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Hay4unom sehy HacruryTa 32 pusuky

IIpeamer: Munmbeme pyKoBoAHONIA TPojeKTa 3a per3dop Munnme Bunuh
Y 3BaH-€ HCTPAKNBAY CapaTHUK

Mununa Bunuh, 3anocnena y Jlaboparopujn 3a cnekTpockonujy muasme u Gusuky nacepa
Wuctutyra 3a (u3EKy, aHraxoBaHa je Ha mpojektuma: (1) w3 00JacTH OCHOBHHX
HCTpaKHBarba OM171014 oI HAacJI0BOM ..CIleKTpocKoIcka JHjaTHOCTHKA
HUCKOTEMIIepaTypHe Ta3Me W TacHUX TMpakmerma: OOJHIOU CHeKTpalHuX JHHHjA |
UHTEpakldja ca noBpummHaMa™, (2) mu3 o0jacTH TexHOJOmKOr pasBoja TP 37019
..Enexkrponnnamuka armochepe y ypbarum cpepunama Cpbuje”. Oba npojexra ¢uHaHCHpa
MunncrapeTBo npocBeTe, Hayke H TeXHOJIOMKOr pa3roja Penmybnuke Cpouje. Ha momenyTim
IIPOjeKTUMA Pajii Ha TeMH Jacepcke abaarmije.

C ob3upom na ucnymara cBe mpenpuhene ycioBe, y CKIagy ca 3aKOHOM O HAy4HO-
HCTPaKMBAYKO] JETaTHOCTH 3a HM300pe y HMCTpaKHBadKa 3Bamka, CarjacHA CMO ca
MOKpETameM OCTYNKA 3a per30op Mumie Bunnh y 3Bame ucTpakuBad capaiHuk.

3a wranose Kommcuje 3a pemsbop Mmmie Bunuh y 3pame HCTpakuBay capagHHK
[peUTaKEMO:
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Hayuynom Behy UHcTHTYTA 32 PU3UKY

Ipeamer: AHanu3a HayyHe aKTUBHOCTH Musmue Bunnh

Hayuna aktuBHOCT KanauaaTkumbe Mumnne Bunnh y UHctuTyTy 3a hrsuky ycmepena je
Ha UCIIUMTHUBAE Ipolieca Jlacepcke abialuje 10 Koje A0ja3u MPHIMKOM HUHTEPaKIUje JacepcKor
3pauema ca MarepujajJoM Ipu dyemy ce ¢opmupa miazma. KanaupaTkuma ce MpeBacxXoHO
0aBuJia aHAJM30M ONTHYKOI EMHUCHOHOT CleKkTpa miaazMe. OBa UCTpaxkuBama Oulia cy ycMepeHa
Ka pa3Bojy CHEKTPOCKOIIUje jacepoM uHaykoBaHor npoboja - JIMBC (Laser Induced Breakdown
Spectroscopy), koja ce mpuMmemyje 3a oapehuBame cacraBa pasiUUMTHX y3opaka. OCHOBHH
HE/IOCTAaTaK OBE METOJE Cy BHCOKE TIpaHHIIE JETEKIMje yciel MajlhX HWHTEH3UTETa YOUCHUX
cnekTpanHux JuHyuja. [loBehaBame HHTEH3UTETa CHUMIBEHUX JIMHU]a OCTBAPUBAHO j€ IPUMEHOM
JIOJATHOT EJIEKTPUYHOT TPaXHEeha WHHUIMPAHOT JIACEPCKOM abiamujoM Mete. Y Ty CBpXY,
u3paheHa je 1eB y Kojy je Ouna mocraBibeHa poTupajyha mera oja jerype aiymuHujyma. Ha
KpajeBrMa IIEBH CMEUITEHE Cy €JIEKTPOe o/ Bospama. Y MHTEPAKIHjU JTACEPCKOT UMITyJIca ca
MeTOM Jo71a3u A0 dopMupama HHULIMjATHE J1a3Me, IPU YeMy ce MHAYKYje Mpaxmeme nimehy
enekTpona. Ha oBaj HauMH MOCTUTHYTO je MomaTHO MoBehame TeMrieparype Iuiasme, a caMuM
THM W UHTEH3UTeTa JuHHja. McnuTuBama Cy BplIeHA MPU PAa3IMYUTHM MPUTHCIMMA aproHa,
XenjymMa WM Ba3lyxa, ca W 0e3 JOJaTHOT ENIEKTPUYHOT MPaXmCrma. YTUIA] HaBEACHUX
napaMmerapa orjieJia ce y IpoMeHH BpeMEeHa Tpajama Miia3Me, Kao U Yy IPOMEHU HeHE 3alpeMuHe
u uHTeH3uTeTa. CBH CHEKTPU Cy CHUMAHHU y Pa3IMYMTUM BpPEMEHHMA Tpajama IUia3Me, IITO je
OTBOPHJIO MOTYRHOCT 3a yTBphUBame ONTUMAIHUX YCJIOBA 32 CHHUMAamE CIEKTapa y OMHCAHO)]
KOH(HUTyparujH.

