Crpyuna ouorpaguja Hene badoyuuh

Hena ba0ymnuh je pohena y IlanueBy 1995. roauwne, rjae je 3aBpuiuia
rumMHa3ujy ,,Ypou Ilpenuh®, 2014. rogune. Vcre roaune ymucyje PU3NYIKU
dakynrer YHuBep3utera y beorpany rme 2020. romuHe 3aBpiiaBa OCHOBHE
ctynuje Ha cMmepy llpumemeHa u kommjyrepcka (U3uKa ca MPOCEKOM
8,57/10,00.

HakoH 3aBpiieTka ctyauja, ucTe ronHe, U Ha UCTOM (akyITeTy YIUcCyje
MacTep crynuje Ha cmepy llpumemena ¢usmka. Mactep pan ,,YHampeheme
UHTEp(EpOMETPHje METOAOM COIICTBEHOI MEllama CUTHAJla JIacepcKe Iuoje,
ypabhen je nmox mentopctBoM ap Henama Cakana, BUIlIET HAYYHOT capajHHUKa y
Jlabopatopuju 3a CIEKTPOCKONHU]y Iuia3Me M Jyiacepe MHcturyrta 3a GUBUKY y
beorpanmy. Macrep pax je onOpanmia y centemOpy 2021. roaunHe, uyume
3aBpIIaBa Mactep cryauje ca mpocekom 10,00/10,00.

VY oktobpy 2021. roaunHe ymmHcyje AOKTOPCKE CTyauje Ha DU3HUKOM
¢dakynrery y beorpany u3 yxe HayuHe obOmactu llpumemeHa ¢usnka U CBOj
HAy4YHO MCTPaXMBAuKU pajJ HactaBiba y JlabopaTopuju 3a HepaBHOTEKHE
npolece W mnpuMeHny 1iasme, HMucturyta 3a @dusuky y beorpany, mnox
MeHtopctBoM ap Hesene Ilyau. CBoje pocanmaiime pesyaTare y 00J1acTu
miasMe, kao u Oynyhe, TmaHupa Aa mpeacTaBd Kpo3 CBOJYy JTOKTOPCKY
aUCepTalMjy TOoa Ha3uBoM , HepaBHOTe)kHa MMKpOTajacHa IUla3Ma Ha
aTMOC(EPCKOM TPUTHUCKY Ca TEUYHHM CHCTEMHMa — KOHCTPYKIIHja H3BOpa,
JIUjarHOCTUKA TUla3Me€ M TMpUMEHa Yy OuomeaunmHu®. Tema TOKTOpCKe
nucepranuje ojalOpameHa je Ha koserujymy ®usuukor Qakynrera, 08. mMaja
2024. ronune.



Iperaen nayuyne akruBHoctu Hene badyuuh

I'maBHa obGmact uctpaxuBamwa Hene baOynuh je koHCTpykiMja W JUjarHOCTHKA H3BOpa
HEpPaBHOTEXKHE TUTa3Me Ha aTMOC(EPCKOM MPUTHUCKY Y KAJbUYHUM U a€POCOTHUM TEUYHUM
CUCTEMHMa, Kao U MPUMEHE Y OMOJIOTHjU U MEIULIUHU.

2020. rogune, Hena ymucyje macrep cryauje Ha dusznukom (akynrery YHHBeEp3UTETa y
beorpany, u 3amounme H3pagy Mactep pana Ha Temy "YHanpeheme uHTepdepomerpuje
METOJIOM COIICTBEHOT Mellama CHrHajga Jacepcke nauwoxae’, y JlaGoparopuju 3a
CIIEKTPOCKOMHU]jy Tia3me u jacepe Muctutyra 3a ¢pusuky y beorpany. Pan je ogbpanyna y
centemOpy 2021. ronuHe ca HajBUIIOM OIleHOM. TokoMm u3page mactep Tese Hema ce
OaBuia W3y4aBamkeM ONTHYKOT (EeHOMEHa TOo3HaTor Kkao wuHTepdepeHuuja. [nmaBHe
NPEeTHOCTH OBaKBE MeToj/e, y Tmopehemy ca KOHBEHIMOHAIHUM, CY jEeIHOCTaBHH]E
NOJICIIaBalbe ONTHYKOI IMyTa M MamM Opoja eleMeHara u JuMMeH3uje cucrema. Ha
jeAHOCTaBaH HAYMH MEPEH je MoMepaj MOKPETHE METE y 3aBUCHOCTH O]l YAaJbeHOCTH OJ
M3BOpa CBETIIOCTH U ()PEKBEHIIM]E TTOOYAE caMe METe.

