-
tively). (b) By measured and B, expected as a function of time at
the LDP outer radius (rou 1 pp ~ 25-27 mm) at z = 3.5 mm for
B,y = 0.4 T. (c) Currents inferred from By measurements within
the imploding plasma (red squares), Ijy,, and within the LDP
outer radius (red stars), I pp + limp, together with /o, (blue line)
from the B-dot measurement, for B,y = 0.4 T. Grey region
around the I, represents uncertainty in the total current
measurement.

By(T) = 5 x AA(A) [24], for the Ar I line], and n, is
obtained from the Lorentzian width.

Figures 2(c) and 2(d) are the same as Figs. 2(a) and 2(b) but
for B,y =0.4 T, obtained at = 1110 ns. The spectral
images in Fig. 2 are chosen such that, at the time of their
recording, the outer plasma radius is similar (i, ~ 7.8 mm
for B,y = 0, and ryy,, ~# 7.2 mm for B, = 0.4 T). For these
conditions, and assuming the entire current is flowing
through the imploding plasma, we expect that By, would
be lower for the case of B, = 0, due to the significantly
smaller current measured by the B-dot probe at the time of the
spectra recording [~195 kA for B, =0, ~270 kA for
B,y =04T, as seen from Fig. 1(b)]. However, while the
measured By in the case of B,y = 0is By = 5 T, as expected,
in the case of B,y = 0.4 T, the measured By = 2.1 T is
much lower than expected from Ampere’s law. Considering
the fact that, in implosions with axial B field, the total B
might be not parallel to our line of sight, the calculations
show that the true By is even lower than 2.1 T.

Figure 3(a) shows the measurements of By at the plasma
outer radius for By = 0, 0.1,0.2, and 0.4 T, together with B,
expected, calculated by assuming the entire measured circuit

current flows within the plasma radius (By = piol /277 ip,).
We note that each data point is obtained from a separate shot,
and that different sets of shots have shown that the results
were reproducible to within the error bars indicated. For
B,y =0, By measured shows that the entire current flows
within the imploding shell. On the other hand, for B4 > 0,
By measured differs significantly from B, expected. This
phenomenon is observed over the entire anode-cathode gap
(see Supplemental Material [30]). This shows that the
application of B, significantly affects the current distribution
in the plasma, such that only part of the current flows through
the imploding plasma. Furthermore, it is seen that the fraction
of the total current that flows in the imploding plasma
decreases with B,,. Additionally, Fig. 3(c) shows that for
B,y = 0.4 T the current within the imploding plasma drops
with time. Before we discuss the implications of these
measurements on the plasma dynamics, we first show that
the missing current flows in a low-density plasma (LDP)
residing at radii larger than that of the imploding plasma.

To this end, plasmas were searched for up to the vacuum
chamber wall using 2D and spectral imaging (see
Supplemental Material [30]). These measurements revealed
the existence of plasma at 20 < r < 27 mm, which consists
of argon, carbon, and hydrogen ions (10'°<n, <107 cm™3
from Stark broadening, T, ~ 4-6.5 eV from line intensities).
By measurements at the outer radius of this LDP,
using Zeeman splitting of the C IV 3s — 3p transition
(4 = 5801 A) are presented in Fig. 3(b). It shows that the
current flowing within <27 mm accounts for nearly the
entire current measured by the B dot [see Fig. 3(c)], providing
a definite answer for the missing current in the imploding
plasma.

It is emphasized that the LDP is also observed when
B,y = 0. However, its n, and T, remain low throughout the
implosion (n, <10 cm™3, T, <2 eV), consistent with
the absence of current flow there. It is only in the presence
of B,y > 0 that the LDP carries a significant part of the
current.

It can be further seen in Fig. 3 that the ratio of /; pp to the
imploding plasma current rises with time. This is explained
by the rise of the imploding plasma impedance due to the
increase of d(LI)/dt and resistance (plasma cross section
is decreasing, but its resistivity, inferred from 7, measure-
ments, is nearly constant), whereas the LDP impedance
remains almost constant [this explains the difference
between the current traces shown in Fig. 1(b)]. We note
that I} pp may be also limited by ion acoustic turbulence
(IAT) [31], which for the LDP parameters limits I;pp
to ~100-200 kA.