Jamu pan kanaugaTkume 0uo je BesaH 3a npumeny JIMBC ca gogaTHUM eneKTpUYHUM
MPAKIHEHEM 32 aHAIN3Y PAa3IMYUTHX TUIIOBA 3€MJBUIITA MPU aTMochepckuM ycinoBuma. OBakBe
BpCTE€ aHajM3a Cy BEOMa 3HauyajHe y IOJbONPUBPEIHO] HPOM3BOIKBU j€p C€ Ha OCHOBY
KapakTepUCTHKa TJIa OJAJy4Yyje O BPCTH arpoTeXHUYKHMX Mepa Kojuma Tpeda TpeTuparu
3eMJBUINITE, a CBE y I[MJbY KBAJIMTETHHjE€ MPOU3BO/AIE. [IOMEHYTOM METO/J0M MCIUTHBAaHA CY
YEeTUPH Pa3IUUMTa TUMA 3eMJBHINTA, IPU YeMy je oapeliBaH KBaJUTAaTUBHH CACTaB 3€MJBHIITA.
KBanturatuBHM cacTtaB 3emJpuIITa HHUje Omwio Moryhe ogpeauTu 300r HeIocTaTKa
onropapajyhux crannapna. IIpumeHoM KommapaTuBHE MeToze ojipel)eH je KBaHTUTAaTUBHU
cacTaB 3eMJBMINTA U Ha T4 HAYMH Ccy NOTBpheHu pesynratu aodujeHu npumenom JIMBC ca
JIOJaTHUM  ENIEKTPUYHHM TPaXImEeHheM. [Ipe  CIeKTPOCKONCKUX Mepema, MPOCTHpamhe
Mpou3Be/ieHe Ma3Me mpaheHo je mpumeHoM Op3e doTorpaduje ca BpeMEHCKOM Pe30TYyIIHjOM O
50 He. OBa ucTpakuBama OUila Cy HEOINXO0/IHa 3a oJipehuBame ONTUMAIIHUX yCJIOBa 32 CHUMAaHE
CIEeKTapa pa3IuYUTHX BpCcTa MeTa. YTBPHEHO je Ja MOCTOje pa3inKe Y CHUMJbEHUM CIEKTPUMA,
y 3aBUCHOCTHU 01 U3a0paHe 30HEe CHUMamwa. Y LEHTPATHOM JIeTy IpaKibemha IPUCYTHE CYy JIMHU]E
MaTepHjajia MeTe, 0K ce y MepudepHUM JeloBUMa, OJIMXkKe eJeKTpojiama, Mopes HaBEeAECHUX
JMHW]ja, HaJla3e W JIMHUj€ MaTepHjaia o]l KOjuX Cy HampaBJbeHe enekTpoje. [IpucyTBo oBUX
JTUHUja 3HATHO OTEXaBa aHaNu3y Beh KOMIUIEKCHOT CIEKTpa, Tako Ja je Ha TMOYETKY CBHX
Mepema OMII0 KJbYYHO OJIPEIUTH KOJH JIEO 3padera Tia3me Tpeba CHUMATH.

[Topen JIMBC TexHuKe, aHATM3UPAH jé U ONTHYKKA EMHCHOHH CICKTap KOjU ce n00Hja
abmarjom 3umoBa 1esu (BeO kepaMuke) myTeM eNeKTPUYHOT Mpaxibema. OBa HCTpaKUBamba Ouia
Cy ycMepeHa Ka J0o0Hujamy M3BOpa KOju OM MOrao Jia TIOCIyXH 3a 0e30elHO mocMaTpame JIMHHUja
Oepuinjyma, KOjU je BPJIO TOKCH4YaH. McnuTUBama Cy BpIICHA KaKO Ca Pa3IMYUTHM CICKTPUYHHM



KOH(UTypanrjaMa, Tako U ca Pa3IMIUTAM TOCTaBKaMa M BapHjaHTamMa caMoOT HM3BOpa JOK Ce€ HHje
nocturao pesynrar. CrekTpaaHe JIHHUje T00ujeHe MPUMEHOM OBAaKBOT M3BOpa 3padyckmha KOpHUIIheHe
cy 3a m3pauyHaBame lllTapkoBux mapamerapa. Ha oBOM eKCHepHUMEHTy je MpBH IyT MOTBphEHO
MOCTOjamke 3a0pameHNX KOMIIOHEHaTa HEeKHX JinHuja. Takole, mpUIMKOM paja je 3ama)eHo Ja Moj
yTHLIajeM Tpaximema JA0da3u 10 GopMupama mnpammae oepuwidjyma. OBakBa UCTpakuBamba Cy O]l
BEJIMKOT 3Hauaja 3a acTpoPHU3MKy - OCpUINjyM je TIPUCYTaH y BEJIMKOM OpOjy 3Be3/1a YHje ce 3paucHhe
npatu. OB MoJalM Cy BaXXKHU M 300T (y3HMOHUX UCTpaxkuBama. TpeHyTHo je y usrpaamu UTEP
(International Thermonuclear Experimental Reactor). IIpsu cioj 3umoBa 0BOr peakropa, KOju je y
JTUPEKTHOM KOHTakTy ca (OpMHpaHOM Iula3MoM, Ouhe HampaBibeH on Oepwinjyma. Bucoke
TEeMITepaType IIa3Me MOTY JOBECTH JIO TOIUbEHa, UCIapaBama 1 popMupama npanmHe Oepuiiujyma.
OBo 0m moBesno no omrehema 3ua0Ba Ccyna, ay W 10 IPOMEHE cacTaBa Iuia3Me. EkcriepuMmeHt je
CTIPOBECH y INJbY aHAJM3€e Mpoleca KOju JO0BoE A0 (popMHUpama MpalinHe.