VY HacraBKy CBOT HayyHOT paja, Hema HacraBba CTHUIIAh€ HOBUX 3HAaWHa U Pa3BojeM
BEIITHHA Y OOJIacTH (pU3MKEe HEPaBHOTEXKHE IuiazMe, y Jlaboparopuju 3a HEpaBHOTEIKHE
nporiece W mpuMeHy Iutasme Wuctutyta 3a ¢msmky y beorpamy. Tema mokTopcke
JHcepTanmje riacu ,,HepaBHOTE)KHA MUKpOTaIacHa Tula3Ma Ha aTMOC(epCKOM MPUTHCKY ca
TEYHUM CHUCTEMHUMa—KOHCTPYKIIMja W3BOpa, JHjarHOCTUKA IUIa3Me M MPUMEHA Yy
ouomenuuHu, moj MeHTtopctBoM 1p. Hesene Ilyau. Tema je onOpamena mpen
konerujymom @usmukor Qaxynrera, 8. maja 2024. rogune. Hben ¢okyc y namem
UCTpaXXuBamy Ouhe KOHCTPYKIMja BHCOKO(PEKBEHTHHX IIa3Ma W3BOpa, Ka0 M aHAIHM3a
pe3ynrara JH0OHMjeHHX MOMONY HEKOJIMKO Pa3IU4YMTUX JIUJarHOCTHMYKHUX Bpcta. Jpyru meo
JOTIPUHOCA C€ OJHOCH Ha MPUMEHE HEPABHOTEKHE TIa3Me Y OMOJIOTH]U U MEUIMHU.



Caonmrema ca MmehyHapoaHux ckynmoBa:

(M33) Goles N., Babuci¢ N., Sakan N., Ivkovi¢ M. (2022), “Self-Mixing Interferometry
for Plasma Diagnostics”, Publ. Astron. Obs. Belgrade No. 102 (2022), 1-4, 315t Summer
School and International Symposium on the Physics of Ionized Gases (SPIG) (Septembar
5-9., 2022. Beograd, Srbija)

(M34) Babucié, N., Skoro, N., & Puaé, N. (2022), ,Nonthermal Plasma at atmospheric
pressure with aerosols: applications in biomedicine“, In Proceedings of the 2s5th
International School on Low Temperature Plasma Physics (Oktobar 2—6., Bad Honef,
Nemacka) 5

(M34) Babuci¢, N., Skoro, N., & Puac, N. (2023), ,Nonthermal Plasma at atmospheric
pressure with aerosols: applications in agriculture®, In Proceedings of the 2nd Training
School "Cold plasmas to fight microorganisms, viruses & toxins for medical and
agricultural applications" (Februar 13—17., Bari, Italija).

(M34) Babucié, N., Jovanovi¢, O., Skoro, N., & Puaé, N. (2023), "Creation of reactive
species by two atmospheric pressure plasma sources while treating water for biomedical
applications”, In Proceedings of the 3rd Workshop on Plasma Applications for Smart and
Sustainable Agriculture and the 8th International Conference on Plasma Technologies
(Maj 14-18., Gozd Martuljek, Slovenija).

(M34) Skoro, N., Babucié, N., Kutasi, K., Spasi¢, K., & Puac, N. (2023), “Characterization
of a plasma system with microwave launcher used for treatment of liquids”, In Proceedings
of the XXXV International Conference on Phenomena in Ionized Gases (Jul 09—14.,
Egmond aan Zee, Holandija).

(M34) Babucié, N., Skoro, N., Kutasi, K., Spasi¢, K., & Puaé, N. (2023), “Low-
temperature Microwave Plasma at Atmospheric Pressure with Aerosols: Treatment of
Liquid Samples”, In Proceedings of the 23rd International Summer School on Vacuum,
Electron and Ion Technologies (Septembar 18—22., Sozopol, Bugarska).

(M34) Babucié, N., Skoro, N. & Puac, N. (2024), “Characterization of 2.45GHz Surface-
Wave Low Temperature Plasma Devices for Cancer Cells Treatments”, In Proceedings of
the 3rd Training School “Cold plasma and combined anticancer therapies” (April 18—22.,
Orlean, Francuska).

. (M34) Babucié¢, N., Skoro, N., Puaé, N. (2024), “Comparative analysis of two low
temperature microwave plasma devices at atmospheric pressure”, In Proceedings of the
11th International Workshop & Summer School on Plasma Physics and the 1ith
International Workshop on Microwave Discharges: Fundamentals and Applications (Jun
24-30., Kiten, Bugarska).



/22 BN Peny6muka Cpbuja
jgi:ﬂ@@._ Vuusepsuter y beorpany
}Lﬁuwu‘m, Ousnuky GaKyiITeT
AL _'_’ J1.5p.2021/8013

Rrons”  Jlarym: 17.10.2023. roauue

Ha ocroBy unaxa 161 3akona 0 OMIITEM YIIPaBHOM IOCTYTIKY H cinykGeHe eBUICHLH]E usjiaje ce

YBEPEILE

Ba6yuuh (Boxa) Hena, Op. UHJEKCa 2021/8013, pohena 13.08.1995. ronune, [TanueBo, PemyOinka
CpOwuja, ynucaHa IIKOJICKE 2023/2024. roguHe, y CTaTycCy: uHaHCHpabE U3 Oyuera; THII cTyauja:
JIOKTOPCKE aKaJeMCKE cTy/uje; CTYIMJCKH Tporpam: dusuka.

ITpema CratyTy (akyirera cryauje Tpajy (6poj TOAMHA): TPH.
Pok 3a 3aBpIIETaK CTy/Hja: y ABOCTPYKOM Tpajamby CTyAHja.