The present measurements demonstrate that, in the
presence of B, much of the current flows at large radii
in a slowly imploding, low-density plasma. Here, we show
that these findings can explain the unpredicted and unex-
plained phenomena observed in previous studies of B,
compression [7-9,11,17-19,32,33]. For example: (i) B,
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significantly slows down the plasma implosion and
increases the final stagnation radius [18,19], while simu-
lations using the NRL 1D radiation-MHD code [34] predict
that the B, counterpressure is too low to have such
significant impact on the plasma dynamics. In our experi-
ment, the implosion time for B,y = 0.4 T is ~35% longer
than for B,, = 0, while simulations, assuming the entire
current flows in the imploding plasma, predict an implosion
longer by only ~2%. (ii) A very small B, = 0.28 T relative
to the By generated by the discharge current, practically
eliminates the x-ray yield in the experiment on the 2.5-MA
GIT-12 generator [11]. (iii) A relative very small B, =
0.1-0.2 T significantly stabilizes the implosion and stag-
nation in our experiment [ 18], and in the experiments on the
0.9-MA COBRA [32] and 1-MA ZEBRA facilities [33].
(iv) Unexpectedly large pitch angle of the helix-like plasma
structures is observed in the magnetized liner inertial fusion
experiments [17]. Assuming the observed plasma structure
is generated at the outer radius of the imploding plasma

and is along B, a very small pitch angle is expected since
By > B,y. We suggest that the large pitch angle is induced
by two processes: the reduced fraction of discharge current
that flows in the imploding plasma, and an amplification
of B, due to an azimuthal current density (jy) in the LDP
(that might be present outside the liner due to liner
evaporation or plasma from electrodes), as explained
below. We note that the possibility of current flow in
peripheral plasma of the magnetized liner inertial fusion
experiment has been already suggested [35], together with
a mechanism, that is different from the one outlined here, to
explain the large pitch angle.

The properties of the peripheral plasmas, which might
have shunted current from the imploding plasma, are not
known in the experiments mentioned above, nor known
is the fraction of the current flow outside this plasma. The
present Letter demonstrates that such Zeeman-effect mea-
surements might be essential for revealing small fractions
(~10%) of current loss to the LDP, while they cannot be
inferred from the plasma implosion time (as commonly
done), although such current losses can significantly affect
the final stagnating plasma properties.

We suggest a possible explanation of this phenomenon.
It} is known [36] that _plasma in constant and uniform electric
(E) and magnetic (B) fields, which are perpendicular (i.e.,
B,y = 0), reaches the drift velocity Ty = (E x B)/B2 At
this velocity, the effective electric field E‘eff —E+3xB
vanishes, and j, is driven only by spatial gradients of the
plasma parameters. For B,y = 0, the current in the LDP
due to the gradients in the plasma properties is very small
and the entire current can flow in the imploding plasma.
This situation changes when B > 0, since at vy, Eeff # 0,
allowing current flow in the LDP. This can be seen from

the generalized Ohm’s law for constant E= E.Z, and
E = Bgé + Bz2:

O Vg, = m_, . ixB
—=—(E4+UXB) = Vgj] — We —=—» (1)
at 77 €l ce ‘B|

where 7 is the plasma velocity, its evolution is given by

0)0t = ] x B/p (vg as electron-ion collision frequency,
. as electron cyclotron frequency, and x as plasma
resistivity). The pressure terms are omitted since, for the
LDP conditions,  ~ 1072-10"". The steady-state solution
of Eq. (1) is the force-free current configuration, j,=
(Ez/n)(Bz/B)27 j0 = (Ez/’/[)BzBﬂ/Bz’ and Uy = Vdrifts
which for the LDP parameters is reached on timescales
[36] of Tyeady = Vei/ (@ee®i) ~ 10-30 ns (@, is ion cyclo-
tron frequency) that is much shorter than the characteristic
implosion time (hundreds ns). Note that j, in the LDP
generates an additional B, flux in the LDP and in the
imploding plasma.

While the LDP plasma carries a large fraction of the
current, no significant inward motion of this plasma is
observed. Indeed, by estimating the vg4;; of the LDP for
E,ipp~15x10* V/m (using Spitzer resistivity and
assuming uniform current distribution for 7,1 pp ~ 200 kA
and 20 < rpp <27 mm) and B, ~ By ~ 1 T, yields vy ~
7.5 x 10° cm/s that is small compared to the imploding
plasma velocity, vjy, ~ 3 X 10° cm/s. This discussion does
not apply for the imploding plasma since the assumptions of
constant E and B (Tstcady ~ Limplosion ~ 1 #8) and the neglect
of the pressure terms are not valid there.

We emphasize that the development of the force-free
configuration in LDP is suggested here only as a possibil-
ity. To test this explanation requires further measurements,
in particular investigation of a B, increase due to possible
Jo in the LDP. In addition, three-dimensional modeling that
involves processes beyond MHD is required to explain the
observed phenomena and to test our hypothesis. Simulations
of this kind have been recently published [37,38].