KoHcTpyucas je u HCIMTHBAH jOIII jeZlaH CHEKTPOCKOIICKU M3BOP 3padema - mia3Ma Miias.
W3Bop mia3ma mutasa je Majux AUMEH3H]ja - eJIEeKTPOJIE Ce Halla3e Ha pacTojamy o 11M, a OTBOp
Ha eNEKTPO/M, KPOo3 KOjU Mpoja3u miazma mias, uMma aujamerap 0,6mm. [Iponaramuja miazma
Mia3a je npahena xopunihewmeM 0p3e dotorpaduje yume je TOTBphHEeHO HEroBO GopMUpPABE U
aHAJIM3UPAHO NPOCTUPAE. AHATU3UPAHU Cy U yIOpehBaHU ONTHYKY €MHUCHOHH CIEKTPH IUIa3Ma
MJIa3a | LIEBU y K0jOj ce OJBHjalio Mpaxkmkeme. CHUMambe ce 00aBJbao UCTOBPEMEHO, y3 ITOMOh TpU
¢dubepa - jenaH 3a CHUMAabe MPAXKKHEHA Y [IEBH, IPYTH 32 CHUMame TU1a3Ma miiasa u tpehu 3a end on
cHuMke. Ha ocHOBy oBuX cHMMaka Owio je Moryhe yTBpAMTH pasivKe y KOHIEHTpaLUuju Hu
TeMIepaTypu yHyTap caMe IIeBH U y IIa3Ma Mila3y, Kao M KOJHKH je MOjeMHaYHHU JTOPUHOC OBE
JBE IUIa3Me y YKYNMHOM curHaiy. [Ipaxmeme je yCIOCTaB/baHO y BHIIE TacoBa, MPAKIHEHEM
KOHJCH3aTOpa pAa3IMYUTHX KamauuteTa. MemaHe cy IUMEH3HWje, OTBOp M pacrojame usMely
€JIeKTpOJia, a CBE Yy LWJbY A0OHMjama CTaOWIIHOT HM3BOpAa KOjJU CE€ MOXKE KOPHCHUTH 3a aHAJIU3y
CHEKTpaJIHUX JIMHHUja raca. YTBpHEHO je Ja OBaKO KOHCTPYHCAH M3BOP HE MOXKe OUTH ynoTpeOsbaBaH
3a TpeTHpame OMOJIOIIKKX y30paKa 300T BUCOKE TEMIIEpaType U HUCKE eJIEKTPOHCKE KOHIIEHTpAIH]e.

Kao nacraBak ucTpaxkuBama, IpUCTYIHIIO ce ajboj Moaupukanuju JIMBC TexHuke, y nuipy
no0oJblIamka aHATMTHYKOT curHaina. Jlacepka abnanuja kopuiheHa je Kao MeTo/ YHOIICHA y30paka
y pasnmuunte u3Bope. Ilonazehu ox mzaeje na Ou yHouewmeM abiaupaHor MaTepujaia y APYry BpPCTY
npaxmema a00umM suHUje MeTre Beher wuHTeHsurera u nonymupune, JIMBC TexHuka je
KOMOMHOBaHa cCa THHBABUM IPAXKIEHEM, Ca MHUKPOTAIACHUM M3BOPHMA, BHCOKOCTPYJHUM
npaxmemnuma. CBaka KOH(UTypalyja je HICIUTUBaHa METOAOM OINTHYKE EMUCHOHE CIIEKTPOCKOIIH]e,
IPU Y€MY Cy CHUMIIM BPEMEHCKHU M IIPOCTOPHO pas3iiokeHu. Jlasbu paj KaHANAAaTKUbE YCMEPEeH je Ka
HACTaBKYy 3aI10YCTUX NCTPpAKMBabA.
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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:
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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:

oo se 1 i
2500 -] ——0.03 56 1 ® microjet

—————— 01 56

o
w
A
o
o
ENEN

20009 ——058 64 4

500

1[A]
Ne [10° m?]

000

500

Y

tius] : - tus] - ”
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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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

190



29th SPIG Low Temperature Plasmas

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.

27 524nm ~

k4
©

527nm

Absorbance
Absorbance
L
®

535nm

4
ES

0,4 T T T 1
400 500 600 700 800 400 500 600 700 800

a) A[nm] b) A [nm]
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
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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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beta spectral line, and the electron t rature is determined from the ratios of the relative intensities
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Publishi n’lg NTRODUCTION

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 element which has six times the specific stiffness of
steel and at the same time it’s one-third lighter than aluminum. This sinusual combination of
properties makes it suitable for a wide range of applications: aerospéice, military, information
technologies, energy exploration, medical and other advanced appligations.“Lhe three most used
forms of beryllium are beryllium-containing alloys, pure berylhum metaI and beryllium ceramics,
also known as beryllium oxide ceramic. \ N

Since Be is also naturally occurring element in metal- -poor stars 0N study of the spectral lines
emission of beryllium is important for astrophysics. For examp_le spectral lines coming from Be 11
deexcitation at 313.0 nm and 313.1 nm, are used for the ,analys'i"S‘-«_o_f some stars origin [2]. Hence,
basic knowledge about beryllium spectral emission is avaitq_ble bufistill, according to critical reviews
[3-9], spectroscopic investigations and Stark parametefs-studies.aré almost exclusively limited to Be
IT resonance lines at 313 nm [10-13]. In several ‘of these studies [10-12] plasma source was
electromagnetically driven “T” tube. Beryllium was"‘deposited'in the form of thin layers of BeClz2 on
the electrode [10, 11] and by dusting the quartz tube Wlth BeCl2 [12]. As for [13] beryllium was
deposited in the form of chlorides on the electrode of'Z, plnch

Because of its low atomic number dnd" Very low absorption for X-rays, the oldest and still one
of the most important applications of berylhum 18, in radiation windows for X-ray tubes [14, 15].