OBO Cée yBEpEemhe MOXKE yIOTpeOUTH 3 PEry/Incame BojHe 00aBe3e, U3/1aBabe BU3E, IPABa Ha Je4HjH J0/1aTaK, IOPOJANIHE
neH3uje, MHBATMICKOT J01aTKa, 106Hjama 3PABCTBEHE KEbHIKHILE, JleruTHMaIuje 3a nopamheny BOXibY 1 CTHIICHIH]E.

Pery6smka CpGuja
[\ YHUBEP3UTCT Y Bbeorpany
WIS Oumsnuky dakynrer
[F[ [ |
% _' / 1.5p.2021/8013
ki of Jlarym: 17.10.2023. ronuue

Ha ocHoBy 4iana 161 3akoHa o OIIUTEM yIPaBHOM TOCTYIIKY 1 ciyx0ene eBUICHIIM]E M3/1ajE Ce

YBEPEIbE

ba6yuunh (boxka) Hena, Op. uHjEKCa 2021/8013, pohena 13.08.1995. roaune, Ilanueso, Pemny6anka
Cp6uja, ynucaHa HIKOJICKE 2023/2024. rojuHe, y cTatycy: (UHAHCHpame M3 GyueTa; THI CTyauja:
JIOKTOpPCKE aKaJeMCKe cTyauMje; CTyIMjCKH Mporpam: dusmka.

Ilpema CratyTy pakyinTera crymje Tpajy (6poj roJuHa): TPH.

Pok 3a 3aBpLIETaK CTyAH]a: y ABOCTPYKOM Tpajamy CTyIH)a.

OBO Ce yBeperbe MOXKE YIOTpeOUTH 33 peryliucate BojHe 0baBe3e, H3aBabe BU3E, Npasa Ha Jeuuju 10JaTaK, IOPOHIHe
reH3Hje, HHBANMJICKOT 10/1aTKa, 106ujarba 31paBCTBEHE KIbIKHULE, neruTuManuje 3a nopsauhery BOXibY 1 CTHIICHH]E.

&aherio uie hakynrera




Yuusepsuter y beorpany
9\ DPusnuku Qakynrer

| Bpoj unnekca: 2014/3118
Bpoj: 2522020

Hatym: 13.10.2020.

Ha ocroBy unana 161 3akona o onwtem ynpaBHOM nocTymnky ("Cnyx6Genun nauct CPJ", Gp.

33/97, 3172001 n "CnyxGenn rnacauk PC", 6p. 30/2010) u ciyxOeHe eBuaAeHUM]je, YHUBEP3UTET y
beorpany - ®usnukn pakynrer, usnaje

YBEPEHE

Hega baoyuuh

uve jegnoi poguitiersa booica, JMBI 1308995865287, pohena 13.08.1995. togune, Ilanyego,
Peuybauxa Cpbuja, yiucana wixoacke 2014/15. iogune, gana 30.09.2020. iogune 3aspwiuna je
OCHOGHe akagemcke culyguje Ha Cliygujckom uapoipamy IIpumersena u Komujyiepcka gusuka, y

pajarey 0g uetaupu iogune, obuma 241 (geeciua uemipgecew jegan) ECIIB bogosa, ca upoceynom
oyerom 8,57 (ocam u 57/100).

Ha ocHOBY HaBeicHOT U3/1aje jOj Ce OBO YBEpEHE 0 CTEYEHOM BUCOKOM o6pa3oBamy U CTPyuHOM
Ha3MBY AMIIOMHPAHI pu3Hyap.
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mo\ Pusnuku pakynrer

Bpoj nnaekca: 2020/7006
Bpoj: 2472021

Hatym: 01.10.2021.

Ha ocHoBy unana 161 3akona o onreM yrnpaBHOM MOCTYIKY ("Cnyx6Genn auct CPJ", Gp.
33/97, 31/2001 u "Cayx6Genn rnacuuk PC", Gp. 30/2010) u cnyxGene eBuaeHUM]e, YHUBEPIUTET y
Beorpany - ®@u3nukn GakynTeT, usziaje

YBEPEIWE

Hega Baoyuuh

uvme jegnoi poguitiesa booca, JMBI' 1308995865287, pohena 13.08.1995. iogune, Ilanueso,
Peiiy6nuxa Cpbuja, yiucana wixoncke 2020/21. iogune, gana 27.09.2021. iogune saepuiura je
Macigep akagemcke Cilyguje Ha Cuygujckom upoipamy I[Ipumersena u KoMujymiepcka Quzuxa, y
mwpajary og jegne iogune, obuma 60 (wesgecew) ECITH 6ogosa, ca upoceurnom oyenom 10,00 (gecew
u 00/100).

Ha 0oCHOBY HABEIEHOT M31aje joj ce OBO YBEPEHE O CTEYEHOM BHMCOKOM 00pasoBaiby M
aKaZeMCKOM HazuBy mactep (usnvap.