As said above, the significant effects of B, on the
implosion dynamics are due to current loss to the LDP,
and thus occur at B,y values much lower than required
for affecting the implosion dynamics, based on the
compressed-B,-pressure considerations. The values of B,
(relative to By) in the various experiments that affect
significantly the implosion dynamics require further inves-
tigations; it depends on the geometry, the resistivity of the
imploding plasma and the LDP, and on the LDP properties
relevant to IAT or to the force-free current timescale.
For example, in our experiment, it was found that ~10x
reduction of the LDP density, obtained by moving the
Helmholtz coils outside of the vacuum chamber, together
with a few initial discharges to clean the electrodes from
adsorbates, almost eliminated the current conduction
through the LDP for B_, up to 0.3 T, also consistent with
IAT estimates. The present results demonstrate that a LDP,
which may inevitably be present in high-power systems
due to various processes, can affect severely the current
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distribution, and possibly lead to the development of force-
free configurations.
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Kommucuja 3a cTHIIaKk-€ HAYYHHX 3Bamba

bpoj:660-01-00042/609
25.03.2015. roauHe
beorpan

Ha ocHoBy unana 22. craa 2. umana 70. ctaB 5. 3aKoHa o Hay4YHOMCTPAKNBAYKO]
nenarsocty ("Cryx6enn rmacuux PemyGmuxe Cpouje", 6poj 110/05 u 50/06 — ucnpaska u 18/10),
grana 2. ctaBa 1. u 2. tauke 1 — 4.(nmpwio3u) 1 unana 38. IIpaBuiHuKa O NOCTYNKY W HaIMHY
BpeHOBAbA M KBAHTHTATHBHOM WCKa3WBaiby HAyYHOMCTPOKUBAUKMX pe3yiTaTa MCTpakHBatia
("Ciyx6enn rnacunk Perry6iike Cpouje”, 6poj 38/08) u 3axTeBa KOjU je MOIHEO

Huciauinyiu 3a pusuxy y beozpady

KomucHja 3a CTHIIake HayuHHX 3Barba Ha CEIHULIM onpxanoj 25.03.2015. ronune, noHena je

OJIYKY
O CTULIABY HAYUHOI 3BAIBA

/Ip Mapxo Ileejuh
CTHYE HAYYHO 3BambC
Hayunu capaonux

y 0671acTH MPUPOIHO-MAaTEMAaTHUKHX HayKa - (pr3HKa

O F P A 3J OXE B E
Hucimuinyiu 3a pusuxy 'y beozpaoy

yTBpaKO je mpemior 6poj 1648/1 on 09.12.2014. ronuse Ha CeAHMUM HAYIHOT Beha MHcTuTyTa
1 ToaHeo 3axTe KoOMUCH]H 3a cTHIAe HayuHuX 3Bawa 6poj 1700/1 ox 18.12.2014. roaune 3a
* JJOHOIIERe OUTYKE O HCIYH-EHOCTH YC/I0Ba 3a CTHIIame HayqHor 3awa Hay4Hu capaoHux.

KoMucHja 3a cTHIAmbe HaydHHX 3Bama je 10 IPEeTXOIHO nprubaB/FEHOM MO3MTHBHOM
MUIUBeEY MatuuHor HaydqHor onbopa 3a (PU3HMKY Ha CETHUIM onpxanoj 25.03.2015. romune
pa3Marpaia 3aXTeB M YTBPAMJIA J1a UMCHOBAHH HCIyHaBa yClIOBE U3 HIiaHa 70. ctaB S. 3akoHa O
Hay4HOMCTpaxkuBaukoj AenatHocTH ("CiyKOeHH ITacHUK Peny6iuke Cpbuje", 6poj 110/05 n
50/06 — ucnpaska u 18/10), unana 2. ctapa 1. u 2. Tavke 1 — 4.(npuno3u) u unana 38. [TpaBunHnka
0 TIOCTYIKY M HAuMHy BpEIHOBAama M KBAHTHTATHBHOM HMCKa3UBAIbY HAYYHOMCTPLKMUBAUKIX
pesynrtata uctpaxusada ("CiayxkOeHH ITTaCHUK Peny6nuke Cpbuje", 6poj 38/08) 3a cruuame
HAYJHOT 3Bama Hay4nu capaonuk, na je OJuIydua Kao y u3peun oBe olTyKe.

HOHOI_HeHzeM OB€ OJUUIyK€ UIMEHOBaHM CTHYC CBa Ipasa KOja MY Ha OCHOBY b€ 11O 3aKOHY

IpuUnaaajy. ,

OTyKy JOCTaBMTH MOJHOCHOIlYy 3aXTeBa, MMEHOBAaHOM M apXMBH MunKcTapcTBa
TIPOCBETE, HAyKe U TEXHONOIIKOT pa3Boja y beorpany.

NPEJCEJIHUK KOMUCHJE
JIp Cranucnasa Cromuh-I'pyjuanh,

Hay4YHH CaBETHHK
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