Also, the beryllium has been chosénwas the element to cover the first wall of ITER
(International Thermonuclear Experrmental Reactor) The first wall of ITER is a part of the blanket
that is constructed with 440 paels that completely cover inner wall of the vacuum vessel. Those
panels will be covered with 8-10: mm of beryllium armor, leading to approximately 12 tons of
beryllium in total, distributed over a Surface area of about 700 m> [16, Sec. 13.3.1.2]. In addition,
Beryllium oxide is also used as msulatlon in some ITER components [16, Table 13.3-1]. Beryllium is
material of choice i in ER due t0 its light weight, low tritium absorption and efficient trapping of
oxygen impurities af' s surface forming BeO. The drawback of Be is its low melting temperature
what makes it Vulnerable to edge-localized modes (ELMs) and disruptions [17]. ELMs and
disruptions may provoke 1arge thermal transient loads on beryllium components of the first wall
leading to rapid heating of beryllium surface. Rapid heating can result in plasma-surface interaction
processeg-andlc‘én___lead to material loss, melting, evaporation and formation of beryllium dust.
Erosion oft berylliurri"under transient plasma loads will determine a lifetime of ITER first wall [18].
The presence ‘of dust particles in fusion reactors has several consequences. There is a safety issue
becau&e Be 18, toxic in case of inhalation, so constant air monitoring must be provided [19]. Other
prob}ems regard the pollution of the plasma by particles, causing the reduced performance, or its
deposition on diagnostic equipment. Still, the knowledge of dust creation processes and behavior in a

- p_laé"i’na— environment is very limited [20], partially due to the previously mentioned safety issues
Wﬁe’i’rhandling plasma sources with toxic materials, as beryllium.
N\ Research on dusty plasma is gaining in popularity due to its unique properties and importance
for novel technologies [21]. Furthermore, the dust in plasma shows interesting fundamental
phenomena like plasma crystals and dust acoustic waves [22-24]. In many applications, besides
already mentioned ITER, the dust in plasma is unwanted effect, e.g. for plasma etching and thin film
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Publishi ﬁE position in semiconductor industry. This increases the relevance of dust particle formation studies
ol sets the need to relate it to some other physical phenomenon, like spectral emission from the
tokamak plasma [25, 26].

In addition, in situ examination of plasma facing materials in tokamak (beryllium and others)
by laser induced breakdown spectroscopy — LIBS [27, 28] requires the knowledge of theirs atomic
data (transition probabilities, Stark broadening parameters etc.). Lack of Stark parameters for Be
spectral lines was one of the main inspirations for this plasma source con$tﬁ1eti0n.

The main goal of this work was not only to obtain stable plasmassourcé«or beryllium spectral
lines study, but also to enable examination of dust particles influefice on emission spectra when
optimal conditions for Be spectral emission are achieved. The idea--:waé“to\_obtain beryllium spectral
lines from erosion of the beryllium oxide, BeO discharge tube, afd pfeferentially, the lines belonging
to transitions other than resonant, which are the only ones studled 1 deta11 up to now. To draw an
analogy with previous studies [10-13], in set up we used, beryThum was introduced through the
ablation of a ceramic tube settled inside the discharge tube  whichfallowed more consistent ablation,
longer and more reliable work, and appearance of garious“Be $pectral lines. In order to closer
investigate the influence of specific discharge tube maigrial on dust particle production and emission
spectra, two additional discharge tubes were made. Co_gstrq_c_:t_idn details and testing of BeO discharge
tube in comparison with SiO2 and Al2O3 disch‘ar'ge\_tube-s'“a:re also presented in this paper.

2 EXPERIMENT

-
iy

Experimental setup is presented 1n F’i‘g ., Capacitor C is charged between 4 and 8 kV, using
high voltage power supply, HV PS;’ Qperated through the laboratory made high voltage control.
When voltage reaches selected yalue, the pulse is generated by high voltage control and shaped by
the trigger unit in order to initiate ign_1tr0n__sw1tch which starts the current flow through linear pulsed
discharge tube. The current;shape is menitored by Rogowski coil and recorded with digital storage
oscilloscope, DSO (Tektromx TDS 360), see typical current shapes for different discharge tubes in
Fig. 2a. The same buy attenuated 51gnal from the Rogowski coil is used for the triggering of ICCD
camera (Andor DH720) see F1g 1. The acquisition gate width, tc and delay, tp are determined with
digital delay generator DDG (Stanford Research Systems SRS, Model DG535). The spectra are
recorded using gate Wldth of 50 ns at different delays in order to determine temporal evolution of
plasma parameters

The 1:1 Tmage of the radiation emitted end-on along the axis of the discharge tube is
projected on tlhe entrance slit (20 microns wide) of the Shamrock 303 (Andor) imaging spectrometer
usingf:folding:'miyfors M and M2 and quartz achromatic lens (focal length f= 33 cm). The change of
the (ii{fraction gfating (300, 1200 or 2400 groves/mm), slit width and wavelength position are
perforrﬁe"d--using commercial Andor Solis software. The instrumental width with 2400 g/mm grating
and 20 pm slit width, determined using Oriel penlight calibration lamps is 0.09 nm.
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3. EXPERI TAILS AND PROCEDURE

T digchar ¢ tube was made and studied under different experimental conditions. Electrode
material ‘and dindension, electrodes separation, discharge voltage, initial discharge pressure and
directign of various gas flows through the tube, see Fig. 3, were alternated. General layout and

onstruc etails of discharge tubes with special attention on safety measures are given first in 3.1,
loweéby the electrical characterization and optimization of the discharge in 3.2. Influence of

1s parameters on emission spectra is fully described and discussed in the Sect 3.3, while
éarance and some properties of the dust particles formed during the discharge operation are
cribed in the Sect. 3.4.