LIOKTOPCKE CTYMIE

NPEANOTN TEME AOKTOPCKE AUCEPTALUMIE LLikoncka rognHa
KONETMIYMY AOKTOPCKUX CTYAUIA 2023/2024

Mopauu o CTyaeHTy

Nme Hepa

Hayuna obnact auceprauuje
Mpe3nme Babyuyuh

MpumerbeHa pusnka

bpoj unaekca | 8013/2021

Moaauun 0 MEHTOPY AOKTOPCKE AucepTayuje

Hayuna obnact | MpumereHa ¢pusnka
e HeseHa
3Barbe HayyHa caBeTHUUA
Mpesnme Myay
‘ NHcTUTYunja UHCcTUTyT 33 pusmnky beorpag

Mpeanor Teme QOKTOPCKE AucepTaumje

Hacnos

HepaBHOTEXHAa MWKpOTaNacHa naasma Ha aTMOCHePCKOM NPUTHUCKY Ca TEYHUM CUCTEMUMA —
KOHCTPYKUMja M3BOPA, AMjarHOCTMKa NNasme 1 npumeHa y buomeanumnnm

Y3 npujasBy Teme AOKTOPCKe aucepTaumje Konernjymy AOKTOPCKUX CTyAuja, NOTPeBHO je NPUaoKuTy
cnepeha AOKyMeHTa:

1. CemuHapcku pag (gy*kmHe go 10 ctparuua)
_ 2. Kpatky cTpyyHy buorpadujy nucany y tpehem nuuy jeaHnHe
3. doToKONMjy MHAEKCA Ca AOKTOPCKMX CTyanja




Huje npuxsaTuo D

MpoaekaH 3a Hayky Pusnukor dakynrera
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\ YHusepsurer y beorpany

i2) dusnuky daxynarer

WY~/ 550 mimexca: 2021/8013
)/ Jlarym: 08.05.2024.

Ha ocroBy unana 29. 3aKOHa 0 OMIUTEM YIPABHOM TMOCTYTIKY U CITykKOeHe eBUICHIH]C n3naje ce

YBEPEIGLE O ITOJTOKEHUM UCITUTUMA

Hena Babyuuh, ume jeanor poxutesba boxa, pohena 13.08.1995. ronue, ITanteso, Pemy6nuka CpOuja, ynucana
wkoncke 2021/2022. romMHe Ha JOKTOPCKE akajeMcke cryaumje, mkosncke 2023/2024. roamHe ynucaHa Ha CTaTyc
duHancupame u3 Gyuera, cTyaujcku nporpam (DusMka, TOKOM CTyHMja IONOKHMIA je HCIHUTE M3 cnenehux npeamera:

P.6p. Hudpa Hasus npeamera Ouena ECIIB | ®oua wacoa** Harym
1. |[AC1STId3 M3abpaHna noriasiba MpUMemeHe QUsnke 10 (neceT) 15 |[:(8+0+0) 13.06.2022.
L:(0+0+12)
2. |[AC15®PH1 Pan Ha qokropary 1. neo IT. 30 11:(0+0+12)
3. |AC15JI14 du3MKa eJEKTPUYHHX FACHUX NPAXKHHEHA 10 (necer) 15 |I:(8+0+0) 13.06.2022.
4. |ACISIIRl0 [IpumMena mnuazme y OUOJIOTH]H U MEJMLIMHH 10 (necer) 15 |IL:(8+0+0) 21.09.2023.
; 5. |ac1sin3 JIMjarHocTHKa njaasme 10 (necer) 15 |I:(8+0+0) 22.09.2023.
I11:(0+0+12)
6. |1C15OPH/2 Pan Ha okTOpaTy 2. €0 IL. 30 I1vi0+0+12)
7. |AC15SOPH4 Pajn na nokropary 4. 1€0 I. 15 |V:(0+0+20)
| 8 |ACIS®PH/3 Paj Ha okTopaty 3. 1€0 ) 15 [V:(0+0+20)

* - eKBMBAJICHTHPAH/TIPU3HAT UCITHT.

** _ (bowj yacosa je y hopmary (mpejaBama+tpexbetocTano).

Onuwtk yenex: 10,00 (aecer u 00/100) , no roannama cryauja (10,00, 10,00, /).
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SELF-MIXING INTERFEROMETRY FOR PLASMA DIAGNOSTICS

Nikola Goles', Neda Babuci¢?, Nenad M. Sakan? and Milivoje Ivkovi¢?

Faculty of Physics, Studentski trg 12, 11001 Belgrade, Serbia
2Institute of Physics, Pregrevica 118, 11080 Belgrade, Serbia
E-mail: ivke@ipb.ac.rs

Abstract. The feature of the diode laser that it, besides producing coherent light, has an
integrated photodiode, was exploited as the reference branch of interferometers in several
applications. A set of continuous laser diodes, emitting at various wavelengths, was initially
calibrated by measuring the mechanical motion of an external mirror mounted on a speaker,
controlled by a signal generator. Afterwards, the possibility of applying this so-called self-
mixing interferometer for the study of low-pressure pulsed discharge and laser-produced
plasmas was investigated and assessed.

1. INTRODUCTION

Since they could be stable and coherent light sources, lasers are unavoidable in
optical interferometric investigations and sensors. In contrast to most of the other
laser systems, a laser diode has very large gain of active medium (Ma et al., 2013),
allowing its optical resonator cavity to have an exit mirror of lesser reflection. This
unique construction detail reflects both on their multi-mode regime of operation, as
well as on the possibility of strongly coupling them with an external optical system.
In more complex optical systems, effort is made to avoid this coupling as much as
possible, usually using optical isolators, because of its influence on the inverse
population in active media and hence on the laser behavior. Here, on the contrary,
the coupling effect is used as a method of producing interference, an approach which
was studied with gas discharge lasers for plasma electron density measurement
(Rasiah, 1994). Experimental, as well as theoretical studies of the effect of strong
coupling with the external resonator could be found in a variety of papers for earlier
references, see (Salathé, 1979), (Kobayashi et al., 1981). Various applications of this,
so called self-mixing effect, could be seen in the PhD thesis (Alexandrova, 2017),
for instance.

The optical path of the self-mixing interferometer is shown on Figure 1. It is
important to emphasize the fact that the only external component of the system that
needed to be adjusted was the external mirror 3. The low reflectivity of the laser
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diode exit mirror (numbered 2. on Figure 1), which is on the order of 20% up to 50%
(in contrast to, for example, a He-Ne laser exit mirror with a reflectivity close to
99%), enables simple coupling of the external mirror, which in turn becomes part of
the resonator of the more complex system.

AM
=3 =]
PD |
L U
1. 2. 3.

Figure 1: The simplified optical scheme of the self-mixing interferometer: AM —
active medium, PD — monitoring photodiode, 1. — back mirror and 2. — front mirror
are constructive parts of the laser diode, mirror 3. — external part.

2. EXPERIMENTAL RESULTS

The experiment presented here was a two-phase investigation. First, a study of
the applicability and capabilities of the available diodes for the self-mixing effect
detection was carried out. An external mirror (denoted by 3. on Figure 1) was
mounted on the membrane of a speaker for its position to be mechanically
modulated, leading to the detection of an interferometric figure on the monitoring
photodiode of the laser diode module. Not all laser diodes showed equal potential
for producing the self-mixing effect; the desired effect could only be observed in the
case of pure continuous emitting laser diodes that are produced with integrated
monitoring photodiodes. In addition, only a limited number of laser diodes was
capable of producing coherence high enough to induce a measurable interference
effect on the monitoring diode signal. In order to characterize a laser diode, work has
been carried out to determine the conditions and limits where it can produce
detectable interference (see for instance Figure 2 for the measured signals). In
addition, the displacement of the speaker membrane versus time was measured from
the interferograms, and the frequency of the movement of the membrane was
compared to the one applied from the generator.

Figure 2: Self-mixing interferograms (thin blue line) for different sound
frequencies applied to the speaker (thick yellow line).

The possibility of applying the laser diodes for plasma interferometry was
investigated on two experimental setups, the pulsed discharge source described in
detail in (Stankov et al., 2018), as well as in laser-induced breakdown spectroscopy
(LIBS).



SELF-MIXING INTERFEROMETRY FOR PLASMA DIAGNOSTICS

In the first step the interferometer, i.e., the external mirror, is adjusted so that an
interference pattern appears in the signal on the photodiode. For easier observation
of the effect measured by the interferometer, a large difference in intensity between
bright and dark fringes is needed, therefore the alignment of the optical system is
adjusted to produce fringes of maximum intensity. A sample interferogram of small
mechanical disturbances of a properly adjusted system is shown on Figure 3. Such
patterns were obtained for interferometers ranging in length from 15 cm to 50 cm,
indicating that the low coherence length of the laser diodes (as compared to gas
lasers) does not prevent them from being used in these applications.

40

20+

0f

20}

Upp [mV]

40}t
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diode: DL514G-DK, 405 nm |

Figure 3: Interferogram of a mechanical disturbance of a properly aligned optical
system.

An evaluation of the background plasma glow intensity was performed, to
determine whether narrow-band filtering of the combined laser and plasma light is
necessary. In the case of the pulsed discharge, the plasma background signal was
several orders of magnitude greater that the intensity of the fringes, making the
implementation of this diagnostic technigue unattainable without additional isolation
of the laser signal, which was not attempted as part of this study. However, in the
case of LIBS the background glow of the plasma has minimal effect on the output
signal, making it possible to test the diagnostic without modifications.

In the case of LIBS, which is suitable for testing the application of the self-mixing
interferometer for the diagnostics of a spatially non-homogenous plasma, the axis of
the optical setup was positioned 1 mm above a Si target irradiated by a second
harmonic (532 nm) Nd:YAG laser beam, with an energy of 150 mJ and a 7 ns pulse
duration. The target was positioned inside a T-shaped chamber with a diameter of 38
mm such that the distance from the window to the target was 50 mm, placed on an
X-y computer-controlled stage. Due to the small dimensions of the chamber, multiple
reflections of the acoustic emission waves off its walls are anticipated, see (Burger
et al., 2015). All measurements were performed in air, so the glass windows of the
chamber which lie on the optical path were removed. Having in mind that the plasma
emission lasts on the order of tens of us, we can conclude that the signal shown on
Figure 4a is integrated, i.e., that the response time of the photodiode is too short for
it to be used for plasma electron density diagnostics, even though it exhibits fringing
likely arising from the changing Ne. On the other hand, the fringes seen in the
millisecond time range (Figure 4b) encourage further study of potential

3
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implementation of this diagnostic method for opto-acoustical or simple acoustical
investigation of plasma propagation dynamics (Burger et al., 2015), as well as
several potentially accurate methods for measuring various dynamic mechanical
processes. As a control, a measurement was made with the axis of the setup
positioned 3 cm above the target, outside of the plasma volume, where none of the
effects on Figure 4 were observed.