3.1. Construction details of the discharge tubes
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Publishin According to Material Safety Data Sheets, MSDS [29], beryllium, BeO and especially their
oot are highly toxic, and must be handled with great precautions. Therefore, the BeO discharge tube
with inner diameter 2.6 mm, outer diameter 10 mm and overall length of 130 mm was settled inside
the Pyrex glass tube with inner diameter 11.5 mm, outer diameter 14 mm and overall length of 140
mm, see Fig. 3a. In such a way, exposure of the beryllium tube to atmosphere was prevented.
Position of the inner (ceramic) tube inside the outer (glass) tube was adjusted using Teflon rings or
Teflon tape, see Fig. 3a. This extra space prevented cracking or destEZtion of the tube due to:
significant mismatch in thermal expansion coefficient between Pyre I;N{d BeO tube and/or
destruction caused by shock waves generated by pulsed discharge. }S

Several additional safety measures were undertaken to pr:
components and especially to BeO dust. When handling Be
mask, laboratory coat and goggles were used. Assembling afid manipulation of the discharge tube
were performed in the fume hood of the chemical part of thé taboratery.

The discharge tube connectors had gas inlet or outlet port and ¢lectrode holder in the middle,

osure to beryllium oxide
e surgical gloves, surgical

ending with Wilson connectors for vacuum tight comhectio one side, and quartz windows for
spectroscopic observations on the other side, see(&g. . The position of the high voltage

connections and electrically isolated support is alsopresentéd in Fig. 3b. Discharge tubes worked
under low pressure continuous gas flow. The m pplied from gas cylinder using regulation
and needle valve, with continuous monitoring“f ressure on the inlet side of the tube. Two
positions of the tube inlet were tested, 90° 45° angle relative to the discharge tube axis. The
liquid nitrogen cooled trap and HEPA (high effieiency particulate air) filter were inserted in the front
of and at the exit of the rotary vane yac gr\n}ump Gas exhaust from the vacuum pump was lead to

the pump settled outside the laboraté%ndﬁ( uipped with additional filter.
us

Two additional tubes wgr: he comparative study of the discharge tube material
influence on the dust generationé\TBE\ﬁrst one, made of alumina ceramics, Al2O3, with inner

diameter 2.6 mm, outer diameter 10 and overall length of 125 mm was settled inside the glass
tube with the same dimefisions as the one used for the BeO tube. The second one, made of quartz,
SiO2, with inner diaméter 3 ,jouter diameter 6 mm and overall length of 140 mm was attached

with an additional ter'to e‘?e ame construction, see Fig. 3c. In the Fig. 3a the inner diameter of

the hollow electrodes, d 1 ented. Throughout the experimental course of the study value of d was
changing betw qq)f)‘:.z\wqand 2 mm.

£
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Figure 3. a) Construction of the BeO tube and its position inst t/)e glass tube, b) discharge tube:
bc*é
4

In this study different gasses (Ar; ]t\h % of H2, He + 3% of Hz and 1:1 He/H2 mixture)
at different pressures (1, 2, 3, 4, 5, 20"and 90 mbar) were used. As the first step Pashen curves
were determined, and then current S&Nﬁ‘ e recorded for each gas/pressure/voltage combination.
Typical examples of voltage an%hapes are presented in Fig. 2. Current shapes for different
tube materials at the same conditions ar¢ presented in Fig. 2a. Comparison of current shapes for BeO
tube with different gasses(is illustrated in Fig. 2b. Temporal evolution of voltage and current for BeO

the current pulse w

condition that, t{disc erltage must be larger than breakdown voltage, its value should be
chosen in a wa; zhe%s‘ltl discharge in the space between ceramic and glass tube, see Fig. 3a, is
avoided. Suc disbarge ay not only introduce spectral lines of impurities in the recorded spectrum,
but also bufn the“[eflon tape and cause total destruction of discharge light source. In order to prevent
this phedomenon, the discharge tube was first constructed in such a way that electrodes come in the
ceramictube ‘sec l‘/ig. 3. Therefore, the part of the electrode that goes inside ceramic tube must have
iametér smaller than 2.6 mm, limiting the maximum inner diameter of the electrode to 1.5
m:« Sueh_electrodes also centre the ceramic tube inside the glass tube. However, the parasitic
ischarge still appears, Sec. 3.1. In addition, the optical signal from discharge tubes with such

s, while current maximum was detected around 3 ps. Besides basic

ele

ﬁ'f@qned with construction having a small separation between ceramic tube and electrodes, and

ith the Teflon rings being placed towards the middle of the discharge tube. In this configuration,
parasitic discharge has never appeared.

Three types of electrodes were tested. Firstly, the electrode made of tungsten with opening of

d = 0.6 mm, described earlier [30] was used. The idea was to obtain plasma with higher electron

¢s had very low intensity and poor reproducibility. Therefore, further measurements were
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Publishi ﬁﬁ] isities and additional plasma emission from the plasma jet at outer side of the electrode, see [31],

sorder to use spectral line emitted from the plasma jet as a reference line for wavelength shift
measurement. Unfortunately, spectral lines of the beryllium from jet were not detected, while the
radiation intensity was very low and, in addition with a poor reproducibility. The spectra recorded
using aluminum alloy electrodes with inner diameter 2 and 3 mm showed similar behavior
irrespective of diameter, while signal to noise ratio was higher with larger electrode openings.
Therefore, all further measurements were performed using aluminum alfdy 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 AIMgCus) were not obSErved 1in the case of BeO
and Al20s3 tube. " X

For the optimal conditions for BeO tube, see Sect. 3.3.2 4 the max1mum current value goes up
to 2.1 kA. The current minimum (observed in the case of He/Ha mlxtures) is caused by the change of
plasma impedance resulting in periodic current pulse behayior. Namely, the resistor in the discharge
circuit was chosen to obtain aperiodic current pulse with Ar which is not optimal for discharge with
He. The origin of the second maximum detected only #hen weikirg with Ar and Ar with 3% Ho, see
Fig. 2, is somewhat more complex and it will be addréssed later in Sec. 3.4.