50 — T T

by 401 =7ns

a) Yaser

Ejaser = 150 mJ
target: Siin air
% =650 nm, ADL65075-TL |
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Upp [mV]
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Height above target: 1 mm
0 T Number of averages: 4 B
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Figure 4: Photodiode signals in the LIBS setup on the a) us and b) ms timescales.

3. CONCLUSION

The application of the self-mixing method as a means of measuring mechanical
movement (disruption of setup and/or controlled movement of external mirror by a
frequency generator), and for plasma diagnostics purposes, was proposed and
evaluated. The requirements for laser diode characteristics, the necessity of narrow-
band optical filtering, as well as the types of pulsed discharges and their
characteristics which can be studied by this method (due to the limitations brought
about by the response time of the integrated photodiode) were determined.
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Nonthermal Plasma at atmospheric pressure with aerosols:
applications in biomedicine

N. Babucié¢!, N. Pua&, N. Skoro?
Ynstitute of Physics, University of Belgrade, Pregrevica 118, 11080 Belgrade, Serbia
e-mail: nedab@ipb.ac.rs

Nonthermal plasmas at atmospheric pressure hold great promise for applications in environmental
control, biomedicine, and material processing. Even at room temperature, nonthermal plasmas
produce energetic and reactive species that can initiate surface modifications at a plasma—surface
interface, including thin-film nanoparticle assemblies, in a nondestructive and effective way. [1] The
interaction between non-thermal plasmas and liquids has recently encouraged intensive research into
fundamental processes and emerging technological applications including plasma medicine,
nanomaterials synthesis, and decontamination among others. Stability and control of the plasma in
contact with liquid is a key challenge in this highly non-equilibrium state. Recently, water sprays or
jets have been injected into the plasma zone to enhance the surface area of the liquid and improve
energy efficiency for bacterial inactivation or to enable continuous nanoparticle production. [2] In
plasma medicine, plasma activated droplets will also enhance the scope for remote delivery of
therapeutic agents to biological tissue and organs. Furthermore, biological responses initiated by cold
plasma have been shown to be of use in wound care, specifically for healing chronic wounds. [3] For
example, wound healing remains a challenge in diabetic or immune-compromised patients and often
requires the use of advanced biologic dressings to treat slow healing ulcers. The emergence of plasma
medicine has provided some hope for advancement in wound closure rates for non-healing patients
and some positive clinical results have already been observed. In one of the methods, nebulised
collagen solution was introduced into a non-thermal plasma discharge and the activated materials
were deposited onto a surface to produce a dry, adherent and coagulated biomolecule coating. The
plasma device was subsequently used to deliver collagen on to chronic wounds in a compromised
animal wound healing model and the healing rate was compared to untreated controls and to wounds
that were treated with plasma but without the collagen deposition. [4] In this work we will present
construction of atmospheric pressure plasma sources and diagnostic methods with addition of
aerosols for treatments of biological samples, bacteria inactivation and decontamination of samples,
depending on different plasma setups and operating parameters. The setups were designed to enable
precise determination of power delivered to the plasma and the sample. We studied the influence of
the input power, as well as aerosol addition, on production of RONS. Understanding and optimizing
the production of RONS in the plasma system is important due to their roles in major biological
processes, thus fine tuning of the produced species is of great importance.
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Applications of low temperature plasma (LTP) are investigated due to its versatile use in water
decontamination, wound treatment by using plasma activated water (PAW) and in agriculture. One
of the key challenges in plasma-water interaction is to increase flux of reactive species from the
plasma. The addition of micrometer-scale droplets of aerosols immersed in plasma provides a high
surface-to-volume ratio, increases the contact area for a given amount of water and potentially
enhancing the rates for chemical interaction between plasma in gas phase and liquid. Apart from
development of plasma—liquid applications, the plasma—aerosol configuration is also enabling greater
scientific insights into a complex problem with potentially thousands of transient and non-
equilibrium chemical reactions®. In this regard, we made the first step in assembling an experiment
where microwave (MW) plasma source is used for aerosol treatment. The setup will enable
characterization of the plasma, interaction between the plasma and droplets and characterization of
treated water in order to better understand gas-liquid reactions of high chemical reactivity. At the
moment, MW plasma is operated using Ar flow from 1-7 slm without addition of aerosols. Optical
emission spectroscopy together with images of plasma provided information about the distance
from the source where role of reactive species is important. After introducing aerosol into the
reactive volume, in this setup we will be able to assess the influence of droplets to the plasma. The
main idea is to better understand the interaction of plasmas with aerosols as there is potential of
plasma-aerosol interaction at atmospheric pressure in treatment of biology samples. This research
will be linked to the topics of WG 3 (tretament of plants with PAW made through aerosol) and WG4
(determination of PAW properties) of PIAgri COST action.? 3.
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Due to its diverse usage in water purification, wound treatment with plasma-activated water
(PAW) and agriculture, low-temperature plasma (LTP) applications are being researched.
Increasing the flux of reactive species from the plasma is one of the main difficulties in the
interaction between plasma and water. A high surface-to-volume ratio, an increase in the
contact area for a given amount of water, and the inclusion of micrometer-scale aerosol droplets
immersed in plasma all have the potential to speed up chemical reactions between plasma in
the gas phase and liquid. The plasma-aerosol arrangement is enabling deeper scientific
understanding of a complicated subject with possibly hundreds of transient and non-equilibrium
chemical reactions, in addition to the development of plasma-liquid applications. In this sense,
we started putting together an experiment and completed the first phase of setting up using a
microwave (MW) plasma source to treat aerosols. To better understand gas-liquid reactions of
high chemical reactivity, the setup will allow for the analysis of the plasma, interaction between
the plasma and droplets, and characterization of treated water. MW plasma is currently
conducted without the addition of aerosols using an Argon flow from 1 to 7 sim. Images of the
plasma and optical emission spectroscopy data were used to determine how far away from the
source reactive species play a key role. In this configuration, after adding aerosol to the reactive
volume, we will be able to evaluate the impact of droplets on the plasma. The major goal is to
comprehend plasma-aerosol interactions better because they can be involved in the treatment
of biology samples when applied at atmospheric pressure.
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Characterization of a plasma system with microwave launcher used for
treatment of liquids
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In this work we present first steps in characterization of a MW plasma system used for water treatment and
PAW creation. We performed spatially resolved optical emission measurements of a MW plasma operating
with Ar as working gas and also determined properties of the treated water.

1 Introduciton

In the last decade a new research direction in the
scientific field of non-thermal plasmas developed
towards treatments of liquid targets. The motivation
stems from the fact that plasma-activated liquid
(PAL) has versatile applications in plasma medicine
and agriculture. PAL contains reactive species with
the pH of the solution reduced [1] and consequently
have antimicrobial and antibacterial effect with an
influence to the cells at different levels. Attaining
positive effects in treatments of particular samples
using PAL depend on properties which are directly
connected to the conditions of the plasma treatment.
Thus, for tuning of the PAL properties, among else,
different plasma sources should be used [2].

In this regard, this work is a continuation of our
plasma activated water (PAW) studies, now involving
a microwave (MW) excited plasma. The setup will
enable characterization of both the plasma and treated
water thus enabling investigation of chemical
reactivity properties of PAW.

2 Experimental setup

The plasma is created using an inductively
coupled wave launcher and a microwave generator
with precise control of an input power. The surface
wave launcher is operated using Ar (with flow range
1-7 sIm). Plasma is created inside the quartz tube with
the plume formed at the tube ending. We analysed
recordings of emission originating from different
regions of plasma - images that show the spatial
structure and optical emission spectra. For
determination of reactive nitrogen and oxygen
species in PAW colorimetric techniques were used.

3 Results and discussion

Optical measurements showed that the size of the
plasma plume protruding depended on operating
conditions. These measurements were conducted in
order to establish distances from the source where
role of reactive species is important which is
important for water treatment. The optical spectrum
recorded from the active volume of the plasma had

lines of several excited species: Ar, O, N»* and OH
radical. In Fig. 1 we show change in the line intensity
for argon 811 nm line depending on the position along
the tube axis for 3 power values. The positions shown
in the x-axis are with the respect to the tube ending
(x=0) with positive values marking the outside zone.
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Fig. 1. Spatial change in the Ar 811 nm line intensities
along the tube axis for 3 input powers. Ar flow 5 sim.

At a certain position, intensities increase with
increasing power. Absence in intensities outside the
tube at lower powers is due to reduced length of
plasma plume. This type of measurements enables
comparison of properties between existing surfatron
and the new wave launcher.
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The investigation of low-temperature plasma (LTP) has revealed a wide range of applications,
particularly in water decontamination, wound treatment using plasma-activated liquid (PAL),
and agricultural practices. PAL contains reactive species and, consequently, has antimicrobial
and antibacterial effect influencing the cells at different levels. However, one of the main chal-
lenges in plasma-water interaction is enhancing the flux of reactive species from the plasma. To
address this challenge, the introduction of micrometer-scale aerosol droplets immersed in plasma
has proven promising. This configuration offers a high surface-to-volume ratio, significantly in-
creasing the contact area for water and potentially leading to higher rates of chemical interaction
between the plasma in the gas phase and the liquid. !

To optimize the properties of PAL, it becomes necessary to employ various plasma sources, one
of them being microwave plasma source. In the current phase of the experiment, the plasma
operates with an argon flow ranging from 1 — 7 slm, without the addition of aerosols. The induc-
tively-coupled surface-wave launcher facilitates the transfer of energy from the microwave gen-
erator to the plasma, allowing for uniform plasma formation within the quartz tube. This config-
uration offers advantages, such as high efficiency, plasma stability, and reduced risk of electrode
contamination, making it a possible preferred choice for generating LTP in research and indus-
trial applications.