Here, one should notice that for different inger dlameters of BeO, Al203 and SiO:2 tubes,
current densities through the discharge tubes are dlfferent as well: 98 A/mm? for BeO, 87 A/mm? for
Al2O3 and j= 69 A/mm? for SiO2. Taking into account d1fferent tube lengths, the energy densities are:
0.058 J/mm?, 0.06 J/mm?, 0.046 J/mm? for ng,—Alz_O_g and SiO2 tubes, respectively.

3.3. Spectra recordings , S

Since the main objectivesof thls Werk ‘was the construction of safe and stable plasma source
for beryllium spectral lines record*mg, the next step was to examine the change of the spectra under
different discharge conditions. Constritetion details (d, gas flow direction), gas type and gas pressure,
discharge voltages etc. vi_{:ere '_'\'/'a-rlfed and their influence on recorded spectra was monitored. All
spectroscopic studies ere performed in three steps. The position of projected plasma image on the
ICCD sensor was chegked through the recordings with fully open slit of the imaging spectrometer
and with the grating in the.\zerb diffraction order. Afterwards, overall spectra were recorded with the
shortest possiblé: : de'Tay___ from the beginning of the current pulse (800 ns in this experiment,
determined b reli.’able triggering of ICCD camera) using gate widths of 50 ns. Finally, temporal
evolution Of tﬁé"-spectra under various conditions was obtained and influence of the particular
dischargégondition *studied. Influence of the different construction geometries on discharge
operation: has alréady been addressed in Sect 3.1 and 3.2 while here the impact of the gas type,
presstge, floky and different applied voltages on the quality of spectral emission is inspected more
glosely. ™

CS: é.':f*-.h.,Dislcharge gas

1 To study the influence of the gas type on spectra recording, i.e. on appearance of the tube
material’s spectral lines, three carrier gasses were used, He with 3% H2, Ar and Ar with 3% Ha. 1:1
He/H2 mixture was excluded from further measurements since beryllium lines were difficult to
detect. Helium was chosen as one of the possible solution for carrier gas because it has small amount
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Publishirﬁ spectral lines, while hydrogen is added for diagnostic purposes, since it enabled diagnostics of
cicctron density using separation of hydrogen Balmer beta line-peaks method [32]. At 1 mbar of gas
pressure, capacitor C = 5 pF charged to 7 kV, and delay of 12 ps, spectral lines of Be were narrower
and had much lower intensity for He + 3% H2 in comparison to Ar and Ar with 3% Ho, see Fig. 4.
With He + 3% H2 as a carrier gas, only prominent lines of Be appeared in current decay and lasted
only few ps. In contrast, with Ar and Ar with 3% Ha, lines of Be lasted 8 ps longer. The highest
intensity of Be lines was obtained using Ar/H> mixture. Therefore, al/oceeding measurements
were conducted using Ar with 3% Hoa. 311\

Relative intensity (a.u.)

Figure 4. Influence of different gasses; Ar with 3% H>, Ar and He with 3% H>, on spectral line
shapes of beryllium lines and the hydr bxﬁal beta, at discharge voltage 7 kV and pressure 1
mbar, delay 12 us .

Under certain conditions&%:sed later in Sec. 3.4, the dust of 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 obgseryation window, causing degradation of transmittance and lowering
of the optical signal’“Sinée increase of the gas flow rate did not eliminate deposition of dust
particles on the I

th
erva &ndow, the gas flow direction was reversed, see Fig. 3b. Also, the
additional adapter inletenabling gas flow under the 45° angle was introduced; see Fig. 3b, which also
helped in pr
gas flow directionidid not affect the spectra recordings, so for the rest of the measurements gas was
flowing the 0); ut window towards the discharge tube support.

-

nting dust particle deposition on the window. It was confirmed that the change of the

3.3.2. ischcbjge voltage and gas pressure
—

ectra 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
widtheand in appearance of non-beryllium lines. As can be seen in Fig. 5a, at 7 kV voltage, the
llium 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 discharge voltage of 5 kV, spectra are rich in
spectral 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. 5b. That’s probably due to
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Publishi nlg\ r abrasion i.e. low quantity of beryllium in the plasma, or due to overlapping of Be spectral lines
+..h 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 3.3.1. Therefore, all forthcoming measurements were performed at discharge voltage of
7kV.

1 Delay U=7 kV p=1.2 mbar

g

1
Nt
/
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=
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Figure 5. Influence of different discharge voltage and“pr SStire on spectral line shapes of beryllium
in argon with 3% of hydrogen {\

Gas pressure influences greatly. heﬁ\ml lines intensity. A slight increase of pressure
leads to more effective excitation of argop and.appearance of argon lines in spectra. At pressure of
4.4 mbar shown in Fig. 5c, the spe lings of Be are broader and continuum is more pronounced,
compared to Fig. 5a. This is th{n:i‘o bly due to the increase of electron density. On the other

san

T
450 460 1 180 FUT 450
hinm)

hand, intensity of Be lines is lowe \d~9.1;g0n lines are observed. Here, one should have in mind that
spectral line at 467.3 nm presented in Fig. 5 is the most intense beryllium line recorded in this study
i.e. that other spectral lings haveyvery low intensity, if observed at all at pressure of 4.4 mbar and
higher. Therefore, all proceeding measurements were conducted at pressure of 1.2 mbar in order to
record spectral lines, 0f bery1liun:

Temporal(Zolutl of/spectra recorded between 330 nm and 660 nm with beryllium tube is
presented in Fig, 6.Nectra were recorded for the conditions described earlier i.e. Ar with 3% H2
and gas pressure 1,2 mbar (gas discharge voltage 7 kV), which were found to be optimal. At early
delays (ar@gund s), see Fig. 6, spectral lines of argon and pronounced continuum were evident.

e intensity of spectral lines of discharge tube material was increasing reaching

maxifum va {pproximately at the time of the second maximum of the current pulse, see Fig. 2.