Our analysis involved studying recordings of emissions originating from various regions of the
plasma, using images to capture the spatial structure and optical emission spectra. To determine
the presence of reactive nitrogen and oxygen species in plasma-activated liquid (PAL), colori-
metric techniques were employed.

By assembling an experiment utilizing a microwave (MW) plasma source for aerosol treatment,
we aim to characterize the plasma, study the interaction between plasma and droplets, and ana-
lyze the treated water to gain a better understanding of the high chemical reactivity gas-liquid
reactions.
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Characterization of 2.45GHz Surface-Wave Low Temperature Plasma Devices
for Cancer Cells Treatments
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Plasma devices offer a distinctive technological alternative, characterized operational flexibility, low
maintenance costs, and the production of high-quality products with minimal by-products. The key merit of
Microwave Plasma (MWP) stands out among other discharge types, as it operates without the need for
electrodes, also exhibits versatility by functioning across a broad pressure range, spanning from 10 mbar to
1 bar, with an impressive power-to-plasma efficiency up to 90%. Notably, the high frequencies at which
MWP systems operate result in elevated electron densities and temperatures, making MWP an exceptionally
reactive medium for chemical reactions and enhancing its performance in various applications.

The study demonstrates that plasma, specifically cold atmospheric plasma (CAP) generated by
microwave power,has a selective effect on cancer cells, inducing apoptosis in colorectal (HCT-116)
and thyroid (BCPAP) cancer cells while leaving normal cells, such as endothelial cells, unaffected
or even promoting their growth. The research focused on determining the optimal plasma power
and exposure time for effective ablation of cancer cells. Using argon gas and microwave-generated
plasma, the study observed a significant decrease in the viability of cancer cells (HCT-116 and
BCPAP) after a 30-second exposure to 100 Watts of microwave power, indicating a potential role
of reactive species generated by the plasma in inducing apoptosis in cancer cells(WG5). This
approach highlights the efficient energy transfer directly into gas molecules' electron bonds,
showcasing the promise of CAP as a targeted and effective method for cancer treatment.

Therefore, Cold Atmospheric Plasma (CAP) has been proven to trigger apoptosis, necrosis, cell
detachment, and senescence in tumor cells by disrupting the S phase of cell replication, highlighting
its distinctive potential for oncology therapy(WG1). The promising results from both in vivo and in
vitro studies suggest that CAP could play a significant role in the future treatment of cancer patients
(WG4). Nonetheless, further research is required to fully understand the mechanism of action and
optimize its application in cancer treatment.™!

This work was supported by the Sci. Fund of the RS, no. 7739780 - APPerTAin-BIOM and MSTDI Republic of Serbia
grant number 451-03-68/2022-14/200024.
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PLASMA DEVICES AT ATMOSPHERIC PRESSURE
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The non-electrode nature of surface-wave microwave discharge (MW) minimizes the risk of
liquid contamination with nanoparticles from electrode sputtering, as observed n some cases [1].
In recent years, plasma-activated water (PAW) has gamed attention for its diverse applications m
biology, medicine, agriculture, and the food ndustry. PAW's effects arise from reactive oxygen
and nitrogen species (RONS) generated when liquid interacts with plasma. Studies show that
RONS concentrations vary based on discharge type, gas composition, liquid properties, and
treatment conditions, enabling customizable PAW composition. RONS play a crucial role in
plant signaling pathways, impacting metabolic processes, development, and stress responses [2].
Microwave-generated plasma is particularly efficient, producing higher RONS concentrations
while treating larger water volumes compared to other plasma sources, potentially enhancmng its
effectiveness.

In our study, we are mvestigating and comparing the performance of two distinct microwave
plsma devices designed for treating bio samples at atmospheric pressure. These two devices
are: i) commercially available inductively coupled Sairem S-Wave launcher and i) a capacitive
coupled home-made S-Wave launcher tailored specifically for this research. Both devices are
powered by solid-state power supplies commercially available by Sarem. The objective is to
conduct a comprehensive analysis of the operational characteristics and efficacy of these plasma
sources under various conditions, offering insights mto their suitability and efficiency for diverse
applications.

By changing parameters, such as generator power, gas flow and distance from the water, it is
shown how to reach the most efficient mode of operation of these two devices. Also, by
analysing the plasma emission spectra obtaied by Optical Emission Spectroscopy and
measuring the concentration of RONS in the treated water, it was concluded that the mtensity of
the oxygen and nitrogen lines is related to the concentrations of their compounds in the water.
The lower the flow, the higher the concentration of RONS, but also the temperature of the
treated water. Also, zinc-oxide powder added to water is proven to maitam the concentration
values of reactive species of oxygen and nitrogen in plasma treated water.

Acknowledgments: This research was supported by the Science Fund of the Republic of Serbia,
7739780, APPerTAin-BIOM project and MSTDI- 451-03-66/2024-03/200024.
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