Maxi%;n;r:?nsity of the tube material’s spectral lines was detected around 12 ps. At that time lines
fBe w ominent and Ar spectral lines were not detected. The beryllium lines were detected in
ectr.

a@ to 25 us.

w-\
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Figure 6. Temporal evolution of the spectra between 320 mn 660°nm in low pressure pulsed
discharge with beryllium tube 3

3.3.3. Comparison of plasma spectrum recorded fr m@[[[ereﬁ) tube materials
! -

As mentioned previously, three diffemnﬂ\lu\b‘e‘m terials were used. Emphasis is placed on
BeO tube, while spectra obtained using tubes*\}m& Si02 and Al203 were used for comparison.
In Fig. 7, spectra recordings with the tube different materials are presented. The optimal
weresgoncluded to be at C =5 uF, U =7 kV, gas Ar +3%
H>, p = 1.2 mbar. At those same conditions tral lines of Al emitted from Al2O3 tube were self-
reversed, in consequence of self-a tion; while spectra when using SiO:2 tube could not be
recorded because of occasiona % reaking and saturation of optical signal, even with the
shortest gate. The best line/contin io for recordings with glass SiO2 tube was achieved at C =
5 uF,U=4kV, gas Ar + 3% Ho, p = 3'mbar, while for the Al203 tube those conditions were at C =5
puF, U=6kV, gas Ar +3% H2, p = 1.5 mbar.

Temporal evolitions

conditions for measuring line shapes ofi

spectral lines emitted from tube material differ for all three cases. In
early times (during th uffent pu se) there were no spectral lines of Be or they were not resolved due
to overlapping withaaume much stronger Ar lines and intense continuum, see Sec. 3.3.2. Spectra
of lines emitted ftom SiO2 and AlxO3 tubes were impossible to record at early delays due to the

Ihuum, which caused saturation of optical detector even at shortest gate time. As

the lines of beryllium were detected in spectra up to 25 us delay. The lines
102 and A2Os tubes were more persistent and they were observed in spectra up
«lf spectra obtained with SiO2 tube, two very narrow aluminum lines coming most
froba aluminum alloy (AlIMgCus) electrodes were detected. Spectral lines from the

ectrode aterial did not appear in BeO tube’s spectra. The dust particles were formed in all three

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



E I P | This manuscript was accepted by Rev. Sci.Instrum. Click here to see the version of record.

. - 8
PUbIIShlng 1T - - BeO, U=7 kV p=1.7 mbar D=18 pus :
71 £ ——Si0, U=4KkV p=3 mbar D=25 ps =4
14 = e Y U ¥ = Tl Lo
6 g == —— ALO,U=6.5 kV p=17 mbar D=22 ps Z =
~ o -+
= o - v, —
> ] 3 —_—
<547 3 &
] =
% o =il I
g 4 3 2
= et - " =
g 1 P - I /
g 34 B 2 I
E <
&
l- )

T ¥ -
400 420 440

Figure 7. Comparison of spectra from low pressure pulséd-disc e observed for three different
tubes under optimized conditions 3

3.3.4. Plasma diagnostics L ‘)

-

In order to characterize plasma sour wt on density, Ne, and temperature, 7., were
determined by iterative method. C\

The electron number density during plasmw was estimated using peak separation Alps of

hydrogen Balmer beta line by using fo 6) [32]:
.

log Ne[m%] = A+ Blog AL [nm] = &i%\ 3log AL [nm] (1)
In order to use that formula, th a&& ~was presupposed to be 13 000 + 3 000 K, and based on

the 7e, corresponding value of parameters“A and B were taken from [32]. Using this range of 7, the

uncertainty of the N. w %. For, in such a way determined electron number densities, the
temperature was estimated«from ragio of Be 11 467.3 nm / Be 1 457.3 using formula (2):

s K AN, E,-E +E" —AE
— = exp
2
1, 2(27zmk)/ @% % kT ; (2)
where Eqiom 1 'o@tion potential and A E is ionization potential lowering.

After few/iteration N. and 7. were determined. Transition probabilities were taken from NIST

necessary to gheck if the conditions for LTE have been met. The expression (12) from [34] in the
ase of tum sets the boundary value of the electron concentration to be 2.85-1022m-3 for the
pera%re of 14200 K. This means that the conditions for the complete LTE in the plasma used in

hi riment have been met. Given that only three neutral and three ionic spectral lines were
\éo‘rded, and considering that those transitions have very similar upper level energies, use of
ltzmann plot could not provide more precise values of Ne and 7.
The temporal evolution of 7. and N. during plasma afterglow is presented in Fig. 8.
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It can be seen from Fig. 8. that N, has incre e&lterae end of the current pulse. The second
maximum of N. coincides with the second m iri% ‘fh'e current pulse, i.e. with time position
characterized by the most intense Be spectral "&oun 12 ps. As a conclusion, it can be said that
optimal conditions for Be spectral line shapesaneasurements are achieved with C =5 pF, U =7 kV,
gas Ar +3% Ha, p = 1.2 mbar and that B line%fheir maximum intensity at t=12 ps.

NS

3.4. Generation of dust particle \

/

Throughout the goursewof the source construction and optimization of Be line shape
measurements, signifi antity 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 fg4nati of ﬁégative ions that are the precursors of particle formation [36], see Fig.
2. Namely, the e Ct\m\deils y, as shown in the Fig. 8, follows the current shape and this increase of
the electron enayr afte
(ionizationdand “s¢combination) of particles inside the plasma volume, as observed earlier in the
pulsed ¢ lek plasma [36,37]. Anomalous behavior of the current pulse was used as a first sign that
beryllitim, w abfated from the tube wall and that Be spectral line should appear in observed
specttum. Vigible dust particles in the discharge were observed in the form of deposits on the

servation \§1ndow. These particles were noticed with gas flowing from the discharge tube support
wards 116 output window. With the increase of discharge voltage, the generation of dust particles
became more pronounced and appearance of the dust particles deposit on the observation window
becaipe clearly visible. After some time, the deposit covered window completely decreasing optical
ignal to that extent that further spectroscopic measurements were impossible. The interesting fact is
that with subsequent current pulses two forms of the dust deposits were observed: cone shaped after
odd and “half ring” shaped after even current pulse, see Fig. 9a and 9b, respectively, and the
supplementary material in the form of movie. All measurements had to be taken in one hour and after

he main current pulse could be related to the charging and de-charging
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Publishirf@ » time the accumulated dust had to be removed and window had to be cleaned. To enable longer
:casurements the gas flow direction was reversed, meaning gas was flowing from the output
window towards discharge tube support, see Sect. 3.3.1. In this configuration dust deposits were not
observed, but the degradation of window still occurred, see Fig. 9c. This degradation of the window
stopped occurring when special inlet at an angle of 45° angle with respect to discharge tube axis was
installed, see Fig. 3c. This inlet did not prevent the degradation of the window when working with
pressures less than 1 mbar and voltages higher than 7 kV. 2

b |

Figure 9. Two forms of dust deposits: a) con
window caused by dust particles depositio e~

Deposits on the observation win %v.cge asily cleaned and since the BeO is highly toxic,
the dust particles were collected b oliation using adhesive tape, with all safety precautions, see
Sect. 3.1. After that, tape was folded inyorder to insure dust particle isolation. When larger quantities
of dust were collected from the tube or from the liquid nitrogen trap, special handling and
disposal procedure were performed. dust particles were mixed with PMMA component in the
second component — resin was added and polymer with BeO dust was
produced. In such a w andling and disposal of toxic dust was enabled. For further precaution

na quartz were constructed, see description in Sec. 3.1. For both tubes dust
particles we t;))aed. Indication for dust formation was the appearance of the second current
ig. 2b. Although occurrence and duration of the second current maximum, hence

dust pro were slightly different for all three tubes, there were some common features: the
dust pvas-al '{(;rmed when Ar was used as discharge gas; smaller retention of particles was
observed forthigher pressures; the deposition of particles on the observation window was more

onoun hen working with low pressures and high voltages. However, two forms of dust

osits (cone shaped and “half ring”), that can be seen when working with BeO tube, were not
oti Iso, with SiO2 tube dust was accumulated on the window even with reverse gas flow and
ﬁlﬁlﬁ" angle inlet installed.
The study about influence of dust movements on spectral 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.
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PUbIIShINg . L usions

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. Electrical and spectroscopic studies were used for determinat{f of the capacitance C,
discharge voltage, gas type and pressure, as well as electrodes di tancief\{in}leter of electrode
openings and other construction details. As a result, optimal égnditions for beryllium lines
observation are as follow: low inductance 5 pF capacitor charged t .2 mbar of Ar + 3% Ha, 3
mm diameter of the electrode opening and the smallest possible distance between electrodes and
ceramic tube, see Fig. 3. and Sec. 3.3.2. At discharge voltag r:)tagil:a 7 kV the productions of
dust particles became excessive, thus preventing study of ghe«dis
spectral line shapes. Using discharge tube modifications i.€. with %as inlet at 45° angle and reversed
gas flow longer measurements were enabled. -

Under the optimized conditions, studies of &Qlin

rge tube material’s particles on

in the presence of the Be dust were
enabled for the first time. From the point of signal t oise;g?o, optimal emission spectra of Be was
obtained from 10 to 20 pus (measured from the“b@in\lji of the discharge), Fig. 2, coincident with
the time of the second current maximum appé}sq:\lf «JIHis shape of the current pulse was used as a
first sign that beryllium was ablated from*the“tube wall and that Be spectral line should appear in
observed spectrum. Stable operation of{this novel beryllium plasma source creates the possibility of
deepening the knowledge about the atom \d}taqf e, very much needed for the in situ examination
of plasma facing materials in tokam. LIBS

Hypothesis of relation bétyween, thewsecond current maximum and optimal spectral emission
from the tube material was prove ¥\(}lg{wo additional tubes made of SiO2 and Al2Os, even though
discharge conditions differ.-The dust particles were formed from all three tubes. In this way it is
shown that this kind
introduction of varioug‘materials into the plasma.

£
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See suppleméntary material for the illustrations of two forms of dust deposits inside the discharge
tube.

low pressure pulsed discharge can be used for dust production and
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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, N, 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

(2) 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 1m monochromator
(McPherson Model 2051), having the instrumental half-
width of 0.02 nm. 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 No[m™?] = A+ Blog A)\ps[nm] =

22.65 4 1.53 log A\, [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 IT 467.3 nm/Be I 457.3 line intensities using the formula

ﬂ - h3 (gA)l)\lNe
Iy 2(2mmk)3/? (914)2)\2];3/2

Xep(@—fa+mm—AE)
X .
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% Ha,
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 II 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% Hy 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

intensity

5000

Relative

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 IT 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 AN~%/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 II 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 Ne, T, s and F/A in argon
with 3% of hydrogen for p = 1.2mbar and U = 7TkV.

t (ps) | Ne (102m=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
g 40000 - §
2 £
.; &
2
s N
= =
&2 20000 =
<+
[
' &
0 . i — : : —
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 7kV
at 1.2mbar of Kr.
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Fig. 4: (Colour online) The dependence of wavelength peaks
separation s and peaks intensity ratio /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=TkV.

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% Hs suggests the possibility
of using the Be II 436.1nm 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 1022 m~3 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
3p2P-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-4 f2F° 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 436.1nm line, is a forbidden line belonging to
the 3p?P-4f2F° 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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